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Preface

The Space Programs Summary is a six-volume, bimonthly publication that documents
the curreni project acfiviiies and supporting research and a:jvanced develc.pment
etforts conducted or managed by iPL fo: the MASA space exyloration progroms. The
titles of all volumes of the Space Programs Summary are:

Vol. L The Lunar Program (Confidential)

Yol. ii. The Planetary—interplanetary Program (Confidential)

Yol. lll. The Deep Space Network (Unclassi‘ed;

Vol. IV, Supporting Research and Advariced Cevelopment (Unclassified)

Vol. Y. Supporting Research and Advanced Developmest {Confidential)

Vol. Vi. Space Exploration P;ograms ond Space Sciences (Unclas.ied)

The Space Programs Svmmary, Yol. VI consists of an unclassiﬁed—digest of appro-

priate material from Vols. |, 11, and lll; an original presentation of technical suppcrting

activities, including engineering development of environmentai-test facilitie., ard jual-
ity assurance and reliability, and a reprint of the space science instrumentaiion stidies

of Vols. | and 1.
v : i
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W. H. Pickering, Director
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l. Systems Analysis.

A. Effect cf Non-Cravitational
Perturbations on Minimum
Energy Interplanetary
Tronsfer Orbits

G. A. Fiandro
1. Introduction

The purpose of this article is to establish @e relative
importance of several non-aerodynamic, non-gravitational
orbital perturbations. Numerical res.its are given for the
{ollowing effacts: (1) solar radiation pressure, (2) reaction
forces dne to leaks in prossurized systems, (3) perturba-
tion due to unbainced attitade control reaction devices,
{4) reaction force due to directional antenna emission,
andt (5) reaction force due to unsymmetrical emission of
thermal energy from the spacecraft surraces. Comparisons
of these effects 2re made in terms of change of magnitude
of the miss vecter at the target plaaet, AB. which would
result if the orbit were not corrected for the perturbing
effect. Hohmann minimum energy ellipses ar: used as
basis orbits for computational simplicity. An asymptotic
expansion technique cnue to Kevorkian aud Cole (Refs. 1
and 2) was utilized for most of the perturbation calcu-

lations. Mathematical model: for the pertwbing effects
evaluated here were discussed previously in SPS 37-30,
Vol. IV, pp. 6-14. The notation used is defined in Table 1.

Table 1. Definition of symbois

a, semi-major axis of unperturbed orbit
A projected area of spececraft in radial direction
AB change in impact parameter due to perturbation
C. parameter defining magnitude of ith perturbation
(Cs) x solar radiation pressure force coefficient (K == r, ¢, n)
(Ca} x solar radiation pressure moment coefficient (K = r, ¢, n)
e effective spacecraft surface emissivity
(F:) x force due tc gas leakage (K = r, ¢, n)
l. antenna moment arm
l; attitude control jet moment arm
m  spacecraft mass
P antenna radiation power
1 time of flight
T: total high-gain transmission tirae
AT radial temperature differential
¢ attitude control jet unbalance {actor
¢ angle betwcen antenna pointing direction and —r axis

Subscripts
» radial direction
¢ transverse direction
» normal direction

e e e >
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Table 2. Typical spacecraft charac xristics

M " ]
Semi-major Radial pro- High-gai {
axis of mini- | Spacecraft : p 1g-gain C, C., H C
Target mum e mass m, jected area franszmission m’/irg m'/kg w/‘i,g
orbit, AU 4 Am power P, w

Mercury 0.693 273 3.3 10 2.1 x10° — i 1.9 x 1)
Venus (! fariner IT) 0.861 203 4.0 3 2.7 X 107 1.7 X 107" 14ax1)®
Mars (} ariner IV) 1.26 230 11.0 10 4.7 x 10 - 2 X 107
Astero’d (Ceres) 1.89 ki 3.0 10 138 x 10 - 2 x 10*
Jupiter 3.10 5¢0 3.0 20 2.5 x 10 - 4 x 107
*Frorr flight data J

2. Spacecraft Characteristics

The spacecraft parameters which determine the mag-
pitudes of the microaccelerations produced by the per-
turbing effects ¢ > collected into several characteristic
dimensional groups as defined in Table 2. "These are based
on simplified versior:s of the perturbation models given in
SPS 37-30, Vol. 1V, pp. 6-14. The following assumptions
were made to facilitate the order-of-magnitude perturba-
tion calculations: (1) spacecraft n.ass remains constant
from injection to planetary: encourter, (2) vehicle is
attitude-stabilized and Sun-oriented, (2) the dominating
attitude disturbing moment is generatec: by solar radi-
ation przssure acting on an asymmetrically-mounted high-
gain antenna, (4) perturbing forces due to gas leakage
from pressurized systems remain coustant in direction and
magnitude, (5) radio transmissior: from the directional
antenna is uniformly distributed in tinae, and (6) high-
gain antenna pointing direction rerains essen‘jally fixed
throughout flight.

Typical values for the perturbation coefficients are
given in Table 3 for several representative space vehicles.
Flights beyond the orbit of Mars are assumed to involve

spacecraft which do not utilize solar power generation.
The parameters used in the calculations for these veiicles
are based on the conceptual designs presented in 2ef. 3.

3. Effect of Puiturbations on Hohmann Crbiis

The order-of-magnitude perturbation calculations were
based on the “two time-variable” asymptotic expansion
technique (Ref. 1 and SPS 37-30, Vol. IV, pp. 6-14). Radial
perturbations preportional to the inverse square of the
radial distance r were estimated by adjusting the solar
gravitatienal copstant.! Circular orbits with zero mchi-
nation to the ecliptic were assumed for all planets, and
minimum energy transfer ellipses were utilized as basis
orbits. The change in the magnitude of target miss vector
B was caleulated for each component of each perturba-
tion,? and the results are presented in graphical form in

‘Melboume, W. G., “Radiation Fressure P:rturbations of Inter-
planetary Trajectories,” Teehnical Memoraadum No. 312-151, Jet
Propulsion Laboratory, Pasadena, California, December 11, 1961.

‘B is a vector with magnitude equal to the perpendicular dis-
tance beiween the centex of the target planet and the incoming
asymptote of the unperturbed trajoctory.

Table 3. Perturbation coefficients

. Coefficient
Perturbation
Radial Transverse Normal
Solar radiation pressure C, = C).A C = (2. C, = C/.A
m m m
Leaks in pressuriv~d system C. = LFT;;L C. = if_"'); C, = (I:;].

- ——

Attitude control reac ion device unhalance

G = (%), !Cm[!.A

oo (), 5 | ao( B

High-gain antenna ew.ission Cu= -ﬁ ’\-11:.‘-) cose a = % %) siué
Unsymmetrical em:ssion of thermal energy Cn= e@r)A

1
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CHANGE IN TARGET MISS VECTOR AB, kmx10~3

!

o i
05 1.0 15 20 25 33 B
SEMI-MAJOR AXIS OF UNPERTURBED ORBIT I,. AU

Fig. 1. Change in target 1ais< vector due to soiar
radiation pressure (radicl component)

Figs. 1-12. The absolute value of the change in the miss
vector, AB, in eaci case is plotted against the unperturbed
semi-major axis of the iransfer orbit. Plots are given for
several values of the corresponding characteristic quan-
tity C,. These are intended to bracket the expected range
of values for the spacecraft designs considered here. Plots
are included for radial, transverse, and normal compo-
nents of most perturbations, although transverse and
normal components should be negligible for Sun-oriented,
attitude-stabiliz>d spacecraft in most cases. The plots
indicate that the non-radial effects could become
important for twmbling vehicles, for spacecraft with
asymmetrical reflectivity patterns, and in the case of
unbalanced atiitude control devices with thrust compo-
nents in the normal nr tangential directions.

The effect of thermal energy emission was estimated
by assuming a radiation pattorn symmetrical about the
radial direction with an average temperature differential
AT between the illaminated and unilluminated surfaces.
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05 1.0 [K) 20 23 30 35
SEMI-MAJOR AXIS OF UNPCRTURBED ORBIT g¢, AU

Fig. 2. C!.ange in targe! miss vectcr due to solar
radiation pressure {transverse component)

Non-radial effects may be of importance in the case of
vebicle designs utilizing onboard energy generation sys-
tems with associated energy radiation devices. The plois
of Fig. 12 are typical of solar-powered, Sun-oriented
spacecraft. A value of C,. = 10¢ corresponds to a tem-
perature differential of about 30°K.

No attempt has beer: inade to include estimates for the
perturbing effect of micrometeorite impacts, due to the
present uncertainty in flux density. Some studies® indicate
that perturbations fiom this source could exceed the solar
radiation pressure effects. The results for the gas leak
perturbatior. (Figs. 4, &, 6) can be used for a rough esti-
mate of the effect of micrometevurite flux (or other per-
turbation), if the acceleration is assumed constant in
magnitude and direction throughout flight.

*Stephenson, R. R., “On the Possil:ility of Measurable Spacecraft
Atmude and Trajectory Perturbations due to Micrometeoroid Pres-

" TOM 312.5-68, jet Propulsiorn Labnmtorv Pasadena, Cali-
forma, January 7, 1965,
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B. An Investigation of the
Orbit Redetermination
Process Following the

First Midcourse
Maneuver

J. O. Light

1. Introduction to the roblem

The design and analysis of deep space missions re-
quires a knowledge of our ~bility to determine the flight
path of the spacecraft from Earth-based observations. In
fulfillment of this requirement, pre-mission ovbit deter-
mination techniques are utilized to predict the moznitude
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Fig. 12. {hunge in target miss vector due to
ihermal energy emission

of the orbit determinatica uncertainties which will be
encountered on various trajectories. These pre-mission
studies are usually accomplished by the JPL Orbit Deter-
mination Program (ODP)}, a complet 7094 program which
yields numerical characterizations of the covariance
matrix of estimated quantities on a particular trajectory.
The inherent complexity of this program, though neces-
sary to derive accurate estimates for a specific t-ajectory,
hinders its ability to explain the parametric deendence
of the orbit determination knowledge upon certain geo-
metric characteristics of trajectories. We thus need to
dr -elop analytical techniques and simple model simula-
tions which can perforra this task, and isolate those
properties of the flight path which are truly crucial to
adequate orbit determination. It is clear that such tech-
niques will be essential to the eventual understanding of
the complexities involved in the numerical solution of
orbit determination problems. These types of analytic
methods have been developed and used to investigate
the characteristics of the orbit redetermination process
following the first midcourse maneuver of an inter-
planetary mission.



T T

2, Orbit Redetermination and the Simple-Model
Simyiation

On a typical iaterplanetary mission, the first midcourse
corrcction to the trajectory is performed a few days past
injection on the basis of the orbit determination know]-
edge accrued near the Earth. After this maneuver, an
estimate of the new trajectory is obtained by using a
priori estimates of the position and velocity of the probe,
and new deppler data which is accumulated following
the inaneuver. A simple .nodel has been employed to
represent the trajectory of the spacecraft immediately
following tuis first midcourse correction. The near-Earth
portion of the trajectory is a hyperbola with one focus
at the Earth. By the time of the midcourse maneuver, the
probe is, for all practical purposes, on the asymptote of
the escape hyperbola. To a first approximation, then, the
probe is traveling away from the Earth on a straight line
which is displaced from the Earth by some distance, con-
ventionally referred to as |b|, the magnitude of the miss
vector. This geometry is showr in Fig. 13. For the pur-

" poses of this study, we shall assume that the motion of

the probe consists of this nominal strairht-line motion,
with perturbations caused by effects such as the gravita-
tional attraction of the Sun.

Also, for the purposes of this study, we shall assume
that the pre-mission orbit determination process can be
reduced to the following computations. If we derive a
linear unbiased minimvm variance estimate of n quan-
tities q;, using m doppler readings 5:, and we assume that

Py
HYPERBOLIC
EXCESS VELOCITY
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the noise on the doppler is stalionary and unconelated,
and we neglect a priori estimates, ther the covariance
matrix of the estimated quantities can be written:

~ m -1
ri= | 3 b M
PLi=1
where
B! ;\[a“" (/T
t=|oq oq2 aq,._l

o A variance of doppler noise
m A number of observations

The quality of the orbit determination knowledge ob-
viously depends upon the partizls 5p;/0q,. In particular,
it can be easily demonstrated that the elements of the

covariance matrix become unbounded if these partials are

linearly dependent over the tracking interval; if these
partials are almost linearly dependent, then the covari-
ance matrix is large though finite, and poor orbit dete.-
mination knowledge will be obtained. Cur initial inquiry
will then be directed foward the analytic form of these
pertials along the simple model of the probe’s motion
following the first midcourse maneuver,

In general, these partials can be derived s follows:

r(®)o(®)

S oY

(@)

where (¢} is the position vector of the spacecraft relative
to the observing station, and v (¢) is the velocity vector
of the spacecraft relative to the observing statiou.

By diffcrentiating, we obtain

9 (&) 1 s/ uv‘ U) ori (t)
ﬂq, |f(t)‘l..i 1‘1" ® +out) aq; \]
f(t) u(t \
[+ (@) aq;[l en o

We shall assume that the quantities we vrant to esti-
mate are the three components of the spacecraft’s veioc-
ity immcdiately follow.ng the first midcourse maneuver.
We shall further assume that the position of the space-
craft is known at the timc of the midcourse maneuver,
and that the maneuver contributes only velocity un-
certainties, leaving the position known. The partial

3¢
i3
s

:
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decivatives that wiil 1esult from this model are complex
functions of the siate vector in a general coordinate sys-
tem. However, -.. o+ derable simplification is possible with
& proper choice of zoordinate systen:. i.e., that coordinate
system which takes adv.ntage of the near straight-line
motion of the spacrcraft. When we begin tracking the
spacccraft immcdiately followng the first inidccurse
maneuver (hereafter referred to as time ¢,), it is moving
away from rhe Earth with a velocity V.. The plane deter-
mincd by this velocity vector and the position vector from
the barycenter of the Earth-Moon system to the probe
is the plane of motion Jf the probe. As shown in Fig. 14,
we will choose the 1 direction along the velocity vector
of the probe at #,, the 2 direction in the plane of motion
perpeadicular to 1, and the 3 direction out of the plane
of motion, completing the orthogonal svstem.

Having assumed near straight-line motion of the space-
craft, and having specified the coordinate system and
quantities to be estimated, it can be shown the general
form of the partials in Eq. (3) reduces to

B _
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Fig. 14. Near-Earth orbit redetermination
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where v, (t.) 2 velocity componcuz of the probe relative
to the barycenter, immediately folowing the midcourse
correction; ¢, (f) A velocity component of the probe rel-
ative in the obse-ving station, ct some later tim: ¢; and
r;(t) 3 position compoaent of the probe relatite to the
observing station, at some later time ¢.

3. Possible Cou:tributions fo the Analytic Form
of the Partiais

The partials of the dopnler data in the 2 and 3 direc-
tions will be dependent upon the terms r; () and u; (¢),
which are the components of position and velocity of the
probe relative to the observing station. Th.ese terms cor-
sist of the nominal-straizht-line motion of \he probe rela-
tive to the barycenter, the deviations of the probe from
straight-line motion, ard the motion of the obsening sta-
tions relative to the barvcentcr, which causes ‘apparent”
deviations {rom straig;ht-line motion. There are four pos-
sible cuntributions t» these terms in the 2 and 3 direc-
tions: (1) the displuicement of the V, vector from the
barycenter, i.e., the perpendicular distance to the line
ot mction of the probe, (2) the motion of the center ot
the Earth with respect to the barycenter, (3) the motion
of the observing staticns with respect to the center of
the Earth, and (4) the bending of the trajectonn of the
spacecraft due to the gravitational field of the Sun. Each
of these effect: is described in detail in the foliowing

paragraphs.

a. Effect 1, the displccement of the line of motion. The
perpendicular distance from the barycenter to the line
of m,otion of the prohe is closely related to the b vector
of the original near-Earth hyperbola. It is typically
25,000 km on an interplunetary trajectory, though it varies
with the V), of that uajectory. From the definition of cur
coordinate system, b lies soiely in the 2 direction. Thus
op (£),/20,: (£o) Will never be zero, but the partal derivitive
in the 3 direction is not affected.

_ b. Effect 2, the rotation of the Larth around the bary-
center. The center of the Eoxrth rotales about the
barvcenter with 2 period of 27.3 days, and an amplitude
of about 500 km. The plane of motion is inclined at a
few degrees ‘o the ecliptic. and components of this motion
can appear in the 2 and 3 directions. Notice [Eq. (4)] that
coniributions to the analytic partials can occur from both
non-zero position coordinates r, (t) and non-zero veloc-
iticg v, (t) ‘n either the £ or 3 direction. The non-:ero
position coordinates correspond to ite couventional
perallax effect, which is well-known. A changing r, (t)
effectively means we are observing the trajectory of the
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probe from diffzrent “viewiag angles,” a conditit.a long
récognized to be an aid to good orbit detennination
knowledge However, the contributions of the v; /¢) termos,
which we shall hercafter refer to as “velocity parallax,”
also affect the nartials. Th2 presence of these terms indi-
cates that we obtain contributions tu the orbit determi-
nation partials in a particular direction because of the
relative velocity of the cbscrving station and the probe
in that direction, regardless of the resulting position
changes. It is important *o understand the distinction be-
tween the conventional position parailax and the velocity
parallax described above, for in the case of straight-line
motion the dominant effect will turn out to be the velocity
parallax. A brief discussion of the basic doppler equations
will be helpful in urderstar ding the source of the parallax
efiects.

. _ I'—(;) PRy £\
pl) = IT—(B o(t) )

Both the position and velocity of the probe at time ¢
are functions of the velocity at some earlier time .. In
f-:nctional form

5650 = (8,5,) 5 (¢, ) 6)
H

Now observe, for example, the contributions from the 3
direction. Because of the dct product, non-zero position
coordinates in the 3 direction are necessary to observe the
instantaneous velocity t, (¢, ,); and non-zero velocities
in the 3 direction are necessary to observe the instantane-
ous positiot. , (£, 0.). But botb the instantaneous v, and
7, are functions of T., as shown, so that both effects give
us information about U,. The relative contributions of
these two phenomena to the orbit determination knowl-
edge will vary with the orbit determinaticn problem; for
some types of problems the position parallax may domi-
nate, while for othe:s (straight-line motion; the velocity
parallax may dominate. In the general case though, both
ctfects will be present and their relative importance must
be a matter of concern for analytical orbit determination
studies.

Referring back to the motion of the center of the Earth
with respect to the barycenter, we shall obtain sinusoidal
contributions to the partials in both the r; (t) and v; (2)
terms. The size of these sinusoidal terms will be deter-
rnined by the amplitude and period of rotation, and by
the orientation of the motion with respect to the 2 and 3
directions. In the general case, we will have sine and
cosine terms in both the £ and 3 directions.

c. Effect 3, the rotation of the observing stations. The
observing stotions rotate in a plane displaced from and
parallel to the equatorial plane of the Earth with a pe-
riod of 1 day and an amplitude of about 5500 km. The
discussion of barycenter rotation applies equally well to
this rotation, with the auddition of the constant terms
describing the displac>ment of the planes of rotation from
the center of the Eartl.. In the general case, then, we will
get sine, cosine, and constant terms in the 2 and 3 direc-
tions, including both position and velcuity parallax, and
the magnitude of these terms will again be determined
by the amplitude and period of rotation, the size of dis-
placement. and the orientation of these motions with
respect to the 2 and 3 directions.

d. Effect 4, the gravity bending effect. As the space-
~aft ynoves away fiom the Earth, its position in the
gravitztional field of the Sun changes. With this chiange
in position, the spacecraft and Earth experience different
gravitational attiactions toward the Sun, resulting in a
curvatur 2 of the spacecraft’s trajectorv as viewed from
the Earth. In geueral this curvature can ocenr both in
the plane of 1aotion of the probe. and nonmnal to that
plane, resulting in a changing instantaneous plane of
motion relative to the Earth. In the general case, the
werturbations to the straight-line motion will result in
;.on-zero position and velocity components in ai! direc-
tions, which can be shown to approximately obey

1Y e e

(aV#) < ho 3 m{ € £) (7)
n 2
Y

{ar (i)} = hy {m§ (t — to)* (t + 2t) (8)
n 6

where
l
he and {m
n

are a constant and a ccnstant vector, respectively. These
perturbations to th: straight-line motion can bz evaluated

only after compating
l
iv and {m

n

but they are presented in this form to display their time-
dependence, While the previcus effects (Earth’s rotation
etc) introduced r; (t) and v, (t), which were constanis or
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sinusoidal oscillations with constant amplitudes, the
perturbations frorn. this last effect are polynomials, which
become wery large for large values of ¢, This implies that:
(1) for large values of ¢, the gravity bending effects will
probably dominate, unless elements of

; 4
m
B
are zero, and (2) as t gets very large, the position devi-
ations due to ygravity bending get so large that the
straight-line approximations break down. This is of course
exactly what happens as the spacecraft progresses on its

heliocentric trajectory.

A careful geometric analysis of this gravity bending
effect yields the following interesting result. If the normal
to the spacecraft’s geocentric rlane of motion has no
component along the Earth-Sun line, the gravity bending
effect cannot give orbit dete:mination knowledge of the
out-of-plane velocity comporent. This condition describes
an important class of anear-Earth trajectories which in-
cludes those trajectories whose near-Earth phase of mo-
tion coincides with the ecliptic plane. Furthermore, it can
be shown that for every V, (that is for every heliocentric
trajectory) a near-Earth trajectory can be found which
results in this condition.

4. The Relative Importance of the Contributions
to the Orbit Redetermination Process

To ascertain which of the four effects described above
yield adequate orbit determination knowledge we must
determine which of these contributions to the partials
yield linearly independent partials. First of all, the
partials will be linearly dependent if one of them is
always zero, and they will be almost linearly dependent
if one of them is always very small. Large contributions
to the partials are therefore a necessary but not sufficient
condition to avoid “proximity to linear dependence” of
the tracking partials.

As we have explained previously, the following func-
tional forms will be exhibited by the four phenomena:

(1) Displacement of the straight-line motion—a con.
stant position term which lies, by definition, solely
in the 2 direction.

(2) Rotation about the barycenter—-inuso.dal position
and velocity terms projected ir. both the 2 and 2
directions, with a period of 27.3 days.

12

(3) Observing station rotation--sinusoidal position and
velocity terms projected in both the 2 and 3 direc-
tions, with a period of 1 day.

(4) Gravity benaing effect—position and velocity terms
projected in both the 2 and 3 directions which dis-
olay a polyncminal dependence on time.

Typical valuzs for these contzibutions can be obtained
by averaging their magnitudes over all possible orienta-
tions of the spacecraft trajectory. These typical values are
plotted as a function of time in Fig. 15, assuming the
tracking began at ¢, = 5 days. More specifically, the mag-
nitudes of ¢p {(t)/0v,; (t,) are plotted with appropriately
averaged r; (t) and v, (f) terms inserted for each of the
four effects. Curves 2 and 3 in this figure should actually
be sinusoidal oscillations within the “envelopes” that are
plotted, but for the sake of clarity the oscillations have
been omitted and only the amplitudes or “envelopes” re-
main. Clearly the rotation of the observing stations
(Curve 3) gives the largest contribution to the partials
over our range of interest. Only toward the later days
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does the gravity beading effect become irmportant, and
only right at the beginning is the displacement cf the
straighi-line motion important. Over the large intermedi-
ate span of tracking, the rotation of the observing station
dominates. A more careful anzlysis, which separates the
contributions of each effect into terms occurring because
of the position parallax terms r; (£} and velocity parallax
terms v; {t), is omitted here. However, such an analysis
demonstrates that for each effect the velocity terms are
much larger than the position terms and hence determine
the overall magnitude of each efiect’s contribution to the
partials. Remember that large contritrutions to the partials
ure a necessary “ut not sufficient condition for adequate
orbit redetermination, so that this magnitude analysis,
though not conclusive, seems to indicate that the dorai-
nant effect may well be the rotation of the obsening
stations, in fact, the velocity parailax arising from that
rotation.

Other analytic observations, omitted here for che sake
of brevity. can be made which tend to corrotorate the
indicatiorc of the above analysis. The real test of orbit
determination xnowledge comes, however, when these
vatiiais are combined into the covariance matrices of esti-
mated quantities. We, therefore, have cuistiucted a sim-
ple computer program which simulates, in a2 rudimentary
fashion, the operation of the JPL Orbit Determination
Program. The p ogram, given inputs of ‘he times of the
tracking interval, frequency of sampling, V, etc., com-
putes partials arising from typical volues of the four
effects (averaged over all possible trajectory orientations)
and accumulates these partials in a covariance matrix
accorling to

{% B:B ] ©)

=

-

where

-03 40.01 wm/sec = variuice of doppler noise

[ 8e()  3lt) (k)
Bia [Bv,‘ (20} * Cp (o) 20y (to)]

m A number of data points

The program then prints cut the covariance ma'rix of
the estimated quantities, which are the velocity compo-
nents of the probe at time ¢,.

The program was constructed so that the four effects
could be considered alone, or in any combination; and
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in fact the position terms or velocity ierms from any one
effect could be considered separately if so dzsired. Sev-
eral runs were made with this program to analyze the
orbit determination knowledge accruing from different
combinations of the four effects over different tracking
intervals. The more important results of these runs are
accumulated in Tabies 4 and 5. The results can be inter-
preted as a simple-model siiulation of the orbit redeter-
mination process u.: some sorl of tynical trajectory, or a

Table 4. Numerical resuits from the simple-model
simulation of the orbit redetermination process
{the covariance matrix procduced)®

Effects induded Y trace A,, | Resuitant covariance matrix,m/sec
in model® m/sex Tns On Ow

1 20 linaorly dependent purtials

2 1.82 026 X 10 125 1.36

3 I 0.061 0.092 X 10 00453 0.0428

4 | oc linearly dependent partials

1,2,3,4 I 0060 0.099 X 10" 00410  0.0427
{all effects)

3 vel only* 0.061 0.092 X 10 0.0433 0.042¢

1,2 133 023 X 107  0.242 1.30

1.3 0.060 0098 X 10" 0.0411  0.0428
1,4 2.22 074 X 10* 0356 2.14
1,3 pos onhy* 0.91 0.2¢4 X 107 0.245 0.874

1,3 val only* 0.060 0.092 3 1077 00411  0.0428
i,4 oos only* 16.8 05 X 107° 069 16.8
1,4 vel only® 2.69 070 X107 0354 264

sTrecking period: Day 5 te Doy 10; doppler noise: 0; = 0.91 m/sec; sowpling
cate: 1/hr -
{1} Displocement of the ~*raight-l.ne metion (b vector)

(2) Rotation of Earth’s < suter obou; the barycsnter

{3} Rotation of ) about the Earth’s cenfer

(4} Bending of trojectory dve to Sen's gravity

Sve! only é only the velecity ferms have bea included

€pos only =A only the pusition terms have bean included

Table 5. Numarical results from the simple-model
simulation. of the orbit redetermination process
{compilation of \ frace A, for different
tracking periods and combinations

of effect)l®
V—_‘m A., m/sec
'Miﬂ' "f‘.‘ " 2' 3' ‘h 3
(all effects) 3 velonly| 1,4} 1,2

(o) Day 3 1o Dey 8 0.045 C.046 | 0.046 |2.34

{b) Day 5 o Duy 10 0.060 0.061 | 0.06% [2.72 1.33
{c) Day 10 to Day 15 0.096 0.096 | 0.096 |2.18

{d) Day 5 to- Day 20 0.021 0.021 | 6.021 |0.254

{s) Doy 5 ta Day 35 0.001 0.012 | 0.012 |0.192 l
sDeppler na'se; c; == 0.01 m/sec; sampling rote: 1/he

3See Fou'nele b in Toble 4, above.

i3
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more cemplete check upon the “proximity to linear
dependence” of the partials over the tracking period.

In Table 4, results of the simulation of tracking from 5
to 10 days are shown for different combinations of the
vonr effects which are coded at the bottom of the table.
The first important conclusion to be drawn from this tab-
ulation is that the quality of the orbit redetermination is
almost solely determined by the contributions from the
rotation of the observing stations. Notice that the A, irace
and the separat' o’s are about as small when this rotation
ciect is considered alene as when all four effects are con-
sidered together. Furtharmore, when the b cisplacement
terms are included with the observing station rotation,
the results are practically identicai to the inclusion of all
effects. The other combinations of effects yield results
whick are orders of magnitude worse than the station
rotation effect, and-are clearly not crucial to the orbit
redetermination proc-ss.

The relative importance of position parallax from the
r; (t) terms and the velocity pa-allax from the u; () terms
was considered for station ro.ation effects and later on
for several combinations of effects. The inclusion of only
the velocity terms ix designated by the abbreviation “vel
only.” As is clear from the tabulated results, the velocity
parallax terms are by far the most important contribu-
tions. In the case of the observing stations rotation, the
position parallax terms yield results an order of magni-
tude worse than the total effect. The velocity parallax
terms dominatc the :otal effect to such an extent that
whean considered separately, they provide results identical
to the total effect. The velocity parallax phenomena, dis-
cussed earlier in this article, is clearly of paramount im-
portance in the orbit redetermination process we have
investigated.

Table 5 shows sclected results from runs which were
made over different tracking intervals. Runs a, b, and ¢
each simulated 5 days of tracking, but used different
starting times. Runs b, d, and e each started on Day 5,
but then tracked for different lengths of time up to 30
days. For each of these tracking periods, the rotation
of the observing stations (Effect 3) continues to dominate
the radetermination process; moreover, the v *locity paral-
lax terms continue to dominate the total contribution of
this effect. Notice that for every early tracking (3 to 8
days) and for later tracking (5 to 3% days) this one effect
does not account for all of the orbit determination know)-
edge. A careful analysis at these points shews that the
inclusion of the b displacement of the straight-line motion
accounts for the discrepancy (to our significant digits)
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early in the flight; and the inclusion of gravity bending
efects accounts for the discrepancies later in the tracking
incerval. These trends are compatible with Fig. 15, which
showed the magnitude of contribution to the partials over
th: tracking interval.

Our two conclusions from this simulation study, i.e., the
importance of velocity parallax terms and the dominance
of the station rotation effect, are compatible with each
other. The stations rotate about the Earth with a velocity
of 0.40 km-sec, whereas the Earth moves about its bary-
center with a velocity of only 0.013 km/sec, the gravity
bending effect creates only small velocities except after
long tracking periods >30 days. and the b displacement
creates no velocity contributicns. Therefore, if the velocity
terms really determine the orbit, we would expect the
station rotation effect to dominate the orbit redetermina-
tion process, as it does.

TRAJECTOR! WITH |
SMALL DECLiNATION !

l TRAJECTORY WITH
@ -~ 2’ VERY HIGH @

DECLINAT:ON

TRAJECTORY WITH
AVERAGE (3)
NESLINATION

Fig. 16. Views of the tracking stations from the
asympiotes of trajectories with
ditferent declinations
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5. Compcrison with Orbit Determination
Progrum Results

In Pa:st 4, abuve, it was demonstrated that the crucial
factors in orbit redetermination are the velocity compo-
nents of tae observing stations in the 2 and 3 directions.
The 2 aud 3 directions are, by definition, perpendicular
to the outgoing asvmptote ot the near-Earth hyperbola,
and the 2 direction lies in the plane of that hyperbola.
Fig. 16 illastrates three views of the Earth taken from
different. near-Earth trajectories: the first view shows the
Earth from a trajectory with a ver, smail declination of
the outgoing asyinptote, the second view shows th.e Earth
from a trajectory with a very high declination, and the
third view shows the Earth from a trajectory with an
average declination. Note that the views are shown back
along the 1 direction, the direction of the cutgoing asym-
ptote. The 2" and 3’ directions are constiucted in the plane
of the figures such that the 3’ dircction is vertical. The
true 2 and 3 directions, as defined previously, will lie in
this same plane at some angle to 2’ and 3’, and will be
determined by the near-Earth plane of motion. Now, ob-
serve that the velocity of the observing statioas in View (1)
has alinost no component in the 3’ direction; while the
velocity of this same station in View (2) has substantial
components in hoth the 2’ and 3’ directions. As shown in
Fig. 17, the magnitude of the station’s velocity that the
probe “sees” in the 3’ direction will be proportional to
the absolute value of the sine of the declination of the
outgoing asymptote. Thus, for trajectories with small de-
clinations therc will be some direction, namely 3’, in
which the veiocity of the observing stations will not be
able to contribute to the tracking partials; and we, there-

3'\ ,l//
T
//
P
\4;
//

OECLINAT-ON

Fig. 17. Side view of the declinotion of the osymptote
and the tracking station georsetry
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fore, should obtain poor orbit dztermination knowledge
in that direction. This effect was simulated on the rudi-
mentary program described previously, and the results
displayed large uncertainties in the velocity component in
a direction in the 2-3 plane, in particular, the 3’ divection.
We similarly expect that the JPL Orbit Determination
Program will furnish poor orbit determination knowledge
for trajectories with small declinations of the outgoing
asymptote.

In order to verify this prediction, two classes of
trajectories were selected from past orhit determination
studies which were conducted using identical tracking
periods, physical constant uncertaintics, etc. The first class
of trajectories was a group of three trejectories studied
for the 1969 Mars urbiter opportunity. One of these
trajectories, a Type II transit,' displayed poor orbit
detesmination characteristics, and though several possible
explanations were advanced, the cause of chese bad char-
acteristics was never satisfactorilv explained. This trajec-
tory had a declination of the outgoing asymptote equal
to 9.2 deg while the declinations of the two trajectories
studied concurrently were —23.7 and -—-49.5 dez. By
referring back to the computer ouvtput, it was possible
to calculate the square root of the trace of A, as a func-
tion of time, i.e., the roct-sum-square (RSS) 1-o uncer-
tainties of the velocity components i,eing estimated. This
quantity is plotted as a finction of time ‘n Fig. 18 for
each of the three trajectories. The trajectories suggest a

‘A Type 11 trajectory is one n which the heliocentric angle tra-

versed by the spacecraft hom launch to encounter is between 150
and 360 deg.
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Fig. 18. 3 Mars 1969 tiajectories (\ trace A, vs time)
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correlation betwuen small declinations (absoiute magri-
tude) and poor orbit redeterminatior. knowledge . Fig. 19
plots the same data in a different form. The squave root
of the trace of A, is plotted as a function of the absclute
value of the sine of the declinations for 10, 20, and 30
days after launch. These curves again suggest that a ccr-
relation does, in fact, exist between the declination of
the outgoing asymptote an< the orbit redetermination
knowledge.

.@ 10 doys
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o
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»eg 12
EX N
" E \

O 8 -
o

E‘ \ﬂ\\\

§ 41-20 \U

0 Sy e SN
o — T
[+ X] 02 a3 04 05 Q6 07 o] ]

|Sin (DEC)]

Fig. 19. 3 Mars 1969 trajectories [\ trace A,
vs |sine of the declination|)

The second class of trajectories consisted of 7 Mars
trajectories, one of which was representative of each
faunch opportunity from 1964 to 1977, inclusively. Table 6
presents the 7 trajectories, their declinations, and the
square root of the trace A, evaluated at 10, 20, 30,
and 50 days after launch (tracking began at 5 clays).

Table 6. Y trace AjorV o3, + 0% + o3; at 10, 20, 30,
ond 50 days aofter launch for 7 Mars trajectories®

Declinatien _
Ma of the V troce A,, m/sec X 107
" suigeing
oFpertunily | asywpiete,
deg 10days { 20 day | 30 days | 'i0 days
1964 13.54 244 147 10.3 9.20
1971 —20.60 10.3 590 5,32 333
1960 -~20.78 17.0 5.80 474 | W78
1972 n2.68 9.06 4.94 4.24 284
1969 —43.43 9.08 5.08 a5 2.04
1978 47.27 975 4.20 .57 229
1977 49.38 7.20 N 3.6 1.7
*Tracking begirs ot 5 sans
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Fig. 20. 7 Mars trajectories (1964--1977) {\ trace A,
vs |sine of the declination|)

Fig. 20 plots this data showing trace A, as a function of
|sine of the declination| for each of the evaluation times.
This plot also confirms the high correlation with declina-
tion, particularly at 20 and 30 days from launch. Irregu-
larities seem to occur at 10 days (i.e., aiter only 5 days of
tracking) and at 50 days (45 days of tracking). This leads
us to suspect that the position parallax offect may still be
important after 5 days of tracking, and that the gravity
bending effect begins to be important by 50 days from
launch. This would be consistent with orevious conclu-
sions about the relative importance of the different effects
as a function of tim«. Further investigation of the orbit
determination res-}: for both these classes shows that
when the declin. :-. .+ become small, il is in fact the
previously describe ™ | component of velocity which is
difficult to determine. The ubservable evidence frowa
these trajectories thus seems to corroborate the pra.dic-
tions presented earlier in this study oa the basis of the
simple-model simulation of orbit redetermination. (This
second class of orbit determination runs v-.ed different
data weights aud/or physical constant un-ertainties thun
the first class, so that efforts should not be made to com-
pare resuits between the two classes.)

The phenomena cited above, that trajectories ‘with small
declinations of the outgoing asymptote display poor orbit
redetermination characteristics, can have iraportant con-
sequences for interplanetary raissions. If we require the



ability to redetermine the orbit quickly after the first
maneuver so that an early accurate second maneuver can
be made, we may be forced to exclude trajectories with
¢mall declina’ions. This suggests a potential constraint to
be placed on future interplanetary trajectories. If such a
constraint should prove necessary and/or desirable, it
should be defined only after a more exhaustive study
of the problems arising from trajectoric with small
declinations.

6. Conclusions

An znalytical simple-model investigation of the, orbit
redztermination process following the first midcourse
maneuver indicates that there are four effects which con-
tribute to the orbit determination knowledge. These four
effects are: (1) the b vector displacement of the straight-
line motion of the spacecraft away from the barycenter,
(2) the rotation of the Earth’s center about the bary-
center, (3) the rotation of the observing stations about
the Earth’s center, and (4) the bending of the spacecraft’s

trajectory by the gravitationzl field of the Sun. These

«ffects contribute to the orbit determination Ynowiedge
hecausc i e conventional position parallax they ex-
hiibit, but more important, because of the velocity parallax
caused by the relative velocity of the probe and observ-
ing sation. Analytic studies indicate that the rotation of
the observing stations, and in particular the velocity
parallax of that rotation, actually dominates the orbit
redetermination processNThis leads us to expect that the
JPL Orbit Determination Program will furnish poor
orbit determination knowledge on trajectories with small

declinations of the outgoing asymptote, and this expec-

tation is corroborated by the observed evidence of past
orbit determination studies. Further orbit redetermination
studies will be necessary to determine exactly how these
phenomena will affect the trajectory selection criteria.

N65-32413

C. First- and Second-Sum
Numerical Integration
J. D. Andersun

1. Introduction

With the construction of step-by-step numerical inte-
gration procedures in extended precision, it becomes
necessary to use higher order formulas if the inte-val

' ]
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of the integration table is to remain reasonably constant
as the precision is increased. Therefore, the first- and
second-sum formulas used for many years in celestial
mechanics are developed here in terms of the backward
differences and are carried to the seventh order in the dif-
ferences or equivalently to the ninth order in the ‘step
size h.* Both predictor and corrector formulas ace given.
Also, the {ormulas are expressed in terms of antecedent
values of the acceleration according to a development
carried out by Herrick (Ref. 5). It is therefore possible to
integrate a set of second-order differential equations
withcut resorting to the construction of a difference table.
The antecedent-function formulas are given for all orders
from two to nine in the step size h.

Many of the formulas giver hLere are nct available in
the literature anc! thus they are useful for studies requiz-
ing higher order differences than are usually pubiished.
It should be pointed dut that the method of generating
the formulas is standard and that in fact the coefficients
can be generated by a ccinputer program to any order
of inicrest. However, the coefficients are computed only
within the precision carried in the machine. This has
been done at JPL for the second-sum predictor and cor-
recios to the fifteenth difference (Ref. 6, pp. 109-110) and
the resulting fcrmulas have been used to generate the
standard planetary ephemerides over the past three years.
Also, these formalas are coming into use in sll other JPL
double-precision orbital cnlculations. Of course, in prac-
tice any form of the first- and second-sum formulas re-
quires a procedure to start the table of differenves. Such
a procedure is given in Re‘. 6, pp. 34-35.

2. Second-Sum Integraticn
The generating function for the second difference

‘Vx,., in terms of the bacikward differences V*i. in

the preceding values of the sccond derivatives is % 2n
by (Ref. 7, Eq. 5.5.12)

\% 7,
LN
A=V ma=wl®
Similarly, the corrector formula for V’«, is given by
(Ref. 7, Eq. 55.11)
_ v 2, ,
sz" = h? [m} Xn (2)
In both formulas the size of the integration step from
Xy tO X, is given by A.

*Note that Kulikov (Ref. 4) hus given the second-sum formula in

terms of central differences tu the twelfth order in h.

17
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The function in Eq. (2) is now expanded to the ninth
order in /. First of all, define

1) ==y @

The function —In(l — V) can be expanded in the well

knovn form
—ln(l—V)—V+ \72+ V3+ AVAR SN
€Y
and
—h’% V)__1+ Vit v=+r—\/3+ e
()
Define
1 1 1
——EV+§V2+—4~V’+'-- (6}
Then
f(V)=(@1+¢)? : (7
or
F(V)=1—2+3e2—4e2+ - - - (8)
The expansivn is carried out by forming &% %, €%, + -+ ,¢°

to order V? and then by collecting the coefficients of
each order in V according to Eq. (8). The necessary
arithmetic has been done independently by R. K. Russell
and the author, and we are reasonably ceriain of the
accuracy of the coeflicients, The result is

@)@
()
(B2

It is necessary to multiply the above series by (1 — ¥)-*
in order to obtain V2x,., as given by Eq. (1), Note that

©)

18

(1-9)yi= 3 v» (10)

The product of the two series, Egs. (9) and (iv), is
given by
] -

\%
0-vr|ma=s;

1
1+0V FEV‘+—V3+ LRV

31 93
+_l§_v+17+§-5§v +16+2-F2-v
240 240

15+—1-(—)-8/1 4+ =
+_.__1_5ﬂv
240 +

(11)

The series of Eq. (11) can be substituted into Eq. (1) to
yield the formula for V2x,., Similarly, the series of
Eq. (9) when substituted into Eq. (2) yields the formula
for V2x,. In crder to obtain formulas for x,., and x,, the
operator V-2 is applied to the series for Vx,,, and V2,
essentially to the series of Egs. (11) and (9), respectively.
The resulting expression for x..,, is transformed to x, by
replacing n by n — 1 in Eq. (1). Thus, the predictor form-
ula is given by

19

x,.=hz[v-2+ v0+—2v+———m

31 93
17+ 525 16+ o
%R, %58

240 240

. 1081 17444
P, MYtmme_, . |,

—s— VT |Es

(12)

Ve + ve

18
+ 250

+——2—40—-V“+-

and the corrector formula as generated by Eq. (2) is

=t [Ve- vt v v
o @)@ @)
- () () () ™

- (stio0) (a22) gio) v =+ ]

13)
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Eqs. (12) and (13) can be expressed in better forms
for computation. The predictor formula is

x,.=h2[ o v+ v+—vz¢—vd

4315 4125 237,671

*+ 60480 V' T 60480 ¥ T 3626800 ¥
BT "
while the corrector formula is given by
x,.=h2l:V"‘— Vo S V= o Vi s
“50m ' w0V~ Temsn v
RS -

The uccuracy of the above two formulas when applied
to types of equations encountered in celestial mechauics
is under investigation by C. J. Devine (SPS 37-31, Vol IV,
pp. 17-18 and SPS 37-32, Vol. IV, pp. 12-18). The for-
mulas are carried to the fourteenth difference with the
coefficients determined numerically.

3. First-Sum Integration

In addition to the position coordinates (x,y,z) in the
integration of the equations of motion, the velocity co-
ordinates (, §, %) are often required also. Of course, this
is always the situation for velocity-dependent accelera-
tions. The first backward difference V%,., is given by
Milne (Ref. §, Eo " M),

.9_'_':: H _2_5_1
24 Y TT0
LA 19087 36,799
* 1140 60.450 120,960
1,076,017 ]

Xn

> — [ o e _i 2 1
V_?x..a,~h|_v +5 VAV v

vo + V7

cinlily T EETRN
3608800 ©

Apply the operator V-' to Eq. (16) and replace n by
n—1L

(16)

'\ 741 __ 5 ...9.. 2 p 27
~u[_<7 R V21 5V +t5nY +720v
4“ 19087 . 38799 o,
o V' 040 ¥+ 130960 ¥
1,070,017 L
m v+ Jx,,.1 (17)

This is ¢he predictor formula for %,.

~
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To obtain the corrector formula, the expression for #,
as given by Milne (Ref. 8, Eq. 20.5) is used.

. 1 1 1_. 19
Vx,—h[V“—ZV—mV g VO~ s
27 ss . 1315
~ 140 V' T 60480 © T 120,960 ¥
33953 .
_— Eém VS _— ] Xn (18)
Again apply the V-! operator to obtain the required -
formula. .
T R S _ 19 o,
Ik VImg ViV - V :zov
o7 _, 863 _ 1315 _.
~1aa V' T 60480 V' 120960 ¥
33953
i — ety 1
628,500 \A ] ¥, (19)

4. Antecedent-Function Formulas

It is always possible to replace formulus involving back-
ward differences of a function by equivalent formulas
in terms of antecedent values of the function. First ot
all, it is convenient to replace the resuliing predictor-
corrector formulas of the preceding two sections by the
following foxms,

1 1 19 .
T 3*x; + 12x" B 8,4+ 530 5%, _,
18 4315 . 4125 .
2408 Xios + g0 60,480 b S 60,480 8% ;5
237,671 .. 229,124 .
5628800 > % 3pasg00 0 v-or  (20)
an 1.,
',Fx: =2‘2xi+l ~>qli+1/2+‘ﬁxi 2408x' 1
1 a3 2‘" 190 5
540 9 Fi-ae T 004803x' 2 6—074—87)-83'3_5,__,
9829 . 847 ..
~ 5es80 ot 3gasgo0 THe (M)
1, . | 5
in = 3%y + '§'x¢ 1 12 == 8%y 24 e 8O, _,
251 475 &, 19,087
720810-5/“"’ 14403 s+ 604808"' "2
36,799 .. 1070017 .
* 12096C8 Yot 36588000 X v (22)
19
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1. . 1.. 1 1
"Txi = &Xi. wé’xi I 81| w2 248I. i
19 .. 2 .. 563
= 70 3~ a5 8%~ goamp %i-e
1375 3953 )
et T 3esEm o &)

The notation vsed here is coasistent with that found in
the astronomical literature. The 8%, indicates the nth
difference of the function ¥ un the kth line of the inte-
gration table. It con be related to antecedent values of
the function by the f~llowinz formula.

2= 300 ([ @0

Now Eq. (24) can be substit: tec iato Egs. {20)+23) to
vield the required autecedent tunction form ilas.

a. Second-sum predictor. Th.* second-sum predictor is
cbtained by substituting Eq. (2Y) into Eq. (20).

1 1 1
AL.3
+121: 1+12 44( l (m)xn 1-m
19 2 2\..
+%“Eﬂ(~1) (m)x._h.
18

o

4
= )x‘...

1 .
T‘;Ii = 3%;

+
1
&
"M

' 60,480 <, L \m) Xiciom
3,628800 2( 1)"\m)"' -~

+3’6m 2 (- 1)"( )T. - {%5)

Now perform ail of the sums in Eq. (25).

Depending on what order difference is taken into ac-
count in-simplifying the coeflicients of ¥;.,_s, a rumber
of forniulas are generated (cf. Ref. 5, p. 129). Let N be
the highest order difference included. Then

R
- ')) X = hz{zzx‘i + '1—215..,} (%)
(N=1) x=h {2% + ;1:,‘(9.:: - Z'éi-,)} (27)
20

, " i "
(W == 2) ; = h? {Z’xi + 240 (59%; .,

58, + 19&'.-,)} 28)

V=2 xm=h {Zx 4 o Ty — %

T — 1850 } (29)

(N=49) x=h {zfi; + (23719%;_,

60,480
— 45,484%; _, + 44,250%;_, — 21, 7:6%; _,
+ 43154, ,>} (30)

1 "
m(ﬂ.&ﬁn 1

— 86,109%; ., + 85,536%, _,
- 6304&.: -4 + 247940&.5—5

N=5 = =h’{2=5r'.~ +

— 41955, \} (31)

(N=6) (1,908,311%; _,

1
3,628,800
— 5,392,566%; ., + 8,697.295% .,
— 8,536,180%;., -+ 5,061,465%, .,

X; = h? {2255; +

— 1,673,526%,_, + 237,6‘71':5;-7)} (32)

(N=T7) =x=h {):&'i + 562%566 (2,137 435%;

— 6,998,434%; _, + 13,508,829%; _,
— 16,555,520%;. , + 13,080,805%;
-- 6,485,130%;_, + 1,841,539%; .

- 229,1243fs-a)} (33)

In the integration of the five outer planets, Eckert,
Brocuwer, sntt Clemence used this form of the second-
sum method with N = 9 (Ref. 9, p. XI). They did not use
a corrector ‘ormula.

b. Second-sunm: corrector. The pattern for obtaining the
corrector is similar to that shown in the previous dis-
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cussion.. The result of substituting Ec. (24) into Eq. (£1)

and performing the sums is the following.

(N _‘0\ xi=h’{£2.x'iu _ziiow.’ -+ '1_15.’:':}

2
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c. Fivst-sur: vredictor. The first-sum predictor is given

by Eq. (22). In terus of antecedent values ot the acceler-
ation it takes on the foilowing forms for N = J,1.

134) 2 -1

(N=9)
N=)  m=h{sE.-soa.sgE @)
(N =1)
.. 1 ..
‘= L= . -— 3¥. —_— U 2%
(N=2) . =ht {Ezz,_, S¥ioe + 230 (9%, + 2%, .,
- 2 .(x
o ¥ =2
(N = 3) xi = hz {Ez;':ibl - lecl:’z + m(lsxi +— sxv-l
- 4&'@43 + .I‘-As)} (37)
(N =3)
" .. 1 e
N=4 x=F {zx ~ B+ gy A0S
+ 21445 _, — 234%; .,
+1'36x; 5 — 22156;.,)} (38)
. 1 (N=4)
(N=5 x =h {zm,; ~ ki + gy (125K
+ 3094%; ., — 4234.’5-;-2 r 3036356-'«
- 11715, . + 190:':}-,;)} 1 39)
(... . 1 N =
(N=6) xi=h {Ezﬁ‘m ~ iz 3358800 N=3)
K (237,671%; + 244,614%; _,
— 401,475%, .. + 378,740%; _;
— 217.695%,_, + 70.374x; .,
- 989.956.-6)} (40}
N=T) x=h {5, ~ 3K+ e (N=86)
.l P+l 1+1/2 3,628,800
X '229,124%; + 304,443%, .,
— £80,962%, ., + 677,885%; _,
— 5:6,840%; ., + 249,861%; _
- 69,658%;.¢ + 85475:';-:)} (41)

%; = h (3%, + 1,245 1) (42)

x,=h {Exi_,,z + E(llx;.; = Sx,-_g)}

(43)
. —h (.. i 315
xX; = {Zx;-,,»._. + Q(o Xi-y
— 28%;.: + %i-a)} (44)
x. = h {3Xx + l(llsl'x‘-
xX; == { Xy 12 720 i1
— 1593%;_, + 1023%, _; — 251':'.-.)}
(45)

ii = h{}:x: ES ¥3d -+ 1‘4126 (28373‘(-,-1 - 5086:15.42

+ 4896%, _; — 2402x;_, + 4755:';_5}}

P

{46)
e = h 55, .+ o (1382415,
X; = Exl-ll‘.‘ m’m( 'y t!—l
— 309,047, ., -+ 396,500%, .,
— 991.754%; ., + 115,385%; _,
— 19,6875 )} (4N

.

: . 1
%= h{zx;_m F 150860 (313,281%; _,

— 838,888%, ., + 1,344,989%, _;

— 1,319,488%, _, + 782,755% -5

— 258,968%; ., + 36,7399%; . 7)} (48)
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N=T) ;= (10,468,447x;_,

h {S.ic'._ e+ 3628.800
— 32,856,759%; .. + 62,820,027x;_,
— 77,035,235%; ., + 60,933,245x%; . »
— 30,239,397%; . t+ B,594,089%;_;

- 1,070,0173(',-_1)} (49)
d. First-sum corrector. Eq. (24) substituted into Eq. (23)

yields the first-stin corrector in terms cf antecedent
values of the acceleraticn.

(N=0) % = h{S%;.2 — 1/2%.) (50)
V=1 E=h{Eoatp-TrEa) 6
(N=2) ~¢§MW+M(1ﬁ+ﬁm-h%
(52)
N L 4e0r.
(N = 3) X = h {Exi+ll'.’ + 720( 4691' + 177x"1
—~ 8752 + 1955;-,)} (53)
N=4) &= h{Exm/z + Tag0 (— 965%: + 462x:.,
e 336&’5..2 + 146&"_3 - 27&’5—()} (54)
(=9 =5k + gy (— 41935
+ 23,719&}-1 - 22,742’1“-3 + 14,762.x.i-3
—5Awa4+8w&q§ (55)
W=6 & =hisk. .+t (841615
i ( i+1/2 120,960 > i
+ 55,688%;_, — 66,109%;_, + 57,024%; .
—~ 3L523;.., + 99765, s — 13755:}-,,)}
(56)
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(N=T ——— (— 2,553,783,

N ="“r"“”’ ' 3628800
+ 1,908,311%, ., — 2,696,283, _.

+ 2,809,075%; , — 2,134,045 _,

+ 1,012.293%;. ; — 278,921%; _,
. 33,95335;-:)} (57
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D. 7i.e Determinaticn of a Density
Function—An Exercise in the
Application of Integral
Transforms
C. B. Solloway

1. The Problem

The following problem arose practically' in connection
with the operational characteristics of 2 star-tracker de-
vice. Given the marginal density functicn g (x) of a two-
dimensional distribuiion, known to be independent in
polar coordinates and uniform in the polar angle 8, deter-
mine the probability density function p (r) of the radius
vector r = {x* + y?)%.

Solution. We have

[gm& q'/ BO% x>0
s/cose

Differentiating both sides with respect to x, we obtain

1 [ x
g ~;ﬁ p(cosf)) cos8 -

and making the substitution r = x/cos § yields

(1)

gt =1 [ g dr @

Eq. (2) is a (singular) integraiv equation for p (7).
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Taking Fouiier cosine transforms of both sides, we
obtain after interchanging the order of integration

2= g(z)cosmdx——[fp(r

-1 / pe(ra)dr  (3)

which shows that 23(w) is the Hankel Transform of
p (r)/r, with the kernel rJ, (ro). The inversion theorem for
this transform yields

39:21” & (ool (re) du
=z/“/” o2 (®) cosatlo(re) duds  (4)

when we substitute the expression for g (») from Eq. (3).
Interchanging the orders of integration of Eq. (4) and
integrating by pari: (assuming g’ (x) = dg/dx exists), we
have .

p(r) = —-27/:}{” g’ (x) sin wx], (ro) du dx

= —2r

R L C 5)

(x* - TZ)V.:
since the integrated part vanishes at the endpoints. This
integral (being singular) does not lend itself to numer-

ical computation An alternate form utilizing the cumu-
Iative density function is

1-p() =ff p()dt —[“ 8¢ (x) (x* — )4

o[ xg(x)dx
-2 @

the last ussuming that '™ xg (x) =

2, Examples

1 3 /g3 -
I.Letg(x)=W;e"/~“ moo < x<l
Substituting into Eq. (5) yields
+2r [2x ¥
P =y, f pr P L ™

The suistitution x* = r* + y* reduces the integral to

21‘6"’/""' o e-v'/z ya

. re-r’/zu'
o) =T =" ®

f
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the so-called Rayleigh distribution.
_1
2. Letg(x)—ie-l'l —0<x< ™
g drdr
Again substituting in Eq. (5) yields
pn=r[ ©

j ( 2 _ r'z)u.

The substitution x = r cosh 8 reduces the integral to
p(r) = r/~ ereoshedg = pK, (1) (1M
[}

where K, (r) is the modified Bessel function of the third
kind of zero order. It is wei! known tat Ko(r) > 0 and
easily verified that

-

jom K, (ar=1

Acknowledgment. The zuthor is iadebted to E. 5. Davis
of JPL Section 344 for bringing the problem to his
attention.
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E. Symmetrization of the
Two-Body Problem

R. Broucke

7. introduction s,

The purpose of this article is to describe a change of
variubles for the perturbed two-dimensional two-body,
problem that transforms the equations of motion to a new
form which presents greater simplicity than the usual
equations. .

The change of variables we use consists of a transfor-
mation of the spatial variables x, y, together with a chapge
of the independent variable ¢. The coordinate transforina-
tion is the ordinary transformation to parabolic coordi-
nates, and the independent variable (time) is replaced by
another variable which is essentially equivalent to the
eccentric anomaly. This change of variables was used
previously by several authors [e.g., Levi-Civita (Ref. 10)],

23
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essentially for the regularization of the circular restricted
three-body problem. A. Wintner (Ref. 11) also used this
transformation for the solution of the non-perturbed two-
body problem in a context which had no connection with
the three-bndy problem.

The main effect of this change of variables is to trans-
form the two-body problem into the two-dimensional
harmonic ascillator (with or without perturbations). Thus
we have a problem which has a very simple solution in
sine and cosine terms (when no perturbations are pres-
ent). In other words, we have transformed a problem with
an inverse-square-law central-force field to another prob-
lem with a central force which is directly proportional
to the distance. Of course, this last problem belongs to
the list of those central-force-field problems which are
integrable, as has been shown by many authurs [eg.,
Whittaker (Ref. 12)]. But the important fact here is that
the iomiliar denominators 1/72 in the two-body force are
replaced by the factor r, and this greatly simplifies and
symmetrizes the equations and their solutions. The sim-
plicity of the new problem comes solely from the fact
that the parabolic ceordinates transform the two-body
problem to a problem in which the two variables have
been uncoupled, i.e., they transform a >ystem with two
degrees of frecdom into two systemns with one single
degree of freedom.

In the perturbed two-body problem, this symmetriza-
tion also simplifies many of the equations. We can observe
this in the development of the special perturbation tech-
niques (e.g., the Encke method and the variation-of-
rectangular-parameters method). The Encke method takes
a particularly simple form: it can be applied without
solving Kepler's equation or any other transcendental
equction equivalent to Kepler's equation. It is also in-
teresting to develop the corresponding variation-of-
rectangular-parameters method, since there seems tc be
a_tendency now to use rectangular coordinate perturba-

idn techniques in trajectory calculations. Several authors
Kefs. 13-18) claim that their formulation is completely
general, but this seems not to be true, since the singularity
r = 0 is still present in their equations. This singularity is
not present in the perturhation equations that use para-
balic coordinates. In several practical cases, such as
atriiospheric drag perturbations, for instance, it is worth-
while to remove the singularity r = 0. In the case of
atmospheric drag, the difficulty with the classical two-
body equations comes from the fact thut the satellite
passes through the regions with maximum density at
periapsis, where the perturbaticus are strongest, with the
largest velocity, and this results in a loss of precision when
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numerical integrations are done with constant steps. In
the symmetric formulation, however, the satellite crosses
the high-density region in a much smoother way (nearly
in a rectilinear path with a constani velocity, at least when
the eccentricity tends to unity).

The equations we present for the perturbed problem
can also be applied easily when the perturhations are the
gravitational forces from extra bodies. In this way we are
able to regularize the collision with the ceniral body in
the restricted n-body problem (“restricted” is used here
in the sense that the body whose motion is studied is a
massless particle). This regularization presents two essen-
tial facts which are not common in most previous works
on regularization. First of all, this regularization is not
related to any rotating coordinate system, but can be done
as well (and often in a more simpie way) in a fixed direc-
tion frame as in a rotating frame. Cn the other hand, the
method can be applied independently -.f the existence of
an energy integral, simply by replacing the energy integral
by a differential eguation giving the variation of the
energy. Only in a fe w particular cases has a regularization
veen described for .. system without the Jacobi integral
(Ref. 17).

The formulat. - we pre.+ { here is completely gereral
and as a possible spplication we d-veloped the reguiar-
ized equations for the gencrat 1~ .. I three-body prob-
lem (where the two main masses may deseribe elliptic,
hyperbolic, or parabolic orbits} and also for a four-body
problem which has been used by a few authors as a model
for the Sun-Earth-Moon system (Ref. 18}.

The theory is described here only for the two-
dimensional case; however, everything can be generalized
to the three-dimensional case, for instance by using the
osculating plane of motion defined by the two variabies
I and @ (inclination and longitude of the node).

2, The Two-Body Problem

Let us write the two differential equations of mation
of a satellite of negligible mass in the perturbed force
fielll of a central body of mass m:

dx X

E = —m;; + P, 4y
d

a=-mL+p, @



where (P,, P,) are the components of the perturbing force,
and where

re= x? + oyt (3)

Multiplying Eqs. (1) and (2) by dx/dt and dy/dt, respec-
tively, and adding them, we obtain

IF(de (BN [ (p %, p 2y
(@) @) -7 (pmrng)are
()

which we shall cali the “energy equation” (E, is an inte-
gration constant). +

3. Parabolic Coordinates

We define the parabolic coordinates (¢, ) by the equa-
tions

x= g7 %)

y = 2y (6)
We have then

r=§+q° ™

and we shal!l also define a transformation of the inde-
pendent variable ¢ by the differential relation

dt = rds (8)

We shall use two derivative sviabols: a prime for the
¢-derivative and a dot for the s-derivative. Tor any varia-
ble F we may then write

F =

~ |

b 9)

P = lef - ) = I — 206 4 i) )

(10)
Thus, for the first derivatives of x, y, and r, we have

2. . ’

® == (g — ) (11)

’ 2 . H N\

vy =z {&n + &n) (12}

; 2 & -
= (&t ) (13)

WO

R

g

=
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and for the second derivatives:

”" 2 e . 2 " » 20 LY
=S i) -G (E ) (E ) (14)

2 o 4,
Y’ =G+ b)) — e (E +77) (15)

Substituting Eqgs. {14) and (15) in the Eqs. of motion (1)
and (2) and solving for £ and 5, we obtain

- &, ... m r

— 2 e gt — = !
£ r ;-5 n 2] 4 Pf (16/
.. ., M r
y Er[é K 2-]. 4 Py 17

where ‘ve have defined P; and Py by
P¢ = 2[¢P: + 7P,] (18)
Py =2[—9P, +{P)] (19)
In order to obtain a more simple {orm for the Egs. of
motion (16) and (17), let us first write the energy Ea. (4)

in parabolic coordinates. By using Egs. (11), (12), and
(13), we find that

%[5 +at - g] = /'Rds + E, (20)

where the function R is defined by
R = (Pet + P) (@1

Using Eq. (20), Egs. (16) and (17) become
E=%(S+E)¢+7Pe (22)
r
i =(S + Eo)y + 7 Py (23)

where the function S is defined by the differential equa-
tion
S$=R (24)

In order to derive the time ¢ from the new variables, we
can, by using the Definition (8), write thc differantial
equation

t=r (25)

@
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We can now solve any perturbation problem by inte-
grating numerically the simultaneous Eqgs. (22), (23), (24),
and (25), or by only integrating the system [Eqgs. (22),
(23), and (24)] and then solving the Quadrature (25) sep-
ara'ely. Eq. (15) is a differential equation which in the
perturbed probjem corresponds to the energy integral in
the non-perturbed two-body problem. The energy E of
the sacellite, which is a function of # in the perturbed
problem, can now be obtained by

E=§(£2+;,2)—1:’-=1«;+E0 (26)

The remarkable advan*.ge that the system [Egs. (22),
(23), and (24)] has ov_r the system [Egs. (1) and (2)] is
that the collisio~. singularity, r = 0, with the central body
has been removed. However, there are other advantages
which shall become evideus in the following discussion.

*

4. The Solution c¢f the Non-Perturbed Problem

When bnth perturbation components (P,, P,) and also
(Pg, P, are zero, Egs. (22) and (23) become

.. E .
=3¢ (27)

. _E ‘q

=35 (28)

We see that each of these equations has a separate
variable, ¢ for Eq. (27), » for Eq. (28). Since E = E, is a
constant number, each equation represents the harmonic
oscillator, i.e., a problem with a central attractive force
proportional to the distance (let us suppose that E < 0).
The solution of Egs. (27) and (28) may be written in
terms of circular functions:

£=ticosos + & S“:"S 19)
n =1,C080¢8 + %o = (30)

where we have defined

- (-B)" -

Eliminating s from Eqs. (29) and {30), we obtair. a second-
degree equation in (£, ) which represents a conic centered
at the origin {an ellipse when E < 0). Thus, one of the
effects of the parabolic coordinates is to transform the
two-body conic solution centered at one focus to another

26

conic solution centered at the geometric center of the
conic. This results in greater symmetry in the equations.

Let us designate by « and # the semi-major and semi-
minor axis of the ellipse in the parabolic plane (¢, 5), and
let us define 4, e, and ¢ by

=" er £ (32)
=578 (39)
o= (= B (34)

The pararaeter ¢ is the eccentricity of the ellipse with
semi-axes « and B. If we take the particular solution

¢=acoses = [a(l + e)]%cosos (35)
n=Bsines = [a (1l — ¢)]%sines (36)

in the (¢, 1) plane, we have in the (x,y) plane the corre-
sponding solution

x = a{cos2es — ¢e) (27)

y = a(l — e*)%sin 20s (38)
r=a(l — ecos2es) (39)

dt = 2(%:«)% (1~ ecos20s)d{os) (40)

Thus, we have the v-:li-known elliptic solution with semi-
major axis @ and eccentricity e. Integrating Eq. (40), we
obtain Kepler’s equation

a*\%
t—t, = <E) (%0s — ¢sin 205) (41)

Thus, the quantity 20s is exactly the eccentric anomaly
On the other hand, in parabolic coordinates (¢.7) the
period of the motion is (for the variable s)

2
TAP = "'5' (42)

while in Cartesian cocrdinates (x,y) the period is only
half of T,p:

2r_m
2¢ @

T = (43)
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In other words, ti:e Keplerian ellipse is described twice
when one single revoiition is described in the parabolic
plane. The two closest appioach and two farthest depar-
ture points in the parabolic plane correspond to periapsis
and apoapsis, respectively. Comparing Egs. (33) and (34),
we conclude that both ellipses have simultaneous zero
eccentricity or unit eccentricity. In the case of unit eccen-
tricity, Eqgs. (35) and (36) show that at collision the moiion
in the (1) plane goes througl the origin (which is a
stable equilibrium solution) with a tinite non-zero velocity.

5. The Perturbation Equations in Parabolic
Coordinates

We shall now come back to the perturbed problem, and
derive the so-called rectangular variation of parameters
equations, as has been done by Pines, Battin, Kizner,
Goodyear, and probably other authors (Refs. 13, 15, 16,
and 19).

In order to shorten the notations, we define a few two-
dimensional vectors:

E=(tn),  &=(nm (44)
é = (‘f: 7])7 f.o = (ém 710) (45)
B = (P, Py) (46)

The Egs. (22) and (23) can now be written in the form
>

P (47)
while the solution [Egs. (29) and (30)] of the non-

perturbed problem is

2 sinos

Z= Zo cosos + &, ” (48)
i= —?.,asin os + §; cos os (49)

This solution may be considered valid in the elliptic,
hyperbolic, parabolic, and rectilinear cases, for all values
of s, with the simple condition that hyperbolic trig-
onometric functions be used when E > 0 and ¢ is imag-
inary. For many forms considered by previous authors,
the equations are not valid for all times ¢, because the
singularity » = 0 has not been removed.

->
We define the “perturbation derivatives” of Eand ¢ by

8,

(50}
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B v
(z,)P KS

in accordance with Eq. (47), and the perturbaiion deriv-
ative of E by

dC 4s -,
(), -(8).-x-

in accordance with Egs. (21), (24), and (26).

(51)

(52)

-
To find the perturbation derivatives of £, and £, we
first solve Eqgs. (48) and (43) with respect to these two

quantities:
7sin
Eo = Ecos a8 — 5“ 2 (33)
? s d
& = fosines + £cos es (54)

Taking the derivatives of the pre:eding equations, we
obtain the final perturbation .quations

-

i&l _5‘3 é—»sinus_*__é_ . __sinos
(ds),,—4 bs— —\scosas .
_rs;r;asﬁ (55)
3
d&\ _R[ 2 sines\ | 7 sinos
(ds)P_Z[ &(saos«s-i— p )+Es p ]
+r 20 (56)

These equations can be applied, with a few precautions,
cven when o = 0, if we set

T =08 (57)
and if we introduce the auxiliary functions of r,
sinr T
T)=——=1—gp+ " (58,
1 /sin+ 2 45
0@ =5(* - osr) =5 -5
(59)
2
V(t)=(smr + oo T)=2_2TT,+ .....
(60
27
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3

+
Tt ‘s also remarkably easy to develop the analog of the
Encke method in the parabolic variables. For this pur-
pose, let us conuider the non-perturbed reference solution
£, and the deviation 85 due to the perturbatious. The true
perturbed solution is then given by

=2 +8¢ (61)
E=E,+3E (62)

For the reference solution, we have

> 2 sings

f —5000“184‘# —;— (63)
, E, -
L=3¢ (64)

Taking the second derivatives cf Eqs. (61) and (82), we
obtair directly the differential equations for 8F and SE:

3§_§s§+8—§§,+%§’) {65)
sE=R=(P (66)

These equations can now be integrated num;:rically, using
the values given by Egs. (61), (62), (63), and (64) for the
right-side members E and £.

6. Application to the Atmospheric Drag
Perturbations

In the physical coordinates (x,y), we have the pertur-
bation acceleration X = (P, P,):

B
X=-gel)od (67)
where B i: the drag coefficient, p (r) the atmospheric dén-
sity, and v the magnitude of the velocity. The corr-spond-
ing perturbation acce:eration in the parabolic coordinates

(&) is

- ?
P = —2Bpvé (68)
where v is given by
2 i 4 1M
=2 [ + 2% @ +a)]% (69)

The term which is nceded for the integration of the dif-
ferential equations is exactly

F= ; P = — Bplr(f + 7)) (70)
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F. Quantum Mechanics and
Stochastic Processes
R. W. Davies and H. Lass

= recent years there have been various attempts to
obtain a better understanding of the Schrédinger wave
equativn on the basis of hydrodynamical analogies.® In
this article we will obtain a connection betwcen the
Scnrodinger wave equation and a partial differential equa-
tion which arises from a discussion of stochastic processes.

First we derive the stochastic differential equation

%p = _ =
A ot (pv?) ox (pa) (1)

The elements of Eq. (1) will become clear as we pro-
ceed to its derivation. Let us consider an ensemi:le of
curves x = ¢ (£, o). The parameter a, which may be multi-
dimensional, is determined from a probability density
function. Each choice of « determines a member of the
ensemble. We are interested in obtaining an expression for
the density function p (x,t; such that p (x,t) dx represents
the probability that at time ¢ the va'ue of ¢ (¢, a) lies in
the range (x, x + dx).

Consider the integral

Fxt) = [Jj 3 X — ¢ (t,)] p (o) dadX

= / f 81X — ¢ (t,@)] p («) dXda )
with § the Dirac delta function. Now
¢ _ 1lfor asuch that ¢ (¢,a) < x
,/:w 3X—¢(tha)ldk = 0 for « such that ¢ (£,a) > x
@
Hence
Fs) = [ o) da 0

‘Bohm, D., I sical Review, 1952; Bohm, D, and Vigier, J. P,
Physical Review, 1954; Madelung, Z., Fhysik, 1926; Moyal, J. E.,
Proceedings of the Cambriuge Philosophical Society, 1949; Schen-
berg, M., Nuovo Cimento, 1954; and Takabaysai, T., Progress of
Theoretical Physics (Japan), 1952.




with S the set of a for v/hich ¢(t,a) < x. Thus F(x,¢) is
the distribution function associated with p(x,t), ie.,
p(x,t) = 5F/éx, which yields

p(28) —/ $[x— ¢ (t,0)] p(«) da (5)

Next let us consider the speed v =% = d¢ (t,a)/dt. U
p(x,t;¢,t)dxd» represents the joint probability that
¢ (£, ) Hes in the range (x,x + dx) and ¢ {t, a) lies in the
range (v, v + dv), it can be shown that

prtso = [ slz—4(ta)8[0— ¢t a)]

3

X pla)da @

Of particuiar interest is th= tonditional probability that
¢ (2, a) lies in the range (v, v - dv) given that ¢ (t,a) = 1.
From Bayes™ postulate,

_.elxt;00)
plo,tlx.p) == B2 (1)

and the mean-square speed of all curves passing through
x at time ¢ is given by

rx

e R B LI

X p{a) da (8)

Similarly, the mean acceleration of all curves passing
through x at time ¢ is given by

iD= ;(—1,—) Tali— 3 00)

X pla)da ©)

From Egs. (8) and (9) we obtain

) — 5 (o) = / [$* (5, @) 8" (x — $ (¢, )

- Sb (t’ a)¥’ (x—¢ (t’ a))] P (a) da
(10)

Differentiating Eq. (5) twice with respect to ¢ ields
Eq. (1) by making use of Lq. (10). The reader is ref.xrred
to a paper by J. E. Mcyal in the Joumal of the Foyal
Statistical Society, Vol. XI, 1949, for a different derivation
of Eq. (1).
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Ii is also a simnple matter to derive the equation of
continuity
o @

= () =0 ay

Wz now show that the time-varying one-dimensional
Schrodinger wave equation can be put into the same form
as gq. (1), with p = ¥¥*, such that ¥ is a solution of

L t¥

Hy-1ﬁat

H= A & +V 12)
T 2m ot (12)

and ¥* is the complex conjugate of ¥, satisfying

o¥*
ot

H¥' = —ik

V is the classical potential function.

From Eq. (12) we have

" Ave 2 a2 2q*
m{\y'%+i7‘?]=—ﬁ—(wf—z—-wa?)

2m ox? ox®

Ko ir 0w
34;5:({' p —'{"5;) (13)

ar

b [k (¥ 0%
— ——f ——_— ® e —— == )
at | 3 [2im (’I' ox ¥ ax )] 0 (14

Fq. (14) is the well-known continuity -guation of
quantum mechanics. Comparing Egs. (11) anl (14) leads
to the resuir

_ K 0¥ o¥*
PO (%2) = 5o (‘1"3" —¥ ';;) (15)

A further time derivative of Eq. (14), aloug with
Eq. (12), yields

& 13( ? # 2t

# mex\Pa) Imat

4_hi K dwaw'j)

m? ox?

ax (16)
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Next let us assume that the speed of the particle [now
represented by a probability packet given by p(x, )] is
given by

o(x,t) = w(x,t) + u(x,1) 17)

with u (i, t) defined as a perturbation whose mean is zero,
so that

o(x.t) = w(s?)
v (x,t) = w? (x.8) + u? (x,8) (18)

with w(x, t) satisfying the continuity equation

242 (pw) = (19)
ot P

from Eqs. (11), (14), and (18).

Squariag Eq. (15) yields

. ¥\, avov e\ *
Fwt = 4m‘[ () mox "(ax ]

(20;
Farthermore,
B\ _ L[\, dwo¥ o\
(ax) =¥ (ax T +“"(ax)
(a1
from p = ¥¥*, so that
&2 0¥ 0w # 1[0y
o 2 = 0+ s (o @)
Eq. (16) now becomes
Fp_ UL (. # Vg
- w| P\ T

~wl(-m5)] @)

Thus we kave obtained Eq. (1) with

—_— At ¢l

W= - e ax’P

—_— 13V

a(xt)=—_— (24)

: RN

and we note that a(x,1) correspond: to the classical
acceleration.

Next we show that Eq. (24) is consistent with the
Heisenberg uncertainty principle. Let us assume that xp
and 2p/dx vanish at x = = «. The tota! perturbation ia
momentum is given by

Ap :/w m?u(x,t)p(x,¢)dx (25)
Thus
2 o 2
A’pA*x = —%— paah: dx/ (x — )7 plet)dx
~§;[ ( )dz/ (x —%)3p(x,t)dx
[ 3p _ _#
24[} b (x x\dx] = (26)

by applving the Cauchy-Schwarz inequality a.»d perform-
ing an intcgration: by parts on the list integral.

Now we note that Eq. (23) is a nonlinear differential
equation in p(x,t). In general, it will have a unique solua-
tion provided p and 9p/0¢t are given at ¢ = 0. Since at
t = 0 we have nc reason to believe that the wave packet
is moving to the left rather than to the right, we may
assume 0p/0t = 0. The substitution p = ¥¥* reduces Eq.
(23) to two linear egrations in ¥ and ¥*, namely, the
Schrodinger wave equations. Previous hydrod:mamic
analogies discussed by the authors mentioned in Foot-
note 6 deal chiefly with models yielding a diffusion equa-
tion for which p(x,¢t)=0. -The mean-square velocity
perturbation term

_ ke 2
4m? ox?

guarantees that the solutions of Eq. (23) are nonnegative,

It is logiical to define the mean energy at any time ¢ as

l'.'(t):/: dex+—f w?pdx — Sm/ PB;lx!:p‘
(27)
with
W(x,t)=_.’]if: apgft’t)df
T W ThpeNEN
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The steady-state energy levels are given by . In this feld the entropy H (mean information per obser-
vation) is usually defined by
E ] 2 w s 2
E=[ dex+:-—m L %)dx (28) “x
J= ~ H=— [ ompta)dx ()

If one writes p = | ¥|3, it is a simple matter to show that
the value of E as given by Eq. (28) is in agreement  Which occasionally yields the nusatisfactory 1esult H <0.

with the value of E obtained from Let us define H for a continuous density function by
): Iy . _ = azlnp (I,t_)
gz H(V-E)#=0 (29) H"_/.m plet)——odx (31)

One need only multiply Eq. {29) by ¥ and perform an  as suggested by the abcve analysis. Ther:
integration over the range {(— w < 1 < ») to obtain the

o It Y
desired resuit. H= / —(;—’) de =0 (32)
- P X

The mean-square velocity pertarbation term may be
intimately connected with the study of information theory.  provided 3p/dx vanishes at x = + .
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Erratum

The following correction should be noted for SPS 37-31, Vol. IV: on Fig, 2,
p. 9, the Chebyshev, even n plot should follow a smooth curve intersectiag the
2X 10° grid on the abscissa at 3.14 on the ordinate. The isolated Ckebyshev,
even n point sheuld be omitted from the plot.
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ll. Scientific Programming

N65-352417
A. Numerical Integration over a
Family of Ellipses Using a Second-
Sum Multi-Step Integrator
Employing High-Order
Backward Differences

C. J. Devine

1. Intraduction

This is a continuation of accuracy studies of a second-
sum Adams-type predictor-corrector numerical integrator
(subroutines FORTSZ, TREK) that employs high-order
backward differences; it has been in use at JPL for the
last four years (SPS 37-31, Vol. IV; §PS 37-32, Vol. IV; a

" complete description of the integrator is given in Ref. 1).
The method of integration and the method of computing
the errors will be the same in the present study as the
methods used in the above references.

In Part 2 a description of the second-order differential
equations to be solved is give s, along with the analytica!
solution of the differeatial equations from which the true

solution was computed .for a check of the errors made
in the numerical solution. Part 3 presents the detailed
derivation of the integration formulas and the method
of computing a ctarting table. The coefficients employed
in Eqgs. (12), (14), (16), (17), and {18) were computed by
a 7094 computer programr [coefficients for FORTSZ
(CFF)], using 140-bit (~ 42 decimai place) arithmetic.
This program will compute coefficients to any order de-
sired (for a list of coctlicients in decimal and cctal up to
order 15 consult Ref. 1) Part 4 describes the main results
of the integration over a family of ellipses determined
by the eccentricity e, where ¢ takes on the values
01,02 ---,09

2. Method

The second-order differential equations to be solved
were

=f(xy) = — (va’)x/r @

L= flrg) = — (v y/ @

where ¢ = 22 + 2,

Wy V

-y
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The integration was done over a family of ellipses de-
termined by the ecrentricity e. The initis! conditions
were

x(0)=a(l—e)

y(0)=9

£(0)=0
§(0)=a(l —e)%/(1—¢)
witha =1, n =1, and M = 0, Here, a is the semi-major

axis, n is the mean motion defined by n = 2x/I’, where
P is the period, and M is the mean anomaly defined by

M=nt (3)

Then for z, y lying in the orbital plane with the x-axis
directed toward pericenter, solutions were given by

x=a(cosu — ¢) 4)
y=bsinu (5)

with the first derivatives given by
£ = —ansinu/(1 — ecosu) GG))
§ = nbcosu/(l — écosu) 7N
where b = a (1 — 2*)% is the semi-minor axis and u is the
eccentric anomaly. The eccentric anomaly is an angle at
the center of the ellipse between the line of apsides
and the radius of the auxiliary circle through a point
that has the same z-coordinate as a given point on the

ellipse. The eccentric anomaly u is determined from
Kopler’s equation

fu)=u—esinu--M (8)
by a Newten-Raphson iteration as foilows:

Given a first approximation to Kevler’s equation

u=M+ esinM + %e?sin2M ) .

computed in single precision, then u is found by iteration,
using the Newton-Raphson equation in double precision

Upey = Uy — 't'(""l)' (10)

f' ()

given explicitly as
Upsr — Uy = (M — uy, + esinu)/(1 — ecosuy)

with a fina] itcration in extended precision.

34

Once u has been found, then by substituting in Eqs. (4)
through (7), the solutions x,y and their first derivatives
%, are obtained. Successive time points are computed
by incrementing ¢ in Eq. (3}.

3. Sclution Method

The computer algorithm used to numerically solve this
system of second-order differential equations was a multi-
step method in summed fonn. It is closely related to the
familiar Adams-type methods. The algorithm may be
regarded as consisting of twe parts: (1) a starting pro-
cedure to produce the solution values at the first m + 1
time points, and {2) a stepping procedure of the predictor-
corrector type to advance the solution one time step, mak-
ing use of the solution at the m imme=diately preceding

points.

In the following discussion the formulas will be given
for one variable x only. Idestical formulas would be used
for y.

The well-known Adams-Moultcn corrector formula
may be derived as follows, where the Taylor series
formula e.p(hD)=E ={1— V)* is used in the form
D= —h/In(1 ~ V):

iy — %t =f " %(r)dr = V (D" %,)

tn-1

=V (~h/In(l - V))i,
= h(V/LZ (T4,
=h(2 bV

=h(VO %V — Y2 VI =W Vo~ - - - )i,

(1)
The “summed” form of this formula may be derived by

writing the left side of Eq. (11) as V4, and then applying
the improper operator V-! to both sides of the equation:

tn=h[-1/Mn(l~ V)& =h(3 b V)i

$=-1

=h(VE =%V Y2 Tt~ W V2 - ) E,
(12)

The expression V-1%,, which appears in Eq. (12), is
called a first sum of %, and satisfies the relation

V-1#, — V-1E,., =2 i, (13)



So far V-1 has only been defined to within an arbitrary
additive constant. The practical use of Formulas (12) and
(13) requires that 2. initial value of V-* i be derived from
the given initiai value of %. Details on this point will be
deferred to a later paragraph.

A generalization of Formula (12) that gives %,-, for
arbitrary values of s is obtained as follows:

(1 - v)'in

x‘ﬂ ~¥ = _'x"

=k[—(1— V)y/mQ - V)
=h( S bV, (14)

With s = —1 this is a predictor formula, i.e., the summed
form of the Adams-Bashforth formula:

I =BV + %V +5:2V +% V2 4+ - - )5,

With 0 < s < 1 Formula (i14) may be used for interpola-
tion fc values of x in the interval between ¢,., and ¢,.
Formua (14) will be used with a positive integer value
of s as part of the starting procedure to be described
below.

A similar formula giving x in terms of the backward
difference line at ¥, will also be needed. Reducing the
order of derivatives in Equation (14) by one, we obtain

=h[—(1-V)/In(l- V)l (15)
: Then replacing %, in Eq. (15) by the right side of Eq. {12),
{ we have
: %a-s = B (L= V)/[In (1= V)]) 4,
' = k(3 o V94, (16)

As with Formula (14), the use of cppropriate values of s
in Formula (16) provides for prediction, correction, inter-
polation, and starting. In particular, the predictor and
corrector formulas are, respectively,

P Xne1 = H(V2+0-V14 %2 V0
. + W2V + % V2 4+ - - - ) E, (17)
. C = h* (V2 = V1 + %2 VO
40Vt~ Y% V2~ - - )%, (18)
pocow e
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The expression V-2 that appears in Formula (16) is
cailed a second sum of . It satisfies

V2%, — V2%, ,=V-ix, (19)

and its initial value must be determined from the given
initial valae of x.

To step the solution ahead one time step, Formulas (14)
and (16) are used with s = —1 for prediction and s = 0
for correction. The method will be said to be of index m
if the highest order difference used is V™ i.

The computation of the solution at the first m + ] time
points requires a special starting procedure. Assume that
initial conditions %, a. 1 %, are given at time ¢, and form-
ulas of index m are to be used. The goal of the start-
ing procedure may be regarded as the establishment
of the backward difference line at %.. This requires

- the determination of m -+ 3 quantities, namely V' %, for

i=—2,-10,1, - ,m. An equivalent set of m + 3
quantities is X, % - * * ,%m V¥, and V%, The
quantity %, is immediately available since %, = f(x.).
The remaining m + 2 quantities must satisfy the m + 2
simultaneous equations obtained by using Formula (14)
with n = m, s = m and Formula (16) with n = m,
£=0,1, - - - ,m. This system of m + 2 equations is non-
linear if f is nonlinear and thus must in general be solved
by some iterative method. The specific organization of the
starting procedure used in the subroutines FORTSZ and
TREK follows:

(1) Computc an imtial estimate for x;,%;,i =1, - - -, m,
using the Taylor series and x,, %,, and %, = f(x,).

(2) Compute accelerations f (x;) for points ¢, 82, * -+, tm.
(3) Compute backwa d difference line at ¢,
{4) Compute V- f (x.), using Eq. (14) withs = m

(5) Compute V-*§ (x,). using Eq. (16) withs = m

(6) Compuie new estimates of x,,i =1, - - - ,m, using
Eq. (16) with s =0,1 m--1 and %;,i=1,
- ,m, using Eq. (14) withs=0,1, - -+ ,m — 1.

(7) Go to 2.

The algorithm is complete when the absolute difference
between the difference lines of two successive iterations is
zero or some arbitrarily small «.
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4. Analysis of Results

The solution errors were computed at each integration
point as the magnitude of the difference between com-
puted solutions, x, y, and true values of the solutions
computed in exteuded precision by the method given in
Part 2. At approximately every Yo of a cycle, up to p
cycles, the maximum error observed in each of these
quantities was output. Figs. 1 and 2 indicate the cumu-
lative maximum error at the end of 5 cycles as a function
of the eccentricity e, and the step size h, for index m =7
and m = 14, respectively. [A formula is said to be of index
m if the-highest order difference used in Eq. (17) or (18)
is V™ £.] The ordinate of each graph represents the nega-
tive log base 10 of the maximum error up to 5 cycles, and
can be interpreted as the number of correct decimal digits
in the computed solution. Each curve represents the num-
ber of correct digits for a given step size h.

Ellipses considered were those of eccentricity e = 0.1,
0.2, 0.3, 0.4, 0.5, 0.8, 0.7, 0.8, and 0.9. For a given eccen-
tricily e, the step sizes vsed were h = 2-5, 2-¢, 27, 2-%; and
for e = 0.9, two additional step sizes used were h = 29,
and k = 2-1, In general, for a given h and e, the integra-
tion maintained a greater degree of accuracy for index
m = 14 than for index m = 7, and in some cases a striking
increase of accuracy was acquired by simply increasing
the index from m = 7 to m = 14, i.e., doubling the order

‘ of backward differences carried. For example, for h = 275,

-2 T

,/

12f—2-8

/|
g

o ol 02 03 04 [-1) 08 0.7 08 09 12
ECCENTRICITY e

Fig. 1. Cumvlative maximum errors as a function of
the eccentricily o and the step size h
forindex m =7

a6

or approximately 200 steps per cycle, index in = 14 con-
sistently maintained 1 to 4 more decimal digits »f accuracy
than did m =7, until the integration was dorn= over an
ellipse of eccentricity ¢ = 0.9, where in both -ases the
integration was unstable. Here the step size was ~c¢tuced
to h = 2 for both index m =7 and index m = 4. For
mdex m = 7, the integration maintained a little les. than
7 decimal digits of accuracy, while for index m:= 14,
better than 10 correct digits were m.untamed an increase
of 3 digits.

5. Conclusion

More extensive tests bave been performed for various
indexes from m = 1 to m = 19 with results similar to those
previously obtained (see references cited ir. Part 1). The
results, in fact, closely parallel the work done previously
over the unit circle. For small eccentricity, say e<".2,
the eccentricity associated with most of the planets, the
results are almost precisely the same as for those done
over the unit circle. For large eccentricity, sav e =>0.25,
a smaller step size h is required to obtain the same ac-
curacy; or, in other words, the truncation region has
now moved farther to the right. In any case, for a given
h, increasing the index m generally gives a correspond-
ing increase in accuracy at no increase in cost (1.0 more
derivative evaluations).

» |
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Fig. 2. Cemulative maximum errors as v function
of the eccentricity ¢ and the step size h
for index m == 14
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. SFOF and Data Systems Development

N65-32418

A. Bimat Film Processing for
Ranger IX

F. C. Billingsfey

As part of the overall work involved in the digital video
data processing activity, we have found it necessary to
investigate various film systems and methods of film pro-
cessing. One u. chese has beea the bimat process recently
introduced by the Eastman Kodak Company,

This is a diffusion transfer process which produces
simultaneously a positive and a negative. The processing
procedure consists of placing an imbibed bimat film in
intimate face-to-face contact with the exposed negative
material for a suiteble length of time to allow the chemical
reactions to go to completion. The materials are then
separated and each one washed and dried in the normal
manner. The bimat film coutains the processing chemicals
and is damp and slippery to the touch, but contains no
free liquids. At this stage of development, the bimat §lm,
which becomes the positive, is available onlv in trans-
parent material, although it will eventually be available
in an opaque material.

Because of the absence of free liquid to fill voids, the
laminating precess is quite critical. Mark Systems, Inc., of
Sunnyvle, California has built for us a batch processor

which performs this lemination, Figs. 1 and 2 show the
processor loading configuration and the unwinding con-
figuratien, respectively (in these photographs the normally
transparent bimat material has been replaced by film so
that the bimat configuration would be visible). The opera-
tion is self-evident from the photographs. After threading
of the bimat onto the take-up spindle and the threading

T ted e NG AND
TAKE JP SPINQLE. i R
» s . :;:-
,-;(

Fig. 1. Bimat processor loading configuration
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Fig. 2. Bimat precessor unwinding configuration

of the film leader in coniact with it, an external (light-
tight) cover which has been provided may be installed
and the lights turned on. (Complete daylight operation
may be utilized if the film suppiy is on a daylight loading
spool; otherwise..the film threading must be done in a
darkroom.) Running the machine then pulls the bimat
and flm onto the processing and take-up spindle unt’] the
film supply is exhausted, at which time a switch under the
erd of the film indicator arm turns the motor off. The
cover is then left on for the required 15 min of processing.
after which time it may be removed iu daylight and the
film delaminated in the unloading configuration.

It has been found that both the negative and the bimat
require much less than the normal amount of washing—2
to 3 min being sufficient. We find that the bimat material
takes perhaps three times as long to dry as does the film,

This process was used to supply the science users with
dry positive and negative films before 9:00 a.m. the morn-
ing of the Ranger IX impact. The source data was a mag-
netic tape recorded in the Telemetry Processing Station
from the microwave signal of the pictures which were
transmitted on commercial television. This tape was
plaved back twice in the lunar television image con-
verter (Lunar-TIC) to obtain the A and B camera pictures.

The density log exposure curves obtained for this mate-
rial under these conditions (room temperature processing
for 15 min) arc given in Fig. 3. These are for the MX615
imbibant, which is not optimum for this film but which

JPL. SPACE PROGRAMS SUMMARY NG. 37-33, VOL. IV
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Fig. 3. Density log exposure curves for S0337 film
developed with Bimat room temperature

was the only one available at the time. Note the sharp toe
of the positive curve which ne~essitates a quite restricted
density range in the negative. The video film converter in
the Lunar-TIC was adjusted to give a peak negative den-
sity equal to 1.2 to avoia washout of the positive. It is
expected that with the optimum imbibant MX625 a much
wider negative density range will be usable.

The processor was loaned to us by Mark Systems in a
precompieted state and has since been returned to them
for completion. Due to the precompleted state, some
minor mechanical difficulties were encountered which
were circumvented for the Ranger IX support and
which are being cleared up by the manufacturer. Com-
pletely satisractory operation i< anticipated upon its
return.

The bimat process currently shows the effects of its
infancy. Kodak has not yet perfected its packaging
techniques, and due to either oxidation or drying-out the
material has a limited shelf life cven in the unopened
package. Several rolls of material which were used about
a week after impact showed evidence of deterioration.
This begins as a color change in the positive, and with
further deterioration development becomes incomplete
and a transfer of silver to the positive does not take place.
Kodak is presently imbibing the material in New York
and can supply it upon several davs notice. At this date.
due to the deterioration problem, Kodak dors not recom-
mend that we store the materia’ more than 2 to 3 werks
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at room temperaturé before using; however, shelf life at
40 deg is 3 months.

Conclusions:

(1) With proper lamination such as produced by the
Mar¥ Systems processor, no difficulty is encount-
=rec due to run-out, air hubbles, etc. Short lengths
~f vp to perhaps 3 ft may be laminated with a
rolier upon a table top, but lengths longer than
chis should be laminated in the processor.

(2) Although the shelf life of the material is limited at
present, Kodak is working to improve this.

(3) Further optimization of the imbibant will allow a
greater negative density.

(4) The nrocess as a whole is quite satisfactory and

enables the production of a negative in less time -

~ than could be zcconiplished by wet processing

and in addition produces a high-quality positive
simultaneously.
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GU!DANCE AND CONTROL DIVISION

V. Spacécraft Secondary Power

N65-3:4:9
A. Power Sources
R. A. Boring

1. Solar Thermionic System

Structural environmental testing was performed on a
lightweight solar thermionic system which consisted of
a 5-ft-D nickel electroformed mirro,, :abular aluminum
coaxial conductor/generator support, and a mockup gen-
erator. The evaluation of this engineering model has
shown some design deficiencies in the components; how-
ever, preliminary analysis of the test data indicates that
lightweight solar thermionic power systems can be de-
signed to successfully meet the dynamic load require-
ments necessary for space flight qualification.

This model has been subjected to complete environ-
mental tests te jEL Specification GMP-342)8-TST, which
is essentially the Mariner C Solar Pane! Type Approved
level requirement. The tests at this level revealed no
apparent damage to vither mirror, conductur support
structure, or mockup generator. A further test was con-
ducted to observe the effects of a Saturn-Centaur launch
acoustic vibration on the thermionic system model. It
was after this test that a failure of the mirror-torns
attachment was detected. This environmental test pro-
gram has been discussed in $PS 37-30, Vol. 1V, pp. 3241

2. Environmental Test Results

The Solar Thermionic System ¢nvironmental test pro-
gram includes: (1) Magnetic field, low-current tests to
determine the design effectiveness of coaxial parallel clec-
trizal conductor structural support arms. (2) High current
(50 amp, 3.2 v) tests to meusure current carrying (apa-
bilities for the conductor structural support arms design.
(3) Acoustic noise tests to measure structural integrity
of the system. (4) Thermal vacuum and shock tests to
measure thermal and structural integrity of the mirror,
converter, sad support arm system. (3) Mechanical vibra-
tion, acceleration and shock tests to measure system struc-
tural stability and to determine resonances.

The test with an actual generator heated by electron
bombardment has been postponed until all the data from
these tests can be cvaluated and the design can be ap-
propriately modified if required.

a. Magnetic field t:st results. The system had no mea-
surable perm-field of its own, when measured at 5 ft from
the geometric center of the mirror, with the magnetom-
eter on * milligauss full-scale range. Aboot a Lmilligauss
field was induced at § ft from the mirror geometric cen-
ter in the plane of the concentrator. No measurable field
is induced from combination paralle] coaxial conduc-
tor support arms when leads are all identical and ground
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loops have been eliminated, allowing the cu:rent in both
inner and outer conductors to be essentially equal i mag-
nitude and opposite ‘n direcsion.

It has been estimated that the eflect of these magnetic
fields on the perfurmance of a spacecraft’s attitvde con-
trol would result in 2 worst-case torque of 0.003 in.-nz
for a near-Earth orbit; i.e., 0.0001 oz on a 30-in. moment
arm when the mirror plane is inclined 45 deg te ihe esti-

mated 0.25 gamma near-Earth magn«#i> 514

b. High current carrying capability tests. This test was
performed in the laboratory with a DC supply delivering
50 amp at 3.5 v to the power takeoff points of the gener-
ator support structure. The test setup is shown in Fig. 1.
The current flowed through the arms to the cables as
shown and through a carbon load. The length of the
cables which intercennect the support arms and the load
is believed to be representative of the distance which
vouid possibly be realized when the system is attached
to a spacecraft. The test indicated the following:

Via=35v
Vieas = 2.8

fix = 50 amp
lioaq = 50 amp

This indicates a total voltage drop of 209 of the input.
The loss through the suppurt arins alone was 10% of the
input, which was the design goal for this model.

c. Acoustic noise fests. The engineering model was
mounted, as shown in Fig. 2, in the JP1. 960 ft* reverber-
ant chamber and was subjected to the Mariner C Solar
Panel Type Approval level (142-db, Atlus-Agena D) of
acoustic noise. The test was of 90-sec duration with no
apparent damage observed during post test inspection of
the model. A second test was then performed with the
anise amplitude increased 6 db to give 148 db (Saturn-
Centaur levels) for Y0 sec. Post tes' inspections revealed
that the mirr.r skin-to-torus attachinent failed. The fail-
ure occurred in the area where the skin is attached to the
web (see Fig. 3). Failure was essentially complete around
the mirror circumference. with only a few small areas
(approximately 3 in. long) remaining attached. The skin
did not show evidence of damage althinugh some damage
did occur during removal from the chamber, Reason for
failure has tentatively been evaluated to be that the area
of the web where the fiilure occurred was relatively thin
and the point of attachment was not a smooth radius.
It is felt that the sharp bend in the web material was a

Fig. 1. Setup for testing high current carying capability
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Fig. 2. Acoustic noise test setup in reverberant chamber
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Fig. 5. Mirror skin-to-torus aitactiment web \lesign fig. 4. Vacvum chamber setup for thermal-vacuum tests
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significant factor in this failure. The possibility that the
failure was the result of fatigue from the first test has not
been discounted and further investigations are continuing
te more thoroughly analyze this area.

d. Thermal-vacuum tests. The model was subjected to
thermal-vacuum tests in the JPL 7 X 14 ft vacuum cham-
ber. Prior to performing these tests, the mirror torus at-
tachment (as damaged in the previous acoustic tests) was
epoxy-bonded to prevent possible gross thermal distor-
tion of the skin and subsequent damage of the suppert
strizcture due to deflection and concentrated thermal
energy. The test setup is shown in Fig. 4(a), (b): in these
pictures the epoxy bonding is obvious. Fig. 5 shows the
location of the thermocouples, chromel-constantan, on
this test model.

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

The chaimber was evacuated with the assistanve of the
wind tunnel compressors to simulate tie Atlus lzaunch
pressure profile recently applied to Mariner C shrouds.
The pressure was further reduced and maintained
throughout 24 hr of testing at less than 6 X< 10°* torr. The
chamber was cooled to —300°F after the chamber
reached 1 X 10-* torr, and the mirror was allowed to
cool until a temperature of 32°F was recorded.

The lamp bank shown in Fig. 4(b) was then allowed
to irradiate the model with the radial intensitizs shown
in Fig. 6 and also relative to the plane of the mirre, as
shown in Fig. 7. The temperatures were allowed 1o stabi-
lize. After 5 hr from pumpdown, the lamps were tumed
off and the mirror was allowed to cool until u tempera-
ture of 32°F was measured (approx 24 min). At this time,

Fig. 8. Axial accelvration test setup with three vibration exciters
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the lamps were turned on again. and this condition was
held vatil a total of 24 hr had elapsed. The cold wails
~vere returned to ambient, and the chamber was brought
to atmospheric pressure.

No change in the mirror or support arms was noticed
during or after the test period. No heavy outgasing nor
contamination of the mirror surface or chamber wall
was observed. The temperatures range ' from 524°F at
point 34 to —23°F at points 11, 12, 13 of Fig. 5 during
the stabilized portion of the test. As shown on Fig. 7, the
intensity at the support ring (point 34) was approximately
190 mw/em* while at the same time the intensity at the
torus (points 11, 12, 13) was apprcximately 70 mw cm-.
The data for this test is presently in the process of being
reduced, and only a prelimir~ry analysis has been made.

e. Mechanical vibration tests. In 1961, JPL enginecrs
attempted to test a 53-ft-D mirror to the Mariner B vi-
bration levels. The test was never cencluded due to
deformation of the mirror skin, which is now believed
atiributable to the shaker fixture design. The setup used
for tests prepared this vear is shown in Fig. 8. Three
vibration exciters are utilized. ©ne at each of the mount-
ing points, which are run in phase for axial acceleration
testing. Transverse acceleration tests were alse per-
formed, as shown in Fig. 9. Both axial and transverse
vibration tests were performed at the Mariner C Solar
Pancl Type approval levels, with the exception that the
highest level required of a panel was used for all three
axes (X,Y,Z) of the thennionic model system. The re-
paired mirror noted before was used for initial testing,
and a sister mirror similar to the repaired concentrator

Fig. 9. Transverse occeleration test satup



was used during later phases to determine whether the
test data would be reproducible.

Resonant frequencies were observed as follows:

Complete stucture ....................... 33 cps
Supportarms ............. ....... ...... 53 cps
Concentrator ................ ... ..., 153 cps

These frequencies were repeatable from mirror to mirror
and also in both axial and transverse directions. As seen
in Fig. 10, after £nal testing, the mirror and support
structure have not degraded significantly from the tests
performed, as was the case during previous tests,

A continuation of this program is planned, utilizing
improved mirrors and fived and movable support struc-
tures in order to further the engineering evaluation
of the mechanical, dynamic and static characteristics of
flight-weight solar thermionic power systems.

Fig. 10. Mirror end support structure atter final testing
N65-32420
B. Energy Storage

R. lutwack and G. M. Arcand

1. Development of Separators ‘or Heat Sterilizable
Batferies, r. Lutwack
The research work continues in the development of a

separator for the Ag-Zn battery that will be capable of
withstanding heat sterilization. The work under Contract

JPL'SPAGE PROGRAMS SUMMARY NO. 317-33. VOL. IV

951035 with Radiation Applications, fnc.. has progressed
to the selection of one material for the scale-up phase,
and this material is in the process of production. Another
contract in which new thermostable polymers will be
investigated is being negotiated.

In Contract 951015, the following degrees of comple-
tion have been obtained: (1) Fortv-four of the fifty-one
inaterials have been prepared. and seven are in process;
(2} forty of these have passed satisfacteniy the prelimi-
nary screening tests of exchange capacity. tensile strength,
dimensional stability and resistivity. and five are in pzoc-
ess, (3) twenty have undergone thermal sterilization at
145-°C, and fifteen are in process; (4) twenty-six are in
process of thermal sterilization at 137°C; (5) tv =nty have
undergone in-cell testing, and six are 10 process.

Analysis of the test results showed that the material
prepared from the low-density polyethylene by precross-
linking with an electron beam irradiation to the 70-Mrad
ievel followed by grafting with acrylic acid should be
considered for more extensive testing, and accordingly
it was selected as one ot the two materials to be prepared
in the 500 ft° fabrication phase. This decision was made
on the basis of results in which 98% of the capacity rela-
tive to control cells was obtained on each of the electrical
test cycles; the level for satisfactory performance was
set at 90%. The preparation of this material is nearly
completed.

Nearly identical test results were obtained for a ma-
terial which was prepared by the same procedure from
the low-density polyethylene with the exception that the
irradiation level was 50 Mrad. This material has not * een
selected as yet for the 500 ft* preparation phase; the
choice of the second of these materials will be made
when a comparison of all samples is possible.

2. Radiation Effects on Battery Behavior, G. M. Arcand

Atomics International has completed its work on the
effects of gamma radiation on the behavior of nickel and
cadmium clectrodes in alkali media. Detailed results are
available in the final report (Ref. 1).

a. Experimental. The experimental prc edure has been
outlined in detail (SPS 37-31, Vol. 1V, pp. 63-65). The
only deviation occurred in two cases where cells were
irradiated on open circuit.

b. Results. The average effect of radiation on the ca-
pacity of the cadmium electrode is shown in Fig. 11, In
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Fig. 11. Capacity loss of cadmium electrode

all cases, the cells were cycled and the total irradiation
dose was 8.9 X 10" rads (H.0). The curve representing
the net change is determined by plotting the difference
between the comparison cells (operated in a water bath
at 45°C) and the irradiated cells. Dashed lines are used
between the 50% and 25% states of charge because only
two measurements were made at 25%, and experience has
shown this to yield insufficient quantitative information.

Table 1 shows the Jistribution of material loss in com-

partmented cells. Although all experiments have been
duplicated, the results should be treated with caution.

Tabls 1. Electrode material ioss from individual

dlectrodes
Porcaniage of Numbor of Cd electrede Ni olecirade
foil charge, % puri s foss, mg loss, mg
100 J 189 [ Xo)
75 1 no 2.2
50 k) na 1.7
3 2 107 23

The two cells which were irradiated on open circuit
showed no significant capacity loss in reference to the
comparison cells.

¢. Discues on. There is little doubt that the irradiated
cadmium electrode loses more capacity than the com-
parison electrode, although the scatter in data is severe.
There also seems little doubt that a maximum loss occurs
when the electrodes are cycled about the 75%-of-charge
point. This seems true of both irraliated and comparison
electrodes.

The data for the 25%-of-charge point are suspect since
only two experiments were performed. It is unlikeily that
cycling about this point would cause an increase in
capacity.
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The data show that more material is lost from the
cadmium electrode than from the nickel. Furtherniore,
the loss is greatest when the cell is cycled about the
100%-of-charge point, and it levels off around 50%.

Noune of the observed phenomena have been explained
as yet. A literature search is underway which may sup-
port certain hypotheses. The investigation has shown that
high radiatiuon doses cause partial disintegration of both
the cadmium and nickel electrodes and a permanent loss
of cadmium electrode capacity. These factors must be
considered in any design of Ni-Cd batteries for use in
high mdiation fields.-

N65- 32421

3. Thermol Decomposition of AgOond | /
Ag, 0, G M. arcond v

During work previously reported (SPS 37-30, Vol. 1V,
pp. 31-32), there was visual evidence that the decompo-
sition of Ag,O occurred primarily on the m-terial surface.
This appeared as a layer of silver. In order to check this
evidence and to determine the effects of compactior on
the decomposition rates, samples were prepared in pellet
form.

a. Experimental. All AgQO samples were prepared in the
laboratory and dried at rocm temperature in vacuum
over P,Q,. Pellets were prepared from the dried powder
in a press such that each weighed about 1.2 g and had a
dizmeter of about 1.27 cm. Some of the first pellets used
weighed slightly less than 1.0 g.

Two pellets were placed between Lucite sheets.
clamped m position, and placed in a crucible. The ar-
rangement lid not permit covering the crucible. All other
pellets were slaced loose in crucibles, some of which
were covered :—hile others were left open.

All samples were placed in a drying oven controlled
at 135 +-3°C. Periodically they were transferred directly
to a desiccator and allowed to cool for 0.5 hr, after which
they were weighed. The samples were returned to t'
oven immediately after being weighed.

b. Resuits and discussion. The first pellets treated were
placed loose in covered crucibles. These lost weight at
about the same relative rate; only one sample will be
considered here. ™.:is pellet initially weighed 0.9653 g
and lost 60 mg in the first 22 hr. Subsequent loss was
considerably slower and roughly linear with time. The
rate of loss was found to be about 1.2 X 10 * mg/hr.



The formation of silver is best described with the aid
of Fig. 12. It + wld be noted that dimensions are dis-
torted for clarity; the Ag layer thickness is about 5 x. The
reaction appears to be entirely on the surface of the oxide
and primarily on those surfaces exposed to the atmos-
phere. The bottom of the pellet showed little evidence
of metal formation. Where fissures of 0.5 mm o: greater
width were present, some penetration of metal occurred.
There was no such penetration along fine cracks.

Where the pellets were clamped between Lucite plates
and heated in an uncovered crucible, the rate of loss was
greater, as seen in Fig. 13. The slope of the linear portion
of the curve is 4.1 X 10 * mg /hr. Here the initial sample
weight was 1.1586 g, only 0.1903 g greater than that of
the pellet describad above and not enough different to
account for the rate difference. However, the AgO stock
was from a new batch which may well account for much
of the difference.

Silver metal formed on all surfaces in this case, but
thore in contact with the Lucite formed less metal. It is
re.sonable to suspect that Lucite can be oxidized by
AgO and Ag.O at this temperature. Thus the decreased
reduction of the oxide caused by covering the surface
may be partially counteracted by reduction of the oxide
by the Lucite (2). We have no proof of this hypothesis
at this time.

Four similar pellets were placed loose in crucibles, two
of which were covered. At the end of 89.7 hr, one of the
open crucibles was covered and one of the closed cruci-
bles opened. The results are shown in Fig. 14. For con-
venience, the curves begin after most of the AgO has
been converted to Ag.O. The rate of decomposition of
material in the open crucibles is about 5.4 X 10 * mg/hr,
while that in the closed crucibles is abont 2.7 X 10 -
mg. hr. Where a crucible was covered at 89.7 ki, the rate
decressed and approached that in the closed crucible.
Where the crucible was uncovered at 88.7 hr, the data
showed a discontinuity which is probably caused by an
experimental error. There is no duplicate experiment for
comparison. however. After the discontinuity, the rate
becomes about 6.5 X 10 * mg/hr. This is higher than the
other values and may be incorrect.

In these last four samples the pellets “exploded” in an
annular fashion except that soruc nieces from the top
surfaces were ejected with sufficient force to be lost from
the open crucibles. This accounts for the high weight
joss from the open crucibles at 19 hr. No effort was made
to normalize the values because this unknown loss would
have made the results mesningless.
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The interesting, result which has appeared is the effect
on the reaction rate of the presence of a crucible lid.
If one assumes the pertinent equation to be

AgO = 2Ag + 4O,

Ag
SILVER OXiDE

Fig. 12. Silver oxide pellet after heating at 135°C
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one might speculate that the reaction is reversible and
that a very small change in oxygen pressure can cause
a startling change in reaction rate. There remains a pos-
sibility that small amounts of light leaking into the oven
catalyze the reaction. Neither hypothesis is satisfying
when one considers the magnitudes of pressure change
or light invelved.

The effects of atmosphere and light un the reaction
rate will be determined. No effort hus yrt been made *o
relat2 rate to particle size. One would ‘xpect this to be a
factor and some support for this is provided by the fact
that pellets made from one stock supply decomposed at
about one-half the rate of those made from another, all
cther conditions being the same. The effect of particle
size is to be determined. At the present time, commercial
Ag;O powder is being heated in open and closed cruci-
bles to see if the same phenomenon occurs.

C. Electrical Conversion
G. A. Packer

1. Compuler Warst-Case Analysis

The computer worst-case analysis effort is being pur-
sued in order to develop an inhnuse capability of worst-
case circuit analysis for both new and existing circui
designs. JPL’s Transient Analysis Cenerator (TAG) con:-
puter program is being utilized for these purposes. Mesa
Scientific Corporation has contracted to aid in the devel-
opment and application of equivalent models of v irions
circui! elemeits such as transisiors, diodes, and mugnetic:
corcs. The models will be able to cope with the won-
linear operating regions of these circuit elements. Moch
progress has been made in the areas of component mode:-
ing and verifyip:. Experimentai analysis runs of well.
defined circuits have been made in order to explore
TAG's capabilities as a circuit analvsis tool.

To test the accuracy and efficiency of TAG circunt
analysis, an RC ladder circuit of 1,2, 3,4, 5 7, 10, and 15
sections was selected. Solution runs of the 1, 2, 3, §, and
10 section circuils were completed. The solution run
of the 15 section ladder circuit vas not completed. as
present computer root finding routines which were at-
tempted could not r: «sonably cope with poivnomials of
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orders higher than 10. Hence .0 solution run of the 15
section RC ladder circuit could be made. With better
root Snding routines, analytic accuracy checks of the solu-
tions to RC ladder circuits of more than 10 sections can
be accomplished. The results of these runs were com-
pared with hand calculations, employing Laplace trans-
forin methods. These comparisons exhibit <% < accuracy
of TAG circuit analysis. The output volt -+« the RC
ladder circuits ranged {from zero to one v adrnen
by a step function of one volt amplitude e greatest
difference between TAG solutions and analvtic solutions
was 0.13 X '0 ? volt. The greatest computer time usea
{including TAG and FORTRAN ccmpilaticn tinies as
well as input loading and manually mounting the TAG
compiler tape) was 7.4 mun. This was the titne consumed
by the 15 section ladder circuit problem. A complete set
of DC solutions to a three-stage transistor amplifier has
also been completed. Ebers Moll non-linear transistor
models were used in generating these solutions. A single
tiansient analysis run of this amplifier was also attempted,
but due to poor choice of soition control times no mean-
ingfal data was obtained. Under a follow-on coatract
with Mesa Scientific Corporation, the transient analysis
of this amplifier will be completed. A procedure for the
evaluation of transistor static parameters was developed,
and evaluation of a 2N1018 transistor was made. These
parameters were implemented in the TAG program by
use of an Ebers-Moll non-lincar model, und families of
characteristic curves were drawn in by the computer.
These curves were compared with those made of an
actual IN10I8 ou a Tektronix type 575 transistor-curve
tracer. T o oagresiaend between actual and computer
wardel curves, for both base and collector families, wus
found to be quite good. A similar procedure for evalu-
aling diode parameters was tried using i { inville Single-1.
diode model. This is @ model developed by Mesa Scier-
tific Corporation which offers a consider.ble improve-
ment in dynamic Adelity. 1t makes 5 4 Linville's
clements of combinunce and storance = . angle-L net-
work to model diode reverse recoverv. Al recovery
time me.surements were made on three 1o rent types
of diodes, & W _itinghouse 479E, a Unitso.l {'TR22, and
a Texas instruments IN1124,

A single-l diode model was o<t G wr TAG, and o
TAG tramsient recponse fur o wine oo w0 conditions was
generated. Sisee the revalts e ¢ well with analytic
predictions, diev can be comaad oo yaite satisfuctory

A simple non-lincar core nrschd has been programmed
and successfully vun. This wanlel is based un the present
TAG availability of node poir vollage integrals. A more
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sophisticated model hss been developed and has been  operation, as well as time-dependent domain switching
undergoing program debugging. This model will be able  effects. its completion will be accomplished nnder the
to account for hysteresis effects, including minor loop  follow-on contract with Mesa Scientific Corporation.
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V. Spacecraft Control

N5~ 32L54

A. Sun Tracker Control System

T. Kerner

A solar thermionic power system is now under devel-
opment. In this system a 10-ft parabolic mirror is used
to concentrate the Sun’s enerzy at the focal point, where
the active elements in the experiment are located. A Sun
tracker control system is being designed to keep the
parabolic mirror pointed at the Sun to within a 30-sec
error. The mirror drive has two degrees of freedom, one
in azimuth and one in elevation. For these axes, the two

INTEGRATOR AND

control systems that govern the motions are identical.
A block dizgram of the mirror control system is shown
in Fig. 1.

1. Sun Sensor

The sensor used is characterized by a V... 6,, =K, gain.
It is sensitive in two axes. A shadow bar is used to con-
trol sunlight falling on two cadmium sulfide cells. When
the radial toward the Sun makes an angle with the rormal
to the plane containing the two cells, a differential output
voltage is developed that is proportional to ti at angle.

VOLTAGE CONTROLLED

COMPENSATION OSCILLATOR AND MOTOR AND
SENSOR NETWORK COUNTDOWN GEARING
Ko (ST +1) Ko Bmserer
> L1 s s
[ S\Sty+l)
= e'.'

Fig. 1. Sun tracker control system
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The output is linear to approximately =1 deg about the
normal. For larger va'ues, the sensor is saturated.

2. Control Circuitry

The integrator and the .ompensaticn network are
inechanized as shown in Fig. 2. With the assumption that
the gain of the amplifier, — A, is very large, the transfer
function of this configuration is

S 1
B _CCo 1. "YRC TG
EYTR.CC TS o, L

" RC,

and its effect is that of an integrator in serie. with a
lead-lag network. The integrator in conjunction with the
motor introduces a double pole at the origin in the char-
acteristic equation of the open-loop gain. The double
pole characterizes this as a type 2 system with a theo-
retival zero offset error for a ramp fuaction inpur. Prac-
tically. the drift of the sensor null, the dritt of the
integrator, the drift of the V ,. and outsicde distnrlances
all contribute to the tracking error. The zero-paic cembi-
nation introduced around the operatioual amplificr iu
Fig. 2 is used to compensate the double pole at the origin.

c, ]
~{{ i
" L
1*—-%——]
R.n A,
—AM- -A —&- 0
=
Eronser

Fig. 2. Integrator and compensation network

The voltage coatrolled oscillator consists of 2 unijunc-
tion transistor operated as a relaxation oscillator. A vari-
able bias on the inpu* causes a proportional change in
the frequency of oscillation. The unijunction transistor
oscillates at a quiescent frequency of 980 c¢ps. Four flip-
flops are used to count the frequency down to €0 cps.
The output and also the output at an angle of 90 deg
are introduced into the differential synchronous motor.

3. Conirol Motor

The differential synchronous motor consists of two syn-
vhronous motors with the rotor of one coupled to the

JPL SPACE PROGRAMS SUMMARY NO 37-33, VOL. IV

stator of the other. For a 50-cps input into both motors,
two miodes of operatioi, are possible depending upon the
phasing. For une phasing arrangement, tiie output shaft
of the motor moves at 7220 rpm, which is twice the syn-
chronous speed of each motor. For a phase reversal on
one motor, the output shaft speed goes to zero and the
full 1 cz-in. torque is maintained. If the phasing is ori-
epied as in the last-mentioned example and the 60-cps
input to one of the motors is frequency-modulated, the
resultant motor shaft output is proportional to the modu-
lating signal. This will be the operating mode while
tracking. The maximum 7200-rpm output will be used
in the slewing mode. The output which is geared down
by 300,000 will drive the mirror structure. The use of
the differential synchrenous motor allows a considerable
dynamic range of operation, i.e.. a nominal rate «.r 360
rpm, and a slewing rate of 7200 rpm.

4 Breadboard Model

The system has been breadboarded in the laboratory
with some medifications. A diugram of the breadboard
circiiitry is shown in Fig. 3. The linear sensor is substi-
tuted by a potentiometer-generated voltage in the loop.
and the gear train driving the mirror has been reduced
to a typical one-stage gear train driving a pctentiometer.

Otpf iOuf g*
L U
N o
tk—«wj
90K
4
J'ua\ Vo ——i MOTOR |- 8"
200K L/
Ein
200K

Fig. 3. Sun tracker control network

Tins has been done with the assumption that the inertia
and the friction load of the mirror are negligible as seen
by the motor and that only the first gear is significant.
Open 1»op testing of the V., and motor combination indi-
cated a breakpoint at about 2 c¢ps other than the pole
due to the ideal motor. To stabilize the system, the zero
has been mechanized at 0.17 cps, and the pole is two
decades away at 17.7 cps.

The system performed satisfactorily in the closed-loop
configuration. The lead-lag points will be adjusted when
the motor is driven into the ac:ual load.
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N65- 32423
B. A Science Instrument Support’
Scanning Platform

S Szirmay

The gual of this effort s to investigate methods of
achieving lightweight. low-power. high-rzliability scan
systems for acquinng. tracking, and scanning planetary
bodies frori a fly-byv or orbiting -pacecraft in such a man-
ner as to permit the planet-oriented scientific experiments
to meet their objectives.

The platform subsyvstems will be comprised of a sensor
and -or programmer. controller. and actuator. Its perform-
ance will be optimized in terms of sensitivity (distance
over which it's operable), pointing accuracy, and ability
to follow preprogrammed instructions. Fig. 4 shows a
block diagram of the platform subsystem.

INCREMENTAL
GROUND
COMMAND

ccas
o] PROGRAM

COMMAND| GENERATOR

1 FacruaroR) | PLaTFORM

=0 CONTROLL ER am{ MOTOR AND g0
PLATRORM "L on
DYNAMICS | !

PLANET
SENSOR

L

fig. 4. Scanning platform subsystam

The following are the first iteration constraints placed
on the scan platform.

(1) Structure weight, Ib

Visual survey 200
Microwave and radar 90
Infrared spectrometer 75
Infrared radiometer 5
Ultraviolet spectrometer 15
Ultraviolet radiometer 14

Total 389
Platform with instruments 480

(2) The moment of inertia of the loaded platform: is
265 lb-ft-sec.*

{3) The platform must have a capability of pointing to
the planet vertical within 1 deg.

(4) The platform must have a capability of pointing to
an arbitrary inertial direction within 1 deg.

{3) The subsystem must see a planet 4 deg to 160 deg
continuously .

.. Horizon Sensor

Studies of the sensor area have shown that the use of
the infrared horizon in determining the local vertical is
superior to otner methods. Sensor systems utilizing the
infrured horizon have been built and fown successfully.

The Bames Engineering Company, under contract
from JPL, i« now developing a Junar and planetary ho-
rizon scanner. The details of this device are discussed
elsewhere in SPS 37-33. The salient features of this
horizon scanner are as fullows: (1) The scanner has no
moving parts. (2) Space and horizon scanning is accom-
plished by sejuential electronic sampling thermopile
detectors arri.nged in linear quadrature array. The scan-
ning gecmecy is showa in Fig. 5.

The outpnt of the scanner is not yet rigidly defined.
The thermopile detectors wiil be sampled simultaneously
from the points A and B toward each other. For the local
vertical. which is not coincident with the vertical as de-

wa— LOCAL VER™ICAL

Fig. 3. Horizon sconning geometry



fined by the perpendicular to the plane defined by lines
AB and CD, the sampling channel operating from either
A or B will be the first to yield an output correspondent
to a horizon crossing, the other channel will yield a
horizon-crossing indication some time later. This time
interval between the two readings is proportional to the
deviation uf the platform pointing angle from the planets
local vertical The error may be presented in either digi-
tal or analog form. The scanning period is 1ot yet final-
ized, but for the purposes of this study it is assumed to
be 100 msec.
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2. Controller and Motor

Two alternate methods of mechanizing the controlier-
motor blocks shown in Fig. 4 are being studied. One pos-
sible method is to use a stepper motor actuated by a
gated clock (Ref. 1); another method being investigated
is using a two-phase induction motor.

Figs. 6 and 7 are the block diagram configurations of
the two possible schemes. The proposed mechanization
of the horizon scanner is such that the error which is the
difference between the reference angle und the actual

el ACTUATOR PLATFORM
REFERENCE HORIZON STEPPER A PPORT POSITION
v el GATE s ND SUPPO
ANGLE SCANNER MOTOR STRUCTURE - T &0
OYNAMICS
(o) - | I
- 1
\O-—1 (- TsS _— ~1 [_ —— Ny . ‘_.T,S' l_z___‘l_-__
s | s ! S, 285
! — — 2
L« v
Fig. 6. Platform conhrolied by stepper motor actuuted by o gated clock
ACTUATOR !
REFERENCE HORIZCN AMPLIFIER INDUCTION AND SUPPORT i
ANGLE SCANNER — ™ MOTOR STRUCTURE p—0
DYNAMICS i
: -7 Ky [
\»—.‘ \-e f Ka — T
3 s(stcp+i) IR 1 LI
w? w

Fig. 7. Platform controlled by two-phase induction motor
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angle, is sampled each T, = 100 msec and held with a
zero-order hold.

The model for the dynamics is shown in Fig. 8. In
Ref. 1 it has been shown that the respunse of the actuator
and the herizon scanner structure can be approximated
by a second-order transfer function.

bu _ 1
I _s_+_2§_s +1
w

where the undamped natural frequency « and the damp-
ing factor £ are functions of the spring constants K,, Ks,
of the actuator and support structure, C is the coulomb
friction, and J, the inertia of the platform assembly.

.

CouLOME

FRICTION

INERTIA OF PHP
ASSEMBLY J,

INERTIALESS INTERFACE
‘ BETWEEN ACTUATOR ANO
BOOM

INPUT POSITION DETERMINED BY
THE MOTOR

Fig. 8. Horizon scanner dynamics
model

Reference

1. Nicklas, J. C., Analysis, Des:gn, ond Testiag of a Position Servo Utilizing a Stepper
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VI. Guidance and Contro! Research

N65-32424

A. Semiconductor Research

1. Preparation of nnn Structures for the St:dy of
Spuace-Charge-Limited Current in Silicon

S. Denda® and M-A. Nicolet*

a. Introduction. This report provides information on
the preparation of nxn structures as required in studies of
space-charge-limited current (scle) of electrons in silicon
To provide a good basis of comparisun with the theory,
the transistorlike str.ctures should satisfy the following
requirements: (1) A single-crystal base of known crystal-
lographic orientation, high perfection, and low but honio-
geneous residual doping; (2) a planar geometry; and (3)
abrupt junctions. The first requirement is me4 by sclection
of an appropriate single crystal. Crystallographically
oriented wafers can then be obtaines) from it by standard
techniques to satisfy the second requisement. Although
abrupt junctions are obtained most readily by alloying
methods, the present approach uses a diffusion method
instead because of the ease wih which this method
applies to silicon.

*At the California Institute of Technology performing work sup-
ported by the Jet Propulsion Laborstory.

b. General considerations on diffusion. Diffusion tech-
niques are classified according to the phase of the sources
of impurity as follows: (1) Diffusion from vapor phasc
into solid, usually called “solid state ditfusion.” (2)
Diffusion from liquid phase into solid, called alloy
diffusion. (3) Diffusion from sohd phliase into solid phase;
e.g., grown diffusion.

As a device technology, diffusion from vapor phase has
several advantages. 1t produces a flat, homogenesas and
stable junction over the entive surface of the specimen,
If desired, masking by a thermally produvced ovide layer
and subsequent photoengraving can be used to shape the
size and form of a junction. Ainong the various doping
agents compatible with this wechnique, phosphorus hay
the advantage that (1) solid state d.flusion with this ele-
ment offers no particular difficulties, (2) phosphor s has
a high solid solubility in silicon which yields a hiy, im-
purity concentration at the surface and thus facil tes
the approximation of an sbrupt junction and prohiems
of ohmic contacting, (3) phosphorus, or P.O., has a high
vapor pressure at temperatures as low as 250°C. For
these reasons, solid state diffusion of phosphorus was
adopted in this work.
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Generally, solid state diffusion in silicon depends
critically upon the following processes, most of which
still await their detailed technological solution by devel-
opment and production laboratories:

(1) Lapping and polishing of the silicon surface, with
special concern for flatness, roughness and scratches;
electropolishing appears as a promising tool.

(2) Chemical etching of the surface te remove the
damaged layer produced by the mechanical treat-
ment; this treatment suffers from the fact that it
simultaneously deteriorates the flatness.

(3) The presence of localized impurities, such as dust
particles on the surface during diffusion, can lead
to a localized inversion channel through the junc-
tion; this phenomenon, called a “pipe” in Ref. 1,
is difficult to avoid but must be absent from inte-
grated circuitry. )

(4) Photoresist technique; an increase in resolution is
desirable.

(5) Oxide layers and ihe compiicated electronic con-
dition which exists at the Si-SiO, interface; these
problems are associated with those of impurity
segregation and redistribution.

Solid state diffusion produces impurity profiles which are
graded unless diffusion times are sufficiently short. Since
in the present application steep junctions are to be ap-
proximated, the diffusion times should be kept to a mini-
mum. Because of this limitation, the deptb of the junction
is restricted to a few microns below the surface, which
increases the requirement for mechanical perfection of
the surface.

¢. Theory of diffusion. For planar geometry, the
diffusion of atoms in a sohd is described (Ref. 2) by the
following differential equation:
oN o:N
Do @
where N is the concentration of impurity atoms in the
crystal, D is the diffusion constant of the impurity under
consideration, and x is the distance measured from the
surface of the solid into the bulk. The equation can be

" solved with proper boundary conditions: When diffusion

begins at ¢ = 0 with a concentration N, of inipurities kept
constant at the surface at all times, when the bulk is free
of impurities prior to ¢ = 0, and when the bulk extends
over large distances x > 0, the solution is

N(x,t) = N, erfc [——’——] . @

2(Dt)"

N (x,1)=Nserfc [x/? (Dl)'/z]

Nix,t)

xi(7)

Fig. 1. Impurity distribution in the bulk due to diffusion
from a source of consiant concentration N, at
the surface, x =0

Tkis solution is sketched in Fig. 1. If the crystal is orig-
inally doped with another impurity of concentration N,
of the opposite type, a pn junction will be formed at the
point x; at which N(x,.t) = N,. Typically, N, < <N,
and in this case the junction depth is approximately
given (Ref. 3) by the simple relationship

N.\%
5= 2("‘?) (Dt)% = k(D). (3)

i

If the total amount of impurity atoms Q diffusing into the
solid (and initially deposited on the surface) is kept con-
stant rather than the concentration N, at the surface,
other corditions remaining equal, the solution is

N(x,¢t) = G.I%)_”; exp (—x2/4Dt). 4)

This solution is sketched in Fig. 2. In this case the junc-
tion is located at

Q % o
x, =2 [lnm] (Dt)'e )
which again leads approximately tc a dependence
x; = K(De)% 6

for values of Q(inem™) >> N, (incm ™).

2, Exzerimental Procedure

% Sample preparation. The requirements on the me-
chanical and chemical treatments preceiling the diffusion
depend on the intended application of tiie device. The
following steps are considered typical and adequate for
the study of sclc in silicon:



| Lt A

| N(x,/)=0/(70/)'/2"9("2/40’)

ANx,?}

\

Mo Y N ~ %]
0 \\__ _—e N — — A \.___,j(/)
° X

Fig. 2. Impurity distribution in the bulk due to diffusion
of a fixed total amount Q of impurity atoms
initially present at the surface, x = 0

The single crystal is sliced on the diamond saw. Subse-
quent selective chemical etching revealed that the waters
are oriented in the (111) plane within +2 deg. In the case
of silicon, however, the crystallographic orientation hardly
affects the result of diffusion. The thickness of the wafer
is limited to values larger than approximately 0.3 mm by
mechanical inaccuracies of the saw. The wafers are then
processed on both sides according to the following se-
quence of steps.

(1) Grinding on 280A-grit emery paper to eliminate
coarse grooves and the unevenness of the surface

caussd by the saw.

(2) Lapping on a flat glass plate with 800-mesh car-
borundum abrasive and water.

QUARTZ TUBE
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(3) Fine lapping on microcloth with 3200-mesh lap-
ping compound on either a rotating or a stationary
plate.

(4) Final polishing on microcloth or Nylon cloth with
1-p diamond paste or 1-x aluminum oxide until a
mirror-like surface is obtained.

For these operations, thin wafers are mounted with
Apiezon wax on a sample holder. The measure of finishing
is expressed in terms of “fiatness” and “roughness.” Steps
1 and 2 develop flatness, while steps 3 and 4 reduce the
roughness. For the appiication envisaged here, smooth-
ness is more irrportant than flatness.

The operations just described leave a mechanically
damaged surface layer whose thickness is about 5 to 10
times the size of the grit used. This layer is removed
chemically with an etch comprising 5 ppv conc. HNQO,
and 1 ppv conc. HF (called 5-1 etch). The etching rate
of the solution depends strongly on the room temperature,
the freshness of the reagent, and its total volume. A typ-
ical value for silicon is 30 u/min. It was found that about
40 sec of etching in 30 cc of fresh reagent used at room
temperature for one wafer and agitated vigerously yields
adequately smooth surfaces. After etching, the wafers are
rinsed in succession in water and in deionized water of a
resistivity of better than 2 MQcm.

b. Experimental setup for diffusion. Fig. 3 shows a
sketch of the diffusion furnace and the gas system. After
final assembly, the whole system is carefully baked out
with gas flowing through it and with boats in place at

MAIN FURNACE
IMPURITY FURNACE
FLOWMETER L C ACTIVATED CHARCOAL
R0y
= 2
| % GAS OUT
TC
,L J L Si / ‘
==
q
WATER REGULATOR REGULATOR| | RECORDER
[CHEATER ]
N, O \ 8
2 02 WATER
SUPPLIES MOLECULAR SIEVES |

Fig. 3. Sketch of the experimental setup for solid state ditfusion of phosphcrus into silicon
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Fig. 4. Temperature distribution along the central axis of the diffusion furnace at steady state

1400°C, for the main furnace, and at 400°C for the im-
purity furnace, for a total period of 8 hr.

The working length (range of temperature variation
= +5%) of the main furnace at about 1000°C, as deter-
mined by measuring the temperature distribution along
the axis of the furnace at steady-state conditions, was
found to be at least 10 cm (see Fig. 4). The temperature
regulator and the temperature recorder are calibrated
with reference to, but including, room temperature.

c. Diffusion procedure. (1) 'The main furnace is pre-
lieated to 1100°C, and the impurity furnace to 250°C;
both are held at these temperatures for at least 20 min
to assure stationary conditions. (2) Gas flow is adjusted
to 1 ft'/hr for N; and 0.1 ft*, hr for O.. (3) A quartz boat
loaded with P.O, is inserted into the center of the im-
purity furnace. {4) The Si wafers are inserted 5 min later
on a quartz boat into the main furnace and positioned at
ihe center. Diffusion time is measured beginning with
the insertion of the wafer. (5) After the desired diffusion
time has elapsed, the power to both furnaces is turned
off; they are allowed to cool at their natural rate. {6) The
wafers are extracted from the main furnace once its tem-
perature has fallen below 700°C; they reach room
temperature in open air. The surface of the wafers gen-
erally shows interference colors due to the thin oxide layer
formed during diffusion.

G. Physical data on phosphorus diffusion into silicon.
The diffusion constant D of P in Si is shown in Fig. 5,
which represents (Ref. 4)

60
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1000/7* K

Fig. 5. Diffusion constant D of phosphorus
in silicon, Ref. 4

D = 105 exp (—42.7* 1(® °K/T) cm? sec™! (7)

where T is the diffusion temperature in °K. The solu-
bility of P in Si is given in Fig. 6 and Ref. 5. The vapor
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Fig. 6. Soiid solubility of phosphorus in silicon, Ref. 5

pressure of P,O, (metastable form) is as follows:

Temperature, °C Vapor pressure, mm kg
189 1
236 10
270 40
24 100
336 400
358 760

SiO, formation on Si surface is depicted in Fig. 7. Mask-
ing effect of SiO. for P diffusion is shown in Fig. 8 and
Ref. 6.

3. Evalvation

a. Metallographic observation of the diffused layer.
The diffused layer can be observed easily by angle lap-
ping and staining. The sample is waxed to u sligitly
inclined bottom of a lapping jig and carefully lapped on
a glass plate with 1-u diamond paste. The resulting sur-
face forms a suitably sharp edge with the diffusion
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Fig. 7. Formation of SiO. on a silicon surface at 1200°C
by a flow of O.11/min bubbled through
water of 60°C
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Fig. 8. The effect of a $i0, mask on the diffusion
of phosphorue into silicon, Ref. 6

surface. The lapped sample is then stained for 15 to 30
sec in a staining etch comprising 30 cc of conc. HF and
1 or 2 drops of conc. HNO,. Better results ci.n be ex-
pected if the wafer surface is illuminated v h white
light during staining. A photograph of a typical result
is shewn in Fig. 9. The depth of the junction can be
determined with the knowledge of the lapping angle and
the photographic amplification factor. In the case shown,
the angle is 6°37’, as determined on an interference micro-

svope,
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Fig. 9. Display of the junction by angle lapping an3J
staining; sample diffused for 40 riin u3 3100°C;
junction depth 3.4 4

Fig. 10 shows the dependence of the junction depth
measured in this fashion as a function of the square root
of the diffusion time obtained in different diffusion opera-
tions with wafers of the same bulk material (=2000Q-cm
o-type). The results agree well with the theory; see
Eq. (3).

b. Determination of the impurity concentration at the
surface. The impurity concentration at the surface can
be obtained from measurements of the sheet conductance
of the diffused layer if the junction depth and the profile
of the impurity distribution are known. The susface con-
ductance can be measured with a f yur-pnint probe. From

DIFFIJSION TIME, mun

9 20 40 60 12C
T 1 T T T H T
H : '

!
!
i i 100°C

6F e e o e -/~

JUNCTION DEPTH, u

DIFFUSION TIME, min'/2

Fig. 10. Experimental dependence of the junction
depth on the diffusien time ot a constont
diffusion temperature of 1100°C
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the measured values, the shect resistivity p, is chtained
in ohms as follows:

Ps = 453 (Viunu pmbel)/(lou(rv probn)

The conversicn factor 4.53 does not depend upon the
dimension of the four-point probe (Ref. 7). Fig. 11 repro-
duces a ch:art calculated by Backenstoss (Ref. 8} for an
erfc impunt, profile. With this chart, the concentration
N, at the surfice can be found once p, and x; are known.
The value of N, obtained in this manner has an estimated
error of approximately +30% due to the cumulated un-
certainties in p, and x,. Table 1 summarizes the results
obtaired on the samples of Fig. 10.

Table 1. Diffusion sample test results

Perometer No. ? Ne. 2 Ne. 3
Nmin) 20 4G 120
x ) 2.4 34 6.1
N. (em™) 510" 210" 210"

102! T

’
E4
’
(x) = Mg erfc (x) /’
N(x) = erfe (x
1020 s A
1019
4]
'—
S 08
b3
w7 L
o105
106 /
/ i
Np<10'3
109 l
10~} 109 3 102 03 104
Y/Psx, 8 cm!

Fig. 11. Evaluation of the surfaze conceniratien N,
from volues of the junctien depth x; and the
sheet resistivity p, for en erfe impurity
prefile, Ref. §
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c. V-1 characteristics. A dot of Apiezon wax about 1
or 2 mm in diameter is applied on one side of a wafer.
The sample is then immersed into a 5-1 ctch to remove the
diffused layer on the remainder ot the surface. A mesa
junction is formed beneath the area protected by the dot
of wax. The sample is then thoroughly rinsed in deionized
water and the wax removed. The back sicle of the sample
is abraded with emery paper. Silver is painied on a metal
plate serving as electrode. Electrical contact ‘o the mesa
is made with a metal point fixed on a micromanipulator.
Fig. 12 shows a typical V-I characteristic. The re\erse
resistance exceeds 10 MQ, and the breakdown voltage
is above 200 V. At small forward biases, a short range of
negative resistance is sometimes observed, which is caused
by a poor quality of +he backside contact.

d. Junction capacitance. The voltage dependence of the
junction capacitance with backward bias gives informa-
tion of the impurity distribution. An abrupt junction ex-
hibits a dependence of

C=a(V+Vy)" (8)
and a linearly graded junction has a dependence of
C=b(V+VyH 9)

where V is the value of the applied reverse bias. For dif-
fused junctions, the dependence often falls in a range
between these two limiting cases. An experimental
result is shown in Fig. 13. At large reverse biases,
C-*= V. Fig. 14 shows that at low reverse biases

— ~e

Fig. 12. Typical V-I characteristic of a junction;
horizontal scale 20 v/div; verkical scale
500 uamp/div; junction oren
approx 1.0 mm'
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C* ~ (V 4 Vy), where V4 == 0.5 + 0.1 v. Using this value,
the measured curve of Fig. 13 can be corrected (o0 test.
There results a straight line, confirming that Eq. (8)
is applicable in this case. This indicates that the junctions
obtained in the diffusion process are essentially abrupt,
as expected from the short time of diffusion. Measure-
ments with various mesa areas confirmed that capaci-
tances other than that of the junction are negligible

The coeflicient ¢ of the above equation has the valuc

= qst" .
a A( )

where ¢ = 1.6-10"°Cb, ¢ is the dielectric constant (12
for Si), e, = 8.85+10" F/cm, N, is the donor concentra-
tion in the n-side of the junction, N, is the acceptor
concentration in the p-side of the junction, and A is the
junction area. This expression can be used to estimate the
acceptor concentration N, of the wafer if N, is much
larger than N, and if Eq. (8) is indeed applicable at large
reverse biases; in this case

N.N; \!
M)

(10)

e

N, = .
Qee,

(11)

Applied to the results of Fig. 13, this equation yields
N, =4.8+10"cm ", which corresponds to a resistivity
of about 270 9-cm. By manufacturer's specification, the
crystal used for the wafer has a resistivity of 209 0-cm.
This value of the doping concentrution can be verified in
two additional ways. Measurements of the bulk resistivity
at room temperzturs on a bar-shaped sample, from vhich
the diffused surface layers have been lcpped off, yield
the number of mobile majority charge carriers. From the
punch-through voltage of nsn struciures, the number of
ionized acceptors can be deduced. A comparison of the
results of these different methnds is given in Table 2.

The calculation of V4 using concentrations of 10** cm
for the n-side and 4.8+10'* ¢m * for the r-side {300 Q-cm
resistivity at room temperature) and an intrinsic carrier

Table 2. Comparison of the resistivity values deduced
from three different measurements

By ompecitence, By rwe-peint W
Parameter &g OV resistivity pwvich-threvgh
N, {cm Y 4n- 0" l 46410 4.6 10"
Resintivity, $2-cm 70 { 206 300

-

- Wy ﬁ * <
- - ’ *:
Thw g wf‘"‘F o s .
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Fig. 13. Dependence of the junction capacitance C on a reverse bias
10 [ density of 1.5¢10" ¢m* at room temperature results in a
value of 0.70 v for the junction. It is believed that the
| discrepancy betwcen this value and that obtained from
8 Fig. 14 is due to experimental errors and possibly some
uncertainties in the coping profile.
5 T 4. Contacts
. When electrical contacts are made to the diffused layer
s e A with gold wire or gold-plated metal plates applicd with
modverate pressure, the contact resistance is found to be
:n the range of a few ohms. At high curreut densities, this
» resistance introduces significant and unrepraducible er-
i rors in the V-I characteristic. Muchanically stronz and
! ! electrically non-rectifying contacts ('ohmic cuntacts™) to
0 1 1 the diffusion layer are therefore required. Evaporated
2 Yo 2 . 6 8 o aluminum contacts are known te give non-rectifying con-
tacts to n-type silicon of less than approximately 10 -
=0, %t TA ‘
Y o'g Qv BIAS VOLTAGE,v 2-cm. Gold offers similar properties, with the added ed-
Fig. 14. Dependance of the junction vantage of an oxide-free metal sui <o but its la.ge
capacitance C on a low diffusion constant prohibits extended -i.crmal treatments
reverse bias after its application.



The wafer is placed on a Ta heating strip in a vacuum
system. At a pressure of approximately 10-* mm Hg, a
gold film of 0.1 to 0.3 u thickness is evaporated on the
wafer, which is kept at a temperature of about 250°C
during this process. The temperature is then raised to
roughly 350°C and held there for 5 min. To test ths
electrical quality of this contact, small circular contacts
are deposited with a mask. Very little resistance is meas-
ured between them. The linearity is excellent. To ascer-
tain that the gold dues not penetrate through the junction,
the n-type diffused lay  is etched away between the con-
tacts. A V-I character-stic between two contacts egnal to
that of a reverse-bias-d junction for Lotk polarities indi-
cates an unperturbe:i junction under the gold layer.

N65- 32425
B. Cryogenics Research

J. 1. Hording

1. Analysis of Torgques Exerted on a Spherical
Superconductor Due to Trapped Flux in an
Axially Symmetric !Aagnetic Field

a. Introduction. This report describes part of a pro-
gram to analyze the mnagnetic forces and torques acting
on a superconducting sphere which forms the rotor of a
cryogenic gyro. An earlier report (SPS 37-24, Vol. 1V,
p. 35) calculated the torques exerted by an axially sym-
metric magnetic field on a slightly deformed spherical
superconductor.

b. Procedure. Here, as in the previous report, the torque

on the supercunducting sphere is calculated by integrat-
ing the Maxwel] stress tensor over the surface of the body

:f/prB—;:xB‘l

For a sphere r is also the surface normal so that

1 f
I Y . 1
2"’]"\B’6 ("

Because of the sphericai boundary, it is appropriate to
express both the applied and the trapped fields as expan-
sions in sets of Spherical Harmonic functions. The final
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expression for torque is in the form of products of expan-
sion coefficients of the applied and the trapped felds.
Each term may be interpreted as an intevaction between
a mode of trapped -flux configuration and a corresponding
asymmetry in the magnetic field. Since these expressions
get increasingly complicated as the order of asymmetry
grows, this type of analysis is only useful if the applied
field is of a low order i syminetry. Simple examples are
illustrated later in Sect. g.

c. Spherical harmonics. As m the earlier report, the
complete set of Spherical Harmonics (see Fig. 15 for
coordinate system),

Y7 (u9) = (—1phememo (@2 + 1)
X (0= [ml/2(L+|m])!)*
X P () ™, ()% (2

where

lem

] d .
P () = gl s = DY

,g!cme-l

]
6 _*

— § 0
\ - /
Fig. 15. Ceovdinates fer analysis of
mognetic torave
€3
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is chosen for representing the tactors in the integral for
torque G:ecause of the following useful properties (Ref. 9,
p. 158).

(X VEYr= L+ 1)Yn

(¢ X V). YP = imy= {3)

[froan:

where the asterisk * denotes a complex conjugate, and
boldface type denotes a vector quantity.

fl=pandm=gq
otherwise

(4)

(r X V). —<[(x > V), + i(r X V)] Y™ = iGpymer (5)

where Cr=[{l-m)(I+m+ 1)]4

(rx 7)=[(rx7)—-i(xrX Vi) Yr= iHTY? ' (6)

where Hr=[l+ml-m+ )=

d. Expressions for B. There are three contributions te
the magnetic field B, each of which can be expressed as
the gradient of a scalur potential in the region outside the
surface of the sphere.

(1) The applied ficld, which is assumed to have axial
symmetry, can be represented quite generally by

~Ba=V Ebﬂ'lpl (,A')
i

(2) The induced field, which combines with B, to sat-
isfy the boundary conditions, Ba.rmai = 0 at the surface of
a superconductor, can be represented by

"B; = Vza,r ! 'Pl(ﬂ')
i

The boundary condition becomes

le

4

’r'z(b,f 4 ar )P () = 0

- B-M-cl =

S

at r = R, whick implies
l 1s+1
a; = i+_l R +1p, (7)

(3) The trapped fieid can be thought of as that part of
the total field which does not satisfy the boundary con-

dition; i.e,,

~Br= —Bior.. + B4+ B, = Scrur ! lyl-(l-l,¢)-
im

(Only inverse powers of + are permussible inasmuch as
this field has its sources within the ba!l and will vanish
at r = o.) Howevei, an important assimption is that B,
is rigidly nttached to the sphere ai.d rotates with it +liic
the applied and induced fields are fixed relaiive to the
external current sources that produce the applied field.
This assumption is in accordance with observations of
superconductors containing trapped flux.

The direction x” = 1 represents the deld symmetry axis.
To calculate the torgue. all contributions to By,..; must be
expressed in the same coordinate system. This is easily
done with the aid of the “Addition Theorem for Le_ >ndre
Polynomials™ (Ref. 9, p. 161). Let the symmetry axis of
the magretic ficld, .’ = 1, intersect the p = 1 axis (fized
in the rotor) at the origin, and let the coordinates of the
u’ axis, referred to the u, ¢ system be given by u = cosa
and ¢ = 8. Then

2l 4 I\ *% . o 4r \*
(—4_:—) Py (a7} = Y'(“):(QTI)

ol
e EIY':"((ﬂsa,ﬁ) Y7 (e 9)

Accordingly
‘Be- B, V;mf l(bI" ~ar’ Y
» XY (cosa,B) Y7 {n, ¢)
VY ba(n)Y®(u¢)
im
where

4
b:.(');a'ﬂ—l—:;.i(bl” tar Y (cosa. B)

&



e. Evaluation of the torque. The expressions for torgae
in Eq. (1) can be written

r:ijf”«m, £ B, + By)B, + B, : By-dS
Ko

= if/r/(BA+B,+B,)(BA + By)-dS
P
+r/ (Bys+B)B;*dS + r ~ B;Br-dS.

The first tertn is zero because of the supercenducting
boundary condition B (applied + induced)+dS =0 The
third term is zero because the trapped flux cannot exert
a net torque on itself. (Note: This choice of grouping of
terms greatly shortens the caleulation as compared to
other possible sroupings.) The remaining integrand is
evaluated by use of the following relations:

_Bf'ds = 'EE"EC{.J' d })'," fzdpd¢
lm
=3 =+ 1)r '], Y d.dg,
{m

(since By is real).

r 7 (B, +B)=3by,(rnr<x¥r,;,

w

}/'7‘4‘- X 7
rxv-_f;(‘(,x V);T?(r ) 2(f /)

)*(1‘7)_

pa

)\

Ar

-+

\#

The operator and integral relations, Egs. (3'<(8). make
evaluation of the integrals almost trivial.

T—l/[rx(B,+B,)By'JS
L

1 Al
- == N(p l)R’b;u(R)[tiqc,,,+i—,
M gy =
A
—L(C"C
I\ Conu-n

AGUC, 4oy v Hiey, ) - Hye, ,)J'.

From Egs. (7) and (8),
b;, (R) - b R*Y¢(cos a, B)

Finally, the expression for torcue is

r:ﬁ\‘b Yi(cosa, B)[ﬁtq( ~ l.,((- Cpq.: ¥ Hicp. 1)

u.w

l“‘}

NUQM"MQWJ
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f. Discuasion. Each term in the expression for torque is
a product of three factors: the expansion coeh. 1t of
the axially symmetric applied field, b,; the «xpansion
coefficient of the trapped field, ¢, or ., ,.,; and an angu-
larly dependent function r7. Of particuiar significance
is the fact that the contribution to torque due to a trapped
flux component ¢, is null if the corresponding applied
field component b, is zero

g. _xamps- of uniform trapped flux. If a metal be-
cor es superconducting in the presence of a uniform field,
bu: due to absence of a Meissner effect, it fails to exclude
flux in the process. a umform feld is “trapped™ within
the superconductor and it persists after the applied field
is removed. In the case of a sphere, the field produced
outside, which satisfies the continuity of the normal com-
ponent of B on the surface, is given by

i A
B,r>R)= %Bf(cosa?*‘r&sin/}!ﬂ

ie. c.. = (= 3)*R'By, inasmuch as

_ 3\
Y (4")0056

The onlv non-zero terms ‘n torque are

"m ?
T =--b !- GY; - Y s (=GP + H’I‘)]c,u

and since
.. 3 .
Y= (C) sin a¢*
and
=2 =H!
2- A ~
T = — b,R*2. sina {sin Bi — cos Bj)
™

The magnetic dipole moment of the trapped Jux is

Mo ‘2:.551"

while b, = -
field. Hence,

A
T = MB,simna{cos ff — sin Bﬁ

B.. the magnitude of *he uniform applied

67
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Table 1. Definitions of.symbok

FJKS units used throughout
B = magnetic field (weber,/m?)
B, = applied field
B, = induced field
B; = trapped field
Ho = 4 107
= radius vector from center of sphere
dS = element of surface area
T = torque on sphere
= radius of sphere
P7(u) = unnormalized associated Legendre function
Y?(p, ¢) = normalized Spherical Harmonic function
a, = expansion coefficient in scalar potential rep-
resenting the induced field
b, = expansion coeficient in scalar potential rep-
resenting the applied field
¢ = expansion coefficient in scalar potential rep-
resenting the ficld due to trapped flux

8, ¢ = spherical coordinates referenced to rotor
= cos @
6',¢’ = spherical coordinates referenced to sources
of applied field
p = cosé’

M = magnetic dipole moment of the trapped flix

a,, R = angles relating rotor coordinates and fiel!
coordinates

Gr=[{l-m)(I+m+1)]%
Hp==[(l+m)(I—m + 1);*
i= (—1)%
k = unit vector in p = 1 direction
=0, ¢ = 0 direction
?= unit vector in u = 0, ¢ = /2 direction
Lm,p,q

~ . .
i = unit vector in p

= sumnmation indices

which is the familiar result for the interaction between a
magnetic dipole and a uniform magnetic field. Note care-
fully the definitions of « and § in determining the vector
sense of T.

h. Example of uniform field plus uniform-gradient field.
Consider the case of a rotor rotating rapidly in the ficld
B., where:

B, = — V [biP, (') + br*P, ()], (bs=0, n>2)

YOL. IV—

(This is merely a uniform field plus a uniform-gradient
fieid.) 1f the rotation occurs about the p = 1 axis of the
rotor, the time average torque will invoive only that por-
tion of the trapped field which has symmetry zbout p = 1,
i.e., only the ¢, ters. In this case, then, only the uniform
and uniform-gradient compcnents, ¢,, and c¢;,, contribute
to net torque. This comment is significant because in the
present configuration of the cryogenic gyro, the applied
field meets this specification. Hence as far as analyzing
drift due to trapped flux is concerned, only two param-
eters relative to trapped flux need be considered. Similar
considerations based on Le previous analysis of torque
due to non-sphericity show that only four parameters
defining the rotor surface are sufficient for analyzing drift.

5
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C. Thermionics Research
K. Shimada

1. Self-Excited Oscillations in Cylindrical
Cesium Diodes

This report contains the results of investigations of
low-frequency oscillations occurring in JPL-built, cylin-
drical, cesium diodes. Preliminary results for a comniercial
diode were reported in SPS 37-30, Vol. 1V, p. 53.

a. Introduction. Natural oscillations in the kilocycle
range have been observed in thermionic energy con-
verters and other cesium diodes. They occur spontane-
ously as oscillations in the current and in the voltage of
a diode. Among the various operating parameters of a
diode, the emitter temperature, the cesium pressure, and
the interelectrode gap are the principal parameters which
influence the amplitude and the frequency of the oscilla-
tions, and which determine the conditions for the oscil-
lations to exist at all. The results indicate that the
oscillations consist of changes in the space-charge distri-
bution when the conditions for neutral emission are nearly
satisfied.

b. Measurements. Several glass diodes having pyrex
windows were built in the laboratory. One of such diodes
is shown in Fig. 18. The electrodss were cylindrical in
structure. The emitter was a tungsten wire having a 20-mil
diameter and a 2.5-in. length. The collector, which was
concentric with the emitter, was constructed in two dif-
ferent dimensions in order to observe the effect of dimen-
sional changes on the cscillations. Except for one diode,
the diodes had collectors with an inside diameter of




Fig. 16. Experimental diode, W-Ni

appioximately 0.5 in. and an axial length of 2 in. One
diode had a smaller collector with an inside diameter of
approximately 0.25 in. and an axial length of 0.654 in.
The collector is centrally located along the length of the
emitter. In this diode there was an additional collector
of the samc dimension located immediately above the
central collector in order to facilitate the study of the
temperature distribution along the emitter. This diode
will be referred to as the small diode in later discussions.
The small diode had a tungsten emitier and a tantalum
collector. The other diodes had combinations of tungsten
for the emitter and tantalum or nickel for the collector;
they will be designated as the W-Ta diode and the W-Ni
diode. The emitter was directly heated by a half-wave
rectified 60 cyc current. The volt-ampere curves were
taken by an oscilloscope during the off-cycle of the leat-
ing current. True temperatures of the emitter were ob-
tained from the brightness temperatures which were
measured at the center of the emitter through the pyrex
window by a micro-optical pyrometer. There were tem-
perature variaticns as large as 300°K along the effective
part of the emitter of each of the two large diodes. How-
ever, the variations were as small as 20°K along the
effective part of the emitter in the small diode.

Vacuum data were taken before cesium was introduced
so as to identify the condition of the diodes, especially the
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emission properties of the emitter surface. A Richardson
plot based upon the current density determined from the
effective emitter area agreed favorably with the theoreti-
cal line for tungsten. After cesium was introduced, the
diode was placed in an oven and the cesium reservoir
temperature, T.,, was determined from the equilibrium
oven temperature. The cesium pressure is a direct func-
tion of the cesium reservoir tempercture The diode circuit
was completed through a variable-voltage dc power sup-
ply and a deccade resistance box. The oscillations were
observed with an oscilloscope and a spectrum analyzer
which were connected across the decade box. A sche-
matic diagram of the circuit which was used is shown
n Fig. 17.

OPTICAL ™~ T e TER ~ |
MICRO- | EwTTE FILAMENT
PYROMETER TRANSFORMER
i | "o v
4 60 cps
{ i
135 b—-o I
coLLecTor [ |EXPERMENTaL | 22 [scope PULSE
DIODE X-AXIS | GENERATOR
L o T ,
THERMOCOUPLE SCOPE SCOPE
y-axXiS INTENSITY
AND MODULATOR

WAVE ANALYZER

Fig. 17. Schematic diagram of measuring circuit

c. Results. The oscillations were examined with respect
to: (1) the conditions for oscillation to occur, (2) the
amplit:.de of oscillation, and (3) the frequency of oscil-
lation. Although oscillations might have occurred when
the diode was operated in a glow discharge mode or in
an arc mode, as they are known to occur in various dis-
charge devices (Refs. 10-12), the type of uscillation exam-
ined here wus limited to the plateau part of the volt-
ampere curve in its pre-breakdown regime. Typical
oscilloscope records are shown in Fig. 18. The first column
is for the case of a low emitter temperature, and the sec-
ond column is for the case of a high emitter temperature.
The cesium reservoir temperature was the same for both.
In both cases the resistance in series with the diode was
5 ohms. The amplitude of the current oscillation increased
as the circuit resistance was decreased, whereas the
amplitude of the voltage oscillation across the diode
decreased as the resistance was decreased. It was ob-
served that the marima of the oscillation in current
became larger as the resistance was decreased, but the
minima remained nearly unchanged. Also, there was a
threshold value of resistance below which no recognizable
chunge in oscillation occurred. Circuit resistance did not
affect the frequency spectrum as long as the diode was
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LINEAR
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FREQUENCY SPECTRUM
Fig. 18. Typical uscillegrams of oscillations
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operated at the same operating point on the volt-ampere
curve. The frequency spectrum shown was obtained at a
voiiige across the diode of 1 v. The frequency of the
major mode of oscillation was approximately 5 ke for
Ty = 1425°K and approximately 7.5 ke at T, = 1572°K.

Note that the waveform showed amplitude modulation
at the higher emitter temperature. This was due to simnul-
taneous oscillations at two closely spaced frequencies as
indicated in the spectrum. The modulation effect was
rarely observed at lower emitter temperatures, but was
almost always observed at higher emitter temperatures
in the diodes with large collectors.

Further experiments were performed in order to clarify
the modulation effect using the small diodz which had
two collectors. One collector was located along the center
section of the emitter and the other collector was located
along the end section of the emitter. Consequently the
center collector was subjected to a higher emitter tem-
perature and the end collector was subjected to a lower
emitter temperature. First, the frequency spectrum of
the oscillation was obtained for ecach collector current
when the diode was operated at a cesium temperature
of 182°C and a collector temperature of 1345°C at the
center of the emitter. For the center collector, the dom-
inant frequency component was 30 ke, whereas it was
42 kc for the end collector. The waveform of each indi-
vidual current, for each collector connected separately,
did not show the modulation. When both collectors were
connected together, the resultant current showed the
amplitude-modulated waveform. Also, the frequency
spectrum indicated two frequency components, one of
which was at 42 kc and the other at 34 ke. Apparently
the oscillation in the center collector of 30 kc was pulled
to a higher frequency of 34 ke due to the stronger oscil-
lation at 42 kc of the end collector.

d. Conditions for oscillations. The conditions required
for oscillations to occur were determined by recording
the current through the dicde when the voltage across the
diode was 1 v. Since the volt-ampere curve showed a
plateau region for voltages larger than approximately
—0.5 v, the value of current at 1 v was considered to be
the “constant” nlateau value for that particular tempera-
turc combination. In fact the vaiue of current thus deter-
mined agreed with the calculated temperature-saturated
val : if the temperature combination was such that ion
rich emission was occurring at the emitter surface. Such
current densities were plotted as a function of the inverse
emitter temperature for different cesium reservoir tem-
peratures. The Langmuir S-curve type of behavior was
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Fig. 19. Regions for oscillation, W-Ni diode

expected. The heavily-lined part of the curves in Fig. 19
shows ihe average dc current through the diode when
oscillations were observed. Note that the average dc
current fell short of theoretical values for temperature
combinations such that Ty, T, was smaller than 3.2.

The ratio of 3.2 corresponded to an effective work func-
tion of approximately 2.8 v; this value of work function
was also the value required for neutral emission. Neutral
emission is defined as the coadition under which the
number of electrons emitted is related to the number of
ions emitted in such a way that the following equation is
satisfed in the diode:

Ie/]i = (mi/m)%

where ] is the current density, m is the mass, subscripts
e and i represent electron and ion, respectively. This con-
dition results in a neutra! space-charge at the emitter
surface. Similar results togsther with the theoretical lines
are s"own in Fig. 20.

The oscillations did not occur at either too large or
{00 smal! a cesium reservoir temperuture even though the
conditions for neutral emission were satisied. Such limits
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Fig. 20. Amplitude of oscilletion, small diode dashed
lines are theoretical S-curves based on a bare
work function of 4.65 v

were 480°K for a maximum and 370°K for a minimum
in the W-Ta diode, as shown in Fig. 17. The upper limit
corresponded to a cesium pressure of 9.6 X 10 ¢ torr
where the electron-neutral mean-free-path was approxi-
mately 0.1 mm. Sincc the interelectrode distance was
approximately 8 mm for this diode, many collisions were
expected at this pressure. This fact was also substantiated
by an onset of volume ionization which occurred when
the limit was exceeded. The lower limit of T, = 370°K
corresponded to a current density of the order of
10°* amp/cm*. Such a current density is not large enough
to form an optimum space-charge for the oscillation to
occur. This effect is also seen at T, = 400°K in Fig. 20.
For the sake of comparison, the interelectrode gap which
caused the onset of space-charge effects was examined
for a planar diode. It was 0.6 mm when the diode was
operated at T, = 1300°K with a current density of
10-* amp,cra?. In view of the cylindrical geometry of the
test diode, which had a large potential gradicnt near the
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Fig. 21. Ampitude of oscillation, W-Ni diode

. Jicter, the onset of space-charge could occur at an actual
. .relectrode distance of 6 mm instead of (.6 mm as
pected { - a plarar diode. Summarizing the results, for
o allatwns to ocer it is necessary to have: (1) a space-
chargo in whi® - .ons are negligible, and (2) the
space-charge must be such thel near-neutral emission
occurs at the ewitter surface.

e. Amplitude of oscillation. As v.as expected, the ampli-
tude in current oscillations increased as the circuit
resistance decreased, while the amplitude in voltage oscil-
lations decreased. However, there was a limiting value of
resistance, of the order of an ohm, below which no further
change in the amplitude of the oscillation occurred. At
such a circuit resistance and with a voltage across the
diode of 1 v, the maxima and the minima of the oscillating
current were recorded. The results are plotted in Fig. 20
and in Fig. 21. For example, at 1000/T; = 0.73 and
Tes = 446°K in Fig. 20, the maximum current density
was 2.3 X 10-* amp,crn‘ and the minimum current den-
sity was 9.5 X 10-* amp,cm®. Note that the amplitude of
the current oscillution of 1.35 X 10-% amp/cm® was of the
same order of magnitude as the average dc current
density. Also note that the maxima followed the theoreti-
cal curve for temperature-limited electron emission, It
seemed, therefore, that the current conduction was



switching between the temperature-saturated mode and
the space-charge-limited mode whenever the oscillation
occurred. Tlis type of phenomenoun can be visualized 2s
an oscillation in a space-charge minimum in front of the
emitter in the motive diagram for the diode. For example,
at 1000/T; = 0.73 and T, = 446°K ir ¥ig. 20, the change
in the depth of the space.charge 1 inimuin, which re-
sulted in the observed current oscillaticn, was 102 milli-
volts. Indced this amplitude was of the same order of
magnitude as the equivalent electron temperature in
volts. V,, determined from ¢V. = kT, at 1000/T, = 0.75.
It is apparent thut the depth of the minirium must be of
this order of magnitude, in order for the diode to opgcrate
in a space-charge-Limited mode.

f. Frequency of oscillation. The temperature depend-
ence of the frequency of oscillation was examined using
a frequency spectrum analyzer. The results are presented
in Fig. 22. It shows the relationship between the period
of the major mode of oscillatien and 1000, T for varicus
cesium reservoir temperatures. At higher cesium reservoir

% j '\ Ty 2473 °K
s 453K .
. ,
"
1 / 432K
- 00F 4
8 I - 1
z - 4
u- -
B 422 K
- -
- 1
|
- 4
10 015 0{7 Q.

1000/ 7;

Fig. 22. Fundamental period of oscillation
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temperatures, the penod peaked at some particular emit-
ter temperature, or the frequency was 4 mimmum at that
temperature. For example, at T, = 453-K, the perind
was the largest at 1000 T, = 0.68. It rorresponded to a
frequency of 3 ke at an emitter temperzature of 1470°K.
Simiiar behavior was recognized in a thermionic ene;gy
converter of planar geometry, as was reported elsewkere
(Ref. 13). It is interesting to note that the emitter tem-
perature where the current along the S-curve Lecame a
maximum for that particular cesium reservorr tempera-
ture agreed with the point where the period of oscillation
was a maximum. Indeed this was *he emitter temperature
at which perfect neutralization of space-charge oc - urred
at the emitter surface The fact that the period depended
strongly on the cesium veserveir temnperature indicated
that the period of oscitlation was a function of more than
only the ion transit time determined by the thermal
velocity. Also, it was found that the frequency increased
as the voltage across the diode increased. Such a behavior
suggested that the frequency of oscillation was also in-
fluenced by the electric field intensity. In other words.
the dynamics of the ions must be determined from both
thermal and electrostatic considerations. The period of
oscillation was smaller in the small dioce than in the large
diode as expected.

g. Conclusions. Oscillations in the plateau region of the
volt-ampere curve were found to occur when the tem-
perature combinations were such that nearly neutral
emission occurred at the emitter surface. This result is in
agreement with predictions made by Eichenbaum and
others (Refs. 14, 15). The maxima of the current oscilia-
tions were limited by the .emperature-saturated electron
emission, and the minima werc limited by the space-
charge-limited current conduction. The  peak-to-peak
amplitude of current oscillation was as large as the aver-
age de curreat through the diode. The amplitude of the
oscillating space-charge minimum, which resulted in cur-
rent oscillations in the external circuit, was of the order
of the equivalent electron temperature in volts. The fre-
quency of oscillation was also strongly governed by the
space-charge conditions for neutral emission. The fre-
quency decreased as the cesium pressure increased. Tue
frequency was smaller in a larger diode than in a smaller
dioge when they were operated at the same cesium pres-
sure. These results snggested a functional dependence be-
tween the period of oscillation and the pressure listance
product. Further study is required in order to construct
a consistent explanation,
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Vil. Materials

N65-324.7

A. Carbon und Graphite Research
W V. Kotlensky and D. B. Fischbach

1. Structural Changes Accompanying Creep
Deformation of Pyrolytic Carbon

As part of a continuing study of the tigh-temperature
deformation behavior and associated structural changes
of pyrolvtic carbon, data have been obtained on the
structures developed dunng tensile creep to various
clongations at several tonperatures. The resnlts show
that the same structure is developed at the came strain,
regardless of tost temperature {at least above 2300°C). In
addition, the structure in the basal (substrate) plane is
highly anisotropic atter moderate amounts of defonnation.

Optical polanzed light micrograpin of anetched speci-
mens creep-tested to nominal 107 elongation at three tem-
peratures are shown in Fig. 1. Three orthogonal views of
the center of the gange scetion are shown or each sample:
basal edge j arallel and perpendicular to the stress axis,
and basal plane surface Correspunding microstructures
are indistinguishable at the three temperatares. The strue-
rural parameters determaned by Xeray diffraction (pre-
forred orientation, unit cell dimensions) for these three
sanples were also the same within experimen:al error.
This was an underlving assumption of the method used
catlier to analvze data on creep stram as a tunction of

time and temperature (SPS 37-30, Vol IV, pp. 71-72).
These results therefore support the validity of that
method.

Another striking feature of the mcrogranhs in Fig. 1
15 the difference in basal edge configuration viewed paral-
lel and perpendicular to the stress. With no deformation.
these two views show the same structure. With deforma-
tion. « marked anisotropy in structure i+ seen. The de-
formed bhasal surface also shows deformation features
parallel to the stres, direction {verticad in the Sgurel.
These micrographs were made from adjacent areas of
the gavge section tor cach sample, and only the direct:en
of viewing differs.

The basal plane preferred orientation testure is also
hizhly anisotropic. X-ray preferied orientation measurc-
ments on rod-shaped samples _t parallel and perpendie-
ular to the stress avis gave S values of 6.9 and 1.5 deg.
respectively. 3 is a measure of the average misoricnta-
tion of the basal planes relative to the substrate (§PS
37-24. Vol IV, p. #4).

These structural changes result from dewrinkhng of the
basal planes. Both the amount of dewnnkhing and the
anisotropy of the structure are tunctions of tonsile strain.
as shown in Fig 2 and Table 1 In Fig < rtop?, sample de-
formed 5%, the cone structure is evident in A three views,
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Fig. 2. Microstructures of pyralytic graphite (Lot 170) after various amounts of creep deformation
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Table 1. X-ray stiucivral parameters for pyrolytic
graphite (Lot 170} deformed by tensile creep

N P T AT
temperdture, 77-.- ------ paiGmeien mEnsiens, o
°c il to strass | L to stress © ac
As rec’d. 225 22.5 6.84 1.45
2700 § 17.2 104 6.74 246
2700 10 6.9 i.8 6.73 2.46
2300 23 20 1.1 672 2.46

but preferential dewrinkling already is seen in the basai
edge viewed parallel to the stress. Moreover, the basal sur-
face shows some Cistortion of the growth cones in the
stress direction. Table 1 shows that an anisotropic orienta-
tion texture has developed. Fig. 2 (center), corresponding
to 10% clongation, is the same set of micrographs shown in
Fig 1. The microstructural and preferred orientation
{'Table 1) anisotropy is most pionourced here. Fig. 2 (bot-
tom), sample deformed 21%, shows the microstructure de-
veloped in the second stage of defurmation. Dewrinkling
is nearly complete parallel to the stress and the anisotropy
is no longer apparent in the microstructure (though there
are differences in the distribution of delamination cracks
parallel and perpendicular to the stress). However, as
shown in Table 1, there is stili a definite anisotropy in the
orientation texture.

The degree of graphitization also increases with de-
formation, as shown by the decreasing valuc of the unit
cell height, c,, in Table 1. Although this is due in part
to different treatment times and temperatures, comparison
of undeformed butt sections with deformed gauge section
structures indicate a strong influence of deformation on
graphitization.

All of the results shown here are for a substrate nu-
cleated pyrolytic carbon. Regeneratively nucleated pyro-
lytic carbons exhibit similar but less pronounced struc-
tural changes on tensile deformation. The wrinkled sheet
structure is stabilized in such regeneratively nucleated
carbons by soot particles distributed throughout the
deposit.

These results are consistent with magnetic susceptibil-
ity anisotropy and X-ray observations reported earlier for
similar samples (SPS 37-27, Vol. 1V, p. 29). They show
that the conically wrinkled sheet structure of the as-
deposited carbon has been transformed by the high-tem-
perature uniaxial creep deformation into a corrugated
sheet structure, with the corrugations lying parallel to
the stress axis. This is illustrated schematically in Fig. 3.
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Fig. 3. Schematic representaticn of the struciure of
as-received and rensile deformed (first stage)
pyrolytic o:aphite; layer plane traces
are shown

Although appreciable dewrinkling occurs perpendicular
to the stress, the flattening out of the layers is much more
pronounced parallel to the stress, as would be expected.
This behavior is characteristic of the first stage (<15%
elongation) of tensile deformation of pyrolytic carbons.
Deformation occurs by dewrinkling and basal plane shear
in this range (Ref. 1). The mechanisms of deformation
which operate in the second stage (> 15% elongatien) have
not vet been definitely identified.

2, Electron Micrography and Fractogroghy
of Glassy Carbons

Studies on the high-temperature mechanical proper-
ties of two grades ot Japanese glassy carbon (Ref. 2;
SPS 37-27, Vol. IV, p. 32-33; and SPS 37-26, Vol. IV,
p. 70) have shown that one (GC-20) exhibits appreciable
ductility above 2200°C while the other (GC-30) fails at
low elongations, even at high temperatures. The ultimate
strengths of both grades are similar. The processing his-
tory of these two grades differs only in that GC-20 is
treated to a maximum temperature of 2000°C, whereas
GC-30 is given an additional treatment at 3000°C. The
property differences therefore must result from structural
changes resulting from the additional lext treatment
received by the GC-30. (Experiments on GC-20 confirme
the influence of heat treatment on the mechanical prop-
erties.) On the other hand, densities of the twe. materials
are the same. Differences in X-ray structure also are not
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Fig. 4. Electron micrographs of polished ana fraciured surfaces of GC-20 glassy carbon. Positive two-step
raplica shadowed, left to righs
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FRACTURED AT 1800°C, 0.7% ELONGATION

Fig. 5. Electron micrographs of polishud and fractured surfaces of GC-30 glassy carbon. Fositive two-step
replica shadowed, left to right

RS sy o

L i e




pronounced—both have small crystallite sizes and turb-
ostratic structures (SPS 37-32, Vol. IV). An appreciable
difference in microhardness, however, suggests a differ-
ence in microstructure, or perhaps internal stresses.

An electron micrographic investigation has been inic
tiated to determine if microstructural differences can
account for the difference in mechanical behavior.
Shadowed positive carbon replicas' {two-step technique)
of both polished and fractured surfaces were examined.
Electron micrographs' are shown in Fig. 4 for GC-20 and
Fig. 5 for GC-30. The shadowing direction is from left
to right in vach case, and the magnification is near the
maximum appropriate to the resoiution obtainable with
this tvpe of replica {Ref. 3).

The polished surfaces of as-received material show a
random distribution. of fine pits with an average diam«i -
of about 350 L. If the most sharply defined pits are con-
sidered to be pores, the observed pore volume is consistent
with the observed bulk density. However, there is an 1n-
completely resolved background structure suggestive of
a much higher pere volume. Some of the apparent pore
structure may be a polishing or replication artifact (‘or
example, plucking out of small particles). Differences be-
tween the GC-20 and GC-30 structures are surprisinglv
subtle. GC-30 shows more prominent polishing scratches
than GC-20, consistent with its lower microhardness,
Close examination of the GC-20 micrographs suggests a
poorly defined “grain” structure in which pore-free regions
about 3000 A in diameter are delineated by a discontinu-
ous network of pores. This grain structure is less apparent
in GC-30, but there appears to be a greater incidence of
short chains of adjacent pores in this material. This ap-
pearance, to some extent, might be an artifact resulting
from polishing scratches.

The appearance of the fracture surfaces, on the other
nand, <learly differentiates between GC-20 and GC-30.
There is a definite “graininess” in the CC-20 fractures
which becomes increasingly well-defined as the tem-
perature of fracture increases from rcom temperature to
2900°C. A tendency for the “grains” to be bounded by
cracks (or grooves) is particularly provcunced in the
2900°C fracture The appearance of the grains changes,
too. from irregular pitted areas delincated by cracks at
room temperature te  relatively smooth flat-topped
plateaus at 1600°C and to convex bumps at 2900°C. In
GC-30, on the: other hand, the impression of graininess is
largely absent. Instead, there 's a high density of randomly

"Prepared by Sican Rescarch Industries, Inc.
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oriented chains of adjacent pits and microcracks. The
length and frequency of occurrence® of these features
increases with increasing fracture temperature.

These preliminary electron micrographic results show
that the differences in high-temperature mechanical
properties of GC-20 and GC-30 are associated with
marked differences in fracture mode. However, structural
features accounting for these differences are not yet
clearly identifiabie. Further studies on polished (and per-
haps etched) surfaces. and on possible replication arti-
ficts will be required before the connection between
inicrostructure and fracture mode can be understood.

N65-32428

B. Far infrared Optical Properties
of Some Spacecraft Paints
W. M. Hal!

Much engineering data have been accumulated on the
optical properties of spacecraft finishes in the solar wave-
length region and in the infrared wavelength regicn
which covers thermal radiation at room temperature. Any
effort to determine solar ahsorptance or emittance for a
very cold surface meets with the fundameatal difficulty
of lack of data for very cold absoshers or radiators. The
pasic method of obtaining cmitt.nce data is that of
spectral measurements of reflectance in the infrared. In
order to obtain such data, JPL recently has concluded «
brief study contract with the UCLA thermal properties
laboratory for measurements of far infrared spectral
properties of several common spacecraft paints.

These spacecraft paints and their clear vehicles have
been examined for spectral reflectance and transiissivity
over a broad spectral range from the near ultraviolet to
60 , in the infrared. Figs. 6-.4 identify the type of paint
and display transmittance and reflectance curves for a
number of thicknesses of the coating. The transmittance
specimens were overlaid on polvethvlene film of apy roxi-
mately 38-, thickness; the reflectance specimens were
sprayed on aluminum.

Because of program limitations, onls the laminar X-500-
clear vehicle (polyurcthane) provided a usable set of both

transmittance and reflectance data (Figs. 6 and 7). For

‘Finch Paut and Chenieal Co., Torrance, California.
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Fig. 6. Transmissivity of laminar X-500 polyurethane

clear film
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Fig. 7. Reflectance of laminar X-500 polyurethane
clear film
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Fig. 8. Transmissivity of Cat-a-lac epoxy clear film

this material it can be seen that spectral bands generally
agree and that the absorption coefficient is quite large at
long wavelengths, compared to the visible and near in-
frared region. It can be shown that the spectral structure
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Fig. 10. Reflectance of PV-100 silicone—~alkyd white
paint on aluminum

seen beyond 10 . is an interference pattern modulating
the broad band of transmission. The aluminum-backed
reflection sample shows this interference structure most
distinctly, as might be expected. The effect of the poly-
ethylene film on the spectral structure is negligible,
except for possible interference effects . can be seen
by comparison of the reflectance curve where the spec-
trally structureless aluminum backing is involved with the
transmission curve which includes the polyethylene filin.

Figs. 8 and 9 display Cat-a-lac* clear vehicle (epoxy)
and Cat-a-lac flat black, respectively. For paint thickness
75 u or greater, this paint is quite black to 60 x. It would
appear that the vehicle is becoming trausparent beyond
60 u with the paint thereby losing its black quality when
used on a highly reflecting backiug, such as aluminum,

‘Magna Coatings und Chemical Corp., Los Angeles, California
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PV-100* (Fig. 10) appears &, be a zather structureless It should be emphasized that these materials were
grey in the far infrared. withi thickne.. .7 - .Liny enter-  examined at room temperature and that, therefore, the
ing only weakly as a par..meter. spectral structure shown in the curves would alter in

relative intensity of the lines when extreme cooling of the
‘Vita-Var Co., Newark New Jersey. samples occurs.,
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VIil. Electro-Mechanica! Engineering

N65- 32429
A. Printed Conductor Assembly
Substitution for Mariner C
Upper Ring Harness

E. R. Bunker, Jr

Based on the origimal work of substitnting a printed
conductor ning harness (PCRH; for the Mariner R wire
cable harness deseribed i SPS 37-24, Vol IV p. 35, a
more compley PC assambly has been designed and fab-
ncated in order to determine the teasihility of replicing
the two upper ring harnesses and trough assemt.y in
Muriner C * This unit now s undergomg tests on the proot
test model (PTM). The present trough assembly is shown
in Fig. 1, Figs. 2 and 3 are the art work for the two sides
of the replicement board. While construction detals are
sinnlar to those for Marmer K, additional features have
been included in the design

1. Design Considesations

Substitution ot the PCRH assembly tor the upper ring
harness and trough assembly requires & minumum of mod-
ification of the PTM so that the Hight configuration can
be restored m the shortest time possrble. This was accom-
‘Mariner Venue 1962
‘Meriner Mars 1964

84

plished by the fabrication of suicable jumper cables to
provide the intereonnections between the PCRH board
conuectors and the erght bay harneas connectors which
normally mate to tne hard-mounted recertacles on the
trough. Originallv. the PCRH board was designed to

Fig. 1. Top view of upper ring horness ess:mbly.
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BAY 4
Fig. 2. Layout of top of PCRH .
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utiliz.- the same mowiing holes as the trough, which was

- to be removed; however, it was anticipated that such a

reroval might become undesirzble: at a tater time. Cou-

“sequently, the design also allowed thz PCRI board to Le

laid on top of the trough, as the jumper cables were
made long encugh to reach the bay hamess connectors.
The prir.ted board was of two-sided rathe, than muidi-
layer construction.

Wiring changes and shielded wire substitution in noise-
sensitive signal circuits during tests will be facilitazed by
a solder terminal for each conductor, located just inboard
from the connectors. Additional shielding of the printed
conductors may be possible by use of a conductive coat-
ing on plastic tape. ’ :

Reliability of the edge coanectors used in the Mariner R
PC board was doubtful, consequently a survey and selec-
tion of a more reliable connecto: appropriate to this
application were made.

Traunspositi~ns of power conductors from side o side
were made to reduce inductive and capacitive coupling
into low-level signal circuits.

Pairs of plated-through holes were employed through-
nut to improve reliability of the transpositions. ~ - .

Because of the relatively low currents in the power
circuits, capacitive rather than inductive coupling be-
tween power and signal circuits appears to be the major
source of noise. A simple mathematical model was estab-
lished to prov.de a quantitative raeasure of noise sus-
ceptibility of each signal circuit. Fig. 4(a) shows the
assumed modei and Fig. 4(b) is the equivalent schematic.

The equation for the noise susceptibility number Sy is:

Sy =054 I;,—l: v noise/signal v

where L is a length factor dependent on the number of
intervening bays, R is the circuit impedance (resistance)
and Vjy is the peak signal voltage for 100% of full-scale
vcltage between the signal conductor and ground. Values
»f Sy range from 0 to 150 X 10°uv/v of signal. . -

The copp.r conductor width was limited to 0.025 in.
mir imum, which was required iv ailow all of the runs to
b made to various bays. This width and the thickness of
0.008 in. corresponds in cross-sectional area to a No. 28
wire yauge. which is adequate for simal circuits, Power
circuits with appreciable current flowing had an increased
conductor width so as tc obtain a cusrent density of not

3 SIGNAL CIRCUIT VOLTAGE ~,_
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~SIGNAL CONDUCTOR
™

CAPACITANCE ¢
BETWEEN CONDUCTORS

POWER CONDUCTO!

S'GNAL cmcuur—l
INPEDANCE v -
COMMON - - //

" GROUND
! p
INSULATION

1,/ g BO* -0 .

T on3in e fe |
\o:)y -0.008 in.
vl
50-v, 2400-cos SQUARE WAYL

{a) ASSUMED MODEL FOR COMPUTATION R
OF NOISE SUSCEPTIBIL'TY HUMBER, Sy

— -

{6} EQUIVALENT SCHEMATIC
Fig. 4. Geometrical model

less than 250 mils’/:m;p. This kept conductor heating and

voltage drcps within acceptable limits.

"The maximum veltage presant in the ring harness is
50-v peak, so corona or arcing in the critical air pressure

"~ region will not be a problen. Frequencies range from

0 (DC) ic 334 kc with a 2400-cps square wave-power
frecuency. Pulse widths occur between 100 msec and
5 psec at peak voltages of 6 v or greater.

2. Layout

The fundamental problem in lavout of the printed
circuit xing harness was providing adequate isolation for
sensitive low-level lines from adjacent noisy or high-
voltage lines, such as the 2400-cps square wave circuits.
This was accomplished in the present Mariner C upper .
ring harness by using; two harnesses to separate the 2400-
cps power sources from other circuits. In a simdar man-
ner, the printed conductor ring harness has the 2400-cps
square wave power circuits at the center of the board
with the low-level circuits near the outer edge: as can be
seer: in Figs. 2 and 3. This enables the power to be sup-
plied to the different bay connectors by radial conductors
running from the center, straight out to the appropriate
conuector. Signal circuits farther out thus cross the power
circuits a* right angles, minimizing capacitive and induc- -
tive coupling. To further reduce pickup, ground con-
ductors were placed adjacent tc the 2400-cps power
conductors, and power circuits were transposed, with
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their respective returns, at regular intervals to the oppo-
sit‘e sides of the board.

) The 400-cps three—phase sine wave power circuits were
routed adjacent to the 2400-<ps square wave cirenits
at the center of the printed conductor riug hamness.
The 4%0-cps circuits also have conductnrs routed radially

to the connectors. The remaining circuiis were located

acvording to type of circuit {quiet ' uozsy) and the noise

. susceptibility number, Sy. Each signal circvit was evalu-

ated using the noise susceptibility puiber equation, and
the resulting Sy numbers were used as a relative indica-
tion of susceptibility to stray pickup and noise.

- The Sy equation is based on the assumption that all

. “signal circuits were assumed to have equal frequency

responses to the inducéd 2400-cps noise source, ie., no
noise rejection capability inherent in the circuit design
was included. Consequently, during layout, considerations
of circuit functions and how they varied with respect to

* time werc investigated. For example, the temperature

- transducer circuits showed a rather high §y; however, no

- problem was auticipated becaus= of the 5-cps low-pass

filter employed. which is far from the 2400-cps funda- -

" 1nental power frequency. Thereforé, the transducer cir-
" cuits were grouped together without individual shielding

Based on the required specification tulerances, -both
the nominal line widths and spacings were 0.031 in.
A plated through hole diamieter of 0.031 in. was selected
as a small, reliable; readily fabricated size. Smaller diam:-
eters can be used, but are difficult to fabricate and,
therefore, tend to be less reliable. A larger size would ase
an excessive amount of space. Terminal pads were 0.125

in. in diameter, and the holes in the conn:ctor patterm . --

C S.TestsonPTM -

v ere 0.036 in. An exception was the 0.025-in. line: -width

_ between the terminals ‘and-the-connéctos, which was

required because of the close spacing in the connector
circuit pattern. The routing of 0.025-in.-wide circuitry in
between connector pins permitted a sp:cing of 0.027 in.
The solder terminals of the cormecto s:lected wers bent
at right angles to the body in a three-layer staggered
contiguration. This allowed inspection and soldering of
the terminals to the PCRH board pads from both sides.

3. Fabrication

" Two boards, designated S/N 1 and 2, with the required
8-mul thickness of conductors, were obtained from the

- vendor. The conductor widths were 25 mils, the fower
_ liftdt of the tolerance. As mentioned previously, this re-
"~ sults in a current density of approximately 250 rails?/amp.

A third board (S/N 3), fabricated out of conventional

2-0z double-sided cupp-=r printed circtit stock vsas ob-
taired for comparison. This resulted ir: “he standard con-
ductor -thickness of 7.8 miis and conductor widths of
approximately 31 mils. Comparison tess are planned to
detencine if any significant operativns) difference exists
between S/N 3 and S/N 1 or 2. A top view -of the first
PCRH is shown in Fig. 5. The white-appeasing conduc-
tors are on the top side, while the black condactors are
op the reverse side of the transhucent insil: ting board.
Transpositions and circuit runs can be-followed readxly“

4. CTheckout of PCRH

Using the jumper cables, the beards were checked out
for coutinuitv and voltage breakdown using the regular
QA cal'e continuitw:and Megger test sot. Updati.7-and

‘correctxons were made and the boards retested. Duriug,

the tests, cne of the male pins on a (oanector broke.

‘Replacement of the entire connector was nct as difficult

as originally anticipated. The right-augle bends in the
connector leads going to the solder pads on the YCRH
were cut, facxhtatmg unscldering of each individual lesd.
Thus a ganged tool, usually necessary for unsoldering
connectors on PCRH boards, was not required.

Arcing between a solder terminal and an adjacent con-
ductor at 500 v was encouatered dusing the hi-pot tests
at two places on the PCRH. This was not considered
sufficient cause for rejecticn as the ma.imum voltage
present is 52 v, and ‘the subsequeut apphcation of the
protective conformal coat would tend to prevent such
breakdowns. In future desxgns tlns separation would be
increased.

Using the conventional cable harness, more than 100

' photographs were taken of the waveforms euisting in

criicg} circuits. The PCRH, together wich the jumg-r
cables, was installed on top of the cable trough (Fig. 6).
Aft-r the normal interface checkeut to make sure that the

_connections were identical to the upper ring cable har-

ness, pbatos of the waveform: of the same circuics were
taken, ‘with the identical osci*loscope settings as before.

~6. Preliminary Resulis

An initial comparison of the two-sets of photographs
shows that in approximately 95% of the circuits, the noise
pick up is appreciably less with the PCRH as compared
to the same circuit using the conventional cable hamess,

In the remaining 5% of the circuits the induced noise,
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Fig. 5. Tap view of fabricated PCRH

mainly from the 2400-cps square wave power circuits, is
somewhat greater than in the conventional cable hamess,
but still well below the specification limit. These tests
show that {roi the electrical performance standpoint, the
printed conductor ring harness in its present configuration
is a flight-qualit.’ item.

Further tests are planned to determine the sources of
noise on the PCRH, including the contribution of the
jumper cables, which is expected to be appreciable. Crm-
pacison of the performances of S/N 1 and 3 will be
made to determine the effect of different thicknesses of
conductors.
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Fig. 6. !nstallatica of PCRH on PTM for tests

Present plans call for a revision of the PCRH 2ir work,
incorporating the Jesired changes, and {or chiaining a
new board for final tests on the PTM in August.

B. Nonmagnetﬂ h?ercéﬁ'hlet?t 0

Material for Welded
Modules

R. M. Jorgensen

Since the introduction of welded cordwood techniques
for spacecraft packaging, the use of nickel as the inter-
connect media has been a concern whenever magnetom-
eter experimeuts are flown. Although soime magnetic
materials can be tolerated, nickel as it is used in welded
cordwood is magnetically “soft,” i.e., is easily magnetized

90

and dem.gnetized, a characteristic causing difficulty with
calibration of spacecraft magnetic fields. Because of this,
an effort was initiated to develop a nonmagnetic inter-
connect material that will be interchangeakie with nickel
in terms of weld joint relialility, the design of welded
cordwood modules (both past and future), and intr
changeable in terms of the skill and knowledge of assem-
bly technicians so that the introduction of this material
will not create new problems in fabrication.

While many materials are nonmagneiic, very few
approach nickel in terms of its utility as an interconnect
material for welded cordwood. The unique characteristics
of nickel that lend themselves to a welding interconnect
are:

(1) Therma! and electrical conductivitie s approxirnately
midway between the extremes of part-lead mate-
rials normally encountered: copper (high), and
nickel-iron glass sealing »iloys (low).
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(2) Good ductility properties (i.c., a large clongation).
(3 A large amount of known maallurgy.
(4) Alloying ability with many other materials.

(5) Relative freedom from embrittlen-ent due to heat-
affected zones or trace elements.
(6) Availability.

(7) A relatively stable passive oxide coating,

There are several classes of materials which may he
investigated to find a nonmagnetic material to replace
‘nickel:

(1) Unalloyed metals of similar electrical and thermal
conductivities, specific heat, and melting point.

(2) Readily available hinary alloys having the appro-

priate resistance welding properties. Ii is boped
that thiere will be found practical metallurgical
knowledge due *o wide usage.

(3) Clad materials combining desirable surface prop-
erties with necessary bulk or core properties.

(4) Nickel alloy. d with elements that depress the Corie
point below that anticipated for spacecraft en-
viron.aents. :

The latter tw> apprcaches involve consiclerably larger
engineering eforts than the first twe anc -will not be
reported cu here.

An ex~erimental approach to determiving tae feasibil-
ity of materials is based vpon choosing the same conduc-
tor cross section that has been found tc be optimum for
nickel and comparing he results obtained to the welda-
bility of nickel (Grade A).

The optimum nickel conductor cross section is 0.010 3¢
0.030 in. and this size is compatible with 0.017 to 0 040-in.

diameter gold risted kovar, 0.016 to 0.030-in. diameter.

dumet, 0.018 to 0.032-in. diam=ter nickel, 0.016 to 0.032-
in. diameter oxygen-free copper and 0.020 to 0.032,in.
diameter ET? copper wires when -oss-wire welded. It
shoul* be noted that nickel is close to being an ideal
material in regard to ductility and freedom fro:n weld
zone embrittlement. Therefore, equaling the weldablhty
of nicke! may not be easy.

Reparding the first class of materials listed, a pure
mater‘al or even a binary alloy would be preferred in
place of more complex (ternary or quuternary) alioys
because it would permit drawing upon a lnvger potential

JFL. SPACE PRCGRAMS SUMMARY NO. 37-53, VOL. \V

known metallurgy, at least in the theoretical sease. Prac-
tical weldiny; knowledge may or-may not exist since this
is usually a function of the type and ccope of application
a particalar matenal sees.

Two unailoyed elements, platinum and paliadium, sat-
isfy some of the previously listed characteristics and could
be nickel substitutes. Pertinent physical properties are
listed in F'able 1, compared to two grades of nicke! com-

.monly used. The weldability index which approximates
a rutio of heat generation capability to heat necessary to-

reach melting temperature for a given matesial 5 also
listed.

‘Table 1. Resistance weiding properties of
vnalloyed nonmagnetic materials

Thermal - .
condue. 'S.pol:'ni{‘l: Nilag | Specific index _
Material, % | fivity K,, "‘y e | proatf | heat, R/FK:,
cal/em st ﬂ'“ °F Biv/ib #82 sec
sec °C ©C/°F cal-
Grade A nickel G.15 1.0 | 2625 0.11 252 X107
99.0
Nicke' 270 0.22 7.3 2625 0.109 | 127 X 107
99.95
Palladium 0.17 10.8 2830 0.058 | 224 X 127
99.9
Platinum 0.17 10.6 3220 003t | 135 X 107
V.9 . l

Both platinum and palladium possess mcderate ductility
properties but do not have a large knowr practical metal-
lurgy since they are seldom used as prre metals, but as
alloys for a variety of reasons—one i ving cost. Cost for
platinum (98.9%) s approximately $125/0z, and the cost
of palladium (%-.0%) is about $35/0z. Nicke! in ribbon
form as used for cordwood modules runs approximately
$5/1b or $0.40/0z.

Both platinum and palladium have very stabile surfaces
and do not tarnish in sulfur-bearing industrial atmos-
pheres, which implies that normally no surface prepara-
tion wouid be necessary for resistance welding purposes.

A .practical problem.arose in the procurement of the
group of matcrials listed in Table 1. In the case of plat-
inum, the cost proved to he about an order of magnitude:
greater than palladium when compared oun the basis of
cost per unit length of conductor. For this reason, plat-
inum was dropped from consideration at this time, the

results of the pailadium testing serving as a guide as to

the desirability of evaluating platinum,
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Preliminary welding experiraents nave reveaiec that
palladium ap,;.-ass to satishu the requiremerts of a nickel
substitute when comipared on the Lasis of process mar-
gins and achievable jourt efficicucies. An unanticipated
difficulty has arisen in thai the technology of etching
palladium (for metallographic ecamination) requires de-
veloping, and temporarily welding stodies with palladium
have bern suspended, peading improveinents in etching
technology. . :

“The second approach, ¢xarination of readily available
alloys having the appropriate Tesistance welding proper-
ties, also lias several potentiai nickel substitutes. The most
obvious selection would be copper alloys with some past
satisfactory welding " experience. Typically, copper-tin
alloys deoxidized with phosphorus (phosphor bronze} and
nickel-copper alloys (several are readily available as
clos2ly controll+d resistance wire} appear suitable. Prop-
eit.. s are given in Table 2.

Procurement of materials in Table 2 also provided

'_pracﬁml problems. The limiting chemica! composition of

yellow brass is not sufficient to insure freedom from
puiential embrittlement problems, and no. source was
found *~at could furnish this material with a satisfactory
control of trace elements. A similar situation exists in
regard to pYosphor bror:z: B althovgh some sources can
furaish material with the desired control of trace elemients.

Table 2. Resistance welding prcpe'rﬁes of
alloy nonmagnetic materials

Thermal —
conduc- | Specific | Melting | Speil w?:::’:"”
tivity, |msistivity,| paint F, heat, “;
wl/:m 4 em °F Bru/Ib °C/*F cal
sec °C - !
Grode A nicke) 0.15 n 2625 0.11 252 X 5
9.0% Ni
Yellow beass | 0.27 6.39 1710 0.09 139 X 107
35% In, bal-
-mce Co ) .
Alloy 60 0.22 10 2012 0.09 230 X10°
6% Ni, bal-
ance Cu
Phosphor 0.15 133 1880 0.09 48.2 X 107
hionze b
92% Cv,
8% Sn !
Alioy 90 0.15 15 2030 0.09 |51.0 X107
11.5% Ni,
balance Cv :
Alloy 180 00 | 0 ' 2000 009 | 169\ 107
23% Ni, bal-
ance Cu ;

Fig. 7. Transistor lead (0.017-in. diameter goid plated
kovar) welded to 0.010 X 0.030-in.
Grade A nickel

Fig. 8. Trunsisior lead (0.017-in. diameter gold plated
kovar) welded to 0.011 X 0.030-in.
Alloy 90



Preliminary experimepts with the aicki'—copper alloy:
have revealed that Alloy 60 (6% N, balance Cu) does not
previde a satisfactory welding process when welded to
0.017-in. diameter gold plate.d kevar, although for other
materials and sizes tested. the results may be acceptable.
Abhoy 90 (11.5% Ni, balance Cu) has given the best results
so {ar, satisfying both the 0.017-in. diameter golu pluted
kovar and the 0.032-in. diamneter tinned ccpper which are
the extremes of conductor welding difficulties. Work is
in progress to determine the weldability of Alloy 90 and
Alloy 180 (23% Ni, balance Cu) to other materials and
wire sizes.

Fig. 9. Tinned ETP copper {0.025-in. diameter) welded
to 0.010 X 0.030-in, Grade A nickel

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL.. IV

Fig. 7 is a photomicrograph of 0.017-in.. diarueter gold
pia'ed kovar welded to 0010 % 0.030 Grade A pickel
Jig. & 15 » photomicrograph of 0.017-in. diameter gold
plated kov:ir veided 12 8.010 X 0.030 Alloy 90. The degree
of grain growth in the round lead is very similar in both
welds, indicating cornpa:«. e welding conditions. Fig. 9
is a photomicrogsaph of Gl dirmeter tinned ETP
copper welded to 0.010 x $.030 Gred~  nickel. Fig. 10
is the same lead weld~d to 0.610 > dudl oy €0. The
heat-affected zone in *hese two welds is sitnilar ath gh
the degree of penetration of the ribbon is .ess “or tse
Alloy 90 weld, which is desirable.

Fig. 10. Tinned ETP copper (0.025-in. diameter) welded
to 0.010 X 0.030-in. Alloy 9
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IX. Lunar Spacgcraft Development

— e

N%S_ 32“”1

A. High Impact Technolegy

J. L. Adams

This report summarizes accomplishments in the JPL
high impac*t program during the past two months.

1. Ruggedized (Gas Chromatograph

Component tests have continued during this period. In
order to examine the hehavior of several transistor types
under impact, four each of Texas Instrument 2N930,
2N2605, 2N3350, 2N2432, 2N3329, Fairchild 2N3117 and
Solid State Products 2N2843 traunsistors were mounted in
a block of aluminum. The transistors were rigidly mounted
and oriented so that during itnpact one of each {ype would
be impacted with the leads trailing, one with the leads
leading, and two axially in normal directions. The block
was first impacted at 4400 g from 105 ‘t/sec wich no fail-
ures. An impact at 6300 g from 110 ft,sec failed one of
the TI 2N3329 transistors which was mounted axially

to the impact. An impact at 7400 g from 185 ft/sec failed
one of the TI 2N930 and one of the TI 2N3350 transistors
which were mounted axially to the impact. An impact at
9100 g from 175 ft/sec failed one Fairchild 2N3117 tran-
sistor mounted axially to the impact. A final imipact at
10,0600 g from 175 ft/sce caused no failures.

All failures occurred av the bond between the lcad
wires and the sermconductor chip. All failed transistors
were replaced with ones of the same type before the next
test was ceaducted. For the last two tests the Block was
rotated fron its orientation for the first three tests in
order to test the varcus individual transistors in various
planes. During th=z last three tcsts, threr TI 2N3609
transistors were included. No failures o! this partic-
ular device cccurred Addidonal tests exposed Goodall
617-G-1, 1-pf, 10%. 50-v Mylar capacitors to 10,000 g frcm
200 ft,/sec. No failures occurred.

Fig. 1 is an exploded view of a spring-operated sample
valve developed ior the gas chromatograph. This device

Fig. 1. High impact sample valve
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is a three-position rotary gas valve used to interconnect
the sample source, the carrier gus, the vacuum line
from the jet pump, the sample loop, and the analysis line
in various combinations. The valve is powered by a
“spirator” spring which stozes sufficient energy for 45
cycles (15 compiete gas analyses). The unit weighs % 1b
and can be triggered by a small solenoid. It has success-
fully withstood impacts of 5000 g from velocities in excess
of 100 ft/sec and should survive 10,000 g from 200 ft/sec
with no major problems.

2. Ruggedized S-Bard Transmitter

Dummy crystal units produced under contract with
Valpey-Fisher Co. were impact-tested in order to investi-
gate sealing techniques. The crystal cases consisted of
twe ceramic discs joined by solder which was applied
to treated chamfers on the edges of the discs. Some of
the solder surfaces were treated with a vapor-deposiicd
chrome-silver coating and some of them we.¢ treated
with a fired moly-manganese coating. All units survived
10,000 g from 200 ft/sec, both axially and radially with
no detectable seal degradation.

3. Batteries

Table 1 summarizes various tests performed on battery
cells during the reporting period. 1n all cases the cells
were completely supported in a rigid (typically 3%-in. wall
aluminum) fixture. The impact direcions referred to are
shown in Fig. 2. The arrows represent the direction of
the acceleratiuns (opposite to the dirzction of preimpact
velocity). The plates are parallel to the BA plane. Ip

Fig. 2. Battery impact directions

Table 1. Summaury of battery cell tests

" Impact
Battery Cordition Potting direction g level AV, Ht/sec Comments
Eagle-Picher model Uncharged Silastic (o 4,800 145 Slight visible plate domage. No
25-65 silver zine Uncharged Silastic )] 4,800 145 shorting Plates buckled.
Ecgle-Picher Chorged Stiostic Cc 2,900 130
model 25-85 Charged Sila tiv [of 4,600 152
Charged Silastic (o 5750 148 N2 detectable dagradation.
Charged Silastic (o 8,220 149
Charged Silastic ® 3,700 135
Charger Silastic B 5700 150 Case split, one plate buckled. Dis-
charge cycle :howed almoct full
capaciiy.
Eagle-Picher Charged Epon 815 8 7000 148 No detectable degradation.
model 25-65 Charged Epen 815 ] 8,800 142 Case cracked and separated from
potting, plates crushec, internal
short,
Yardney Y§ 20 Charged Silastic o 7,400 166 No detectable degradation.
silver cad cell Charped Silastic 8 7.200 167 Mo detectable degradation.
Charged Silastic B 10,800 169 Case :racked. Electrically O.K.
Yardney YS 20
silver cad cell Charged Silastic B 7,600 174 Case cracked, Elecirically O.K.
Whittaker P.S.D. Chaiged Epon 815 ] 8,400 18 Case cracked. Electrically O.K.
201171 secled
4ilvar cad ceils
{2 potid in fixture)
MA-C ESB cell Charged Epon 815 D 5,400 158 Case cracked; internal shorting.
Whittaker P.S.D. Clarged Epon 815 8 10,80G 174 No detectabls degradation.
CD-J sealed Crarged Epon 815 D 10,000 170 No detectable degradation.
silver cad cells
{2 potted in fixture) ;

.
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general, the direction A is most severe and D, B, u.nd C
follow in order of decreasing severity.

4. Mechanisms

A series of five tests was performed as part of an
investigation of the behavicr of gears vader impact. In
each test, two 96-tooth, %-in.-wide geirs were meshed,
one rigidly fixed to the testing fixture and the other
eccentrically weighted so as to produce approximately
0.65 in.-oz of torque in a 1 g field. The direction of impact
was such that the torque value would be approximately
equal to the g-loading times the 0.65 in.-oz value.

In the first test, both gears were stainless steel and the
impact level was 5800 ¢ from 170 ft/sec. Fellows Red
Line tests showed no detectable damage to the rotating
gear and a maximumr too-h-to-tooth error of 0.0006 in.
in the fixed gear. Trst 2 duplicated Test 1 and resulted
in no detectable dr.mage to the rotating gear and a maxi-
mum tooth-to-tocth error of 0.0005 ir. in the fixed gear.
Test 3 was rur with a fixed 2024 aluininum gear and a
rotating 2024 aluminum gear. At an impact of 5900 g
from 165 ft/sec, the fixed gear showed s maximum tooth-
to-tooth error of 0.0022 in. ~nd the rotating gear a maxi-
mum tocch error of 0.0022 in. In Test 4, a rotating stain-
Jess stecl gear was meshed with a fixed aluminum gear
and iapacted at 6000 g from 176 ft/sec. Red Line results
shotved no detectable damage to the stainless steel gear.
ard 0.002 maximum tooth-to-tooth error in the aluminr m
riear. Test 5 meshed a rotating aluminum gear wich
fixed stainless steel gear. No damage could be detected
to the steel gear and a maximum tooth-to-tooth error of
0.003 appeared in the rotating aluminum gear. The impact
level was 8,000 g from 170 ft/sec. These test results are
slightly inconsistent, both with theory and among them-
selves. Further analysis is being performed.

Fig. 3. Piototype bearing spring mount

4

Fig. 3 shows a prototype spring mount for a rotating
element bearing. This mount is a six-degree-of-freedom
spring which is siiff ecough (approximately 25,000 Ib/in.
axiailly and radially) to maintain alignment, yet soft
enough to deflect during an impact so that bearing loads
will not becoie high enough to damage the bearing. #
4-0z rotating mass with a 0.002 clearance in its housing
was supported between two lightwe.ght ball bearings
(Microtech Mc814SSR 251.10) in these spring mounts.
The unit survived impacts of 10,000 g from 200 ft/sec
with no detectable damage. The major loads, of course,
were taken out by bottoming elsewhere in the assembly
(a, in this case, between the rotor and the hpusing).

5. Miscellaneous

A program ic unde- way to investigate the effects of
high impact upon cord-vood electronic packaging. Blocks
of Stycast 1090 potting compound, the size and shape of
cordwood moduies, have been tested both unweighted
and weighted under various impucts with various mournt-
ings. In general, the potting itself apparently can with-
stand impacts on the order of 10,000 g and support the
required component masses, providing that the modules
are supported rigidly on at least one side. A representative
welded cordwood module (the Mariner Mars 1964 gyro
switch control) has survived impacts of 10,000 g from
200 ft/sec in three principal directions with no apparent
degradation when mounted in a rigid fixture.

6. Test Equipment

Fig. 4 shows the 22-in. bore compressed air gun in its
present state. Work is proce.ding on mounting, debug-
ging, and pressure-testing the mm.

Fig. 4. 22.in. bore compressed air gun
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X. Applied Mechanics

N65-32432

A. Heating-Cooling Time for
a Planetary Lander

Survival Payload
J. Hultberg

A survival sphere for a planetary lander is protected by
an energy absorber which may make the sterilization time
very long. The method described here is most suitable
for calculation of the transient heat-up sand cool-down
time associated with a survival payload with a low ther-
mal resistance, in comparison to the thermal resistance
of the surrounding energy absorber. Fig. 1 shows the
nomenclature for the survival sphere,

ENERGY ABSORBER

SURVIVAL PACKAGE

Fig. 1. Cross section of a hard-impact survival sphere

The heat trausferred from the outer surface of the
energy absorber to the survival payload is

dg=K(t, —t)do Q)

where
q = rate of heat flow
K = conductance
t. = temperature of the surface of the sphere
t = temperature of the survival payload
f = time
Since temperature gradients in the survival payload are
sraall in comparison to the teanperature gradients in che
surrounding material, the change in temperature caused

by heat transfer to the survival payload is given by

dq = Cdt )
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where C is the heat capacity of the survival payload

C= /; CppdV (3)

where

¢, = specific heat
p = density

V = volume

Egs. (1) and (2) may be combined and integrated to give

(D@ o

where ¢; is the initial temperaturc of the survival paylcad.

For various values of (K/C) the results are shown in
Fig. 2. The analysis is not valid for short times when the
temperature gradients in the survival payload :nust he
consicered.

The conductance may be evalnated by considerng the
heat conduction equation for a sphere

dt dt
g = —kA"'l‘; = -—k47rrzE, 5)
e e e S

““MY;:ji:ji;f}j’ﬂ

70C 800 900 1000

TIME 8, hr

Fig. 2. Tima-temperature history of a survival sphere
for varions valuus of K/C

or

This may be integrated betwee: the cuter radius and
the inner radius to give :

t; - t, i 4nss
i_T” 1T

7 P's 15 7.

q = 4=k (6)

Sl

Thus, when the properties and geometry #re given, the
time-temperaiure history may be calculate:.

A numerical example is given for illustration. It is
desired to find the time-temperzature history for the heat-
ing of a lander survival payload from an ambient
temperature at 15 to 136°C with an outside surface tem-
perature at 135°C. Balsa wood 15-in. thick w:ih a thermal
conductivity of 0.0225 Btu/hr ft°F, density of 7 Ib,/ft?,
and specific heat 0. 0.327 Btu/lb,, °F covers the sarvival
package. The survival payload has a diameter of 15 .,
an averags density of 50 Ib,,/ft* and an average specific
heat of 0.25 Btu/Ib,, °F.

The geometry and properiics above give a value for
K/C equal to 0.206 if the heat capacity of the insulation
is neglected and a value of 0.0038 if the entire heat capac-
ity of the energy absorber is combir-d with thz heat
capacity of tne survival payload. The timc-temperature
keating wurve is shown in Fig. 3 for both cases. As an
+.2mpie, the timne required to reach 125°C is iG br in
the {ovmer case and 700 hr in the latter case. For the case
combining the heat capucity of the survival payload and
the energy absorber, the heating curves are shewn for
turce different surface remperatures. Higher surface tem-
peratures greatly decrease heatize times; the time to
reach 125°C in the latter case i, seduced from /U0 to
370 hr when the surface teag=:cimre is raised from
135 to 165°C. From Fig. 3 il :.ne above a certain
emperstare may be estimated.’

For cool down, the time-te:n: - ;2 ure curves are calcu-

lated in the same rnanner a« -iza 1. Ly Eq. (4). Thus, the
cool-down time of the surviv . .- yload from 130 t» 15°C
with a surface femperari,» < 10°C is the same as the
heating time from 13 <. 170 {0 with a surface tempera-
tars at 135°C. The «f - of conducting leads tunning
into the surviv I pavio.i should be noted. A large con-
duciing pathi © the survival payload would have the
effect of reducing tiw sterilization time considerably. In
the above example, the time to reach a temperature would
be reduced by 20% if a %-in.-diameter copper wire were
placed through the energy abcorber.
It should be noted that a formula presenting an exact solution for
the geometry considered here is presented in “Conduction of Heat
rnd Solids,” Second Edition, p. 351, by H. §. Camslaw and
J. C. Jaeger, Clarendon Press, Oxford, England, 1959,
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Fig. 3. Tlme-tempemiure history for a survival sphere
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B. Analysis of Equilibrirm Shock-
Layer Radiation fer Atmospheric
Entry tc Mars

F. Wolf and J. Spiegel

As part of a continuiug analysis of theory and experi-
mentation for equilibrium shock-layer radiation expected
during Martian entry, it has become apparent that cur-
rently used experimental techniques result in data ob-
tained at density levels much higher than for expected
entry conditions. YVhen acceptable agreement is obtained
by a numbher of experimental technigues in the near
future, it should be possible to verify theoretical methods
at the higher pressure levels. For example, good agree-
ment between theory and experiment has been show o« for
the Martian velocity range in Ref. 1. However, -

experimental results become available at much lower
densities, it is necessary to predict equilibrium radiation
at true entry density condit.ons either by use of theoreti-
cal density dependence or by a dunsity dependence
obtaind from test results at relatively high pressures. In
this swnmary some significant aspects of the theoretical
method ave presented.

The gas radia.ce of mixtures simulating +he Martian

atmosphere was calculated from Ref. 2, exc  for some
medificati nis w the CN fonumber, and the  silibrium

chemical composition of these mixtures at elevated tem-
peratures, sapplied by the JPL Thermochemstry and
Normad Shock Frogram (Ref. 3). Fig, 4 shows total equi-
Hhriane - diaticn intensity of a 30% CO,-70% N, mixore
hind the nene b shack as o function of the free-sticam
aensthowith the g veloeity as a parameter.
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The solid lines are computed JPL values as a functior:
of free-stream density, with the free-flight velocity from
18 to 30 X 10® ft/sec a- a parameter. The set of dashed
lines represents the corresponding Ames calculations for a
slightly different - -ixture (254 CO.-75% N,) and a CN
radical contribution, determined by a higher energy of

dissociation {; . = 8.2 ev) which results in higher CN
concentration.
Also, slightly lower CN,,.. oscillatrr strength

(fexio1q = 0720} was used by Ames as compured to the
JPL inputs. Generally, the Ames total radiance levels
agree with JPL calcalations in the region of 22000 ft sec
flight velocity, while being lower at higher velocities and
vice versa. The different values of the cnergy of dissocia-
tion used in the two sets of calculation wou's contribute
to these trends. This will be substantiated by further JPL

calculations where only D3 _ is varied.

The experimental data shown on Fig. 4 comes from
shock-tube and free-flight tests, as indicated. In the lower
left of the figure are two representative entry trajectovies
i s form of point sequences of atmospheric pressure
and velocity for entry angles of 30 and 90 deg. It is
apparent that most of the experimental data so far ob-
tained are for much higher deusities than thesc ten*ative
entry conditions would require. Thus it scems desirable
to determine gas radiation intensities at much lower free-
stream pressure than presently, with the objective of
validating the theoretical predictions in a region more
comparable to prototype flight ccnditions.

The total radiative heat transfer of a plane parallel
fayer of gas, neglecting self-absorption and stimulated
emission, is approximated bv the quantity

L3
qr = 2

where 3 represents the thickness of the shock layer and
u, i commonly accepted as the total equilibrium radiative
energy to the stagnation region of a blunt bodv. This
quantity is shown in Fig. 5 for a mixture of 30% CO, and
70% N., calculated with the same set of radiation input
data as in Fig. 4. It is apparent that the density depend-
ence of ¢, changes relatively little over the range of

102

densities whicl: covers the sliock tiLe experimental con-
ditions down to actual free-flight densicy levels.

The lines marked I, represent blackbody radiation in-
tensity on the radiation emitted by an opiically opaque
gas, again with the free-Hlight velocity as the parameter.
This intensity is tne upper limit for radiative energy
transfer to the body surfacc and the difference between
q- and I, is a measure or the optic.] “thinness” of the
shock layer for the assumed nuse radius, 1 cm.

The densiyy deperdence of equilibrium radiance I and
the radiative heat transfer g, as cbtained from the average
slope of the lines in Figs. 4 and 5 over a wide density
range is plotted in Fig. 6. It can be scen that in the Mars
entry velocity range the power n varies significantly with
flight velocity. Converting from radiance to radiative heat
transfer tends to raise n slightly. The reason for the dif-
ference between the JPL acd .mes calculations has not
been specifically identified at this time, but will be exam-
ined soon.

In summary, it appears necessarv to computc equilib-
rium radiation at inuch lower density than where
experimental data exist. The simple procedure of nor-
malizing to free-stream density appears to introducs  ome
problems. Although at a fixed velocity, density depend-
erce of radiation is acceptahle for engineering. estimates.
The density dependence with velocity is significant. For
more exact heat transfer predictions, a simple exponential
density dependence should not be used.

2.0 T T T I T T

b i

O JPL-COMPUTED FOR 30% C0,-70% N,
18| -———= <~ AMES-COMPUTED FOP 25% C0,~75% Ny —
—O— JPL-COMPUT"L FOF 30% CO,-70% Ny

|
- ! i :i?
(4 > .. -
--N

9, ~1(pm)"
7 ~(g )" (FREE-STREAM DENSITY)

.:o /f I N S B

16 8 20 22 24 26 28 30 3%
¥ % 103 ti/sec

A

Fig. 6. Density dependence of radiance and
radictien heat transfer
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Al Instrumentation

N65-32434

A. A Pressure Telemeter for Wind
Tunnel Free Flight Pressure
Measurement
R. G. Harrison, Jr.

1. Introduction

Prcssure telemeters are being used at JPL5 aero-
dynamics facilities to study interference free pressure
data on models projected into free flight by a pueumatic
launch mechanism.

A wind tunnel test program has been conducied at
JPL (Ref. 1) to develop the pressure telemetry technique.
The pressure meastements in this program were limited
to the base pressu': s of 10- and 15-deg half angle cones.
Model bodies were made of plastic with steel noses, to
prevent meltiny during fight.

An attempt was made to catch the model at the end of
the flight, When it was not caught it was totally destrc yed,
except for the telemeter. The telemeter was generally
recoverable due to the protection given by the lucite

insert (Fig. 1). Protection while on the launch gun was
provided by a heat shield (Fig. 2) and a cooling gas.
The cooling requirements were that the model not be
distorted by heat and the pressure telemeter not be taken
outside its operating temperature range. The heat shield
also provided the model nose support and protzeced it
from buffeting when the wind tunnel was started.

About 15 min was required to bring the wind tunnel
up to operating pressure and temperature, and usually
by that time the telemeter had stabilized and was ready
for free flight measurement. Then the model nose snp-
port was withdrawn, r:ference pressure measured, heat
shield raised, and the model launched into free fight.
The telemeter was designed to function, uneffected, over
the wide ranges of pressures, teniperatures, and acceler-
ations encountered during launch and free flight.

2. Telemeter Performance

The pressure telemeter fuli scale pressure measure-
ment capabilities are lirmited by the bandwidth capa-
bilities of the receiver used. In this case, 200 ke. Three
sensitivities were produced: 1 mm Hg =: 20, 40 or 80 ke,
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r CONE INSERT

Fig. 1. Free flight telemeter model

Fig. 2. Launch gun and hea? shield

The pressure telemeters were insensitive to the accel-
erations encountered in the wind tunnel. At 25 g¢’s there
were no measurable effects on the instrumentation used
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for data recording. This was determined by firiug a
model with a telemeter into a padded box with the pres-
sure port sealed and the acccleration computed. This
Lxercise was repeated with several models of various
sensitivities.

The oscillator stahility was found to be 0.001% of the
oscillator frequency =sver 2 peried of 30 min. For a period
of 1 min the stability was found to be 0.5% of 200 ke.
This was determined with the pressure telemeter pumped
down in a bell jar, to eliminate atmospheric disturbances,
and the oscillator frequency monitored with a Hewlett
Packard Model 524B electronic counter. For periods of
time comparable to free flight p« riods no deviations could
be recorded.

The rise time capabilities of the pressure telemeters
are 0.5 msec or better without tubing or a bypass capaci-
tor on the tuners discriminater output. The diaphragm
of the pressure sensor vibrates at its natural frequency
for about 6.0 msec, when a sharp pressure pulse is applied.
Rise times were determined by using a small shock tube
to generate the pressure prlse,

The pressure telemeter thermal stability was thor-
oughly investigated and found to be quite good for the
stable test times required. A temperature increase of
100°F, with an ambient pressure of 14 psi, produced a



2.7% increase in the oscillator frequency. The time inter-
val between the temperature increase and the start of the
oscillator frequency shift was 3 min. The telemeter could
be exposed to 800°F for at least 10 sec before an oscillator
shift begua, These thermal stability measurements were
made in a well regulated electric oven. An investigation
of the effects of thermal shock was performed in the
same manuer with no effects noted. The 100°F tempera-
ture rise also produced a 0.1% change in the full scale
calibration of the pressure telemeter. There were few or
no changes in the performance of the telemeter over a
temperature range of 30 to 200°F.

The pressure telemeter is a differential traasducer
that can be subjected to an overnressure of 50 psi without
damage or change in performance. The reference pres-
sure is obtained by a very slow leak into the large volume
of the 1eference side of the sensor. This leak rate can be
easily adjusted to provide stable measurement times as
long as 5 sec at atmospheric pressnre. As the ambient
pressure goes down, this time can be increased.

The diaphrazu. patural frequencies are from 20 to
27.3 ke, depending upon the assigned diaphragm thick-
ness and tension,

3. Pressure Telemeter Design and Construction

The primary performance requirement of the pressure
telemeter was stability and consistent operation. Next
was simplicity of assembly and operation. Special tech-
niques and materials were avoided as much as possible,
and the number of components were held 10 a minimum.

A colpitts oscillator (Fig. 3} was used because of its
insensitivity to variations of the circuit components other
than the tank circuit. The telemeter, ready for assembly,
consists of four major components: a printed circuit induc-
tor, a pressure sensitive capacitor, a battery, and all other
circuit components in a microminiature package of pellet
type construction (Ref. 2) (Fig, 4).

The charactcristics and technique of fabrication of the
pressure sensor were determined empirically for the most
part, due to the uncertainties of determining mathemati-
cally the characteristics of very thin metal diaphragms
under teusion (Fig. 5). Before assembly of the sensor the
diaphragm was examined for proper tension by puaping
down the reference side and measuring the focal length
of the concave surface. For example, a focal length of
1.3 in, at a pressure of 14 psi (atmospheric pressure ot
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Fig. 6. Pr.:iure teiometer components layout

JPL is usually very close to 14 psi) would, at final assem-
bly of the pressure telemeter, provide a sensitivity of
20 ke +=10% ior a pressure difference of 1 mmHg, Twe
diaphragm thicknesses werc used, with variations in ten-
sion, to provide a selection of sensitivities.

After assembly of the sensor, it was checked or propzr
capacitance on a Q-meter and attached to the inductor,
where the tank circuit was checked for proper resonant
frequency with a grid-dip oscillator. The mic;omiriature
circuit was then attached, and the pressur: telemeter
checked for proper operation before potting, The reso-
nant frequency of the circuit changes very little after
potting. The 1ercury celis are attached with a hard
sealing wax, and they can be changed in a matter of
minutes if recessiry. Extreme toughness of the potting
material enahied the telemeter to survive hgh tempera-
tures and high velocity impact. The pressire telemeter
is 0.8 in, long, 0.80 in. in diameter at the inductor
end and 0.50 in. in diameter at the battery end (Fig. £)
Total weight is % oz. Useful battery life averages akoat
20 hr providing ample time for calibration and wind tun-
nel uperations. Most battery failures occur during calibra-
tion. It has been noted that a AT of 100°F will produce
 change in battery voltage of about 1%.

4. Calibration

The pressure telemeter was placed in a bell jar (Fig. 7)
and pumped down to simulate approximately, the wind
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Fig. 8. Typical calibration pulse; AP = 200, Hg;
Y = 20 msec/cm; Y = 50 mv/cm

tunncl static pressure. A strain gauge transducer :
readout, with a scale factor of 5 . per divisior, was zer:
at this condition. The frequency moZiluied (FM) tu
was adjusted to center frequency and the output of

discrirninator displayed on the Y axis of an oscillosco
A small volume of gas was admitted to the bell jar ca
ing a sharp pressure step. The calibration system rise ti
was about 10 msec.

The sweep of the uscilluscope was triggered at the sa
time the gas was adinitted and to record the frequer
shift of the pressurc telemeter. The strain gauge press:
transducer reading was then recorded to provide a pr
sure measurement corresponding to the voltage measu
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ment on the oscilloscope (Fig. 8). To record a pressure
decrease a large volume at vacuum was opened tc the
bell jar, causing a sharp pressure decrease.

"The telemeters have been found to be linear in the
area of interest, and no change in the calibration slope
occurs in going from a pressure inlicase to a pressure
decrease (Fig. 9). The leak rate of the sensor was adjusted
at the beg/nning of the calibration. After calibration the
pressure telemeter was ready for use in the wind tunnel,
or it could have been stored for a time without a change
in calibration,

2100
1960} 745 mm 1.95v—
1820 v = AF 68k:
1680
1540
|4no£
12604 340 £S5 my
11204 ’—-

280} — 7163 195 my

VCLTAGE , mv

8401

/C( .
700~ ’{/ \-3 335 mm 865mv

S601
420 "

280
140

N—2 075 mm 545m/

-1 06 mm 275 mv

0 [ U S YOS NN VU JUUNUEN SN NN R W SNSRI U SUU NS A S A |
[Q ] [ 0 0 n o

N8 ¢« .2 ¢ 08B oloedmbBonn

0O QG = = — 6N N N WM m M T T T O 00 09N ~~

PRESSURF, :nm

Fig. 9. Telemeter calibration curve

5. Recoi ding Instrumentation

A standard McIntosh FM tuner Model MR71 was used
to roccive the pressure telemetry, It had been realigned
to tune through 93 to 118 Mc. The tuner has a 200-ke
bandwidth, a flat top response and a uscable sensitivity
of 2 pv. The output of the discriminator was a dc vcliage
coupled to the input of a Dynamics dc amplifier Model
No. 6122. The two dc voltage outputs of the amplifier
were coupled to a 3-ke response galvanometer in a CEC
recording oscillograph and to a Tektronix 545 oscilloscope
(Fis. 10).

The antenna nsed was a A/2 loop placed in one window
of the test sectica. Antenna orientation was extremely
critical; however, once properly located it was possible
to have nearly perfect reception throughout the test area.
This was determined by mapping the antenna pattem
with a telemeter. The most troublesore areas were the
window edges. A Fastax camera was used to provide
optical data for each flight (Ref. 5.
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6. Technique of Cperation and the Frobleins
Encountered

Free flight techniques have been developed snccess-
fully at other facilities (Ref. 4); and, in manv respects
they are similar to the JPL program. Launching bardw. -
(Ref. 5) (Fig. 2) is not described in ¢ .tail other than tu
mention its place in the time sequence (Fig. i1l) of
cperation,

When the wind tunnel was ready ior data, the tuner
and scopes were zeroed and triggers set. Then, a reference
base pressure was recorded on the wind tunnel data -
tem. Immediately after recording the reference pressure,
the heat shield was raised. A sw:tch closure at tlie top
of the heat shield travel started the Fastux camera, and
an event timer on the camera started the recording oscil-
lograph. A seccnd event time: started the launch gun and
triggered the oscilloscones. The pressure telemeter per-
formed properly with few exceptions. A number of data
runs were lost for a variety of reasons.

Impreper timing and poor antenna patterns at the be-
ginning ot the test program accounted for many cf ttie
lost data When these problems were schy 4 it was di-
covered ikat an unsatisfactory dew point was producing
poor daiu. Other runs were lost because of improp coal-
ing and subsec uent damage to the modvl, battery failure
in the telemeter, shorted sensor in the telemeter, and
power line loading caused a tuner shift. Most of the data
curves of the lest runs irdicated that the pressnre telem-
eter functioned properly, but the relationship to the ini ‘al
reference pressure recorded was lost. The faulty antenna
sysiem, of course, did not produce a normal curve
(Fig. 12). A total of 134 flights were accomplished with
12 pressure telemeters.

7. Conclusion

On the basis of the results (Ref. 1) (Fig 13) of the pres-
sure telemetry development program u: tine hypersonic
wind tunnel, the pressure telemeter is considered to be
operational and capable of producing valid data.

In fat are wind tunnel tests the wiad tunne) data system
will be fully utilized to achieve greater accuracy. Data
acquisition in general will be improved. No special instru-
mentation or training is required to use the pressure
telemeter. The capabilities of the telemetry system cir
be immediately improved by obtaining tuners with widv
bandwidths thii inosc used in ihe development progran.

10¢.
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Fig. 10. Tunnel installation of instrumentation
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; B. A Raster Generator for Use in os N MamER ,
2 . _ : Zoapis 2 oUTPUT !
the Measurement of Shock =\ Wi stz |
e = EXTERNAL. GENERATOR |
: Velocities N O A @ TRIANGULAR
: INBUT 1T WYS.r
: A. P. Horne Ty — == TRIGGER —
i . F—~—EXTETNAL
i | VERTICAL ‘ MAIN TRIGOER
o - ey o
. Introduction 'l_\?-s - S%’Cc'm
N The JPL hypervelocity laboratory uses a raster presen- L - ouTRYT g
i tation of timr-related data on an oscilloscope as a m:eans - S'I*AAVI;.R
y of measuring shock speed at various points in an arc- MIXER )
i driven shock tube. The reason for the use of a raster pres- ?'ﬁ 'ﬂ'
< entation, rather than a normal time hase, is that it is PHSTORULTPCER
necessary to measure the time between threc pairs of QUTPUTS

nulses, with high resolution and accurzcy, where each
pair of pulses is separated by 20 to 30 usec, and the first
pair is separated from the third pair by several hundred
microseconds. This presents a conflicting reqairemen: of
high resolution and relatively long total dispfay tir:-.

Fig. 15. Block diagram showing how original rcster
was developed

the previous raster, Fig 15 is a block diagram of how it
4 is obtained.

2. Initial Raster and Equipment

A raster of this form has several drawbacks. One is
that it requires modifications of the oscilloscope it is used
with, The reason for these modifications is that the vaster
generator is external to the ovsciilloscope and requires con-
nections to internal portions «f the oscilloscope. This is
a1 undesirable situation.

The raster generator previously used was a rack-
mounted, vacuum tube unit that provided for a display
baving a maximum resolution of 2.5 psec/cm. It was used
in conjunction with a Tektronix Type 545 oscilloscope.
Thus particular oscilloscope was used because it had the
1 widest bandwidth horizontal deflection amplifier avail- )
’ able. Ar. ther, and the most important, limitation resulted

P!

from the nature ot this type of raster. If a longer time
must be monitored, as in the czse of a siow shock speed,
one of two alternatives mzst be taken. One is 1o slow the
: . o swee d down. This will result in a proportional loss
§ voltage, provided by the MAIN SWEEP SAWTOOTH P spee 18 WIT Teswit 1 & proportio

: . of resolution. The other is to reduce the siope of the ramp
. output of the oscillozcope. . ) .. y .
4 input to the vertical ampiifier of the oscilloscope. The
‘ resclt ot doing this is shown in Fig. 16. If a dat: pulse

Th= raster presentation was formed by combining a
triangular hosizontal deflection voltage, provided by the
aster generator, with a linear ramp vertica! deflection

In addition, z-axis markers were provided by a block-
ing oscil'atur. Fig. 14 is a sketch showing the form of

H —
.
____'__jL—
-P—‘-_—-_-‘—‘—_-—_-
——F

.\\L///\w: m = — _ T
) \\ P -
: ’/_.___;Fr
' ——T S
4 Fig. 16. Ovriginal raster, 25.sec/swaep with 5-psec
: Fig. 14. Original raster, 25usec/sweep with markers, showing result of reduced slope of ramp
: 5-usec markers input o vertical amplifier of oscilloscope
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sheuld ocvu near the end of a sweep it waald be impos-
sible to tell whether the pulse occurred on tie upper
sweep or on the lower sweep. Obviously, large amuigui-
ties could develop.

A third limitation resulted from the method of intro-
ducing the triangle deflection voltage to the horizontal
deflection plates of the oscilloscope. Th~ triangular wave
cutput of the raster generator was connected to the EX-
TERNAL HORIZONTAL INPUT terminal of the oscil-
loscope. The fastest sweep speed available fiom the
previous unit was 2.5 psec/cm and was provided by a
triangle wave having a period of 50 usec. To reproduce
such a triangle wave with good linearity requires an
amplifier having at ieast a 2-Mc bandwidth. The horizontal

)
W

deflection amplifier of the Tektronix Type 545 oscilloscope
has a bandwidth of approximately 1 Me. This na:row
bandwidth causes turn-around and phase-shift distortior
of the triangle waveform resulting in unsatisfactory line
arity of the time base. Any attempt to obtain highe
resolution with the previous raster by decreasing the pe
riod of the triangle wave would be unsuccessful because
the 1-Mc bandwidth would introduce excessive distortion.
Disregarding this limitation it would still be unsatisfac
tcry to try to obtain better resolution by merely decreas-
ing the period of the triangle wave because it woulc
then be impossible to monitor a sufficiently long time.
A factor contributing to this is that the Tektronix Type
545 oscilloscope has only 4-cm vertical deflection. This
would limit the maximum number of sweeps per raster
to about twenty.

A

Fig. 17. New raste; plv: -in unit
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3. Modified Raster and Equipment

These limitations are overcome by the system to be
described. This system is based upon the use of a Tek-
tronix Type RM561A oscilloscope. Several reasons for
choosing this oscilloscop: are: 8-cm vertical deflection;
direct connection to deflection plates available or: plug-ir:
connector; duzi-channel vertical amplifier available with
less than 35-nanosec rise-time; and requires only 7 in. of
rack space.

It was possible to build a complete solid-state raster
generator, including a wide-band deflection amplifier,
on a blank chassis plug-in unit for 2 Type RM561A
oscilloscope. No modifications to the oscilloscope were
necessary because all waveforms needed to produce &
complete raster presentation are generated by this new
unit (Figs, 17 and 18).

The output amplifier is similar to the output amplifier
of the Type 3A1 preamplifier manufactured by Tektronix.
It has a bandwidth of 10 Mc. This -lihws a triangle
waveform with a period of only 10 psec, to be used with-
out introducing turn-around or phase-shift distortion,
thus providing a factor-of-five increase in resolution of
the time base.

If the vertical deflection were still derived from a linear
ramp it would be impossible to display a sufficiently long
time base with a sweep speed of 5 usec/sweep. To ekimi-
nate this problem, it was necessary to geneiate a staircase
waveform that is synchronized with the triangle wave-
form. By replacing the linear ramp with the staircase, a

W"”' B(VLECI’K‘N PLATE
CRYSTAL Trthb L€
H SwapER wocwme ,—«-{ g oerEcnon
oscaLaTor osCILLATOR coumrer GENERATOR MPLIFIER
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Fig. 1&. Block diagram showing how new raster
was developed
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raster similar to Fig. 19 is formed. (In this unit the mark-
ers are vertical pips rather than the z-axis modulation
used 1n the previous system.)

It iz the use of a staircase waveiorm that makes this unit
uiique. The staircase has a rise-time of only 40 nanosec.
Its amplitude is fixed, so the gain of the vertical amplifier
is varied to control the vertical distar.ce between sweeps.
The gain can be reduced to provide as many as eighty
sweeps, spaced 1 mm, or increased to provide as few as
four sweeps, spaced % cm. It is the resolution of the cath-
ode ray tube that limits the maximum number of sweeps

to eighty.

To make the unit more versatile, five sweep rates are
provided. Each one is derived from a crystal controlled
oscillator with a stability of 2-0.003% over the tempera-
ture range of 20 to 60°C. The feedback networks and
crystals are switched to allow the use of one oscillator
instead of one crystal oscillator and a series of frequency
dividers, providing a large redu.tion in parts count.

The five sweep rates are

Sweep rate, usec Marker interval, usec

5 1
10 2
20 4
50 10
100 20
[ N |
tﬂ ) ! | !
1 ! 1 L 1 [
L L | ] I J
l ] ! ! I }
|_J"‘1 ! | | ] !
| L | | i
IL I ] | ] 1
1 L | 1
1 l | | | J_Li
L 1 [ | 1 ) [
L 1L 1 1 1
| i { }
nl | ] | I —j
-1 | 1 | 1 a
| l I 1 { l
[ L L | ] Jl

Fig. 19. New raster, 20usec/sweep with 4-usec
markers
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These rates allow monitoring of from 400 usec, with »  wnit. Provisions were made to externally trigger the raster

resolution of % usec/cm on the fasiest sweep rate, to  in a “singie shot” mode. This is necessarv brciuse the

8 1nsec, with a resolution of 10 usec/cm on the slowest  display must be photographed f<: analysis aud multiple

sweep rate. Nonlinearity of the generated time-base is  rasters on one photo would be undesir.hie. A raster length

less than 0.6% for any sweep rate. circuit is also included for a similar reason. If the display

: is allowed to deflect off-screen, flare-back occurs and fogs

the photograph. The trigger can be armed remotely, as

Since the event being monitored is of a transient nature,  well as locally. Also. there are provisions for remote indi-
several additional features were iicorporated into this  cation of the ready condition.
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PROPULSION DiVISION ©

Xll. Solid Propellant Ergineering

£65 32434

A. Arc-Imaging Furnace Ignition
Test Facility

L. Strand

Solid propellant ignition test programs are being car-
ried on with a newly operational ignition test facility.
The system is basically an ignition research model of the
A. D. Little arc-imaging furnace. This furnace combines
a high-intensity radiation sourcc with an optical system
for re-imaging the radiant energy onto a propellant
sample. The radiatior source is a 10-kw (normal powe:
level) to 20-kw (maximum power leve.) carbon are struck
betw cen two lu-mm carbon rods. The tail flame plasma
is concentrated by a ring of impinging aix jets located on
the anode holder (Fig 1). The concentration of the tail
flume allows the arc to be focused at the re-imaging
source. A magnetic field surrourding the anode stabili- os
the arc by rotating the plasma stream. Dwring operation
of the furnace, the anode and cathode are each continu-
ously fed by a two-speed motor so as fo maintain a
constant arc position and arc current. The position of the
anode is optically controlled by a photocell sensor that

det~cts the magnitude of the arc illumination. The nutput
of this sensor controls a relay which, in turn, calls for fast
or slow feed operation of the feed motor. The cathede
feed rate is governed by the magnitude of the arc ¢rareat
across the electrodes.

¥ig. 2 is a schematic of the re-imaging optical system.,
The radiant eneigy of the arc is col' cted on a 21.in, D
ellipsoidal inirr¢r projected onto a similar mirror, and
then re-imaged on the propellant sample. An clectroni-
cally controlled camera type shutter is located at the
intermediate focus position. This shutter Las openinz and
closing times of approximately 6 msec. When the slutter
is closed, a douser protects the shutte: fromn the arc. The
douser opens and closes immediately prior to and after
the opening and closing of the shutter. Attenuation
screens of descending mesh size are placed between the
douser and the shutter t> control the intensity of the
re-imaged radi'.iion. Maximum re-imaged radiation den-
sities of the furnacc averaged over a 9.5-mm dianieter
image are approximately 150 cal/cm®-sec at the 150 -amp
normal are current level and 240 cal/em®-sec al the
300-amp max‘mum arc current level.
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Fig. 1. Anode and cothode and holders
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Fig. 2. Arc-imaging furnace opti.al system

‘“SNDTTER Z
SAMPLE BOMB *

1. Ignition Test Equipment

The ignition test equipment for this furnace. includiag
tne previously mentioned douser and shutter, were frbri-
cated from United Technology Center supplied desigus.

{18

R T

Fig. 3 shows, left to right, the 0..5-in. D by 9.10C-in. thick
propellant sample used in ignition testing, the back side
of a sample holder with a propellant sample in place,
the copper cup calorimeter used to measure the intensity
of the radiation, and one of the 0.5-in. ID by 8.in. long
Lucite tubes that enclose each of the five sample holders
and the calorimetcr in the multiple bomb test assembly.
Fig. 4 shows five sample holders and the calorimoter
mounted in the upper plate of the bomb assembly, and
Fig. 5 shows the six eiiclosure tubes mounted on the piate.
The multipie bomb test assembly and sawmple positioner
are shown in Fig. 6 The re-imaging mirvor is also shown
to the rizht of the assenibly. Vernier control of the sample
position is provided in three axial directions. The assem.
bly can be pressurized and purged with nitrogen, oxygen
er a combiration of both, and can also be vented to an
evacuated surge tunk. Succeeding bombs are brought
into test position by manualiy turning ihe bomb assembly.

2
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LIRSS
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>

‘*/‘ Fig. 5. Mounted enclosure tubes

¥

5 A third diode is shown mounted on the upper left-hand
z corner of the sample positioner. Tius diode is aligned on
T . . -

S the optical centerline of the furnace passing through the
& . . . . . .

;4 shatter, The electrical signal of *-s diode is used to
g determine the open time of the shutter and, therefore, the
% propellant sample irradiation time.

~

é The calorimeter used is of the thermal mass, or slope,
tvpe (Ref. 1). The receiver is 1 spherical copper cup with
o . . o . N -

< an iuner radius of .35 ¢m and an inner height of 0.15 ¢m.
w The inner surface is blackened with electro-deposited
i platinum black. A 0.1-mm D copper-Constantan thermo-
% couple is silver-soldered to the back side of the receiver
N aecar one edge to measure the temperature rise. “he re-

ceiver is mounced on Bakelite posts for thermal insula-
tion. An aperture shield of silver-plated copper sheet,
0.025 em thick. is mounted in front of the concave surface
to limit the intercepted arca of the bewm of radiant
encrgy. Che edges of the 0.133-em diameter aperture hole
Fig. 4. Mounted propellant sampl:. holders have bheen honed sharp. The shield is mounted 0.025 em
from the rim of the receiver with the line connecting
the center of the receiver and the center of the aperture
parall-l to the aptical anis of the system. The phvsical

One of the twe photodiodes presently uced to view the
surface of the propellant sample under test is shown
mounted to the right of the bomb assembly in Fig. 6. constants of the copper receiver are
This rear dicde views the sample from a normal direction.
The second diode views across the front surface of the
! sample and is hidden by the bomb assembly in Fig. 6. C, = specific heat - 0,093 cal/g-C

m — nass -- 030 g
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b -

Fig. 6. Multiple bomb test as,embly and sample positioner

Neglecting heat losce., i{ the gradient across the re-
ceiver thickness is small, 1nd if the Jifdcrence betwren
the temperature measured at the edge of the reciver
and the average temperatuie is small, the averag: heat
flux density 1, .t we aperture over an aperture area A,
is given ovcr any time interval At by

_ mC, /AT
I, = A, (\A_t) (1)
where AT is the increase of average temperature of the
receiver and a is the receiver absorptivity (assumed
equal to 1). Knowing the receiver physical constants and
the aperture arca, the heat-flux density of a pulse of
radiant energy is obtained by measuring the slope of the
calorimeter temperiture-time curve on an oscillograph.
In Ref. 1 it is shown that the assumptions of negligible
heat loss and uniform receiver temperature are valid
under practical test conditions.

2. Control System

Fig. 7 is an over-all view of the arc-imaging furnace
installation. The arc lLousing unit, shown close-up in
Fig. 8, is iovated at the far ieft of Fig. 7. The housing
holds the clec'rodes, their feed systems, blowers, the

120

projection mirror, and the douser. All controls for starting
and striking the arc, corvecting clectrode positions, and
stopping the arc are contained on the housing. Both
housing doors have interlocks to shut off the arc if they
are opened during operation of the arc. The panel below
and to the left of the housing contains the main power
switch and switches for the vooling water pump (located
below the housing) and the blower.

Located to the right of the arc housing is ‘fe housing
for the sautier, sample positioner and multiy e test bomb
assembly, and the re-imaging mirror.

The environmental system control panel is mounted to
the right of the arc imaging furnace. Solenoid valves are
used throughout in the gas lines.

The instrumentation control chassis (Fig. 9) is located
in the console to the right of the envivonmental system
control panel. All instrumentadon lines have been wired
into the ad,>cont instrumentation room amplifier-recorder
system (Fig. 10} pending cor plotion of the are furnace
recorder system. The chassis contains the circuitry for
controlling the douser, shutter, and osallograph ogora-
tions wad the mechanicul and cloctronic timer «iscuits.

Bt
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Fig. 7. Arc-imaging furnace installation

The timer circuits allow accurate control of the radiation
exposure times. The electronic timer has two rangcs:
15 to 100 msec and 100 to 500 msec. The mechanical
(manual) timers are used for 2xposure ranges of 0.5 te
1 sec and 1 to 15 sce. Three other modes of exposure
duration can be used:

(1) Manual, in which the douser and shutter are closed
by pushing the remote control switch shown
wrapped around the bomb piessure gages in Fig. 7.

{2) Light, in which termination of radiation occurs
automatically when the photodiodes dctect in-
creased radiation from the ignition process.

(3) Fuse, in which the burning through of a fuse wire
mounted across the trent of the propelia::t sample
terminates the exposure.

Pushing the close shutter switch will terminate exposure
under any operation mode. The shutter may be opened
without going through the test sequence by pushing the
open shutter switch. The test sequence is initiated by
pushing the operete switch In sequence the recorder
starts, the doneer and shutter wpen and then close (the

JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV

Fig. 8. Arc housing vrit

period of exposure is dependent upon which termination
mode tire stop mode switch is set), and the recorder stops.
As a means of protecting the shutter, the arc current is
automatically stopped if the douser should fail to close
follow ing closure of the shutter.

3. Calarimeter Calibration and
Focal Volume Mapping

It is seen from Eq. (1) that, knowing the physical
constants of the copper recciver and the aperture area,
calorimeter calibration consists of determining the inches
of deflection of the oscillograph per degree of receiver
temperature rise. This was done by two different rueth-
ods. Method 1 consisted of placing the calerimeter with
aperture removed into an oven and raising the tempera-
ture to 161 =1°F. Tt.e increased output of the oscillo-
graph was recorded {o. cach of the nsable amplifier gain
settings an- oscillograph sensitivity values. Then °C/in.
deflection was computed for each amplification used.
The second method consisted of connecting a miliivolt
source of 0.25% estimated accuracy to the calorimcter
leadwire, Fur carh uscillograph amplifcanon, inpnts of
0, 0.40, 0.80, 1.00, 1.20, 1.55, und 2.00 mv were imposed on
the recording system. Millivolts inpat ver inch of recorder
deflection was caleulated for each millivelt input. The
compute:d average of tne values for each amplification
was multiplied by the °C/mv constaat for a copper-
Constantan thermocouple (20 to 50°C) yielding °C/in.
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deflection. The average difference in the calibration values
obtained using the two methods was less than 0.75%.

The re-imaged radiant energy is nearly identical in
shape to the arc source its=If. It is, therefore, not a point
source, but a volume of en=rg. called the focal volume.
The focal volume center is the region of maximura
energy. The flux profiles in the axial, horizontal, and
vertical directions were ceterm:’ - »d by traversing the focal
volume with a water-cooled CFR-1A circular foil radi-
ometer. The electrical output of the copper-Constantan
differential thermocouple in this instrument is linearly
proportional to the incidert radiant flux density and s
independent of the temperature of the cooling water.
The calorimeter’s small 0.9-mm diameter receiving area
and 10-msec time constant allow ii tc measure local flux
densities within the focal volume. In addition to the
calibration provided by the manufacturer, the calibration
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Fig. 11. Focal volume flux profiies
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constant (cal/cme-sec per millivolt outpr ) for the 1PL
instrument was determined b, the U.S. N: val Radinlogi-
cal Defense Labo:atory.

Fig. 1i is « graph of the flux density ¢ vided by the
maximum flux dersity versus distance from the center of
the rocal volume along the three axes. “he physical
position of the center point will shift sighly with the
small excursions of tne electrodes from thei- mean pesi-
tion. For accurate ignition testing, the samp! : positioner
must be set so that the calorimeter aperture is ceatered
to measurz the rudiant 8ux density at the fcial volume
center, Propellant igmtion delay depends no- upon the
magnitude of the average flux incident upon the propellant
surface, but upon the maxiitnum flux intensity incident.

4. Test Procedure and Results

The ignition delay time of a propellant at a given heat
fiux level and chamber pressure is defined as the mini-
mum irradiation time required to initiate self-sustained
combustion, i.e., ignition. A propellant has been charac-
terized as to its ignitabiiity when a log-log plot of igznition
delay time versus heat flux has beea deiermined experi-
mentally for the chambet pressure of interest. Fig. 12
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0% _. o 45 psio 1
O 100 psia _‘___:
N - Ag@___ NITROGEN PURGE ..
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Fig. 12. Ignition delay versus flux for
NOTS A-87 composite propellant
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shows such a characterizahicn for a Naval Ordnance Test
Station composite solid propeliant, A-87. It was deter-
mined by JPL as a participant in the Interluboratory
Solid Propellant Iguition Exchanae Program.

The following standard procedure has been arrived at
for determining thc ignition delay time at a given nonmpa’
flux intensity level. Attenuation screens are inserted in the
furnace to attenuate the radiation to the desired level at
the re-imaging focus. The furnace has been previouslv
optically aligned (mirrors positioned) so that the re-
imaged focus lies on the furnace optical axis. Llectrodes
are placed in their holders and positioned to their proper
spacing. Five loaded propellant sample holders and the
bomb calorimeter are inserted into the upper plate of
the multiple bumb, and the bomb is assembled with the
calorimeter in test position. After measuring the baro-
metric pressure, instrumentation and valve power are
swit~hed on and the bomb gage pressure is adjusted to
thz desired value. The instrumentation pzael stop mode
switch is set on electronic mode and the electronic timer
is set to the correct calorimeter irradiation time inierval
for the irradiation flux level. The interval must be iong
enough to allow the slepe of the oscillograph celorimeter
trace to be accurately measured, but short enough to
avoid damaging the calorimeter, All furpac.: switches aie

turned og, and the arc is siruck. Whea the arc is operating
stably, as indicatcd by the on-and-off flickering or the
clectrode feed lights (fast and slow drive speeds) anc
the stabilizing of the arc current at the correct level, the
test sequence is initiated. At the conclusion of the .
sequence the arc is shut off to avoid overheating an:
damaging the douser. The auuitiple test bomb is rotatec
to the first propellant sataple, the instrumentation pane
step mode switch set to the cismer or elecironic mode, the
respective timer set to the desired irradiation time inter
val, aud “he prrcedure repeated. If ignition occurs, a
shorter irradiation time is chosen, and the test procedure
is repeated with the second propellant sample. Testing is
continued at successively shorter irradiation time inter-
vals until no ignition occurs. When all five propellant
samples in the multiple bomb have been user) in a test,
the radiation intensity is again measured withi the cal-
orimeter. The muitiple boml: is then disassembled, loaded
with five new sauiiles, reassembled, and testing is
resumed. Tosting is continued at decreasing irradiation
time iutervals until the oscillograph traces of the two
pk .tediodes viewing the propellant sample show that
i+ .don occurs just following closure of the shutter
“vg, 13). A test is then run at a slightly lower irradiation
~ne interval. JIf no ignition occurs, the arc is restruck, the

tensity is meusured with the calorimeter, two additional
ests are . in in rapid succession at the previous time

SHUTTER PHOTODIODE

IGNITION

-\

\

SIDE PHOTODIODE

# 2 MINIMUM IRRADIATION TIME

—-‘ I- 100 msec

REAR PHOTODIODE

N Py A
WAV Vv YWY VW

Fig. 13. Oscillograph trace of arc-imaging furnace ignition test
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interval to verify it as the minimum irradiadion time for With increasing evncrience it is-believed that this arc-
" ignition (ignition delay time), the int:nsity remeasured imaging furnace installation will Lecome an increasingly
: with the calorimeter, and the wrc shut off. more useful research toul.
£
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A. Some Characterisiics of a

Miniature Stress Transducer
A. San Miguel and R. H. Silver

A miniatu e stress transducer has been developed at
JPL (Refs. 1 2) to measure the internal stress fields in
solid propellaat. Work is currently urder way to establish
the general characteristics as well as to define the realm
of practical application of this transducer.

The concept of c.irectly measuring individual principal
stresses within a material is relatively novel. To qualify a
device to accomylish this task, it must be deinonstrated
that the advantadges to its use outweigh the inherent dis-
advantages. Basic questions that must satisfactorily be
resolved evolve from the inclusion problem, the packag-
ing function, terperature interaction; and finally, whether
stress or strain should h.e considered as the argument of
the transducer output function.

1. The Inclusion Problem

The true inclusion problem consists of determining the
disturbing influence of a relatively rigid particle in an
otherwise coutinuous stress field. The importance of the
inclusion prablem usually centers around the crack initia-
tion phcnomena, whica eventually manifests itself in
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macro-structural material failure. Our interest in the
ircclusion problem will be limited to an attempt to assess
the interaction between the miniature stress t1ansducer
aid the surrounding elastomeric medinm, and the influ-
ence of one transducer on another when three are
employed in a rosette configuration, Fig. 1 illustrates the
nominal stress raisers created by the rigid transducer
rosette which is embedded in a low moduius polyuredhane
binder, and which, it may be seen, does create a pertur-
bation in the stress field. Further studies are cu.rently
under way to quantize the inclusion effect by photo-
elastic stress-freezing, a phenomenorn which allows a
threc-dimensional stress analysis analogous to classical
two-diinensional photoelastic stress analysis.

2. The Fackagine Function

The sensing eleme.t of the miniature stress transducer
is a piezoresistive p-type silicon splinter presumably
having a (111) crystallographic orientation. This splinter
is commercially available with dimeasions of approxi-
mately 0.0005 X 0.003 in. rectangular cross-section and
0.040 in. over all length. This element is quite fragile in
itself. Hence one objective of packaging is to protect the
splinter from directly applied envirnnmental loading.
A second objective of the packaging is to limit the dimen-
sional changes of the splinter, thereby greatly increasing
the range of stress which may be applied to the element
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Fig. 1. Embedded stress tran:ducer
rcsefte

without fracturing it. A third objective of packaging is to
provide an electrical contact, as well as an application
flexibility for bracing and recording wires.

The phenomenon of piezoresistance allows a great
degree of freedom with regard to packaging design.
Essentially, one stress-sensitive axis of the splinter is pa k-
aged so that it is aligned with the stress axis to be
mezsured. A synopsis of the pertinent construction and
thecry is found in Fef. 2.

The general constitutive equations for silicon (Eq. 2 of
Ref. 2) are based on the assumption that commercially
available silicon splinters belong to a cubic class such as a
diamor:d cubic and zinc-blende structure. It can be shown
(Ref. 5) that a maximum longitudinal piezoresistive co-
efficient can be cbtained in silicon along the (111) direc-
tion. A pertinent relationship to consider (PRef. 6) is what
may be called the “General-Crientation-Uniaxial” Piezo-
resistance Design Equation. If the conditions that

ill = il’i = T’z.'i (: 02'*) = T’l.l (: ‘713)
= 1-12(._ (,12) = 4’2 = (",I =0
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(Eq. 2 of Ref. 2) are imposed on a splinter in the (111)
orientation, then

E; —_ P — 1 ’ ’ ’
‘?’1-;"—’:~ +"1‘al +"L‘a‘2 t Ty U (1)
or
Ap
—_—= '7r'11 [ 2% + 1r'12 a; + 1r’” [
Pa .
wiicre
‘"’:‘ =y — 2(m o my — me)
X [(Ln)* + (aan) + (mlh)*]
(@)
1r"2 = 1|’,13 = T2 + (‘lfu - mg 1!'4.')
X [(Lh)? + (mame)? + (nins)?)
Here
E’ = (he clectric field component along the length
of the splinter
i* = the current component along the length of the
splinter
Ap = resistivity change along tue length of the
splinter
=’ — resistivity change along the splinter length as
a result of a longitudinai stress on the splinter
w;,, w, = resistivity change along the splintcr length as

ares:lt of a lateral stress on the splinter
o, = longitudinal stress on splinter
oy, a4 = lateral stress on spuinter

., 7., = shear stre.s un splinter

Eq. (2).indicates that if the crystallographic piezo-
resistive coefficients are known, as well as the splinter
orientation, then a set of coefficients pertinent to a given
splinter may be evaluated. At present the crystallographic
cocilicients for the p-type silicon splintcrs used in ithis study
are unknown. However, the direction cosines Il,m,,n,,
which commercial scurces strive for (assuming that silicon
strain gages of maximum sensitivity are being manufac-
tured), are (referring to Fig. 2) given in Table 1.

The angles and rotations of Fig. 2 can best be under-

stood by a description of the operations used to perform a
transformation from axes (x,y,z) to axes (2’,y,%): (1) Sart
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Fig. 2. Tronsformation from axes {x, y, z) to
axes X', y/, ')

with the axes coinciding, ¥ with x, ¢ with y, and 2’ with
=. Rotate the primed axes through an angle ¢ =bout the
= axis. This determines the final position of ¢, which
remains in the (x.y) plane at an ansle ¢ from y. (2) Rotate
the primed axes through an angle ¢ about the i axis,
while keepirg y fixed. The >’ axis is then at an ..ugle 6
with the z axis. (Note that ©', z and " are : °! in the same
plane, since all are perpendicular to y".) The tinal angle
between x and x’ is cos™ (cos § cos ¢).

It is obvious that the direction cosines of the ¥ axs
along (111) are

T
l, = cosfcos ¢ = \(l?
| , 1 y
m; = cosfsing = V_3— (3)

n, =

— sin§ = f—;

Further analysis (Ref. 3) shows that

lul»—-

cos’ ¢ == sin“ ¢ = -

-33, VOL.. IV

Hence

cos® 6 = ; sin’

o.»[w
}
Qal pom

(+

Having estabiished what the direction cosines should [
for commercially available silicon splinters, the transduce
packaging arrangements can be set

The applicability of the above theory to the stress iran:
ducer design can be illustrated in the following manner
In Ref. 5 the vaiues for a pusticular p-type silicon ar.
listed as

p = 7.8 ohm-cm, =,; = 6.6 X 10-**dynes/cm?, =,

=11 X 10

and =, = 138.1 X 10~ dynes/cm®. These values v.er
incorrectly stated in Ref. 2, since they were obtained fron
Ref. 7, which is in error. The results of either Ref. 2 or
were not affected by the error. In any event, using the
values of direction cosines in Table 1 together with the
above listed =;;’s, the oriented =/,’s can be computed anc
are found to be

dynes/cm?

, = 93.6 X 107 dynes/cm?®, 7, = ',

= — I45 X 107'* dynes/em?*

Fig. 3 illustrates data obtained by direct “dead-weight’
loading, both in the longitudinal and lateral directions ot
the transducer. This experiment consists of applyving a
load directly to the transdncer. Needless to say, -\.e data
are relatively consistent, despite the inherent exy erimental
difficulties encountered. A pertinent observ.:’

(1/
W/

<_",L~_\) theoretical =
T

an is that

experimental = — 0.45

as compared to

- 048

This comparison indicates that the direction of this study
program is a reasonable one.

wble 1. Direction cosines for maximum longitudinal sensitivity along (111)
T
Pl ] . yoo : x v :
s e it —— ———— - "1:
x h ! m, m s B cas @ cos ?sin ¢ ~ sin @ VT ':i:— - ’j_.-‘ '
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Fig. 3." Direct dead-weight transducer calibration

3. Temperature Inferactions

The efiects of temperature on the miniature stress trans-
ducer can be examined by observing the isolated splinter
and comparing these observations with the over-all trans-
ducer response for various loadings and temperatures

The circuitry emploved for observing transducer re-
sponsc as a function of temperature is shown in Fig. 4.
This circuit exhibits reasonable output linearit. The
bridge 15 balanced by adjusting the variable resistor in
parallel with the stress transdueer so that {ue parallel

1
G),-—CGNSTANT CURRENT

z. POWE®: SUPPLY

L

Z

et

]

"

w - -

& o RUN |
ut

Q ORUN 2
4 R

@ = XPUN 3

Ri: ACTIVE STRESS TRANSOUCER

R = LINERRIZING VARIABLE RESISTIVE SHUNT
0 1% c0 25
CIRCUIT OUTPUT, mv

Fig. 4. Transducar elactrical circuitry schematic and
standard calibration cuive
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resistance (transducer and variuble resistancet equals
75 ti. The current v then adjusted so as to ceoise a 100-mv
potential seross the parallel resistance. Fig. 4 0lso exhibits
the actual calibrated output that was used o meacure

resistance changes of the order ~f 66 Q.

An isolated silicon splinter was heated from 50 ‘o
130 F and exhibited oniy a 1.6-0 resistance chanee. This
refativedy low resistance change for a stress transducer
was probably a consequence of hizh dopirg of the
splinter yand henee low resistivityr The comme cial snp-
phers of the splinter indicated that the cesistivity of the
splinter is of the order of 0.02 Q-cm. “he coefficient -f
expansion for the splinter wae wso ndicated as being
approximately 2.5 27 10 in./in./"F « Gef. St

This splinter was packaged ie. made into a trans-
ducer \Ref. 21, and placed at the center of a cubical mold
together with o thermocouple located 0.25 in. from the
stress transducer. A polvurethane resin was cast inie the
mold at a temperature of about 140°C and cured for 15 hr
at 143°F. The t-uper.ture of the cured polyurethane
resin with the cnbedded stress transducer wnd thermo-
couple was then bronght down to rgom terperature in
the period of T hr. The output of the thermecouple and
stress transducer is shown in Fig. 3 as a function of
dme. The sianificant observations are: (1) Residual

I46|' 60
[}
P N 152
" (o o e e e e e o e —--——-.—.—-.———B
38 —;; —_ — = e e
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134! b e e —130
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Fiy. 5. Curing cycle response of transducer
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stresses did not occur as a consenuence of curing and the
thermal cyele, since the resistance of the transducer ce-
turned to its initial 110 Q. (2} TransGucer drift did not
ecur for a peried of 13 kr at 145°F. (3) The transducer
is temperature-sensitive 1n a nearly linear relationship.
These observations indicated that the embedding of
simi’ar miniaturz stress transducers in polyurethane
birnder does ot give rise ‘o serious resiqual stress con-
centrations (Fig. 1). [t also appears that the stress trans-
ducer can readily survive the curing cycle of many solid
propellunts. Finallv. the temperature sensitivity of the
transducer must be due to the difference of the coefhi-
cents of expansion of the Tetlon packaging material
{approximately 0.5 X 10" in./in./ ’F), the silicon splir.ter
‘approximately 1.3 X 10~ in./in./°F), and the polyure-
thane resin {approximately 13 X 10-* in./in./°F). Thus
th= tran.ducer should be calibrated i solid propellant as
a function of temperature to establish the portion of out-
put due tc temperature.

Finally, Fig. 6 illustrates the reiationships among <om-
pressi e stress of the polyurethane block containing the-
miniature stress transduccr, the res:stance change of the
stress transducer, and the temperature of the transducer.
The slopes of the stress-input/resistance-output curves
are approximately the same. The shift of each curve is
due to differences in thermal coefficients as discussed.
With calibration curves such as showu in this fgure. Lie
sty 2ss state within solid propellants could be measured by
separating nut the temperature contribution to the trans:
ducer output.

4. Stress or Strain Transducers

It has beei: shewn that the response of one transducer
can be characterized by Eq. ‘1). However, if three such
transducers are position~d within a material along the
three principal stress directions, the three principal
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Fig. 6. Compressive stress-temperaiure-resistance response of transducer
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stress©s within a point region of propellaut can be evalu-
ated by the following three equutions:

262 = A, = By, = Be (Transducer 1)
P

Ap.
=f: = B¢, ~ Av. — Bo. Transducer 2) (3

Pu

Ap.
o

= Ba; ~ Beo. - Ao, (Transducer 31

Note that <ymmetry of =}, = =}, means that only two
coefficients are required [Eq. (1)]. Another assump-
tion is that the three transducers have the sime piezo
resistive properties. Thus it is shown that the three
principal stresses can rcasonably be measured within

clastomers or sclid propellant, provided that the stress
rosette is oriented along the three principal directions of
stress. It is obvious that a stress field gradient within the
volume containing the rosette would introduce error.
However. Fig. 1 indicated that such a gradient may not
exist for several wpes of stress ficlds. The strains ex-
pertenced at some distance away from the transducer can
easily be 2067, us was the case for the shove-mentioned
pelvurethane resin. The only way this transducer could
be used to measure finite solid propellant straius would
be to require that the solid propellant coustitutive rela-
ticuship between stress and strain be known a priori.
Such relationships aie not vet in existence. One objective
in developing a mnizture stress transducer is to provide
a tool with which to establish such material property
constitutive equations for solid propellants.
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XIV. Research and Advanced Concepts

~

A. O-Ring-Alkali Metal
Compaiibility

W. Phillips

N65- 32438

A series of eleven O-ring ma'erials were exposed to
static potassium at S00°F for 500 nr (Fig. 1). Buna N was
the only material which retained its initial shiny, smooth,
and elastic characterisiics. Six other O-rings remained in
fairly good condition, retaining their smooth surface and
elasticity. These were: polyacrylic, L.utyl, silicone, fluoro-

ilicone, nratural rubber, and nitrile MIL-P5315A. The
neoprene was attacked, and the aerylite was completely
de. trured. The Teflon and Buna S were hardened and
roughened, respectively.

L]

An ;dentical series of rings was exposed! to solid lithium
at th: vame temperature. The five rings vbown in Fig. 2
werce hardened and attacked. These were Euna N, acrylic,
Buna 3, neoprene, and nitrile MIL-P5315A. The silicone
rubver ring was complately destroyed aid r.ot recovered.
The buty! ring was softened to » plastic unisable stute.

132

The remaining rings—polyacrylate, natural rubber, Tef-
lon, and finoro-silicone—appeared in satisfactory con-
dition. Another series of O-rings are currertly in test at
450°F in molten lithium.

Table 1. Summary of O-ring~.:"ali metal compatibiiity

I Condition after Condition aftar
Numb Compound potossivm lithium
exposure’ sxposure”

1 Buna N Very good Hardened

2 Acrylate Destroyed Hardened

3 Buna § Lurface roughness | Hardened

4 Polyacrylic Good Good

5 Neoprene Attacke Hardened

[ Naiuviu! bber Good Sood

e Silicone Good Destroyed

8 Teflon Hardened { Good

9 Butyl Good Sottened
10 Fluora-silicona Good Good
11 Nitrile MIL P5315A | Good Hardensd

*Exposures ware ot 300°F for 500 hr, The polastivm was molten and the lithium
sorid at this temparature,
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! Fig. 1. O-rings after exposure to potassium at 300°F
for 5GC Li
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B. Axisym’r‘nééic éféalt:lg %Iow of
a Swirling Compressible Fluid
Through a Convergent-
Divergent Nozzle Without
External Heat Transfer
P. F. Massier

1. Introduction

Axisymmetric swirling flow through a nozzle may
occur, for example, ir the exit nozzle of an arc jet or in

JPL SPACE P‘ROGRAMS SUMMARY NO. 37-33, VOL. IV

CO
O O
O

Fig. 2. O-rings on left attacked by contuct with solid
lithium at 300°F for 500 hr compared to
those expose:d to potassium

the exit nozzle of a vortex tube. For the case of an arc-jet
nozzle, swirling flow may have a significant iniuence on
the heat flux to the nozzle wall, in particular ir: the con-
vergent portion, as was shown in Ref. 1. In order to gain
a better understanding of the flow field which in turn
influences convective heat transfer, an investigation of
ambient temperature swirling flows through nozzles was
initiated in conjunction with present ionized gas-low
expernuents. The steady swirling motion of a real fluid
that flows througn an axisymmetric convergent-divergent
nozzle is three-dimensional and viscous. Because of the
complexity associated with the mathematics required to
describe a real flow of this type, the analysis presented is
one in which numerous assuinptions are made in order tc
greatly simplify the approach.

Preliminary experiments have been performed with
argon ai approximately .mbient temperature using the
apparatus configu-ation shown in Fig. 3. The measure-
ments that were made—namely, the temperature and
radial static pressure distribution along the end wall
located upstream of the nozzle inlet, the static prassvre
distribution along the nozzle wall, the average inlet gas
temperature, and tie mass flow rate—were used in the
analysis to establish quantities that were not measured,
such as the axiai and tangential components of the
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velocity. Experimoatal cesuits are shown for one test in
v-hich the stagnation prassure was 13 2 § sia. For this test
the mjection velocity into . %ie mixing chaniber, which was
tangential, was 136 f./sec. The gas was injected througn
four §.250-in -T holes spaced 90 deg upart. On *he ond
wail the diameter of the five pressure laps nearest the
enterline vs 0.011 in, and for the remoining hoiss
the diameter was 0.01% in. The length-to-diameter ratios
were arproximately Z for .he smaller dismeter holes and
3 for the lo-ger holes. The diameter of the pressu.e tap
holes on the uozzle was 0.019 a., and *he length-to-
diameter ratio of these holes ranged from 4 to 25.

The analytical probizm is analogous to, but more gen-
era) than, plane one-dimensioral flow through a nozzle.
That iy, as in plane one-dimensional dow, the radial com-
ponent of the velocity is neglected and the axial velocity
distribution is considered to be uniform at any given
plane normal to the nozzie axis. Unlike plane one-
dimens:onal flow, howzver, Loth the tangential and axial
components of the velocity are takeu into account. The
experimental tangential velocity distributions were deter-
mined from the temperature and static pressure measure-
meats along the end wall, and as a consequence of the
analysis were taken to be the same at the nozzle inlet.
As established by numerous other investigations of flows
in vortex tubes, two flow regions were found to exist.
Near the centerline the swirling flow rotates with a
velocity distribution similar to that of a sclid body, and
in the outer anrulus the velocity distribution is similar to
that of a potential vortex. A transitior. occurs between the
two swining fiow regions. Although it is primarily the
injection technique and the viccosity that cause the fluid
to fom two regions in which the tangential velocity
distniations are different, the expansicn process through
e nozzle is assumed to be reveisible and adiabatic both
in the core and in the outer annulus. The decrease in
pressure along the flow direction, resuiting from the
expansion process, is associated with an iicrease only in
the asial component of the velocity. Hence, the tangential
velocity component is a unique function of radius
throughout the nozzle and is not a function of uxial
position,

Z. Major Assuinptions

The general ecuations of motior: {Ref. 2) are simplified
into a set of equations that may be used in both the
annulus and the core of the swirling flow by introducing
the following general assumptions:

{1) No body forces exist.

(2) The flow is steady.

JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV

(3) The radial component ot *he velocit is negligible.

(4) The distribution of the axial veiocity component is
unifsrm at any plane normal io the axis.

(5) The flow is axially symnuetric.
(€) The gas is perfect; therefore,
prp = RT (1)
¢, = coustant
(%) The 9uid is nontisce us.
(8) TFe flow is adiabatic.

Perhaps the most restrictive and nonrealistic of these
assumptions is that the radial component of the velocity
is neglected. A radial velocity component must exist in
the flow field whenever the walls of a duct converge or
diverge, as they do in a nozzle, Thic can have a significant
influence on some of the fiow variables, such as static
pressure and mass flux (Ref. ). However, since plane one-
dimensional flow theory has been used with considerable
success to establish relationships among the flow v'-viables
for nouswirling axial flow in convergant divergent nozzles,
the radial velocity cou ponent in swirling flow is not
considered in the present investigation. Besidzs these
assumptions and those state in the introduction, addi-
“iona} assumptions are discussed throughout the analysis.

3. Simplified Equations of Motion

The eqnations that result by introducing the eight
asoumptions listed in the previous section into the eyua-
tions of motion are as rollows:

Continuity:
Apw) 0 (2)

0z

Radial momentum:

o0 P ;
r or @)
Tangential raomentum:
A .
pww -;—z— =0 (4)
Axial momentum:
ow 2
o T T ®)

138




()

JPL SPACE PROGRAMS 3iJMMARY NO. 37-33. vOL.. IV

Energy:
T _ op
PO T =TT )

4. The Flow Field at the Nozzile Inlet

The expenmaental tangental voiacity distrihution at the
rozzl: intet was determiaed from the temperature and
static. pressure mzasur zinents aiong the en w2l which
was located upstream of the nozzle inlet -is shown in
Fig. 3. The validity of llus methed -is ‘establi-hed Ly use
of Egs. (2) and {4). The produdt pe is a constant between
the end wali and the nozzie inlet as established by Eq. (2},
because the diameter in this region is constant. Also, ptc
is ne. zero; therefore, by Eq. (4)
= =0 - M
Hence. the tangential velocity is incependent of axial
- 5on and. therefore, can: depend at most-enly on the
ragai vecrdinate This eondition 1s a consequence or the

__pupviscons “and axial symmetry assmapticas and of ne-

glecting the radial velocity. The fact that the tangential
~elocity v does depend on the radius is established by
Eq. (3). ]

In order to evaluate the tangential velocity, both the
densitv and radial static pressure gradiont most be known
at exch radial position. The end wall static-pressure dis-
tribution 1, shown in Fig. 4, avd th: pressure gradient
distributior, ¢s Jetermined graphically from the pressure

i — —% 3
I ; 1 ___i 2
H | MIXING CHAMBER ~] ]
o | { . WALL LOCATiON i
2 7N e, H 1 T
! ! }Lsnmc PRESSURE ! !
% 100 e ! by + _‘it,ﬁ___i
" i1 DN—s-acNaTION PRESSURE J |
T a0 \ d— ———f—+ } e
a | I \—NOZZLE THROAT RADIUS l i
g 60 + .!._m_? } } 1 ¢ —
b TEST Nec. H2-24C
“4g +— 5, = 15.2 psio
[ , ; T - 65°F
____1'__, - — | -
o Lo
o FI LU S
(] * 0.2 0.4 0.6 08 [K¢]
RADIUS 4 in,

Fiy. 4. Static and stagnation piessyre distributions at
the nozzle inlet for argon flow with swir}
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RADIAL PKESSURE GRADIENT dp /s, 1b/in

BT TTT T T : _ H
P S . .
|zo[ a.——'-—i-»——.-——----—:—-—-.»~» Tee e o e

1 TEST No. .i2-24C

H . : :
e !“%” et ——  Z = 15.2 psic
I .

L= 65°F

i ~NOZZLE THSOAT RADIUS

3

- EP—— - —

3

MIXING CHAMBER — _
WALL LOCATION ™

= 13 = T = by -
H i : < )
H . . M

o
RADIUS 7, in.

Fig. 5. Radial pressure-gradient distribution along
the end wall for orgon flow with swirl

distrib-ition plotred on a greativ expanded scale, i
shown im £ig. 5. The densitv was obtained by iteration
with the use of Egs. {1. and (3} as well as Eqs. 12} and
(9) that follow-

(T, —T)=K(T,—T) 8)
ﬁ'.‘.
T —1) =57 (©)

Eq.. (8} is a definition of a recovery factor for thermo-
couples. For these test; bare wire thermoccuples were
installed through the end wall, v/hich, acce. ding to Ref. 4,
have a recovery factor of about 0.65. Eq. (9) is a “orm of
the energy equation. It does not contain other v.locity
components, becuuse at the end wall the ‘an: :ntial
velocity probably dominates the other possitie compo-
nents, at least for the purpose of evaluating the tempera-
ture in this manner. The iteration procedure ‘was initiated
by assuming the thermocouple temperature t. be the
static temperature in Eq. (1} The temperture Jis*ribu-
tions obtained by this prucedure are shown in Fig, 6, and
the taagential velocity d'stribution is stowu m Fig. 7.
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Fig. 6. Gas temperature distributions for argon
i;ow with swirl
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Fig. 7. Velocity distributions at the nozzle inlet for
argon flow with swirl

Actually, two tests at nearly the same stagnation tem-
perature and pressire were performed to obtain these
results, one with an cnd wall that contained static: pres-
sure taps and the other with an end wali that contained
thermocouples, An adjustment was made for ihe siight

el
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diffc. .oce in inlet tempe sturc as ingicated in the note
in Fig. 6, anc a simila- ajjustment was mad: for the
pressure. The stagration pressure was computed using
the following cquatic: -

hEd

p=p+ L.-,,‘,“ (10)
This pressure disi=Lotion is shown in ™ig. 4.

It is apparent in Fig. 6 that energy transler occurred
within the vortex, since the stagnation temyp:ralure is not
uniform. All the ‘emperatures at the centerline are the
same because the velocity here is taken tc be ~ero.

The tangential vejocity distribution of a potential vor-
tex (- = 4.63 ft*/sec) is shown ip Fig. 7 i6r comparison
with the experimental results. The consznt was arbi-
irandy chosen to match one of the data points. Ii is
ay parent that in the vuter part «1 the vortex the tangen-
tial velocity disaribution is more s..arly thit of a potential
vortex than it is of a solid-bocy ¥pr of rotation which
approximates the distribution i~ the core. Subsequent
s:sts not shown in which the peak tangential velocity has
shifted to a larger radivs indicate the sclid-body tvpe of
zotation in the core more clearly. In addition to the tan-
gential velucity Fig. 7 also shows the axial componzant of
the veiocity : . the nozzle inlet which was deteimined
from the foiloving form of the continuity equa’ion

M= pery Ac W (1)
The average Gensity acioss e cross-sect.on at the nozzle
inlet was evaluated graphically by use of the end wall
measurements, and it is of course assumed that at the
nozzle infet the axial velocity is uniform.

5. The flow Field in the Nozzle

In the nozzle the same conditioss apply with respect
to the tangential velocty as between the end wall und
the nozzie inlet; that is, v is a furction of the radius only
as shown by the experimental dzta in Fig 7. As a con-
cequence, the flow expansion process resultirg from the
axial pressure g:adient influenc2s onlv the axial compo-
nent of the velocity and the vaines of tae thermodynanin
properties. The axiul velocit is asstmed to be uniform
at any cross-section in the n.;: 7  The radial static pros-
sure distribution normalized tu the measurad value at the
wall is assuiued to be identical from the centerline to the
locai wall radius at all axial positions incleding the end
wall. As a consequence, it “# as possible to establish aver-
age values of the density at ail axial locations where: wall

137

L T



.

giveond

*‘%4% - N "i-w'h

JPL SPACE PROGRAMS SUM2/RY NO. 37-533, VOL. IV

static pressures weic ‘neast-red by use of gr.uircal inte-
gration of cne curve of depsity ratio {p/p.) Versus A
The axial velociiy Kisaitatien in most of the o wergent
part of the nozzle was ‘then computed vatl: the use of
Eq. (11). In ordes w0 evuluate the averaye deniity it was
necessary to dete.mine the density at the wall. This was
done by isuming an isentropic expansion (not one-
dimensicncl) from the stagnation conditions determined
by end *vail measuvements at the local noz-:2 wall radius
to the measured static pressure on the nozzle wall. For
this pmpose the following equation wa: used:

5
=t (50 az)

For :rgon y = 1.67. The axial velocity was then added
vecterally to the tangential component in order to obtain
the resultant velocity V. This procedure was followed
for the first six data points beginning at the nozzie inj-t
shown in Fig. 8.

Beginning with the seventh data point from the inlet
Eqy. (13} was used to ~ompute the resultant velocity

P I =T

.. j2gyRT, (p)7 p

Vo= Pl - [ 13
\/ (-1 v P | (13,

This equation apglies for an isentropic (not one-
dimensional) expansion from the stagnation conditicn to
the measured static pressure on the nozzle wall. The axial

velocity was then obtained frem the resultant velocity .

a] the tangential velocit;. The nozzle was divided into
two regions in this manner, because near the inlet the
pressure ratio was not sufficiently accurate to obtain good
results from Eq. (13). Furthermore, in the-divergent region
the acciracy of the average density was believed to be
iess than that of the velocity determined by Eq. (13).
Between axial distences of 1.6 cnd 2.0 in. the velocities
determined by *h-se two methods agreed within 10%.

In Fig. 8 it ic apparent that in most of the convergent
part of the nozzle the tangenial velocity is considerably
larger than the axial roraponcnt; whereas, in the diver-
gent part, the axial component clearly dominates the tan-
gential. The ratio of these two velocities (tangential
divided Ly axial) is shcwn in Fig. 9, wlere it is very
evident that th= flow field in the convergent portion ‘s

" dominated by the swirl,

Since this investigition was initiated as a result of an
observed significant effect on nozzle heat flux resulting

138

fromn swirling flow (Ref. 1), 17 is appropriate tc also consider
the mass flu. - hick is a majoc paramet<r that influerce:
convective heat transfer. In Fig. 10 the ..* - of mass
Hux with swirl to that withont swiri at approsimateiv the
same stagnation pressuce is showr. 2s a furction of axia

“distance zlong the nozzle. It can be ceen that in the

convergent portion the mass flux with the anount of
swirl piesent, as discussed, is much larger than when
swirl is not present; hence, the convectve heat flux
would be expected to be much higher witl. swisl.

Since the velocities and mass fluxes discut.ed were
obaained from the static pressure me surements along
the nozzle wall they are the values in the free streain at
the edge of a presimably thin bound-.rv layer. The vari-
ables at the edge of the boundary !iyer are among the
importan: ones that influence the convective heat flux

¢. kelevance of These Resuits to Those of the
Heat-Transfer Tests

The heat-transfer tests of Ref. 1 were conducted with.
a nozzle that had convergent ‘ nd divergent half angles
of 10 deg and a throat diamr ter of 0.6 in., which is a
di-ferent configuration from that of this nozzle (Fig. 8).
Furthermore, the heat-transfer tests were conducted at
a Lywer pressure, higher temperature, and with. a cathode,
anode and diffe rent tangential injector in the system. The
dif erences in configuration would certainly have a effect
on the flow field as would the gas properties; nowever,

_it 15 believed that qualitatively the trend in mass flux

rato indicated by Fig. 10 was present when' *he hear--
tra.isfer tests were performed. "t is anticipated Mhat addi-
tion:al cold How tests will be conducted v hich more
nearly represent the configuration used for the heat-
travster tests.

7. Cenclusions

The combination of the analysis and the sxperimental
results indicate that the swirling flow thiough a nozzle
con:ists of essentially two tvpes of swirling regions.. A
core exists in which the tangential velocity distribution
is cpyroximately that of solid body rotation, that is,.
1n/r == constant. In the outer annulus the tangential ve-
foc:ty distribution is more nearly that of a potential vor
tex; that is, or == constant. A consequence of the analysis
based on the simplifying assumptions is that the tan-
gential component of the velocity depends only on the
radial coordinate and not on the axial coordinate. Hence
the expansion prucess results i an increase of only the
axial component of the velocity.
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F.i the amount of swirl injected in the test analyzed
the tangential velocity deminated the axial velocity in
most of the coiwergent part of the nozzle; whereas, the
axial ¢ mponent dominated in the divergent part. Also,
in the convergent part of the nouzzle the mass Jux near
ihe wall for flow with swirl was much higher than for
flow without swirl, but this edect diminished 2 the fov:

progresssed along the nozzle. This Ligh local mass dux
with swirl undoubtedly w25 rhe major factor that in-
fluenced the previcusiv observed high heat flux for an
approximaiciy similar flow condition.

A definition of terms used in this section appears in
the following table.

Definition of Terms

.

A, cross sectional wea

¢, specific heal at constant pressure
nozzle throat diameter ‘

g gravitahonal constant

X constant -+ 0.65

m  mass flow rate

p static pressure

p: stagnation pressuie

r radial coordinate
R gas ccastant
T swtic temperature
T, thermocouple temperature

T, stagnation temperature

V  resultant velocity

v tangential component of velocity
w axial component of veluo'ty

% axial coordinate

y specific Lieat ratio

p static density

Subscripts

» coudition at the nozzie wall or outer
reriphery

ag average conditicns
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C. Liquid MHD Power Conversion

D. Elliott, D. Crrini, . Eddira-on, L, Hays
cnd E. Weinbery

The long lifetines remuired of electric-propulsion
powerplants make uonrotating cycles at:ractive A non-
rotating powerplant under investigation at JPL is the
ligud magueiohydrodynamic system snown schemat-
ically ir Fig. 11. In this cycle a fluid, such as cesium,
circulates in the vapor loop and causes a liquid metal,
such as lithium, to circulate through an MDD generator
in the liquid loop. The cesium .eaves the radiator as
condensate, flows “hrough an EM pump to the mix-.r,
vaporizes on con‘act with the lithium, atomizes and
accelerates the litaium in the nozzle, separates from the
lithium in the separator, and returns to the radiator. The
lithiom leaves the sencrator at high velocity (typically
500 ft/sec), decclerates through the production of elec-
tric povrer in the MHD generator, and leaves the gener-
ator with suffcient velocity (typiceliy 390 ft/sec) to
return througth. a diffuser to the rerctor, where the lith-
fum is rcheated.

Results of nozzle, separator, and diffuser investigations,
and estimates of cycle perrormance were presented in
Ref. 5, and DC generato- experimeuts were reported in
Ref. 6. Futher electrical a* 1 hydraulic investigations
were discussec in Rets. 7-11 and are continuing.

1. Wall Shear in Two-Phase Flow

Wall shear stress has been determined for two differ-
ent liquid volume ratios in twc phase flow of the type
leaving, the separatcr in an *HD conversion system.
The :esults suggest a simple relationship for predicting
the wall shear.

PUAIP " RADIATOR

VAPOR LOOP

PxFFUSER7
" wHD |
MIXZR /f‘EZZLC SEPARATOR] GENERATOEJ_’[-*
WP — J L.
LIQUID LOOP
REACTOR —

Fig. 11. Liquid MHD power conversion cycie
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The injector of the supcrsonic two-phase tunnel de-
scribed in Ref. 8 was attached to a 15-in.-long duct of
0.75- X 1.95-.n, cruss-section. The assembly was mounted
on a thrust stand with a dicital thrust-measuring system
indicating to tenths of a pound. Twc phase flow of 0.5
liguid volume fraction was injected at velocities from
146 to 330 ft’sec af atmospheric pressure Sect'ans of
duct approximately 2 iu. long were removed between
thrust measurer,ente and wall shear siress . was de-
termined from

thrust increasc _ AF
wall . rea removed  AA

Tw

From a previous. less accurate, experiment of this type,
wall shear results corresponding to a liquid volume frac-
tiorr of 0.35 were also availuble.

By ccmputing 7., corresponding to a completely water-
filled duct at the same flow velocity, the ratio r,/r, was
determined for each velocity and plotted versus iiquid
volume fraction for the two groups of data. The cesults are
shown in Fig.12. Comparison with a straight iine between
zero (wall shear with pure gas would ke 0.0013 r,., or
essentielly zero) and 1.0 shows that the simpe relationship

T = 1, X liquid velome fraction

can be conservatively used tor predicting wall shear in a
bigh-velocity homogeneuvus two-phiase flow of this type.

The above relationship is equivalent to utiliziug the
misture density (o = liquid density X liquid volume
fraction, ignorinz ga: density) of the two-phase fiow and
calculating the shecx stress as though the misture wvere
a single-phase medium If friction factors for the experi-
ments are computed based on mixture density and
plotted versus Reynolds number baszd on mixture den-
st »ud liquid viscosity. the resulis for the 0.5-volume
fra . case (Fig. 13) fall within 10% of the Prandtl-
Vo im'm . csistance Ia\V.

.. AC Generator End Etfects

A method has been found for mimmizing the end
losses in AC induction gencrators by adding compeasat-
ing poles to cancel the flux changes at zero slip and thus
achieving, in a cne-wavelength generator, subst.utially
the “infinite length” efficiency. An cxperimenta! 5-kw
one-wavelength generator using this method is being
fabricated. This generator will have an cfficiency of only
about 40%), bt the desired efficiency level of 60 to 70%
appears attainable at the 300-kw level, as discussed late..

|
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Two AC generator geometries are of iaterest for a
full-scale conversion system; the annuler generator (Fig.
14} which would be w {1 in conjunction with a conical
separator (Ref. 5} and the flat gencrator (Fig. 15) whicl
would be used with a two-dimensional separator (Ref. 11)
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Fig. 13. Comparison of measured friction factor based
on mixture density with Prandtl-von Karmén law
(liquid volvme fraction = 0.5)

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. v

LAMATEDR STATOR C(?Pt37
T
%\ /
[ /
E Uy
v " N /’
-7 ‘<

WINDING SLOTS-—

N

Fig. 14. Annular AC generator

In the annular generator the liquid metai. enters a
channel of cirrumference ¢, m»*-hing the cp..; nference
of the exit of the separator cone, and of gap &, matching
the thickness of the liquid film leaving the separator.
The inlet velocity is U,. Within the generator the liguid
passes through a traveling-wave magnetic field. radially
directed, ‘produced by polyphase windings in zlots i1 the
inner and outer laminated stators. The field travels more
slowly than the fluid and induces circumferential currents
in it. The currents wroduce two effects: (1) they retard
the Auid arl (2) they mduce voltages in the windings to.
provide the desired AC power output. Due to th:
retarding ‘orce the fluid decelerates, in length L. to

“velocity U, at the generator exit. The gap b increases to

accomaodate the decreased velocity while maintaining
constant pressure as dictated by cycle considerations.
The circumnference ¢ also increases as the channel follows
the angle cf the separator exit,

The cperation of the generator is entrely equivalent
to that of a squurel-cage inductior motor, with the
squirrel-cage rotor replaced by the liquid metal.

In the dat generator (Fig. {5) the channel is rectrngu-
lar with -conducting side plates. The circumference ¢ is
replaced by the distauce between the side plates. Here,
the currents in the fluid JJow into and out of the conduct-
ing side plates, instead of <losing on themselves as in the
annular generator. Within the fluid, however, there is no
difference in behavior between the two generators, and
performnnce is the same provided the annual generator
has no net current flowing around its circumference, a
case excluded by the side plates in the flat generator.
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. Two reqmrements on Ilquxd-metal AC «rex.erators are
- apparent at the outsct. First, the lirge fnctnn loss in
’ lngh-ve}oc:ty hqtud flow _dictatcs “that the- generator
.. Jengiirbe ‘as short-as po,sxble Since this length is de-
-termined by the magneti: fic)d available to Jrovide the
"~ ‘mecessary velocity cheug:, the field must, ideally, reach

fuli~amphtude at the inl2t of the generator and remain

. constant thrcughont its length, limited only by satura-
“tion of the iron. Second, the amount of .copper must be

minimized to provide maximum iron length fraction for

* maximum chairel field at saturation, and, since each pole -

requires the”sz-ue ampere-turns. this means that the -

* fewest possible poles (two poles = one wavelergth)

. should be used. Two ples ar» the fewest that can be.
employed thhout an ecternal magnetic return path or

" power,_output pulsahon 'md t}mt number, therefore, is
the: obvxous choice. : .

The use of a consta 1t-amphtude travelmg magnetic
Seld mtmduces 4 pot:ntially. serious- loss mechanism
~W’11£‘h can be visualize 1 by following a particular fluid

LT Ting thmugh an anaular generator, as illustrated in Fig,

18. For. simplicity, the « rcu re‘ﬂence ard fluid veloclty
w1ll be assumed constent. :

Cans:der, first, thg case of zero shp, de., the fluid .

»e'ocnty U equal to the wave vclomty u,., and consider
a ring locat=d at-a :ero field point as rtowa. As the ring

-moves into the generator at posiiion: (a) it initially has

no flux linking it, siuce -all the iron is to the right. But

“as-the ring moves {urtherinto the generator, for example.

vne-quaarter of the way, as at posmon (h), the ring be-

" zomes linked by the flux from the Bogvnw.a 4 hall pole

./J

. VOL. IV

MAGSNETIC FIELD
STRENGTH, 8§

el

e

~~

'L

S (}]

~

Fig. 16. Changng flux iinkagas H.rough a fluid ring
iraveling at wave speed in an aanular generator.
Shaded area :epresents the flux linking the ring



which has entered between the ring and the entrance
(one poie of flux = ¢,). When the ring reaches the mid-
dle of the generator; position (c), it bas become linked
by one full pole of flux. As the ring proceeds further,
an upward pele moves into the generator and provides
a return path for some of the flux which had been link-
ing the ring. At the three-quarter point, position (d),
only a half pule of flux still links the ring, and as the ring
reaches the exit, position (e), the flux linking the ring has
returned to zero.

When other rings are followed through the generator
it is found that the amount ¢f fiux linking each ring

depends on *he ting position relative.to the wave. hui -

ot the rate of change of flux for all rings at a given
instant of time is the same. Thus a travs-.mg—“ ave mag-

" netic field bounded by fixed '-nds induces circumferential

carrents in the fiuid even at-zéro slip. It can be shown
that the currents preduced by tlis effect, and the re-
sulting ohmic heating losses, are g.eater than can be
tolerated. In fact, the maximum efficiency attainable sub-
ject to this effect, neglecting reaction fields due to the
fluid current. is 17% , originally shown by Blake in Ref. 12.

This result seems, at first glance, inconsistent with the
relatively. good efficiencies, as high as 45%, obtainea

with travelmg—wave induction pumps which are con-

structed like the flat generaior of Fig. 15. The explana-
tion is that the side plates block any net circumferential
currents. An AC voltage appears between the side plates
insteac, producing shunt end currents 2s in a DC gen-
erator. i’ut for channel iengths greater th:n absut four
times the channel width, as has heen the case with
pumps, e shunt end losses are only about 20% or less,
especially when further reduced by the customary
“greding” of the magnetic field amplitude at the ends.

The side-pl-te remedy is probably not- adequate for
high-velocity: hquid-metal generators, because the length
is limited by friction to no mcre than twice the w:dih,
while the efficiencies needed would require, for a constant-

- amplitude wave, lengths greater than four times the width.

Severa! treatments of tie finite-length annular induc-
tic'. o . rator have been published. Pierson and Jackson
(Rofs. 13 and 14) solved the case of finite winding length

nd i finite iron length. This analysis, apolied to two-

pole L nerators suitable for a 300-kw system, showec
efficiencies no higher than 20%'. Peschka, Kelm, and
* Analysis made by E. S. Pierson and W. I, Jackson of Massachusetts
Institute of Technolog:.
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Engeln (Ref. 15) solved the semi-infinite case and showed
efficiencies of 70 to 80%, without friction, at the condi-
tions of interest; Ref. 13 does not precent sufficient detail
to permit locating the discrepancy relative to Refs. 13
and 14, and the favorable results must be hell in ques-
tion. Schwab (Ref. 16) solved the problem closes! to the
practical case, that of buth finite-length winding and
iron, but presented no efficiency resaits. Sudan (Ref. 17)
analyzed the finite winding. fufinite-iron case with results
equivalent to Piersor’s and Jackson’s and also showed the
possibility of = winding distribution which would eFm-
inate the end effects. The latier is probably related to the
eompensa ‘ng pole scheme discnssed below.

Althoagh differences and discrepancies & ween the
various p.abtished analyses. and scarcity ¢! performance
calculatiors based on thern, cloud the picture somewhat,
it seams clear that the basic finite-longth AC generator
Lias unacceptable losses and must be modified. The mod-
ification that seems most promising is to add “compensat-
ing poles” at each end of tine generator, as illustrated in
Fig. 17. These compensating poles operate as follows:

As the fiuid ring considered in Fig. 16 enters the gen-
erator, the sinusoidally excited compensating poles are
synchronized to provide a downward half pole ~f flux
linking the ring. At position (b) the compensating pole
flux goes through zero, leaving the downward half . le of
flux from the traveling wave Laking th-. ring. As the ring
reaches the halfway point, position (c ., the compensating
poies provide an upward half pole of flux which cancels
half of the tvaveling wave pole linking the ring. so that
the net flux is still only half a pole. This process contirues
threugh positions (d) and (e), with_ the compensating
poles always adding or subtracting enough flux to hold
the flux through the ring constant at half a Hole.

When other rings at Jdiff rent positions relative to the
traveling wave are followed through the generator, it is
found that the flux linkage is different for each. ring, but
remains constant throughout the traveling wave region.
‘Thus, no current is induced at zero slip and ideal “in-
finite length” conditions have been restored in the travel-
ing wave region.

The cost of this remedy is the additional friction and
electrical losses in the compensating pole regions. How-
e o1, induced currents can be minimized by vanes or
How-splitting pins in these regions, and the capture slot
and diffuser regions already present can be made the
locations for the compensating poie §eld, requiring little
or no additional duct friction.

145



Tt

Vol e
LI '“Wu\m

&

JPL SPACE PROGRAMS SUMMARY NO. 37-33.

MAGNET!C FIELD
STRENGTH &

_21 N\t L]
{a) - L# \ ‘ -
R N, ’
\S\X H—’U \/ |
Sl N
{v) | A\ >
W % N\
W
{c) \\t\ \ 4 >
{d) —
N b
(e) N’\ / \\ : /A‘ -~
AN \‘/]'J;

Je+— TRAVELING-WAVE REGION —#s]

b—————— — COGMPENSATING POLES

Fig. 17. Constancy cf flux linkage through a fluid
ring when compensating poles are added

3. Limiting Performance of AC Generators

With end effects removed from the traveling wave
region, the limiting performance capability of AC gener-
ators can readily bz detcrmined.

Referring to Fig. 14, consider the fuid ring of length
dx at distance x from the inlet, traveling at velocity U.

vOL. IV

Let B be the RMS field and J be the RMS emrert den-
sity at that position. The electrical retarding force on
the ring is

Blbed-
and the friction retarding force is
p U=C ;Cd X

where ; is the fluid density and C, is the skin-friction
ceefficient. At constant pressure the momentum equation
is. theiefore

#dU = — (BJb + oUCedx (17
where m is the mass fiow rate,
m = pUbC (L‘
The ohmic heaiing power in the ring is
- J*bc 2

where ¢ is the electrical conductivity.

The electric ouiput power dP. from the ring must
equal the difference between the power extracted from
the fiuid, by electrical retarding force, and the ohmic
heating loss. Thus, the energy equation is

dP, = (B]bU _ b g, @
</

Substitnting dx from: Eq. (1) and employing Eq. {2) to
eliminate (b). the increment of power output obtained
for a_given increment of velocity change is

1
‘Ul- 1 oBU
m L+ P:LT:(ClC

" Bjm

dp, :: — dU 0

The maximum possible generator output occurs when
the expression in the brackets is maxiinized at each point
by optimiziug the current density through prope: vari-
ation of the slip. Differentiating the Lrarketed expression
and equating to zero, the optinmzn current density is

e[ [ToBb
Jors = —WL,\Il + pT'(-:: 1] (5)

The variation of current density iequired by Eq. (5) is a
steady decrease from the inlet o the exit

Substituting Eq. (5) into Eq. (4), integrating from
U, to U, to obtain the total power output, and dividing
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by the fluid power input m(U§ — U3 )/2. the generator efficiency is

+ G (6)
. ol S NTUNE U :
e
CJ\U:
where S, is the magnetic force coefficient at the inlet defined by
5, = aB*b, 7

U

Eq. (6) gives the muximum possible efficiency, considering friction and ohmic
heating losses, attainable with a constant-pressure MHD generator operating at
aniform field amplitude and constant fluid properties. It applies to both AC and
DC generators, with B referring to the RMS field in the AC case and the steady
field in the DC case.

Integrating Eq. (1, between x = 0 and r = L, using the optimum current
density from Eq. (5), the generator length is

T f o)) “vele)

= l——l : (8)
\ c, i \(‘ |

Fig. 8 presents efficiencies calenlated from Eq. (6) as a function of magnetic
force coefficient divided by skin-friction coeflicient for generator velocity ratios
U./U,, from 0.4 to 0.8, the range ot practical interest. It is seen that the ratio
$,/C. must be at least 10 to provide the desmea efficiencies of 60% or more.

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL.
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For a 300-kw(e) cesium-lithium MHD conversion sys-
t=m the approximiate generator operating conditions are:

m = 130 Ib/sec
U, = 500 ft/sec
7= 300 ft/scc
o = 27.2 ib/ft? (lithium)
¢ = 2.0 X 10* mho/cm
¢ = 27 in. (annular generator)
¢ = 9 in. (flat generator)
b, = 0.05 in. (annular generator)
b, = 0.15 in. (Hat generator)
C,; = 0.6032

For the annular generator at 10 kgauss RMS field, a
value difficult but probably possible to attain, the value
of §,/C, is 12, and the correspording efficiency in Fig. 18
is 0.63. With a two-dimensional separator and a flat gen-
erator a threefold increase in S, is obtained, raising the
¢fficiency to 0.76.

As described in Ref. 11, it has been found possible fo
achieve a twofold reduction in skin-friction coefficient
by injecting gas between the liquid and the wall. If this

[1+] oummaned ] ] T
' /%Lé
i
09p- WALL TNJECTION - =1 ]
P \ //
300 kw FLAT %
08 L/
7 4
- Z
ol 3 300 kw /
Sila_ 07— ANNULARRG——/ -
2 i //
S 23 !
—2.04
L os “ 06 A\
g aas 4/ 5 kw
5 osf— —--— 3y -
NNV

i8I

02

4 6 10! 2 ']3 & 02 2 A
MAGNETIC FORCE COEFFICIENT S, 8%,
SKIN FRICTION COEFFICIENT ¢y = pUily

Fig. lé. Limiting efficiency of constant-pressuie
1,HD generators
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can be achieved in the flat generator with no sacrifice in
field strength from the wider gap, then S,/C, can be
increased to 72 and the efficieacy raised to ).83.

Boundary injection of gas would not only reduce the
skin-fricticn coefficient but also flatten: the velocity profile
which, it unchanged from the fullv developed turbulent
profile, would actually set a limit of about 80% on gen-
erator efficiency, regardless of S,/C; Inherent in the
upper end of the curves in Fig. 18, therr.fore, is the re-
quirement for at least partial detachment of the liquid
from the channel walls. This techniquc, partially demon-
strated in the tests reported in Ref. !1i, appears essential
for high' efficiency.

Fig. 19 shows how the generator efficiency varies with
the length parameter LC,;/b,. The efficiency is 1.0 at
zero length, requiring infinite tield, and Jdecreases with
increasing length (and decreasing field r.quirement) until
the length is reached at which the required velocity
reduction is achieved by friction alone, at zero field.

WALL INJECTION
L =56 n

300 kw FLAT
L=39n.

4
300 k» ANNULAR
>/_ L =22n
\(/— 5 kw
L \ L =1.8n

o 08 -
N \ \
[5)

-

08

EFFICIEN

\

o % d |
RIREES
N AN

0 02 04 ne o8

LENGTH PARAMETER %EL
t

Fig. 19. Effect of iength on limiting efficiercy of
constant-pressure MHD generaters
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Th~ lengths for the various 300-kw generators arz also
indicated. These vary from 2.2 to 5.6 in. The correspond-
ing operating frequencies for a two-pole generator range
from about 200¢ to 700 cps.

The efficiencies given by Figs. 18 and 19 miclude cnly
friction and fluid ohmic heating losses. Losses due to
boundary layer, compensating poles, windings, and irvo
core will reduce these efficiencies by 1C to 30 percentage
points. Therefore, prcbably only the flat version of the
3u0-kw generator, with wall injection, can be expecte.
to achieve a net efficiency of 60% or more.

4, Experimental AC Generator

A flat AC gencrator is being fabricated for testing with
NaK in the facility previously used for the DC gener-
ator tests (Ref. 6). ¥or simplicity, the generator will
operate at constant velocity with power denved from
pressure drop. The tests are intended to verify predicted
efficiency and demonstrate stable operation and start-up
with capacitor excitation. The dimensions and nominal
operating conditions of the experimental AC generator
are as follows:

iength of traveling-wave region L =18 in.
total length L, = 3.6 in.
width ¢ ' = 1,6 in.
channel gap b = 0.1 in.
fluid velocity U = 250 ft/sec
fow rate m =152 lb/sec
wave velocity U., = 190 fi/sec
slip s = -—-E,M—U"’ =03
frequency = 1280 cps

RMS field 3 = 6400 gauss

pressute drop (traveling-wave

region) Ap = 210 psi
mput power (traveling-waveregion) mAp 114 kw
predicted power output (traveling-
wave region) P, == 4,9 kw
efficiency (traveling-wave region) 5 ]él_qi = (.43

A constant-pressure generator of the saine power in-
put and mean velocity would have U./U, = 0.75 and
S,/C; = 11. These conditions are indicated in Figs. 18

JPL. SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

and 19, showing that the 5-kw experimental generator
operates near the conditions of interest for a 300-kw
avnuiar generator.

The difference between the Fig. 18 efficiency of 0.59
and the predicted net chiciency of 0.43 is due t. the
winding and core losses. The compensating poles are
expected to consume an additicnal 0.44 kw of the output
; ower and require 0.9 kw more input power due to addi-
toral clectrical retarding torce, reducing the over-all
efficiency to 0.36. If vane friction, possibly not required
it a convers:on system, is added. the efficiency is lower=d
to 0.32; ¢ al! the ad-itional duct friction, certainly not
required in a conversion system, is added, the final effi-
ciency is 0.26.

Comparing Fig. 18 with the predicted performance of
the experimental generator, i. is evident that AC gener-
ators have potentially high efficiency, provided numerous
parasitic losses can be minimized. Studies are in progress
to determine the extent of th2 latter in a 300-kw gener-
ator. Studies are also continuing on DC generators in
the light of recent improvements in inverters (Ref. 18)
which may permit operation at lower voltages than pre-
viously thought possible.

5. Cesium-Lithium Erosion Loop

Work is continuing ou the lithivm pump acceptarce
test. Bakeout of the vacuum chamber at temperatures
ranging ‘rom 400 to 800°F was accomplished. Thy: Cb-1Zr
pump loop was installed in the chamber and all welds
were field annealer! at 2200°F for 1 hr with tantalum
heaters.

Wedge-shaped specimens, representing separator tips,
have been mounted dowustream of the impinging lithinm
jet orifices for preliminary erosion evaluation. The speci-
mens include Ch Zr, thoriated tangsten, zirconitun car-
bide, tantalum carbide, and :itanium carbide. ¥ield
welding of the stainless steel loop conunections and load-
ing system is now being conducted.

A computer stress analysis has been completed for the
.nal configuration of the 2000°F cesium-lithium erosion
wop. All stresses are lower than the design value of cold-
set stress (10,000 psi) and limiting creep stress under hot
conditions (2000 pri). No design modifications appear
necessary. rabrication of the lines has been initiated,
and they are being assembled on the final support frame
of the locp.
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6. Cycle Analysis

All cesium-lithiim two-phase nozzle cases have been
computed for the temperature range 1800 to 2200°F,
and potassiurn-lithium computations are in progress. The
single-compenent program has been completed, and
computations are being made for potassium. No other
working fluids appear to offer advantages over these for
liquid MHD systems in this temperature range.

Upon completion of the nozzle computations, the cy<le
efficiencies and radiator areas of b:th separator ond con-
denser cycles will be comput-d. The results wili yield
refinement of prediced conversion system performance,
provide a consistent set of conmparisons between the var-
ious cycles that have been proposed, and establish the
optimum operating conditions toward which to orient
the experimental work.

N65 32441

D. Zero Gravity Feed System for
Mercury lon Engines
T. D. Masek and D. J. Kerrist

1. introduction

The mercury bombardment ijon engir.z has demon-
strated @ performance level sufficiently encouraring to
warrant its further consideration for missicn applica-
tionis. To make a valid evaluatior, however, requires that
this thrustor be operated in a coufiguration that approxi-
mates the requircments of an actual spacecraft. This
implies that the thrustor must be operated with a zero-
gravity propellant feed syscem and an automatic-control
system. Neither of the:e has been developed at this time.
A number of feed-system studies have been made at
vavious laboratories, br:t little usable hardware has
evolved (Refs. 19~./).

In linc with pr.vious werk on the mercury bombard-
ment engine (Refs. 25, 29), the Applications Study
Group is investigating the problem of the zero-gravity
mercury feed system. The present concept is based on
an expanding-diaphragm-type expansio . system, which
forces liquid mercury through a valve to a porous matrix
vaporizer, a flowmeter, and a higlh-voltage isolator. The
isolator permits the feed system to operate at spacecraft
ground and reduces mounting and high-+oltage isolation
problems. A schematic diagrain of th: system under

~TRANSFER VALVE

PROPELLANT
TANK

ENGINE
VAPORIZER SOLATOR _E.
H |
(A ]JI___J h

FLOWMETER !

‘ “SHUTOFF
VALVE

REGULATOR | |

GAS
STORAGE

Fig. 20. Zero-gravity feed system

investigation is shown in Fig. 20. Fig. 21 is a concepiual
design complete thrustor inodule nsing this feed system
In the present study, attention is being concentrated on
the tankage aud expulsion systemn, the vaporizer aud the
isolator. In the following discussion these components
will be treated individually.

2. Feed System Concept

The mercury ion engine requires a propellant fiow rate
on the order of 10* g/sec, regulated to a few percent.
The method used here tc accomplish thi: makes use of
the sensitivity of the flowraie ro vaporizer ternperature,
temperature gradient and fiquid mercury pressure.

The pressure, temperature, and mass flowrate of vapor
through a system of capillaries can be related by
(M ” l)(IP 128u1 _ 1 4t

o kT P )dx " D*m T dx

where
P

T = temperature, °K

il

pressure, dyncs/cm?®

M = atomic mass, g

m = mass flowrate, g/cni-sec

p = viscuosity, poise

1 = capillary length, cm

D = capillary diameter, cm

x = norrmalized distance along capillary
This equation shows the relative effects of temperature
and pressure on mass flowrate through a sintered norous
plug. Assumirg that the pressure at the inlet to the
vaporizer is the equilibrium vapor pressure correspond-

ing te the inlet temperature, that the outlet pressure is
negligible, and that the temperature distribution is given
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s

i by T =T, (1 + ax), where T, is the irlet temperature, 2 "3F T l I [
é: and «a is a constant, m was calculated to. various values Z: :(5) cf:‘
* of T,, and a and i¢ plotted in Fig. 22. Values of the other 10°2}--POROUS ROD DIAMETER = 0.955 cm — | s
M parameters are noted on the figure. The mass flowrate is S S — ol
! more sensitive to changes in inlet temperature than to 6 S _;{.‘/', 7
; changes in the ternperature gradient. At 350°C the rate X /
: of change of flow due to a AT, is 9.1 X 10-° g/sec-°Cbut ,, * Al oV R
b the change due to a chenge in outlet *temperature with i \\-a = -0.2
: the inlet temperature held constant is 7.9 < 10-* g/sec-°C. 7, \—— o |
) it seems likely that once the operating temperature range E’ — 0.2
is chosen, T, will be used to control the flowrate, because &« T 04
of the higher sensitivity. Without an claborate heating § o3
system, the temperacure distribution of the vaporizer ;
will also chenge slightly with changes in T.. This distri- & 6
butior change should not affect the flowrate control. = . _
The liguid pressure will be an important factor if N
liquid enters the vaporizer. The flowrate is inversely
proportional to the vapor path length but depends expo-
nentially on the temperature of ‘he liquid-vapor interface, IO S TS S45 3o
I‘ since this temperature determines the vapor pressure. e
Small changes in liquid pressure could move the position o
of the interface and could significantly affect the flow- Fig. 22. Mass flow rate as a function of vaperizer
rute if the vaporizer temperature is not uniform, inlet temperature for various values of &
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Surtace tension forces require pressares on the order of
10 psia in the liquid to force it into the vaporizer. The
vaporizer could be more easily controlled it the hqmd
pressure were kept below the surface tension force limit,
aua Lo :A\iuxu vapa Aul.blfu\.( wiiu Au(uutu;uud at thC
inlet to the vaporizer. Variations in the lignid nressure
would then have li‘tle effect on th.c mass flowrate. System
operation with the liquid-vapor interface at the entrance
and in the vaporizer is discussed in Section 6.

The liquid mercury pressure was of some concern in

the previous discussion because of the characteristics
of the expulsion system being studied. The meta! dia-
phragms tested thus far expand in & nonuniform manner
and experience a sudden expansion after about 10%
expulsion. The expansion causes a rapid pressure increase
ir the mercury liquid. If the liguid is in the vaporizer
(i-e., if the liquid pressure exceeds the surface tension
pressure) a serious problem could occur, since liquid
mercury could then be pushed completely through the
vaporizer. This is dae to the relativelv low impedance
of the vaporizer to liquid ficv'. Operation with the liquid
at the vaporizer entrance would not be seriously affected
by this transient, unless it exceeded the surface tension
and mercury. was forced into the vaporizer. The effects
of pressure transients on the system will be investigated
in this study.

The isolator being used is described in detail later
and is the same type being used at the Lewis ressarch
Center?. Isolators tested thus for are laboratory roodeis,
and {urther work is required to design and build & more
compact type.

3. Positive Expulsion System

In the present investigation, metal and elestomeric
diaphragms are being evaluated. Each type shows pre aise
for use in a spacecraft-type system but beth have a
number of problems in construction and opevation.

a. vetal diaphragm system. The wapln..gms being
tested are 0.003-, 0.004- and 0.005-in. thick 300 series
stainless steel, They are convoluted initially and are ex-
panded with gas pressure to form a hemispherc. When
placed back o back in a spnerically shaped tank, expan-
sion torces the prepellant out of the tank, A typical
unexpanded diaphragm is shown in Fig. 23. Fig, 24 shows
a set of expanded diaphragms. The wzmkle.s seen result
in a slight loss of expulsion efficiency. Expulsion test

*Private communication with P. D, Reader, Lewis Research Center,
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Fig. 23. Typical unexpanded diaphragm

results are surmnarized in Table 2. The low efficiencies
for the thinner diaphragms are the result of a poorly
sized tark. That is, the expanded diaphragms did not
fll the taok.

Laboratory tests thus far have used a bolted tank
which consists of two hemispherical <ections and . center
flarnge. The flange is equipped witl a knife edg which
ek s the diaphragms and provedes a liquid -ad gas
seal. The bolted tank is shown in Fiy- 25, The laboratcry

Table 2. Metal diapitioym iests

Thickness of
stainjess steal Effic.er v, Maximum
Evpellant diaphragm, - expulsion
in. prassure, psig
Wates 0.005 ¢ 13..6
! ] i K 134.4
j . t ; 4 133.4
| ! i ‘ 74.5 20.5
¥ ' E 94.0 98.5
Cesium I i 97.5 1o
! 965 110
l l I 97.5 125
' 97.0 125
‘ |
92.3 125
We e 0.004 {88.7 125
l j 9:.5 115
! 0.c03 1912 15
l
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tank weighs about 5 1b when ewipty and is far too heavy  are expected to provide a more uniform cxpulsion vate, - -

for spacecraft application. An all-welded tank is shown
in Fig. 26 and weighs 0.47 Ih. This is 8% of ‘the filled
tank weight and is near dight weight.

b. Rubber diaphragm system. A rubber diaphragm
system is peing studied because of the expulsion-rate
coatrol problem with metal diaphragms. The elastomers

due to their linear expansion with pressure.

Several ruhber materials have been given preliminary
water tests to determine expulsion efficiency and pres- 7.
sure requirements. The materials test. were neoprene, .
butyl, SBR, FPK and Nevea rubber. A summary o: the.
water tests performed to date is shown in Table. 3 The .

153

L] WA PAY MmN



;g *+
s 7
L
VJ.»'
- W
o2
E
,//:'»

R

Ar

i

A,

\

-,

j

;
!.
H

{

]

;

1

{.

;

SPL SPACE PROGRAMS SUNEMARY NO. 37-32. VOL. IV

Fig. 26. Mercury positive expulsion nnk, weided construction

excell nt efficiency of this type of diaphragm is quite
encouraging. These tests weore performed in the tank
“showrr in Fig. 25.

The vse of the elastomeric diaphragms poses a serious
probraia 5t tank weight, because of the nere sity to use
a bclted construction. To get around- this problem,
filarr-ent-wound fiberglass tanks have been fabiricated in
whi.:h rubber diaphragms aze integrally contained. These
tans, which t..\ ¢ approximately eight times the capacity
of theweldod tank, weigh about 2 Ib. A small fiberglass

Table 3. Rubber diapiragm tests

Maximum
o Expullant Diophiagm e:pulsion Thickness
. pressuze, psi

EPR kI 0.052
Neveo 2.7 0.035

Water Neoprene | -——-4:3- 0.045
Butyl Burst at 5.00 0.043
‘BR Burst a1 10,0 0.063 J

i54

gas pressurization tank a.. a wropellant tank are shown
in Fig. 27. This syste:rn has uot been tested at the
present time.

Fig. 27. Fiberglass pressurization tank
and propellant tank
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4. Propc:liant Vapo izer

The vaporizer being stedied us described in Section 2.
is a sintered 316 stainless steel rod. 509 dense. welded
in a stainless tube. A heater of nickel thiral coai is
wiapped on the tube to provic - the desired temperatur:
distribution. Thermocoup'es and a heat shield are then
attached. A vaporizer w:th heatr-, thermoeouples and
flanges is shown in Fig. 25, The let «th of s particular
vaporizer is 6 in

Fi¢i. 28. Typical vaporizer with heate. coil
and thermocouples

2orous 1ads of 30, 40, and 50% of theoretica! dewnsity
st rless steel have been evaluated. The 20 and 40%
materials were found 16 be too porous for this system;
lig.:d could be forced through them by relatively low
(< 3 psi) pressure, due to low surface-tension forces.
‘wne 307% dense materials have performed best thus far;
Lowever, mcie densc materials are being considered to
previde better flowrate control characteristics. The con-
troi of vapor flow as a function of vaporizer temperature
and liquid pressure is currenily being investigated.

Vaporizxr temperature versus heating power for a
50% dense vaporizer is plotted in Fig. 29 for the hot cnd
upstream and dowrnstreara. The difference between the
curves is a result ot different heat-transfer rates. When
operated with the cold end upstream, liquid ha? to be
forced into the vaporizer to provide the desired fowrate.
This provided a large path for heat conduction. With the
hot end in the upstream position, hquid mercury did not

—<4PL SPACE PROGRAMS SUAMARY NO. 37-33. VOL. 'V
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Fig. 29. Vaporizer heating power versus tempcrature

enter the vaporizer, and the heat conduction path was
considerably reduced. Typical steady-state tempcerature
profiles are shown in Fig 30.

Additional studies must be performad to determine
the minitnum vapurizer length and optimum temperature
distribution for control purposes. However, it now ap-
pears that the vapor flowrate is not exiremely sensiti-e
to temperature distribution and is primarily controll 3
as expected by the temperature of the liguid-vopor
interface.

5. Isolator

The mercury bombardment ion engine apera. at a
high positive voltage in « ~der to accelerate and focus ar
ion beam. Since it is conveuient to have the feed svstem
at spacecraft ground, three problems arise: (1) a portion
of the {eed line must be a good ‘nsulator and must with-
stand temperaturcs high enough te prevent propellant
condensation, (2) the pressure oo the mercury vapor in
the isolator must be such that a high voltage breakdown
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will not occur, and (3) the plasma in the engine must be
bcunded to restrict ion currents from flowing threugh
the plasma to ground.

The first problem is easily solved with a glass or
cerdinic tube. The tube can be heated to prevent con-
densatior,, with the required temperature depending on
the pressure in the isulator. initially a glass tube approx-
imately 1.3-in. 1D wuos chosen, based on isolators used
at Lewis Research Center. The pressure in the isolator
was calculated to be about 10-* toir, At this pressuic, a
ternpcrature greate: than ambieit should prevent con-
densation. In the ¢xperiments reported, the, isoiator heater
was operated ir series with the rest of the feed-line,
which, due to its sialler diameter (0.5 in.) «ad conse-
quently higher average pressure, had to be maistained
at a higher temperature to prevent mercury condunsi-
tion. The actual isolatur temperatiure was 200°C.

The second problem, that of = high voltage break-
dow.s, can be investigated with the nse of Paschen curve
data (Ref. 30). Fig. 51 is a plot f breakdown voltage
against Pd, where P is the pressurc and d is the spacing
between electrodes (in this .ase, ends of the isolator).
Using 107 torr and 5 kv, an isolator of any convenient
length is operabie, since Pd will be to the left of the
minimum on the curve for d less than 300 cm. A length
of 10 in. was chosen initially; however, a much shorter
length :hould work just as well.
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The las: problem is also easily sofved with the use of
a fine mesh screen placed in the isolator. Tests have indi-
cated that the screen can be operated at engine potential
or Jeft “Hrating.” The screen provides a boundary for
the plasma and the sheath formed restricts the plasma
from propagating upstream. A screen rolled into the
form of 2 <ore is being used for this purpose. The glass
isolator with a heater and thermocouples are shown in
Fig. 32. This isolator, usec i the iritial tests. broke near
one of the metal scals. A horon nitride ¢}ement was then
tabricated, which is siown in Fig. 33. The plasma
boundary screen and detaris of the heater can also he
seeu in this figure. The BN isolator i, 1.25-in. ID.

6. System Operation

The system presently being tested is shown on the
vacuum tank header in Fig. 34. Initial te-ts ‘ndicate that
the systemn operates as 2xpected. However, suficient op-
crational time has nut been logged to determ:ne quanti-
tative information about the control functions required.

The expulsion tank with metal diaphragms perfornied
as expected, although some extraneous problems were
intrcduced when operating ti:» system on a daily rather
than « continuous basis. The gas expulsion pressure was
reduced at the end of each day to eliminate any possi-
bility of pushing liqnid through the vaporizer. This
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cycling caused a diaphragm to crack, and the first run
had to be terminated.

During this first run, the vaporizer was operated with
the Lot end upstream ana with the liquid-vapor interface
at che vaporizer inlet. The vaporizer temperature was
found to control the flowrate quite adequateiy . The liquid
pressure had little effect, as onc might expect from the
discussion in Section 2. An automatic controller was used
to maintain the desired temperature at the upstream end
of the vaporizer.

A second ruxn is currently being made with new dia
phragms and with the vaporizer hot end downstream
and liquid in the vapo'- zer in order to evaluate the prob-
lems arising when the licuid-vapor interface is inside the
vaporizer. In this mod., the fiowrate has been difficult
to control with either temperaturz or pressure, due to
their interaction. Conclusive data are not yet available
on the operation of the sys*em in this mode.

The isolators (glass and boron nitride) operated prop-
er.y to as high a voltage as neelled—4.5 kv. Breakdown
did occur when the flowrate was excessive during several
starcups; huwever, steady-state ¢ peration was compietely
stable.

Table 4. Engine and feed system operating conditions

Engine Run 1 Run 2 Run 3 ' Run 4 Run 5 Run 6
V', ky 20 2.0 2.50 25 27 27
V-, kv 3.0 35 39 3.0 . 3.0
1", ma 400 460 500 522 550 580
", ma 33 3.6 3.8 3.8 4.5 5.0
Arc curcent, A 10 120 13.5 13.7 14.0 14.0
Aic vollage, v 35.0 36.C 36.0 37.5 J5.0 34.0
Cathode power, w Q [+] 0 0 0 0
Magnet power, w 32 4) 38 39.5 29.5 295
Beamr power, kw 0.88 0.9 1.24 1.30 147 1.55
Total power, kw (including feed system) 1.22 1.44 182 1.91 2.05 2,12

Feed System
Vaporizer power, w 4.9 6.0 6.0 LX) 57 59
Isolator heater, w 28.0 28.0 28.0 28.0 28.0 28.0
Expulsion pressure, psia 18.1 20 20.8 19.9 6.7 4.5
liquid Hg pressure, psia 3.3 2.8 27 2.6 5.8 54
Performance

Npower, % 65.0 635 68.4 68.0 7.8 73.0
L7, set 4450 4450 4570 4970 5180 5180
Power/thrust, kw/lb 151 155 161 162 158 155
# Uncorrected for 2ropellant utilization,
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The system operaho.1 in the first tests is presented in
Tible 4 ‘{he engine data is included for completeness,
although the engine operation ha- not been specifically
described in this report.

Scveral modifications are anticipated from the system
performance to date. The vaporizer and isolator can
apparently be made shorter, at least by a factor of two.
A vaporizer of 60% dense material is being planned to
aid in controlling the flowrate. The gas pressurization

-.JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

problem is being studied to make the liquid pressure
control automatic as is necessary for spacecraft spera-
tion. Tests wiil also continue on the rubber diaphragms
to determine their applicability.

From the results to date, the system being studied
appears to be worth further investigation. With some
mocifications and additions, this system gives promise
of becoming a reluble and controllable feed system for
spacecz2ft application.
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XV. Liquid Propulsion

N65-32442

A. Advanced Liquid
Propulsion Systems

R. N, Porter, D, D, Evans, W. H. Tyler,
W. F. MacGlashan, and O. F. Keller

1. Introduction

The Advanced Liquid Propulsion Systems (ALPS) pro-
gram is investigating selected problems generated by
spacecraft operational requirements for propulsion svs-
tems capable of high inherent reliability, long-term
storage in space, multiple start in {ree fall (zero-gravity),
and engine throttling. The solutions proposed to satisfy
these requirements have been incorporated into the
ALPS system.

Periodic reports i.. the SPS’s (stariing with SPS 37-8)
describe the progress of work on the various parts of the
ALPS system. Recent accomplishments are outlined be-
low. These inclede an investigation of the reactions be-
tween nitrogen tetroxide and hydrazine, firing tests of
several ablative thrust, chambers, work on a method
for locating pinholes in metal foils, high- and low-
temperature tests of a tauk and expulsion diaphragm
assembly, and results of a metailographic examination
of an aluminum propellant tank which has been sub-
jected to a long-term storage test with hydrazine.
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2. lajector Development, o 0 Evens

a. Introduction. The nitrogen tetroxide-hydrazine
(N.O~N.H ) propellant combination exhibits an ex-
tremely rapid liquid-phase reaction rate. This factor
requires the utilization of special techniques to accom-
plish liquid phase mixing, since the rapid reaction tends
to disrupt the mixing process with a resultant decrease
in performance of some injectors. Prcvious attempts
physically to increase the mixing of a doublet element
were described in SPS 37-22, 24, and 28, Vol. IV, and
Ref. 1 contains the results of these and othgr relatcd
experiments, Since these physical methods were unsuc-
cessful, it was decided to attempt to find a chemical
inhibitor for the N,0,~-N.H, reaction. Such an inhibitor
presumably would allow mixing to be accomplished
before sufficient energy could be released to disrupt the
impingement process. SPS 37-29, Vol, 1V described the
results of an investigation into ignition delay inhibitors.!
To summuarize, it was found that the ignition delay time
could be varied over a range of 0.8 to 4.2 msec by the
use of additives to the fuel, including such componnds as
fluorooenzene and triethylborate (the valve for the delay
time without inhibitors was 2.6 msec). However, it was
found that these inhibitc; s had liitle effect on the mixing

PThis work and the work deseribed herein was periormed under
contract to JEL by i3y ramic Seience Corp., Mc tuvig, Calif
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process when subjected to r ket engine testing in tie
200u-Tb thrust standard test ~ngine: experimental com-
bustion efficiency remoined unchanged from the case
without additives.

The decision was then made to pwsue this ckemical
approach further in three phases: hase I being to deter-
mine the temperature, and measure the heuat evolved iu
the first step of the nitrogen tetroxide-hydrazine reaction
through the use of differential thermal analysis tech-
niques; Phase 1I being to examine the infrared spectrum
of any solid phase thus formed in order to identify any
mtermediate species which may be present in the icac-
tion; and Phase 111 being to determine the effects of var-
ious surface-active agents on the miscibility of N,O, and
N.H, by photographing the dropwise adition of the oxi-
dizer into the fuel. This report will summarize the results
of the investigations performed iu the three phases dr
scribed above. A cumprehensive report is now under
preparation and wiill be published in the near future.
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b. Differential thermal analysis. Differential thermal
analysis (DTA) of the N,O,-N.H, reaction system was
n.ade using the apparatus shawn in Fig. 1. The reaction
was 1un in an all glass system in which the reactor and
reierence bulb were imniersed in the same low-

te'nperature nvironment. The temperature of the calo- -
rimneter was cun.e'led by bubbling nitrogen gas through .

liquid ni rogen anc then into the calui.veter. An elec-
trical heater on the inie* tube allowed the cold nitrogen
to be warmed at a uniform rate. The thin-w:.iled reactor
and reference bulb were plaed with a plaiinum film
and the thermocouples soldered o the surface of the
glass to irsure inhmate cortact. [n a iypical experiment,
measured quantities of reactants were condensed inf-
the reactor with liquid nitrogen. The liquid mrogen was
removed from the Dewar and a flow of cold nitrog-n gas
was started immediately. The output wvoltage of the
thermocouples on the reactor and differertial between
the reactor and reference cell were measur2d on a poten-
tiometer. The current on the heater winding was increased

— -
NiTROGEN
GAS INLET

L:UiD
MI7ROGEN

|
|
|
|

Fig. i. Differen.ial thermal analysis apparurus
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slowly as required to chtain the desired indreasc in veaction or to poor heat trensicr to the thermocouple
iemperature. junction. Us;ug the initial temperature rise as a measure

of the energy relcased, a -~ aue of about 1 keal is caleu-
A numder of DTA experiments were conducted. The  Jyted, if one assumes reaction of all the N.O, present in
sese experi s are given in Fie. 2 . -
results of one of thesc experiments are given in Fig. 2. the yeactor. This represents the minimum amount of heat

In the lower piot the potentiometer reading. obtained  [iberatea from this reaction. No evidence of =xothermic

from 2 difier ential thermocouple located on the saraple  reaction was obtained at temperatures below —38°C.
bath and reference Lulb. s recorded as a function of

time. The data oblained are positive when the sample
bulb is at a higher temperature than the reterence buib.
The uppe. wurve in this figure shows the temperature
of (e reactor with time. This was obtzined from a stand-
ard thermocouple attached to the bulb containing the

c. Infrared techniques. Low-temerature infrared
spectra were obtained in a speciuliy constructed low-
temperature infrared ceii. A liquid-aitrogen—cooled
sodivm chioride window was used to view the sample.
Calibrations were accomplished with pure N.H, and

«

R

_ “ig N.O,-N.H, utixture. By alternating readings it was Dos- N.O. in order t0 learn how :nuch material was required
TE - sible to obtsin both bulb temperature and differential = o give a specirum of optimum intensity. After initial
gé ‘emperature cus ves during the same run. I\’_ot‘e that the  calibrations were cccomplished, infrared spectra of nitro-

‘% point of infléction of the DT A crrve (labeled “A”) occwrr.. it gen tetroxide-hydrazine ruixtures were obtained ai low

at.a iemperature of —358°C. The broad base on tbis

T ! temperatures. A total of about 150 spectra were taken
7 curve and the small rise occurring on the trailing edge i ; series of experiments aimed at distingnishing the
i of the n:ain peak are attributed to either a nonuniform

mipimum reaction temperature and identifying inter-
mediates aud preducts ot the reaction. In the procedure
| used on these experiments, N.O, and N.H, were first
/]/ condensed on the sodium chloride window at liguid
: A i niirogen temperature (—196°C), znd then were warmed
REZ ! slowly as spectra were recorded in rapid succession. The
STANDARD THERMOCOUPLE READING nrst evidence of new species being formed was obtained
/ ON SAMPLE BuLS . ] during a test at —133 to —124°C. when several new
 QOE————mm e peaks were observed ii. the spectra. Further progressive
changes were evident in spectra up to a tewmperature
) | of --43°C. No turther upectral changes were ncticed at
| temperatures below room temperature, buc th. over-ali
intensity of the spectrura deereas~d somewhat.

i
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= 202 - J 5\/\ — In order to establish if the reaction occurring at — 133°C
B i \ B represented an adduct formation or a reaction, it was
~—"1 - deemed advisable to meusure and identifv the volatile
o < L4  gases from the reaction. Cf the possible gases that could
[ e be obtained. all but ammenia have vapor pressures suffi-
. 4 ’ ciently high to be pumpea from the reaction system for
-0z} ———fagl e T .—_-——T analysis and measurement at the ter-peratures w?)ere
i reaction first occurs (- 133°C). The high sensitivity of the:
DIFFERENTIA'. THERMOCOUPLE infrared for ammzuia msures thet it wor !d be observed
-0.04f——m— FEADING — | in the solid phase if it were preseat. In order to conduct
/ a gas unalysis the reaction was allov.ed to proceed in a
glass bulb to which a thermocouple had been attached.
- -0.06 % The N.O; and N.II, were condensed in a tube in luyers
P - at —196°C. The bulb was then warmed slowly while
| gases were pumped continuously using a Toepler pump.
S Ty '0100 3502600 860 Sooo  Cases were pumned into an infraiced cell, where their
) volume was determined, and infrared spectra were ob-
) ' ) TIME, sec . tained. The spectrum obtained corresponds to that of
jg - - Fig. 2. DTA Experiment 19 nitrous oxide (N.()). The gas (rom this cell was then

POTENTIOMETER RZADING, my
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transferred directly into a mass spectrometer for analy-
sis. and the presence of a substantial quontity of N_(: in
the procduc gas was confirmed by a large parent pezh
at mass 44, In addition. residual pecks at imass 30 20d 28
indicated presence of NO and \ . e major part of the
zas was collected ot a temperature above -110°C.

More quantitative »xperimems were conducted in
which the norwaoietile and volatile products at variovs
temperatures vere measurea and identified. The results
are shown in Table 1. This table shows the auantities of
auses given off at eacls terperature. and identifies each
cas. The feimation of the large quantity of N.O in the
reaction at —50°C shows that the principai reaction
occurred between —126 and --30°C. It is of interest that
the reactions occurring at temperatures above —30°C
involve liberation of only lrace amounts of additional

gases.

In one of the low temperature experiments. it was
observed that cryvstals of a solid mnaterial had formed in
the bulb. A melting point determination was conducied
with the sample, and the material was melted in the
range of 66.3 to 73.0°C. Of the possible products tnat
could be formed in the reaction, only hydrazinium nitrate
(mp. 71°C) fits rhe observed melting points of the crystals.
The presence of hydrazinium nitrate was subsequently
confirmed by iufraced analvsis.

From the accurnulated infrared data it is concluded

that the low temy erature reaction between N.O, and

Table 1. Gas evalution from the low temperature
reaction of N.O,-N.H,

-JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV

N.H, forms an intermediate addact, which in tar: reacts
at about —307C to tonn an intermediate seecies capable
of reverting to hyvdraziisum nitrate, nitrous exide, and
races of nitric oxide and nitrogen. To balance an equa-
tion in which N_O and hvdrazinium nitrate are formed
from N.O, wud N_H, requires ammonia as another re-
action product, viz,

NO, -—2NH --NHNO - N0~ NH
Curiousiy. ammonia has never Leen opserved as a prol-
uct in any of the reuctions An uvnidentified material
havmg a vapor pressure of about 42.3 mm at —111.8°C
was observed, howoever. This material appeared on the
gaz chromatogram after N_O (retention time. 18 min:.

d. Miscibility zxperiments. High-speed motion pictures
were taken of the dropwise addition of N.O, to N.H..
with and without additives. The purpese of tiese experi-
ments was to find a miscibility agent for the nwo propel-
lants. The technique of Weiss and Klusmamn (Ref. 2}
was us2d. The procedure involves the use of a high-speed
camera operating at 000 to 3000 frames‘sec to photo-
graph the N.O diap os it falls through a l-in. column
of hydrazine. The apjiaritus utilizes a condenser :ystem
of lenses for back-lighting the samyle tube. The vellow
color defired the N, drop, which is casily Jistinguistied
on coler film. Tlir method also provided » gualitative
measuare of the reactivity of the propellant. It is theught
that either an increase in miscibility between the tyo
propellaiuts, or a subst-ntiLl decerease in the initial rezction
rate, miight be beneficial i solving the problet., of the
rapid reaction disruptin, the stream impingement and
mixing process. Visual cbservation appeared to be the
quickest method for study of this vhenomenon.

Initial tests werc cenducted with pure 5.0, being
added to hydraz'ne containing 16 % water. This propel-
lant combination was ciosen for testing bacause it had
shown evidence of solving the stream disruption process
in previous tesis at JPL (Rei. 1). These photographs did
not indicate increased miscibility, but showed instcad an
apparent decrcase in the rate of reaction between the
two propellants. No evidence was obtained of increased
miscibility between the two reactaunts for any of the addi-
tives tried. However, apparent differences in reactivity
were observed.

Although only qualitative estimates cculd be made of
the relative reaction rates, it appeared that four types of
rveactions were occurring, These are shown in Table 2.

Gas evoived,
mitlimoles X 107*
Temperature, Species found
°C Non- ~ond Bha®
condensable’ (-ondensabis
$
i
—126 0.13 NO, N:
10.3 NO:, N:O
-~ 50 0.52 N;
30.5 N-Q, NO:
- ynknown
-30 .25 N:
0.27 NO:
425 0.02 Ni
0.16 NO,
Total gas evolved 0.92 41.2 J
sAt —196°C in the LN: trap.
oy e
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Table 2 Effect of additives o0 N.O,-N.H, reactisn

previous evperiments. wher in the strecam separation
phenomeron had been abserved (Ref. 1). Tesis were

Additive Type of conducted with 152 I, in the N.O, and with 1%
in N:O, Additive in hyd (% by weight; reaction’ Oronite N-W and 1% Oronite NI-O in hydrazine
g containiny’ 2. H.O. Only a slight effect (2% higher ¢*;
| None Riane A was obsenv=d witi: the propellants containing additives,
’ None 1. % H:O 8 as compared to previous tests with neat propellants. This
Nose I 185 B 3 appreach was nol ; wrsued further. since the performance
8% KOH i gains were so s’ zht
None 1% Sonlomers: (Morsanto Chemicol Col) ' C
e. Conclusions. The data obtained in the work reported
. Nonz 1% Alkolerge A ('~ cule: Powder Co) ¢ . here is consistent with the fact that nitrogen tetroxide-
None 1% FC-126 {Minnesoin Mining ond Mfg. Co.) < ! hvdrazine impinging jets are svlject to disruption by
i Nono Oronits NI.O (Californio Chemical Ce.) c the rapid reacticn occurring at th  interiace between the
Nome Oronite NILW o two propellants. Thv_ prmcnpa'l f;:gtors whlch_c.xuse this
phenon.enon are believed v be: (1) the rapid reaction
. 1% & None =* ratz between N_ O, and N.H,. resulting in rapid heat
: 16% H:0| 1% Orenits N1-O c evelution and the generation of a large gas volume, and
1%n | 1% Oronite IO o (2) the immiscibility of the two reactants.
i
. 1 15% H.0
= -1 - — Althougn these factors are closely related, it appears
i 3 :u':;’:. frrvacse in solebitly. that miscibility 1s a major tactor. Photographic studies
-:'57: “Type A- PopiJd reaction whicy vapcrizes 1O« at surfaze of contact une <cuies Sho“'ing the d.’Op\\ ise additi‘)ﬂ of ‘\.2()‘ FO ‘\?H" iﬂdicate
b | e T i the 0 el we complcy s s Xon
. b Troe = Siow readion time and euidence of wore coremive seqction betwaen of the pictures, with or without additives, gave any indi-
LB N:C. 3nd hydrazine, resultiap in violen: interaction. cation ot +ven partial miscibility of the two compounds.
' § Trie D: :":f':';'; o In contoct; reaction i mila with relotively slow "“bail- Additives to promote miscibility still cannot be ruled out
" i as possitle sclutions to this problem. However, mixing
f processes are geme rally considered to be relatively slow,
S All of the additives in the hydiarne appeaced to de-  even with miscible materials. and even improved misci-
L crease the rate of initial reaction. The most dramatic bility niay not overcome the rapid rate of reuction at the
B change in reaction rate appeared when 1% ijodine was  liquid-liquid interface.
; added to the N.O,, and a mixture of 1% Orunite NI-O )

S [ —— ————

Copwatt

. o

"M‘I'
| i L B e R

.

.

and 16% water was added to the hydrazine. In this case
two liquids actually remained in contact while reacting
and did nc* tend to blow apart as normally observed.
Subsequenc experiments with these same compounds
revealed ‘hat the water content could be reduced to 2%
and the same slow-reaction effect could be obtained.
The presence of iodine in the N,O-N.H, system was
predicted ta decrease the reaction rate, since th- reaction
was thought t¢ proceed by a free-radicai m.zchanism,
and iodine is known to supprass this mechanism. Surpris-
ingly, however, the ignition delay time with normal N.H,
was shortened when th. iodine was added to the N,Q,,
and in the d:ioplet experiment very rapid reaction and
iZnition occurred.

Ou the basis of the above rezalts it was judged to te
worthwhi'e to make rocket motor firings at the 2000-1b
thrust lev::!, atilizing the same apparatus as used in
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As reported abcve, the reaction hetween nitrogen
tetroxide and hydrazine can occur at a temiperature as
low as ~ 133°C. From measureme nts of the gas evolved
at this temperature. it appears that this initial reaction
involves adduct formation betweea 77,0, and N 91, The
fact that no measurable heat is evolved in this imtia)
reaction tends to support this view. A further reaction,
involving heat evolution occurs at abont —358°C. These
reactions were carried out unde- conditions where the
rate of temperatute rise could He carefully controlled.
Thus heat generated by the rewtion was quickly dissi-
pated, and intermedialss such as hydrazinium nitrate
were capable of being isolated. Undec actual conditions
in an engine, these imtiai reactions would cccur very
rapidly. Not unly would the initial reactions occur rapidly,
but the heat cvolved in these re wctions would effectively
increase the reaction tempcerature, On this besis, it ‘is
estimated that the reaction between bydrazine and mitro-
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gen tettoxide wouid go to cempletion on contact Since
the stoichiometric reaction between these two prenel-
Lints invaled cne mole of N.0O, plus two nioles of N1,
going to three moles of gasecus N plus four moles cf
keal/mole. it is nuot
can be diverted by

N_0, whiic evolving pproximateiy 2
surprising that the halk of the liquid
rewatively smal! surface interaction.

i 1s difficult to conceive ot a chemical approach which
vwould solve this problem. It does not appear possible
to prevent adduct formation or decomposition by the
use of additives. It is possible that the rate of decompo-
sitin of intermediates such as hyJdrazinium nitrate could
be altered chemicallv., The most promising method of
unpres ing rocket engine performance thus appears to be
injector design. 1t is important that the surface-to-vetume
ratio is as iarge as possible. so that essentially all of the
liquid is costacted. thus small diameter jets or sheets
of liguid appear optimum for this propellant system.

These results do appear applicable toward our under-
standing of ignition phenomenon. The so-called ignition-
spike probiem may well be refated o this set of reactions
wherein explosive compounds such as hydrazinium nitrate
are formed on the interior wall of the rocket motor dur-
ing the preignition period. Compounds such as these
could then cetonate when the temperature increases
during the igaition process. This could well lead to the
extreme pressure excursions which have been ercoun-
tered with propellaut systems of this general closs.

3. Thrust Chamber Developmens, w.H.Tyler

The ALPS program has recently conpleted evaluation
test firings of five 100-1b thrust ablative thrust chamber
assemblies. These chambers were obtained from five dif-
ferent industrial supplicrs and were tested as a portial
assessment of the current state of the art . the desigr
and fabrication of ablative chambers m a sive range
wlic is was compotible with an injector used in previous
priolyvtic graphite tests.

Each supplier was rexpoeible for bis own dosiyn, ie..
determining the 1 oterials and Kldirieation  techniques
which would best satisfy the operating «ad design con-
ditions specified. The only dimensions specified were

those of the interior contour and chamber-to-injector
attachment provisions. Unspecified dimensions were left
to the discretion of the supplier. In addition, the total
assembly weight was not to exceed & 1h nor produce an
ontside wall temperature in excess of 00°F during the
test firing,.

JPL. SPACE PROGRAMS SUMMARY MNO. 37-33. VOL. IV

The evaluation firmss vere conducted at ambient pres-
sure ard temperatue with the ALPS MOD IV injector.
This injector has demnonntrated reproducible  perform-
ance and heat-flux dotnbution with N O,-N H, pro-
pellants and has produced predictable eresion of both
ablative and pyrolvtic craphite thrust chamber throats
(Refs. 3 and 4). The tedts were run at a nominal nozzle
Y of 150 p\na
ord a propellant mivtuie ratio of 1.2 The characterint
velocity ¢*, averaged 3300 {t/5-¢. Flow rates were nes rl_\'
constant, despite changes in nozzle throat arca during
the firings. Each chamber was fired uninterruptediy vitil
either (1! the chamber pressure dropped below 120 psia.
{2+ the vutside wall temperature exceeded 400°F.

staznation {effoctive chamber pre.sure (P.

ar (3}

an extraordinary change in axial or side thrust occurred.

A gereral description of each chamber. listed by manu-
facturer. is presented below:

(1V Aerojet-General  Corporation {AGC). One - piece
ablative chamber; throat insulator and exit cone
made of edge onented high-silica tape and rubber
modified phenyl-silane resin: SiC throat insert:
glass filament overwrap.

—
&)
~—

AVCO Corporation (AVCG,. Conposite of silica-
reinforced precharred epoxy Novolac: light weight
insulator of silica fibers, resin, and phenolic micro-
balloous; SiC throat insert, encased in an alumi-
num shell.

(3) H. 1. Thompson Fiber Glass Co. (HITCO;. Ablative
chamber liner and throat. molded carbon-phenolic
resin surrounded by Refrasil-paper phenolic insu-
lator: glass flument overwrap: no throat insert.

(+) Magnrsium Acrospace Products. Inc. (MAP].
Molded one piece, including throat section inner
liner of SiC-ZrC. binary film-coated carbon-particle-
reinforced phenolic ablative structure surrounded
by insulating lavers, titanium shell.

Thompson Ramo Waooldridge. Inc. (TRW). Inner
chamber liver of oriented chromic oxide-voated
silica-cloth reinforcement: molyb-ienium throat in-
sert with a proprictary coating; insulating layers;
outer stzinlesy steel pressure shell.

c
=

Proliminary resvlts of the test firingg are presented in
Table 3. Fig. 3, a typical plot of & chamber pressuie
versus run time. cxplains the nomenrlature used in
Table 3. This plot is generally representative of all of
the tests, The time to start of pressure decay and time
to 120 psia is shown as T, and T, and is tabulated for
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Table 3. ALPS abiative chamber data

itial steady-
i’:;: c;:v:b:r Mixture rafio Time to stont Time to P. = Slope of Maximum tem- Maximum tem-
Moanvfacturer i : of P. decay,” 120 psia,” P. decay, neratu: ¢ during raratuce post run,
aressure W.. /W,
) 7,5, s6C T, sec psi/sec tust, °F °F
P, 190 psia
R “30 475
AGC 149 1.24 125 154 0.4 of 154 sec of 450 soc
. 405 412
AvCO 150 1.2 300 590 0.1 of 590 sec of 617 sec
) . o7 250
HTCU 156 1.2 7 s 1.75 at 23 sec o1 28 sec
. . 254 571
MAP 163 1.22 1 3 1.45 ol 57 see ot 111 soc
W ‘48 118 0 510 09 20 340
4 : 16 0. ot 510 sec al 940 sec
1
o Refer to Fin. 3 for of thase p
» Atiachment flonge failed.
180 T .
. ! Although the test results shown in the table are not
E encouraging, it should be realized that the test conditions
P =y ere quite severe for abiative-type chambers, since the
- . 3 .
& t chamber pressure was 150 p:ia and no film or fuel-rich
W20 “barrier” cooling was used.
2 |
i 1 A detailed exarmination and analy,is of the chambers
s % | I and the test result< are in progress. These results will be
§ | published in a forthcoming formal report.
2 60 4 i
o [
E i 4. Bladder Deveinpment, W.F. MacGlashan
2 | ' '
30 i +—- . ; .
9 ! Lammnates of Tefloa and aluminum foil are being used
& S - in the construction of expulsion bladders. Since pinholes
% L 7 7 in the aluminum foil vould destroy the impermeabihty
of the laminate, a m:ans of detecting these holes is
TIME T sec € 2 i detecting these holes i

Fig. 3. Typical plot of chamber pressure as a
function of test duration for ablative
chamber *ests

all of the tests in Tabl. 3. The outside wall temperatures
were recorded from thermocouples bonded to the out-
side of each chamber at several different locations.

All five tests were terminated due to decrease in
chamber pressure. For four of the tests, this decrease
was either the result of throat erosion or gas leakage
around the throat insert. In one case, the chamber-injector
mounting flange attachmezt failed permitting the cham-
ber te separate from ihe injector terminating the test.
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nzcessary.

A method for detecting pinholes in aluminum foil by
using photographic printing paper 1s being developcd.
The method consists of directing a strong light toward
the sheet of aluminum foil which is backed by phote-
graphic printing paper. The foil and paper are separated
by a piece of glass. The edges arc secured to exclude
stray light and to hold the foil, paper, and gfass securely
together. The light is played in a grid pattern across the
surfacc so that the rays passing through piuho! s strike
the paper behind the foil. The glass separator permits
the diverging rays to amplify the hole image on the
paper. When developed, the location of pinholes is indi-
cated by black spots on the paper. An apparent drav:-




ba-k of this method is that he holes must not be tortaous
paths if light is to pass through.

The investigation is coutinuing with the intent of:
Cetrmining the minimum size and shape holes that can
pe vhotographically detected; the correlation, if any,
bezween the permeability of the foil and the apparent
re’ative magnitudes of the holes indicated by the phote-
gaphic inages; and the correlation between the abun-
dance of ho'es and the foil thickness.

5. Generant Tank and Cell Developmzent, 0 . Keller

All previously reported cxpulsion tests of the ALPS
generant tank and diaphragm assembly were carried out
at ambient temperature vsing distillad water as the test
fluid ‘SPS 37-22, 37-24, aud 27-32, Vol. IV). Recently,
expuls.oa tests have been made at temperatures ranging
fror: 40 to 100°F, For high-temperature environmental
testing, the water expulsion test facility was equipped

oo '_; \i
frl N

Fig. 4. Water expulsion 1ests facility equipped for
water exg slsion lesting at high femperatura

TR T v
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g SR A A Y fe o e

JPL SPACE FROGRAME SUMMARY NO. 37-33, VOL. iV

with a heater (visible on the right side in Fig. 4). A tele-
vision camera (seen in the left foreground) was used for
remote observation of the volumetric tank during en-
vironmental and high-pressure expulsion testing. The
titanium generant tank (partially visible behind the tele-
vision camera) was mounted in a protective wood cradle.

Three expulsion tests were made following 24-hr con-
ditioning periods during whick the final generant tank
temperatures ranged from 92 to 105°F: distilled water
temperatures during these tests ranged fromi 96 to 110°F.
One of the above tests was made with {wo steps and
restarts during the run  An additional expulsion test was
made following a 7Z-hr conditioning period dusing which
the final genc.ant tank temperature was 102°F: the final
distilled water temperature, 105°F. One cxpulsion test
was also made following a 24-hr conditioning period at
approximately 40°F. In all cases the tank outict was
downward.

Expuision appeared to be normal in all of the above
environmental tests. Prior to the low-temnperature ex-
pu'sion test, however, an increase in pressure drop was
noted in transferring the distilled water from the volu-
metric tank to the titanium generant tank, possibly indi-
cating a stifening of the elastomeric diaphragm at the
40°F temperature level. Any increz<e in pressure re-
quired for deforming the diaphragm ot 40°F was not
noticeable during the low-temperature ¢xpulsion test.

6. Materials Compatibility, &.~.rorter

A long-term compatibility test of a fli tht-weight fuel
tank fabricated of Type 2014 aluminum has been accom-
plished. All instrumentation, the vent valve, and all fit-
tings were of aluminum or staiuless steel and all seals
were Teflon. The tank was cleaned by first rinsing with
trichloroethylene, then thorcughly washing with a com-
mercial aviation-type detergent, rinsing with distilled
water, pickling with an acid solution, washing agair. with
a detergent vinsing with distilled water, and drying with
nitrozev gas. The tank was placed in direct sunlight at
EC vards Test Station. On July 27, 1960, after being leak-
tested to 25 psig with nitrogen gas, the tank was filled
v ith approximately 2750 Ib of hydrazine, which left about
209 of the tank volume for ullage. The vllage was pres-
surized to 5 psig with nitrogen gas.

Tank pressure, liquid temperature, and ambient tem-
perature were recorded three times cach working day
for the first seven months, once each working day for
the uext nineteen months, and after that no records were
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kept. The recurded tank pressures r.nged fror:i ¢ "o +5
psig as the recorded ambient temperaturc varied from
+ 13 to +116°F, and the recorded iiquid temperature
varied from —27 to +1C0°F. It is not clear whether
these pressure variations were due strictly to the temper-
ature changes alone: the pressure gauge resolution was
only =0.5 psi, which could be the cause of some scatter
in the data. Further complications, such as the possi-
bility of leakage, decomposition of thie hyd:azine and
dissolving of the decompositica products (nitrogea. hy-
11~gen and ammonia) into the hyvdrazine, make it diffi-
cult to interpret the data.

Hydrazine samples for analysis were withdrawn from.
the middle of the tank through a standpipe-and from the
bottom of the tank every two weeks for the fust year,
once each month for the following six months, and then
once each six months for the remainder of the test.
Although the first samples, taken on August 8, 1960,
centained a very small amount of black residue analyzing
high in aluminum. iron, and copper, the subsequent
samples were clear, with no noticeable solid matter. The
apalvscs made during the first 3 yr indicated the liquid
was 98.7 to =0.5% hydrazine, using an aunalytical pro-
cedure which has a resolution of about +0.5% hydra-
zine. A sample taken five months before the end of the
test perind was approximately $7.0% hydrazine, and at
the end of thc test the liquid contained approximately
96.5% hydrazine. It is assumed that the change reflects
an increase in the amount of dissoived ammonia: un-
fortunately, the ammonia content was not analyzed. On
May 6, 1964, the hydrazine waus drained into carefully
cleaned hydrazine storage drums.

After being drained, the tank was purged with warm
nitrogen to dry it out. Severa! weeks later it was flushed
with a small amount of water and cut open for inspec-
tion. Many areas of the internal surface appeared to be
discolored:; the colors of the splotches were randomly

e

;
/

almost white, yellca gray. blue gray, and green gray.

Samples were taker from locations typifying the differcnt

surface conditions.

Some of the samples were made into me'sllographic
specimens. Examination showed that the degree of cor-
rosion vzried considerably from area to arca and that the
severest attack was hmted to discrete spots rather than
covering extensive areas. In no case did the pits exceed
a depth of 0.002 in. Although the exact corrosicn mecl.a-
nism was no. determined, it was judged that the magni-
tud. of the corrosion was minimal and not detrimental
io the tunk. The discoloration was not indicative of the

everity - | the corrosion. but corrosion was more preva-
lent in the discolored areas than ir the normally colored
are::s. The rause of the discoloration was not deter-nined.

Other samp. s were subjected to tensile yield strength
and tensile ultimate stren sth tests. The results indicated
that the mate-ial ¢! the tank w 1s slightly less strong then
the strength repor.2d in the literature for new 2014-15
almnm alloy and stronger than reported for 2014-T4.
From these data aud *he results of an exter-ive haidness
survey it was hypothosized that the tank was nec in the
T6 condition, as suppose.., but radirr was solction-
treated and rthen allowed to age-harden at room temper-
ature to the T4 condition. .

From this test, it was concluded that tanks of 2014-T4
aluminum alloy are essentiaily unaffected by long-term
(up to at least 3 yr) contact with anhydrous hydrazine,
with temperatures varying between 30 and 100°F. The
evaluation of the effect of such a storage environment on
hydrazine was in the final stages in this reporting period.
Firing tests, ignition lag tesis, analysis of the final com-
position, and +':ysical properties measurements were
being perforr . : -vith the hydrazire whicl was drained
from the tan.
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XVI. Lunar ang

Nb5- 32443

A. pH Instrument Development
J R. Clark

In most physiolosical monitoring or detection systems
presently under ceveiopment, the measurement of hydro-
gen ion concentiation (pH) is required. The “Wolf Trap”
effort at the Unuversity of Rochester monitors changes in
pH of inoculated test cells as an aid in detecting bacterial
growth. The Multivator at Stanford University uses pH
instrumentation for similar reasons. In the Biosatellite
Project, the pH of primate urine is monitored to detset
changes m the acid-base balance for a better wnder-
standing of the prolonged weightlessness problemn. It is
also well-known that aqueous chemical reactions that
might be used in an automated biological laboratory
would proceed only under conditions of controlled pH.
For these reasons, circuitry is being developed at JPL
for the measurement of hydrogen ion concentration.

1. Electrode Systern

a. Glass electrode. Other than the inconvenient hydro
gen electrode standard, the glass electrode is primurily
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used for pH measurcment. In a simplified form, it con-
sists of a thin glass bulb in which an electrode is im-
mersed in a solution of constant pH. When the bulb is
placed in the test solution, the potential at the glass-
bulb-test-solution interface is a direct function of the
pH of the test solution. The change in potential due to a
change in pH is given by

AE _ 2303RT i
apH ~  F ’ )

where 2303 is the natural logarithm to common !nga-
rithm conversion factor, R is the universal gas constan!
T is the absolute temperature, and F is the Faraday.
Representative values at four different temperatures are
given below:

T, °C AE/ApH, mv
0 54.19
25 59.15
60 66.10
100 74.03
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b. Measurement errors. When s reference electrod . is
placed in the test solution for electrical contact, the
actual voltage measured between the glass and the refer-
ence electrode is the algebraic sum of several potentials
developed at-other glass-liquid iuterfaces. Most of these
are negligibly small or ars constant with respect to
changing pH and temperature; thus, they can be cali-
brated out of the syste.n.

The one characteristic of glats el=ctrodes which makes
measurement of the pH potential Jdiificuit is the high
glass-bulb resistance. This resistance is a function of the
material and geometry of the glass bulb or membrane,
as it i scrucivnes cailed; e.g., the bulb resistance of
Corning Glass Werks Type 915 glass will vary from
1000 Mo at 10°C to 1 or 2 MQ at 530°C, and Leeds &
Northrup Ce. Type 399 glass will vary from about 500
to 1 MQ over the samre temperature range. Therefore,
the measuring circuitry must be such that this kind of
source impedance contributes negligible error to the siz-
nal ou*put. Source resistances of this magnitude are also
very sensitive to electrostatic pickup and electrode leak-
age paths. This problem is minimized b; .ompletely
sealed and internally shielded glass electrodes. The
sealed construction eliminatzs the surface leakage paths.

The glass electrode does exhibit r >asurement errors
which depend on the pH and tempvriture of the test
solution and the glass bulb material. Under conditions
ot high temperature with high or low pH, ions other than
hydrogen may tane part in the electrode process. The
error voltage of the Corning Glass Works Type 015 elec-
trode is p in strong soluticns of alkali hydroxides.
This error 1 «ermed alkaline error and can require a
corrcetion factor as high as 1 pH unit to be added to the
indicated valne. The sodium ion error is another im-
portant error factor to consider when working with high
pH values. The error potential is generated due to sodium
s present in the test solution and sodium dioxide in
the glass material of the bulb. In this pH region (pH>Y),
a correction factor is added to the indicated pH. For
Corning Glass Works Type 015 glass, this factor is about
0.2 pH ‘o an indicated pH of 10. However, Beckman
Inniruments, Inc., Type £ glass makes sodium ion errors
alriost negligible below a pH of 12 at 25°C.

When investigating electrodes for space application,
steri wzation must be considered. This does not appear
to % a difficult problem. even if presently developed
alass and reference electrodes are used. Standard labora-
tory electrodes have been subjected to repeated steril-
ization cycles with some slight change in AE/apH.
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Bockman Instruments. Inc., has under development an
electrode system which can operate in a zero gravita-
tional feld.

2. Amplifier Design

a. Approo:h. The approach to th> measurement of
hydrogen ion concentration uses shuni “wuitage feedback
around an operational amplfier. This type of feedback
allows the pH-measuring electrodes to work into a higher
input impedance when the system is at null. The equiv-
alent circuit in Fig. 1 is used tc derive basic design
relationships. The source resistance, R,, in series + -ith
the voltage generator, e, is used a- the equivalent
cicuit for the measuring electrodes.

It can be shown that the transfer relationship between
€, and e,y is given by

e —R, (R, + AR))

e FR,R +R, R +R R, +R.R, TR R(1+ 1
@)

where R, is the electrode source resistance, R, is the
output impedance of the amplifier, Ry, is the load resist-
ance, R; is the input impecance of the open loop amplifier,
and A is the amplifier gain. In order to arrive at design
criteria for the parameters A and R,, R, is assamed to
become arbitrarily large. Then, Eq. (2) can be written as

o _ (R taR) .
€1 (H«: + Rx) + R. (1 T+ A) ! ’
Fon
A, P
VYA "'{ }—-..'
I 7\\ N ‘-—l
\\\ l
1 ~ AN — L 4
. iR é
€ R; -d¢ 3
- - ~ .
G / e

~€ = INPUT VOLTAGE i
! i/ TO AMPLIFIER “7
?;7 G= Oo/f

Fig. 1. Feedback coniiguration
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The next volid assuinptions are that AR;» 7, and R, ®R..
Then, Eq. (3! reduces i

L —1 (4}
Son Ji:_ + .]‘_:L‘. -
. AR, A

Ey. (4) shows the addnor of an error termi which is
dependent on A and Ri. T!is means that the accuravy
of the p¥ measurement will depend on *ke inequalities:

R > R./A )
A>1 (6)

b. Description. The amplifier configuration is illus-
trated in Fig. 2. wnich shows a mechanical chopper
feeding a high-impedance field-eflect transistor stage.
The outpnut of this input stage drives a conventional AC
ampiifier. This particular mechanical chopper was <! osen
because of the low oftset voltage, low lezkage patks,
high insulation resistance, and low noise. characteristics.

. The chopper can and has been sub]ected to sterilizetion

(145°C for 36 hr) with no 'wlxceablc defects. It is reul-
ized that, from a reliability standpoint, solid-state com-
ponents are much preferred over mechanical components.
However, at the time of the amplifier design, the solid-
state chopper could not compare with the mechanical
chupper. b addition to che reliability disadvantage, the
chopper requires about 230-mw driving power.

s
/

A synchronons, detector transforms the AC ampiifier
output to the prcper pole-ity DC, which provides the
input signal for the outpw mtegrator. The resistance—
capacitance’ of the integrator md the iupat flter is used
to set response time and output noise level.

CHCPPER—
INTEGRATOR
ow- r—-——777 1
PASS I ] f——
r FILTER | o
i 1 |
v | r«; !
toR '
—04 Anc C o+
o I { L)
/ L . ! -
V.

smcunonous—/ ¢
DETECTOR

Fig. 2. pH Amplifier configuration
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A Wien bridge oscillator operating at 400 ¢ps drives
a Class B push—pall amplifier frorn wkich chepper drive
and synchirorivus detector reference signals are derived.
The amplifier, power supply. and pH calibrating and
inlicating circuitry were assembled to piovide a com-
plete pH-measuiin,. .nstrument. The unit (Fig. 3) is now
under evaluation in the laboratory.

Fig. 3. pH Instrumeni

¢. Performance. Tuble 1 shows how system offset volt-
age varies with temperature T anc R.. It can be s~>n that
the system offset voltage s veasnnanly stable with T, but
that some :im:t wnust be et on R, for o given measure-
ment accuracy. if T is kno>wn, then larger values of R,
could perhaps be tolerated.

Table 1. Veriation of system offset voltage
with 7 and R,

Offset vollage, mv
r,°c
R =10 R. = 10" R, = 107
- 29 1.2 —-3.5 —12
-5 1.2 —3.0 -1
20 1. —-2.6 -8
L] 14 - -
65 1.0 -3.0 } —1n
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k
The AC gain was measred to determine the ampli- N ~
fier’s immunity to DC offsets at the input to the integrator AN 4pe >
; ) ' A . . 2
i for various values of R.. This was cccomplished using E, ) . / 2
; the diagram shown in kig. 4. If A, is the gain of the £s !
: AC amplifier times the chopper and demoduiator effi- ] 'eg
i ciency. Ay is the integrator DC ‘gain, and &, is the
disturbance or demodulator offset voltage, then
e Ci 1 — A A A -
i WO (0 Fig. 4. AC Gain measurement diagram
f where ¢ represents incremental voltage changes. This
"e- ratio is given below for three different values of R.: 3. Conclusions
—'i This development effort has shown that pH measure-
; ment can be accomplished using all solid-state circuitry
3 R. ) e.fe, and a mechanical chopper. In the future, attempts will
: 10 200 be made to eliminate the mechanical chopper by using
i 100 —'36 some of the more recently developed semiconductor
: o ' 11 devices. This will result in simplifica.ion of the circuitry
: ! : and a substantial reduction in required power.
; .
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XVIi. Space Instrurments

N65- 3244k

A. Ultimate Sensitivity of
Imaging Devices
L. R. Maliing

1. Space-Camera Sensitivity

The function or a TV space camera is te relate an
electrical current to a photometric function derived {rom
the planetary surface. The relationship so establisned is
valid until, with decrcasing illumination, the signal is
degradec -vith noise. The ultimate sensitivity is deter-
mined by «tatistical quantum rei«tionships. Frequently,
the quantum noise is overshadowed by thermal noise, thus
permitting 1he sensitivie, to be evaluated from purely
thermal noise considerations.

Because of the increasing diversity of space-camera
technology, sensitivity comparisons must be made be-
tween widely differing imaging concepts. These systems
may be categorized into two broad areas: (1) photostor-
age with beam-scanning readout, as represented by the
vidicon and image-orthicon families; and (2) non-storage
photocell readout with mechanical, electronic, or
mechanico-electronic scanning, as represented by
photographic-film scanning and the image dissector.
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Irrespective of the sensor employed, an optico-electronic
conversion mus’ be performed to translate the optical
image into a signal current with time as the axis. Signal
current is derived from electronic charges produced at
the photosensitive surface by the impact of photons.
Depending on the type of imaging device, either the
photons release electrons in the forin of an electrical cur-
rent or the electrons are stored to produce a charge. In
the laster :ase, the signal current is that produced by a
dischacge of the stored charge. The magnitude of the
current in each case is determined by the number of
photons/sec arriving at the photosensor. The photon ar-
rival is a function of the illumination, conventionally
expressed in ft-c.

2. The Candle

Although the candle, as a measure of illumination
intensity, has had an historic background in yhotometry,
it cannot be considered a particularly appropriate stand-
ard for space science. The candle has beeu defined as the
luminous intensity of %o cm® of a blackbody radiator
maintained at the temperatvre of soliciification of plati-
num, 2045°K. The extremely red-oriented nature of the
emission is illustrated in the normalized curve of Fig. 1,
which is derived from Wien s law.




RADIATION NGRMAL!ZED/'O'?ADIATEON AT 555 mpu

400 500 670 700

WAVELENGTH \, mu

Fig. 1. Speciral distribution for the standard candle

From Wien’s law, the energy radiated within a band-
width of 1 mgp is

Cn? .
E\ = 2 ergs/sec/cm?,

Equivalent blackbody temperatures of interest to space
science are those of the Earth, 6000°K; the Moon, 5500°K;
Mars, 3000°K; and test illuminant A, 2848°K (SPS 87-28,
Vol. 1V, pp. 95-100). The energy radiated by a black-
body at 555 my is plotted over a range of temperatures,
2000 to 6000°K, in Fig. 2. The spectral distribatious vary
widely, but essentially equal-energy white occurs at

5500°K.
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Fig. 2. Fnergy radiated by a blackbody in the
interval of 559.5 to 560.5 mu
3. The Eye

The sensitivity of the eye has a Gaussian-type distribu-
tion over the visual band as shown in Fig. 3, where the
ordinate is the illumination observed at zach wavelength
in my intervals for constant power input. The area under
the curve represents 1 lu of radiation over the visua!
band. For computational purposes, the bandwidth may
be defined as 260 mp, ranging from 430 to 690 mu, beyond
which the sensitivity drops to less than 1% An ideal
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Fig. o. Brightness distribution to the eye for an equal-
intensity white source radiating 14.1 xw/mpu

photosensor will have a response identical to that defined
for the eye, or filters may be inserted to match the eye
response.

4. Photon Energy

The photon energy from Eiustein’s law is e, = hv ergs,
where B = Planck’s universal constart = 6.63 X 10-¥
ergs and v = frequency, cps. The photon energy is plotted
in Fig. 4 over the visual band with wavelength, rather
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1 ~y
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g . \\
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»
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@
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w
Z
4
O
i |
l
0 |
400 00 600 700
WAVELENGTH X, mpu
Fig. 4. Photon eitergy vs wavelength
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thw frequency, as the abscisst. For equal-energy white,
an average valie is ¢, — 3.6 X 10 ergs at 555 mpu or
545 teracycles.

The photosensor current will be determined by the
product of its spectral response Sx and the spectral dis-
tribution E. of the source; i.e., the photo-electric current

i.p = kz'f:g SAEx.
This has been estimated for three blackbody tempera-
tures of interest in Fig. 5. Note the progressive shift
toward the red with decreasing temperature.

800
N\

8Co + / / —
. \
> /
-
| \

400 T
: \
g
Zz
: \
2
-
= 2045°K — \

200 2848°K =

5500°K ™
A\
ol
400 500 600 700

WAVELENGTH A, mp

Fig. 5. E,S, for different blackbody temperatures
{illuminance equalized at A = 555 my)

A ft-c is defined as 1 lu of light flux distributed evenly
over unit area at unit distance from a l-c power source.
The power required to produce 1 lu of brightness to
the eye at each wavelength increment is shown in Fig. 6.
An average value produced by integration is (Wi)w.e =
3.67 mw/lu/my. If the source is equal-energy wiste,
5300°K, then the total energy radiated for 1 lu over the
visibie hand is E,,. = 3.67 X 10* ergs/sec. To produce
11u of Bux cver unit area, Wi = 14.1 uw must be radiated
at each wavelength increment over the visual band.
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Fig. 6. Radiant power required fo: 1-lu intensity

5. Quantum Yield

The quiatum Jield is the number of photo-electrons
produced by tbe incident photons. With an ideal 1:1
relationship, i.e, .ne :lectron e: .ited for each photon,
the number of photo-electrons produced foi an equal-
energy-white source having an illumination intensity of
1 ft-c 1s

n = -E(;—li = %%—6 - = 102 X 10" electrons/sec.
The electron charge e = 1.6 X 10-* coulombs, and, since

= dq/dt, 1 amp = 1 coulomb/sec = 6.24 X 10*°
¢lectrons/sec. Thus, for a photocathodb su:race with a
typical guantum efficency y = 10%, the pbotocurrent

1.02 X 10

6.24 X 10 164 pA/lu

i,, = qyne = 0.1 X
A value of 150 uA/lu is frequertly as.imed.

[t should be recognized that, for a photosirage tube,
the signal current cannot be estiz ated directly from the
#A/lu figure. With photostorage, it is effectively multi-
plied by the ratio of the ¢heire and discharge times of
the storave element as deterraned Ty the exposure and
the beam-scanning velocity.

If the equal-encrgy source is replaced by Iluminant 4,
the cffective cnergy raciated over the visual band is
modified. Integration o! the curves of Fig, 5 indicates that
the effective radiation {rom Illuminant A is 0.9 times
that from the cqual-cnergy source. Also, at the lowered
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te mptmturc the average power emitted is rednced to
(W) = 0.95 times the nomina! value at 335 mu. How-
ever, in terms of the photo-electron population, this is
compensated by a decrease in photon energy (Fig. 4) due
to the shift of the major portion of the emission mta the
red region. Accordingly, for Tlluminant A,

1.02 X 0.95

= ————— 1 iy
n 0.90 X 101 ¥ ¢

= 1.08 X 10" electrons/sec/tt-c,

which is not o diferent from the value of 1.02 X 10
achiever. for an equal-encrgy-white source. By similar
reasoning, the photo-electron population for the equiva-
lent hlackbody temperature of the standard candle,
2045°K, is

n= 02X ) 10
= 1.33 X 10" electro.s/sec/tt-c.

To verify the latter value, a second approach is made,
starting with the definition of the standard candle. The
candle has also been defined in terms of the luminous
mtensity achieved by a complete radiator operating at
2045°K for which 69 unitc of intensity/cm? is specified.
The ft-L, a uuit of illuminance equal to 1/x ¢/ft*, is the
lvmina;\ce of a surtace emitting 1 Ju/ft*. At 2045°K,
E. i = 2.4 X 10% ergs/sec from Fig. 2. Hence, for 1 lu
radnated from the specified body,

D 4
= 170 2400

ergs/sec = 12.7 pw.
From the spectral distribution curve of Fig. 1, the aver-
age power radiated (W),v. = 17.1 nw, distributed over
a waveband (as indicated in Fig. 5) of 240 mu. Hence, the
total power radiated W, = 17.1 X 240 = 4.1 mw for 1 lu
emitted. For this value, the photon popuiation
41X} 10X 107 _ . .

n= —g-;%?w*— = 1.50 X 10 phOtOnS/SEC/ft-C.
or 1.30 X 10" photo-electrons/sec/ft-c for unity quantum
vield. As expected, this 1 almost identical to the value
of 1.33 X 10' obtained by the first method. Estirnates of
photon concentration tuken from several sources have
been tabulated for comparison in Table 1.

6. Ultimate Sensitivity

The ultimate resolution of an imaging system is deter-
mined from the sine-wave response and the noise-power
per unit bandwidth. For space photography, the mini-
raum acceptable picture quality is taken as peak signal/
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Tabie 1. Estimates of photon concentration in
1 ft-c of illuminance

YOL. IV

n, photons/
Method Subject Temperature, °K see/ft-c X 10"
~* Photon evaluation 5% 1.02
— Vidicon 2870 16.00
- Photon evaluztion 2848 1.08
-, Yidicor. 2780 1.22
- Photon evaivation 2045 1.33
-1 Photon evaluation 2045 1.30
- Yidicon -7 2.00

aDetermined from the defined sensitiviiy of Ma, fu/w.

*Gebel, R, K. H., ''Ths Potantialities of Eledrommbly Sconned Photocondustion
Image Detectors ‘or Astronomical Uses,'* Advances in Efactron Physics XVi, Aco-
demic P ass, New York, 1962. )

cMenge.s, P., Noisa Limited Resolutson of Low Light Level Carcra Tubss, Daimo-
Victsr £ y, Bsi ¢, Cali‘orma, S ber 16, (963,

dDetermined from the definition of the standord candle

¢Redington, K. W '‘Maximum Performanca of High-Resistivity Photoconductors,’”
Journal of Appied Physics, Vol. 29, Nu. 2, February 1958.

fOvar 290- to 1500-mu band.

“Not stated.

rms soise = 20 db or signal/noise (S/N} = 10. The peak
signal to be counsidered is the signal derived from an
elemental area of the photosensitive surface equal to one
picture clement, AA. Non-storage and storage devices
must be considered separaicly. For an evenly illuminated
photosurface, the photo-electron population of the indi-
vidual clements will cortain minor perturbations. The
variations may be due to either non-uniform arrival of
photons or non-uniform excitation of electrons. The phe-
numena are associated with the law of rare events in a
large population and are described by a Poisso.i distribu-
tion. In the Foisson distribution, the standare® deviation is
equal to the mean.

Assuming sinusoidal spatial illuminance of maximum
contrast and of frequency contained within the camera
resolution capability and the system bandwidth B, the
peak photocurrent i, = n,e, where n, is the photo-electron
population of & AA picture element produced by an ex-
posure at the incident illusrination and ¢ is the electron
vharge From Poisson’s law, the rms noise current
i = %¢i,B. where i, is the average current and, hence,
the evyected deviativn, Thus, for a non-storage device.

N — e fn\*
S/N = it = ( B) .

For storage devices, there is an « dective multipiicatior:
of the signal current. This is du- to the fact that eiecirons
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are stored during a relatively long exposure time and
discharged by the scanning beamn in a mach shorter inter-
val ¢, where t is the time taken to scan one aA element,
The signal curreut i. = Q/¢ = n,e/t; hence, for a storage
target, /M — (2n,)* The system is generally designed
so that B = 1/2t.

Ultimate scnsitivity of the slow-scan vidicon. The quan-
tum efficiency of a photoconductor has been expressed as
n < /7, where r = lifetime of the photoctarge and
=, = relaxation time = €;/0. The permittivity €, and the
conductance o define the relaxation characteristics of the
target or phiotosurface. Space TV cameras must operate
with extremely long frame times because of communica-
tion limitations. In addition, relative motion requires that
the exposure time t., be short compared to the frame
time Ty; typically, .., << T;/100. As problems arise in ex-
tending r,, there is a tendency for r— 7, and the quan-
tum efficiency is consequently high. This is quite unlike
the case of the broadcast vidicon, where, to avoid shading
problems, r, is made very much longer than the frame
time so that 5 < 1%. With the slow-scan vidicon, -,
becomes sufficiently hlgh, with a target resistivity of
10" ©-cm-, that the photoconductor essentially behaves
as an insulator. The result is that, at low nlamination
levels, the signal current is almost a liners function of
brightness and, unl.«e the case of the vroadcast vidicon,
is relatively i:.depei:Gent of targer voltage over the oper
ating 1ange » . igs. 7 ara 8).

nN

=)
[

SIGNAL CURRENT /, nanoamperes

10

10°3 2 3 102 2 4 6 10°
ILLUMINATION INTENSITY AT TARGET, I,, ft-c-sec

Fig. 7. Transfer characteris! -s of a slow-scan vidicon
(8 = 7 ke)
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Typical characteristics and operating parameters were
assumed for a General Electrodynamics Corp. slow-scan
vidicon (Type 1351B). In determining r, the measured
signal decay was 0.5 over a period of o sec, so that
€™ = 0.5 or = 69 sec. Determining r,, the dark cur-
rent i; = 1 nanoampere at E; = 10 v, from which the
target resistivity Ry = E;/is = 10°* Q. The surface area
=2 8,75 em?, sc that unit resistivity R = 3.75 K10 Q/cm?.
The capacitance C of the surface is estimated at 4500
upt/cn?, hence, r, = RC =375 X 10" X 45 X 10~° = 168
sec. The expected quantum efficiency is thus » = 69/168
=40%.

With an illumination intensity at the target of I, = 0.01
ft-c-sec arriving from Muminant A, 2848°K. and an
image arca = 0.275 X 0.22 in.? scanned by 200 lines (line
time ¢, == 14.2 msec), the element area AA = 1.5 X 10-°
in.?, und the time to scan the clement ¢, = 72 X 10°¢ sec.
The photo-electron population for the element n, = 0.4 X
1.06 X 10" X 1 X 10 X 1.5 X 10™ > 1/144=-0.44 X
10°. The stored charge Q. = n.e = 0.70 X< 1072 covlombs.
Hence,

_dQ, _ 0.7 X0

= = = ST X 10" = 0.97 panoamperes.

From Fig, 7, the measured i, = 0.95 nannampercs, which
indicates substantial agreement in view of the many pos-

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

sible perturbations in the value of i, that are difficult to
include in estimates (c.g., light losses due *o reflection
and absorpt.on. and residval charges 1emaining after
scanning and non-ideal spectral response which rise or
lower estimates of i.).

Ignoring ampiifier noise, the ultimate sensitivity for the
storage vidicon is expressed by /N = (2n,) * =(0.74X 107)"+
= 850. This is completely gLscured by the white noise of
thie amplifier for which (with operating values of B = k=
R = 0.5 M@, and T = 300°K)

)

P o= 4KTB _ 4 X 137 X 10 X 300 X 7000
" B 0.5 X 10°
= 2.3 X 16-** amp.

Therefurz, i, = 2.7 X 10~* nanoamperes, allowing for a
measured 3-db uoise figure. This makes the eftective
S/N = 0.9/(2.7 X 10-*) = 33 db. The measured value at
this illumination level was S/.N = 30 db. As always expe-
rienced with vidicon operation, the white amplifier noise
completely overchadows the quantum noise. Based on a
permissible S/N = 20 db, the guantum noise alone would
permit pictures to be re<vived at an illumination level of
0.0008 ft-c-sec, as orposed to the 0.003-ft-c-sec limitation
determined by the amplifier performance,

7. Summary

The photon population for a given hminous intensity
has been estimated by means of two separate concents of
the lumen. A useful approximation for space science is
1 ft-c = 1.1 X 10" photens/sec.

From the photon concentration on the picture clement,
the ultimate sensitivity may be ¢xpressed by quite simple
equations: for non-storage devices as /N = (n,/B)*. nnd
for storage clevices as S/N = (2n,)"*.

The quantum etn @ncy of the sl w-scan vidicon,
y = 40%, is seen to be mnch greater than is generally
suppos#:| and approaches that of the best photoconductive
cells. As with the broadcast vidicon, early experimental
saraples exhibited a sensitivity that later units couid oaly
marginally exceed because of the fundamental relationship
» = /1, established by the camera system restraints.
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XVIUI. Space Instrument Systems
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A. Vibration Testing of a Tape
Recorder Designed for Space-
craft Data Storage
Applications

W. G. Clement

Vibration stressing of a miniature tape transport in-
tended for data storage applications in spacecraft was
recently completed. The unit tested was a Kinelogic
Corp., “isoelastic” drive, reel-to-reel design (Fig. 1). This
transpo-* occupies a standard 6- X 6-in. module, weighs
2.5 1b, and is intended fcr hard-mounting in the space-
craft; a 468-ft twpe is driven at 15 in./sec with less than
3-w input to the Jdrive motor. The unit was previcusly
described in SPS 37-25, Vol. 1V, pp. 225, 226.

The purposes of the tests werc to reveal whatever
mechanical weuknesses might exist in the transport and
to indicate possible design improvements to be incor-
porated into subsequent units. Determination of the
degree of damage sustained by the mechanism durig
a particular vibration stress (except for visually obvious
damage) was exceedingly difficult because of the very
slight daimnage, if any at all, that occurred. Several new
testing techniques for detecting performance degrada-
tion were developed.
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1. Testing Procedures

The following nine vibration stresses werc imposed:

(1) Mariner C (Mariner Mars 1964) type-approval level
(16.4 g burst), Plane 2.

(2) Manner C type-approy al lei 2, Plane 1.
(8) Mariner C type-approval level, Plane 3.

{4) 9-g-rms sinesweep, :0 to 2000 cps, Piane <. Reso-
rances indicated at 713 cps (45 g, 1062 cps (76 g),
and 2025 cps (106 g): dwell at each for 6 min.

(5) 9-g-rms sinesweep, 40 to 2000 cps, Plane 3.

(6) 9-g-rms sinesweep, 40 to 2000 cps, Plane 3.

(7) 9-g-xms sinesweep, 40 to 2000 cps, Plane 1. Reso-
nance indicated at 683 cps; dwell ai. 683 cps for
30 min.

(8; 9-g-rms sinesweep, 40 to 2000 cps, Plane 2. Reto-
pance indica‘ed at 760 cps (48 g); dwell at 760 cps
£or 30 min,

{9) 9-g-rms sinesweep, 40 to 2000 cps, Plane 3. Ruso- -
nance indicated at 726 cps; dwell al 728 cps for
20 min.
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Fig. 1. Tape transport

Each of six different tests was performed initiallv and
after each vibration stress imposed on the tape transport.
These tests are discussed below:

Test I. The minimum start voltage for a 15-in./scc tape
speed was measured in each direction of tape travel.

Test z. The maximum Lreakaway torque at the capstan
was 'neasured in each direction with a torque waich.

Test 3. Mechanical vibratici: of the transport while
running was measured with a General Radio Co. Type
1553A vibration meter. A measurement was made for each
direction of tape trovel at 3.75- and 15-in./sec tape
speeds. A range of readings was recorded after 2-min
ohservations in each mode of operation. The transport
was placed in a styrofoam mounting block during the
measurements to avoid resonaut amplifications from out-
side structures.

Test 4. Tape motion jitter (instantaneous speed varia-
tion) was measured at 15 and 3.75 in./sec in each direction
of tape travel. For the 15-in./sec measurement, 2 10-ke
square wrve was recorded on the tape. This signal was
played back though a level detector and displayed on
an oscilloscope, and the ' -ding edge of the reconstructed
square wave was photogiiphed. A l-min exposure wus

JPL SPACE PROGRAMS SUMMARY NO. 37-33. VOL. IV

made to include many cveles of the played-back signal
and. hence, the maximum motion variation occurring.
For the 3.75-in./sec mieasurement, a 1-kc square wave
was recorded, and the played-back signal was handled in
a simiiar fashion. Fig. 2 shows two typical leading-edge
photographs.

Test 5. Start and stop times in each direction at each
speed were measured by observing the time-amplitude
charac ieristic of the signals recorded on the tape. Typical
15-ir../<ec start and stop characteristics are shown in Fig. 3.

Test 6. Cogging of the motor (SPS 37-2£, Vol. IV, pp. 136,
137). as reflected in a cyclic speed variation of the tape,
was measured by observing the corresponding cyclic
variation of the played-back signal amplitude. Measure-
ments were made at the low speed (3.75 in./sec) only.
since cogging is piedominantly a low-speed {low-drive-
frequency) phenomenon. The motor cogging effect may
be seen in Fig. 4.
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{400-msec START TIME)

————————
. . - ,‘ .
t v -
, SRE T -\ .
I LA 3~
L] .
i ‘ ¥ B N
— ~ —_—rrT . — «

AMPLITUDE
" !T

(b} 15~in./sec STOP CHARACTERISTIC

{1100~msec STOP TIME)
e

AMPLITUDE

M N ?a . " i

e

TIME

Fig. 3. Typical start and stop
characteristics
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2. Results

An effort was malde to display the test restvits in a
manner waich would indicate progressive damage, or the
lack thereof. to the transport mechanism. Data plots are
stown in Figs. 5 through 11. where the progression of the
tests through the nine vibration stresses is indicated along
the horizontal axic bv f, through f.. It may be noted in
Fig. 5 that the mmimun: voliae to start the tape moving
at 15 in./sec showed an increasing trend ai fret and then
remained almost constant throughout the subsequeut
cycles of vibration stress. Breakaway torgue values shown
in Fig. 5 followed approximately the same trend. as
expected. The trend of torque values is less definite than
that of starting voltage values and probably indicates that
the latter is a more sensitive indicator of degradation of the
transport mechanism.

It is difficult to discern any signinc:nt trend in the
vibration characteristics depicted in Fig. 7. Levels of vibra-
tion and audible noise are typicallv high for rotating
assemblies utilizing preloaded ball-bearings. Eleven such
assemblies are contained in the test transport, and the
noise and vibratior lcvels may Lave been sufficiently high
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Fig. 5. Test 1, start voltage
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ivitially to mask any degradation eftects produced by Tape motion jitter would normally be expected to
the vib:ation stress. increase with increased bearing damage. As may be seen
in Fig. 8. low speed jitter did show an increasing trend
8G , I T und possibly indicates a slight degree of bearing damage.
¢ (a) CLOCKWISE DIRECTION The trend is less discernible for high-speed jitter, and
gh-S )
70 onc might conclude that the inertia of the various rotating
assemblies was sufficient to mask the slight increase in
60 |— jitter discernible at the lo speed, where rotational inertia
effects were muzh less significant.
c 50 —
D Start and stop times are gencrally considered fairly
:} 40 sensitive indications of incceased (or decieased) friction
3 J; ! in a mechanism, and it is probably significant that, in these
§ 20 % J tests, no appreciable chiuges were observed {Figs. 9 and
5 ‘ 4‘\3/ 10). While the start time showed a slight decrease, indi-
g 2 cating 2 reduction of friction with vibration stress, a
g o - . 3 s e 3 3 72 1 i .
X s | r T —1—7 corresponding increase in stop tur'ne was n9t mdfcate.l.
¥ (5} COUNTERCLOCKWISE DIRECTION Moreover, the results of Test 1 (Fig. 3) indicate, if any-
T 5 I thing, an increase in frictior
f
N S . . . P
40 A\ — ow-speed cogging characteristics are shown in Fig. 11.
/ b et ! { 1t appears safe to conclude that no trend is indicated by
10 ﬂ the data taken. The method of measurement does not
L b b . ) as .
b seem to be a particularly sensitive ons; furthermore,
20¢ | i ~-  the validity of the assumption that there is any correlation
o R fs % fr fe 'S petwern bearing damage and low-speed cogging is
Fig. 6. Test 2, breakav:ay torque questionable.
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3. Conclusions

The -particular recorder wechanism tested did not
exhibit significant performance degradation as a result of
the standard JPL Mariner C type-approval vibration stress
levels. Although smructural resonances existed for excita-
tion frequancies between 40 and 2000 cps, 30-min “dweils”
at these frequencies did not significantly degrade the
mechanism.

The merit of designing such mechanisms with low-mass
bearing-supported :lements is implicit. Minimum start-
voltage and stort- and stop-time measurements were
probably the most sensitive mechanical performance
degradation criteria used in this test program and shonld
be considrred for use in future tests of this nature.
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B. A Device for Mzasuring the
Static Frichion (Stiction)
Between Magnetic Tape

and Heads

W. G. Clement

During tests on the rocket-radar recorder in late-1963,
the following problem was uncovered: When the re-
corder remained in a dormunt vondition at an elevated

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL 1V

temperature, the tape tenaed té adhere to the heads, thus
jeopardizing the recorder’s startup capability'. This
sticking tendency would sometimes manifest itself after
only a few hours of dormancy at near-ambient tempera-
tures. Phetomicrographs of hoth head and tape after one
such test revealed that the stic h"g had occurred only
between the tape and the brass “bracket” region of the
head, and not at ail in the magnetic (nickel-iron) region.
This observation added empkhasis to the desirability of
obtaining a more suitable head-bracket materialz. There-
fore, a program was initiated at the Applied Maonetics
Corporation for the evaluation of various materials with
regard to static friction characteristics, as well as char-
acteristics relating to thermal coefficient and weai.

As a recult of further recorder-dormancy tests and the
subsequent study of the heads and tapes, the following
hypothesic was advanced: Under the influence of ele-
vated terrperatures and n the presence of oxygen /air),
certain o ganic compounds present in the tape’s binder
system tend to break down into lower molecular weight
species which are “tacky.” The brass portion of the head
maay also be a factor in this process, since copper and
copper alloys react readily with certain halogenated
compounds, often found in tape dispersious, to cause cor-
rosion and material breakdown. Such reactions result in
the adherence pnenomenon observed.

On the basis of this hypothesis, it was concluded that
three steps could be taken to minimize the problem:

(1) Since oxygen and oxidation are not factors ir space.
they should be eliminated from the tests.

(2) Tape should be preconditioned (cured) by heat
and vacuum to drive off the residual volatiles
which, if allowed t¢ remain, could react with the
head-bracket material.

(3) Consideration should be given to selecting a head:
hracket material having a mininum tendency to
react with the tape compounds.

Woerk was started at the Kinelogic Corporation to de-
termine a suitable tape conditicniag schedule, and tests
were initiated to determine the effect of a dry-nitrogen

'Concurrent with the discovery of this problem at JPL, reports were
received from industry indicating concern by other project groups
ahout the same phenomenon { Ref. 1),

*Some of the previously known deficiencies of brass brackets were
poor wear characteristics and an incompatible thermal coefficient.
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atmosphere on the sticking pkenomenon. The work pre-
vicusly initiated to find a more suitable head-bracket
material continued.

Prior to this time, most of the tests were made with
Memorex Corp Type 62L and Minnesota Mining & Mfz.
Co. (3M) Type 991 tapes. At this time, however, 3M
Type 931 tape in Yi-in width became available, Its char-
actenstics. especially short wavelength response and
physical durahility, seemed particularly appropr.ate for
spacecraft applications; thus, from this point on,
stiction tests and curing efforts were performed with this
tape, Stiction tests revealed that this new tupe tended to
adhere t0 the heads somewhat less tevaciously than
either the 32L or 991 tapes; however, the problem re-
mained essentially the same.

Etforts to cure 951 tape by cortinuously cycling it back
and forth on a recorder in a vacuum (about 10~ torr) at
temperatures up to 80°C et with moderate success
after it was discovered *hat the elements of sliding fric-

Fig. 12. First test fixture for measuring static
friction between heads and tape
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tion, especially heads, had to be climinated from the tape
path during this process. Cured tape was successtully
transported in a sealed rocket radar recorder after a
dormancy period of 32 davs at 55°C and again aiter 8
days at 65°C. Testing of this particular specimen of tape
was then discontinued. since the recerder was needed
for the high-altitude rocket-radar project at JPL.

In evaluating variovs head-bracket materials at Applied
Magnetics, it was initially assumed that the characteristics
of a given tape would be uniform and that stavic-friction
measurements after a 4-hr soak at an elevated tempera-
ture would provide a valid basis for comparison of
bracket matecials. Tests were conducted using the test
fixture shown in Fig. 12. The resulting data exhibited
poor repeatability. The frictional characteristics of a
given specimen of tape appeared to vary rot only fron
reel-to-reel, but also within a reel between two points
no more than 1 iu. apart. This lack of tactile vniformity
in the tape was felt to be aitributable to inadequate
processing and served to support the nremise that a more
thorough cure of the tape was required. In any case, it
seemed obvious that, befcre valid head-inaterial evalua-
tion could proceed, tape characteristics would have to
be better controlled and/or defined. Accordingly, efforts
at Applied Magnetics to evaluate the frictional aspects
of heaci materials were diverted to o study of the tape
problewns. Two prosects were initiated: (1) the design and
constriction of a static-friction test device which would
embody more adeguate control of environment® and
measurement, and (2) a study to obtain quantitative -
formation on a suitable tape curing process.

Experiments were cornducted to establish the amount
of outgassing of a tape specimen undergoing vacaum
and tempeérature treatment as a possible criterion for
deterrm ' ng adequate cure and presw .oly, therefore,
eniform frictional characteristics. Weight loss measvre-
naenis were also made in an effort to establih an alter-
nate criter on. Some data on outgassing rate versus time
of cure were obtained. Short-term dormancy tests were
conduxt « which estublished that a curing process sig-
nificartly reduced the static friction. Flowever, at this time,
the 3M Company anmounced the removal of 951 tape
from the murket due to probiems of manufacturing cou-
trol. All werk ut JPL on 951 tape was therefore imme-
diately discontinued. However, the design and
construction of a more suituble friction tester continued.
This device and somc of the test results obtained are
«eseribed herein,

"It was felt that, among other factors, humidity variutions had affected
the resuits of previous tests,
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1. Description of Test Device

Friction testers for magnetic tape have been con-
structed and used to obtain valid test data (Refs. 2-5).
Such devices generally embody a tape transport with
suitable modifications Usually, the primary interest is in
running friction. However, with static friction as a pri-
mary considcration, iv was felt that the frictional char-
acteristics of bearings, motors, clutches. brakes et..,
tvpically embodied in such tupe transports introduce
unknown and variable contributions into the test resnlts,
especially under conditions of heat soak. and that a new
device should be designed and constructed which would
not only be reasonably free of such spurious contr butions,
but would also be 2 simpler and more appropriat: device.

The test' rig is shown in Fig. 13. The test head is
mounted on a cantilever spring, to which struin gages
are attached for measuring the flexure. A thermocouple
is embedded in the head for temperature rionitor.ng

JPL SPACE PROGRAMS SUMMAKY NO. 37-33. VOL. IV

and control. The tape to be tested is sew.ared at the
upper end to a solenoid and at the lower end te a weight,
In this way, constant tape tension is maintuned. The
operation of the ~olenoid which pulls the tape over the
head is controlled by means of a motor-driven rheostat,
The entire test device. including a suitably controlled
heater, is placed in a bell jar. and tests are performed in
a nitrogen atmosohere. The steps folluwed in performing
a test are as follows.:

(1) A test head is installed at the tip of the cantilever
and is then carefully cleaned to remove any con-
taminants, including body flvids from handling,

(2) A length of the test tape is clamped in place at
both ends and carefully cleaned.

(3) The bell jar is placed over the assembly, and the
enclosure is purged and back-filled with dry nitro-
gen. A slight negative diflerential pressure is
maintained in order to keep the bell jar sealed.

—
o

Friction between the head and tape is measured
by energizing the solenoid motor and then record-
ing on a chart recorder the deflection of the
cantilever.

(3) The heat is turned on and maintained for the
desired soak period.

{6) At the end of the soak period. the heat is turned
off; when the head temperature has dropped to
ambient room temperature, the friction measure-
ment, Step (1), is repeated.

2. Test Results

Some of the more interesting test data obtaned to
date are given in Table 1, which indicates the apparent
desirabil*y of monel and/or brass for head-bracket”
material, as opposed to inconel, mangancse-bronze,
aluminum-bronze, or 310 stainless steel, and the merit
of CEC/EK tape’, as comparcd with three other types
(two other brands).

3. Conclusions

A suitable test rig for determi ing the static friction
characteristics of various tapes and “ead materiaiz has
be=n developed. With some refinomens in procedure, it
is anticipated that measurc ments will ke repeatable with-
in 20%. Use of this test rig is continuing in an effort to
determine the effects on static {riction of soak time, soak

'CEC/EX tape j5 an Eastnin Kodak Co, tape marketed by the Ce.
solidates! Electrodynumics Carp,
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Table ). Stiction test results for various head-bracket materials and tape sampios®

l Preheat stiction, g, for Postheat stiction, g, for Increase. %
Htam - indicated test indicated tef.t. ! ]
1 2 3 4 i 2 3 | a4 ) 2 3 4 | Average
Head-bracket materials®
KR Monel . 70 75 60 85 100 100 : 160 155 43 33 167 83 82
Inconel 55 55 45 50 270 175 no 130 390 220 145 160 229
Manganee-bronze 60 50 50 <0 240 210 235 205 300 320 370" 410 350
310 Stainless stee! 60 40 40 45 200 80 99 110 230 i0o0 125 140 149
Alyminum-bronze 40 40 40 45 210 190 290 240 250 375 630 430 421
Brass 1i0 95 95 90 165 135 140 120 50 42 47 33 43
Tane samples®
CEC/EX 50 50 45 50 85 90 90 €l 70 80 120 60 78
3M 921 70 75 60 85 110 100 160 155 43 32 167 83 82
Iames1® 65 80 85 85 200 190 255 240 210 137 200 182 182
Memorex 621 65 80 50 59 14C 165 | 135 195 15 106 170 * ' 225 154
Sugk tirie: 10 hr; sook temperature: 75°C,
tTested against IM 991 tape.
“Tested against KR’monel.
dfrom manufaci-wer's defective lot.

temperature, tape tension, tape pretreatment, and tape
wrap-angle.

It is interesting to consider the possible validity of
stiction testing as a criterion for determining a tape’s
wear resistance quality. Nesh and Brown (Ref. 6) have
conjectured that a greater degree of cross-linking in the

polymer chain of a given tape sample may provide
greater wear resistance. Their approach to a determina-
tion of this degree of cross-linking and, hence, wear-
ehility is a measurement of the tapels solvent resistance.
Jt would appear that a static-friction test after an appro-
priate heat soak may also yield a measure of the degree
of cross-linking in the: polymer structure.
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A Fwi'her Antenno Pctern Meas— -uaior, a \\avctruxde switch ti.a® permits the power T

routed into a load when desired, a directional coupler

premenfs inthe i3-mr-r, _MICI'OWGVG . that’ feeds a precision waven.cer and temperature-
Bon d on ﬂ'l e GOI dston e Spcce compensating bolometer fur frequenzy and power moni-

toring, two attenuators, und a standard gain horn. One

Communications Station
~ 30-ft Antenna

M. L. Kellner

The Goldstone -Space Communicatiors Station 30-ft~
precision antenna was used in December. 1964 and Jan-
uary 1965 for radiometric observations of Jupiter in the

; - 13-mm microwave band Azimuth and elevation antenna
- patterns werc obtained- to evaluate the fced-antenna
combination for beamwidth, synuaetry, and sidelobe
strucfire infirmation. Pattern. were also rerun at the
frequencies and on-axis feed positivn used during the
radiomctiic obscrvations of Verus (SPS 37-28, Vol. 1V,
pp. 122-126) (5 refine the values obtained at that tinve.

BE lmplemenfcmon ‘ : [, OSCILLATOR =

The patterns were obtined w ith an ¢ Tangement
identical to th~ one utilized previously: 2 oresighting
transmitter at Tiefort Mountain, ana the 1-liometer used
for the planet observations as receiver. Fizr 1 and 2 show
the boresighting bench which was used as the trans-
mitter. This ic « slightly modified version of the unit
used in the Venus experiment (SPS 37-29). In this unit,
a backward-wave oscilator, with a. maximum power
output of approximately 40 mw, s used as an RF signal
source, It is foliowed by an isolator, a level-setting atten- . Fig. 1. Bovesighting bench
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STANDARD
- -GaIN
-FORN

, , 0TATING
ISOLATOR STEP- . -
- : TWIST
— ) ] I
SEMI- , ; - SEMI- . i
_ | " wavEGUIDE DIRECTICNAL |__ | - ol PRECISION
_ PRECISION =% - ‘gyitcy [ ™ COUPLER [ PRECISION ATTENUATOR
ATTENUATOR i I ATTENUATOR R ,
:T o j ]
POWER TEMPERATURE- :
| COMPENSATING je#—! WAVEMETER
) METER. FERD : ) _

- - -Fig. 2. lBoresighﬁna bench block diagram -

L - N v
T maertieat %t e . -
[ o 2
S ‘“"&N 'j’.:”"" I . R ¢
T H P -
i 3 (IR

an 3. Boresnghtmg bench and associated equupment
. in transmitting position

of the two attenuators before the horn was a precision
attenuatct to permit accurate power output level changes
for ‘linerity calibration purposes. A rotating step-twist
was mcorporatcd in the st-adard-gain-hern mounting
structure to allow rapid polarization ch'mgcs of the

transmitted signal. Fig. 3 shows the boresighting bench

and associated equipment in the transmitting position.

Ali of the vomgponents, with the exception of the
backward-wave oscillator power supply and power meter
and an electronic prime power ~egulator, were mounted
on a %-in. alumumum plate for rigidity. Three leveling
screws —)ac]\s on. the plate permitted fine adjustment of
the odtput béam position. A telescope was also mounted-

on the plate for visual collimation of ths output beam.

-

"The radiometer receiver local oscillator and- the bore-

- sighting bench used identical backward-wave oscillators

and power supplies. After 1 hr of warmup time, both

‘systems were extremely stable; there was a divect corre-

lation of frequency setting between the sysiems, enabling
very accurate pattern measurements.

2. Procedure and Results

The first step.in the measurement procedure was to
properly focus the feedhorn on the antenna. This was
accomplished at 23.8 Gc by observing the on-axis feed

TR S SR TR e e iese
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position yielding maximum output consistent with iow-
est sidelobes ar.l symmetry from the .adiometer waen
the anienna was puinted at the boresight bench at Tietort
Mountain. All power levels and the radiometer perforin-
ance were carefally monitored during this and subse-
quent measurements.

With the feed Jocked in proper position, the anterna
was somputer-controlled to scan in both elevation and
azimuth at a rate of 0.005 deg/sec. The recorder was
operated at a 60-mm/miu rate, yielding a calibration of
0.005 deg/mm on the chart. Two.types of patterns were
ran ia thiz manner. The first type was obtained by setting

~ the radiometer gain so that the peak output on-axis was
.severan db below compression, This allowed the main .
antenna lobg to be recorded in detail, but the dynamic

range Was insufficient to see the sidelobe structure. The
second type of pattern was run by allowing the recorder
to hecome saturzted on the mair anteuna lobe' by in-

veL. IV

ALL'VALUE POINTS LOCATED BY CALIBRATION

creasing the gain- Ihe sidelobes were then recorced
with better detail.

Figs. 1 and 3 show the patterns obtained ai 20.€ Ge.
The main character™ti:s at this frequency are summar-
ized below: -

T' 336 | 6db | First
Scan plane Beamwxdth Beamwidth, | sidelobe,

I _ deg ~ deg - db
“Azimuth ¢ 0.108 0141 | —180
“ievation l 0.135 0.189 —-120

Patterns were obtained at 20.6, 210, 215, 22.0, 22.5,
230, 235, and-24.0 Gc using the same technique. “The
patterns shown:in Figs. 4 and 5 are representatve of
those for all the frequencies. - -

o
o
Ty - : - .
= y FREQUENCY -= 2G.6 G-
> O (o) AZIMUTH PATTERN SCAN RATE = 0.00S, deg/ sec
= .
Q
.=
< -3} ]
w - :
> g .
gL
w -2
-2 L
© 5 , —
1 il ! —d i I ;
P ‘ * - .
o PR , -
S (b) AZIMUTH PATTERN W!TH RECEIVER -1 -
. & GAIN INCREASED.TO REVEAL  ~ |
.oa . _SIDELOBE STRUGTURE. ~ o ’
S -10 "l - \ . . - ) l ~
w S ) - |
A : ’ - B
= i - ‘ . "
K S . T
d: -3 X N - /'{——""f\— '
x S |
w.-6pF - . ’ A |
S -st L — 1
. t -2 !
-4 =3
N % /\—/ g "
< ,JV = 1 1 e A ]
—7=0.43 =035 ~  -028 -0.J% -00¢ 0. 0.05 015 - 025 035 045
ROTATION ANGLE, deg -

Fig. 4. Azimuth antenna patterns ot 20.6 G on the Goldstone 3C-fi antenna
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{0} ELEVATION- PATTERN , ggﬁg”gg.cg : SB‘SsG‘éeg /cac.
1
! .
I
- . o 1
- ) : |
: i |
) | i ; { 1 o |

(b) ELEVATION PATTERN  °, = = .
WITH RECEIVER GAIN / ‘
INCREASED TO REYEAL

o
o .
¥
3 1
S
o |
2 I
u -iol SIDELOBE STRUCTURE/ - g
> ) L -
= T l
<« ; | ) .
- P
] I ‘
c ».,
w - !
S |
) .
= R
3
g . |
- 1 1 1 i o1 .
—04 -03 -Q2 =-0. 4] O.1 ) 0.2 03 04 05
ROTATION ANGLE, deg - Cee T
F-ig. 5. Elevation antenna puﬂe;ns at 20.6 Gc on the Goldstone 3C-ft antenna <
e N
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A Theory of Ionlzahon of
tomic Systems by High-
Intensity Radiation
’ O. vun Roos
Experiments have been reported (Refs. 1-3) of the
generation of plasmas in gases of H,, He, Ar, and N,

by pulsed ruby laser light (intensity of the order of 1G°
to 10° w/cm?). Theories have been advanced (Refs. 4

and 5) to explain the clectron generation by a direct -

ionization of the neutral gas molecules by micans of mul-
tiple photon absorption. It is, of course, true that ioniza-
“tion cross-scctions may become large enough once the
molecule is excited sufficiently high that only a one- or
two-photon absorption “suffices to lift the clectron into
the continuum (Ref. 8). However, it is quite. a different
matter to excite-the electron from the ground state. For
hydrogen, for instance, we would need about 10 photons
of the ruby laser light to ‘even lift the electron into the

first excited (2P) state, and we will see that the cross<
~ section for this process is prohibitively small.’ Tt seems,

Tt s small not only because so many photons are involved but also
because of the staall phase space available, For a truly sharp bound
state as the final state, the transition rate would be ‘exactly zero,
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therefore, that an explanation for the expeumental find-
ings (Refs. 1-3) rests with the “mjcrowave breakdown
process,” i.e., the assumption cf the presence of at least
one free electron oviginally (Refs. 3 and 7). In the follow-
ing discussion, we develop a theory of the above processes
in periurbation theory, the latter being vahd for intensities
as h; h as 10 w/cm?,

1. Wave Function of the Eleciron

The Schrodinger equation for a one-electron system
under the ‘influence of a circularly polarized monochro -
matic plane wave of frequency w, is:

(Ho -+ Hy)y = #i (1)
with
i s SN
1?;, S ey Ve + ¢(r) . @
-— 1 k ., — — — a
H, = iech [cos Ifo (= ct) =T sin. KQ (z: ct) ay]
. , @)
Here, € is the parameter (Ref. 8):
_ dwethit
' e, @



and the electromagnetic wave propagates in the z-direc-
tion. In Eq. (1), the well-known A? term has been omitted
since it only gives rise to an irrelevant phase factor in the
case cf circularly polarized Light. Expanding the wave
funciion ¢ in the complete set nelongmg to H,, we have
for the expansion coe{ﬁments

#a (t) =3 <l Hi|m> exp (iwmt) aut). (5)

Under the ascumptions that the electromagnetic field is
switched onat ¢ = 0, s¢y, and that the electron was in the
ground state, we have

a1 (0) = 810, ®)
as the é;;itial céndit:opﬁ:
Defining the op‘érators L
~' ’ ' + o _C. ‘ ; ’ 0 _ ¢ - >
s D= = 5 [exp (i k, 2) Pkl By] | (7?

and performing a Laplace transformation on the expan-
sion coefficients a,;(t): v o

" als) = [T (-sh)a o, (%
we find, by usi;g Egs, (‘37), (5): and (6), that
sails) ~Be=e (<] bf\"’ >q,,,(s Fiwniwn)
<t [ D-|m> am( ity = it01m)} -
S T

We are solving Eq. (9) by an iteration, treatmg € us thu
expansion parameter

as) = 3 €iyals) (10)
: a=0 -
We iminediately have: ’
ago(s) =880, . - (D).

e e et s [

In Eq. (5) and the followmg, l or m; etc,, signifies a colle;.ti m of
_quantum numbers, and all summations extend over the complsté-

set of rigenfunctions of /1, including, of course, the continwu.

states, wom = B (Eo — L) is sgmply the Bohr freqtkency
*This is allowed even fur the” highe" laser intensities presently
avaxlable {Ref, 7) - ~y . .

o
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2 N (o) = 2~ A
. c.xagrams A few examples are shown below ‘D vl

i

v
and, for a > 0, the recursive equation:
., als) = Y{<1|D*im xu},,“(s-é—ubu—-mm) St
+ <UD | m> tpyae (s ~ 0 — iwin)}. SRR

From Egs. (11) and (12) we obtain the first-order correc- .
< tion: . : e ‘;
al;u (S) =

<D0 > (s + iwo — iwn) "

<D0 > 57 (s — divy ~ itwgg)™ (1'3)°
_ Egs. (}3) and (12) then lead to the second-order corréc-’
tion a,, (s);, etc. We ‘will ot include h@re any of the.
hxgher -order. terms, .since they 12y Brcome sae e and -
“morz- involved. However, wesdo wish o show aow any -
- contribution of -an - irbitrary order (o, say) toward” thc
expansion coefficier*: a’? can he '+ nétructed This can ’
be accomplished witi 1 v nuan. diagrems, but, siee m T
our case these diagr: ms'are somewhat different?, it is’
worthwhile:t) give the results here. The-contribtion to
a, (s) in order a [ie., the auantlty a, X(sy] -consists of, a-
sum of-exactly 2 1erm“ éach of which can be umquely
. represented by a diagram. Fach diagram, consists of -a |
“limzontal line towhich ere-attached exactly a vertical ~
lines, some. from above {called positive lines,” whose iriter--
sectior with the horjzontal line is called a positive vertex) < ..-
and some from below (called negative lines, whose inter- ~
“section with the horizontal line is called a negative ver- . _
tex) in arbitiary order. If there are a. positive lines ang’ i
"o negative lines, we have a, +a =a,. and_the totai.‘

number of such ¢ dxagrams is - - - - v

N(n)=al{a!(a—a) N,

Since. any number of posxtlve lmes is allowed we have i
altogether

3

.~lj1;1’n2|;n§|n,J_Q 1 n ""l“s|ml()“‘£
T I L

I
‘ﬂ1|n2|n3|n4'0 li

|
ity J, 1y ] Ty * m 50 . 7‘«_ -

v /__,—

e -

“There are o mtemal lines and 4  different propngatm'. Y
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The ruies tor assaciating to each diagram a deSnite con-
tribution to the amplitude 2, is) are ihe following: For
eacn positive vertex joining the two parts of the horizontal
line }2Leled n, and n:.. {see examples), wiite the oxpres-
sion < n; D" n..>. Likewise. fi a negative vertex.
srite <y D
line which is labeled 5, write the “oropagator”
(s — iw:, ~ dm,ic.)!. where the number a_is cqual ‘o
the sum of all positive vertices minu« the sum of all nega-
tive vertices which are to the left of the “propagator.”
Finally, multiply al! terms c«:gether and sum over all
labels (quantum numberst. except those of the open ends.
According tc these rules, the diagrams or the right-hand
side above give rise to

n;., >-. For that part of the horizontal

LD > <n{Din.> <n. D>

e D0 > s (s - e, — e )

X (s — 2z, — dww Vs — ues - oae )

X s — 2iw. — dw ) s — iw, — 0} (15;
and

E<1‘D""x>

Lt T 1)
R P O VIl € (TN TEFA
Xofs 3 2iw, ~ i, )T (s F lues - w7
(s = dw, — iy, (s - Biw, - w16
respectively.

The v ve fenction of the electron is finally given by .

vl 1) = DR e g fd et (9 o)
P cxp( - ‘% E ) . (17)

2. Transition Probebility Per Second Due to
Incidest Radiation

In order to find the transition probubility per second
due to the incident radiution, we proceed as follows:

198

Since, by Eq. (171, the wave minction of the electron co
tains an admixture of continuum states, we project »
an arbitrary “ontinuum state ¢. for example. This give
from Eq. (17}:

1
4

I s iz Ay
<nyiri;> = 2::6" 3 ]as exp ’\st - %E,)n.:‘, (s)
(1

The transition probabilitv per second into the continuu:
state characterized bv :e enllection of quantum numbe
n is then given byv:

Aln) = lim%:<n§\; (r,t)> 7. (1

It us assuine that the relationship
Nw, — Wy =0 2

is satisfied for a ccitair. aceger N and thai no such relatior
ship is possible Jer any integer smaller than N. Physizall
this mcans that it takes at least X' photans of the incider
radiation to ionize (ke atomic systen.* From our diagran
matic expansion, we know that the lowest order in whic
the term is — ‘N, — iww..i™? can asise is of the Nth-orde
and it s precisely this term which gives rise tc a no

is only one diagram. with tne “propagator” {s — iNu
— iw,.), and that is the one with oniy positive vertice
We now have in N'th order

<n;¢ (e, 1> = 6N (i)t [d.s exD (sr -- 7;:—- E,,)
!

<3y <niDtn> - <ny, D 6> st

Wi, o AN-g
X s - jw, — i, ¥?

s (NS Dw, = dwea, YIS o INw, i)

2

There are (N + 1) sirle poles in the s-plzne, and t
integration aver s is relatively casy. Decauwse of Eq. (2
ard the asymptotic limit t — o in Eq. (19). it is easy
sec that <nlv 'he poles at s - 0 and ¢ — .. — Nw

*We specifically evelude a resonance cendition of the tyy
Fua = w0, where ! specifies any bound state. Cises like th
can be handicd ... ording to Ref. 7 ard do uot lead to any ante
esting effects as fa. as jorizttion 1s concerned (sve also Ref, 6
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contribute. Leaving out all irrelevant phase factors we
res ehtain:

<neir B> ~e” T nD n. >
el
Liivee D7 0> {wn — w07 e, w0

1-exp [it( Lo — .\':L‘.‘J]
w, — Nuw. !

S [EN=D e = w10

from which v e have, using Eq. (15::

A(") = 2t Zi <n D m> - <y D-0>
X ’(l.',,:-) - (;\T l} w. ) (u'"\ — u'-"\-l 2
X 8(._\’(1-‘,,. - !L‘,,.A) . (23)

Specifving the quantum 1 ambers n by E. L m, where E ic
the energy of the contituum and I and m are the angular
momentuin  quaatum nurnbers. and using  continuum
wave functions which are normalized in the energy scale
iRef. 9), we fnd for the transition probability per sec-
onid of a transition from the ground state to a contiuum
state {ionization) by the simultancous absorption of
N photons of frequency w.:

LiE :-—R—e-‘}z <E;l.m D n>

Lna -

“Iny. D f)}(u‘,,:., ~ (N-1w,)?

W, (N =2 way gt W “’1 ,

2H

where Ry = Rydberg frequency = 3.3 X 18" see™. A
crude estimate of the magnitude of A can casiiy be given
by replicing the intermediate frequencies w, . by amean
value (7. In that case, using a sum rule. we ‘olstain. from
Eq. (24):

b}

A(E) = ISP v<E; I (D7) 0= l‘-' A“ (iw
;1

SRy . 91 - ) s

(25)

To estimate the magritude of Eq. 125}, let ws apply it to
the ionization of hydiogen from its ground state with ruby
Taser aght of frequeney w, = 3 X 10% seet. The magni-
tude of varovs matrix clements <2 m > s (me? ) .
where o is the fine structure unhtant (see Kootnote 3).
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.

The sumber of photors absorbed simultaneously i ot lewst

A -2 Tin this case. We obtain, therefore.
- 1 mc .-
CEY = —— | € —5— \ I[ T - juw.y . 126)
( 2[{!/ T u: ‘[ $ 7L ju

Fstimating T =- 107" sec ~. we obtain the result that e
must be 10 7 in c~der that A = 107 sec. a truly small
iciization probability. But, i urder to produce this fow
ionization rate, the lacer beam intensity must have the
staggrering value o1 T 2= 10'0 w/cem”. The estimate is con-
servative since the valies of the matrix elements rre
usually smalier then those adopted here. Also. since the
two-photon ionization of excited hydrogen has been caleu-
lated exactly (Ref. 61, it is possible to check the estimate
viver. here: it turns vit that the estimate leads to the right
orde; of magnitude in ihat case.

n65- 32449

B. Interaction of intense Eiectro-
magnetic Beams with Electron
Beams
M. M. Saffren

Recently ieveral aathors (Refs. 10-12) have studied
the interactiv o of a single intense light beam with a free
rlectron. the electron being allowed to move with rela-
tivistic zpeed Von Roos (Ref. 13) has proposed a method
to trcat the interaction of an intense beam with a bound
electron. We propose a perturbation method for handiing
the problem of bound and free electrons w hih utilizes the
Fevnman propagator in the perturbauen expansion of
the eleciron wave function. wu our method, there appeas
to be no problem with the boundary conditions at i
fuice The method allows as to write explicitly the §
inatrix in any particular order of the fine structure con-
stant without §rst solving an initial-value groblem. More-
over, we have no difficulty in treating problems in which
there is more than one inter se beam present.

Along with all other anthors, we assume that the in-
tense radiztion field may be regarded as unquantized.
This has been dvstified in detail by Erantz (Ref. 14), but
is more or less simplhy a consequence of the tect that the
probability of a photon being either radiated into or
absorbed from a beam is proportional (roughiy) to the
number of photons already present in the beam We now
assume S (x, i) to be the Feyuman propagator (Ref. 15

199



)

R A N

gL -

e

JPL SPACE PROGRAMS SUIMMARY NC. ©7-33, VOL.. IV

for either a free particle or a pa ticle bound by a time-
independent potentai. The wa e function for such a
particle row perturbed by a 1 diation field A may be
written as ¥, and ¥ is the solut on of {Ref. 13):

¥(2) =y () + fd xS cOWIARI¥ (), (1
where, {or fermions,
W {A) = ieA =~ ieyuAs,
vi = dirac matrices, (2)

and, for . alar particles,
W (A) = ie [A* ¢y + 8 vAY] + € APA,, (3)

and ¢; (z) is the initial state of the particle.

We now split A into two parts: (1) A,, the field due to
the intense beam; and (2) 4, the field of any other photons
that are either absorbed or emitted by the electron. The
electron wave function in the presence of this combined
field (radiation corrections aside! is obtained as usual by
iterating Eq. {1). Thus [dropping the integral sign in Eq.
{{) and continuing to do so below], we obtain to third
order in the fine structure constant.

¥ = ¥i + Sr “’(dr_,:' Yi
+ 3 W(A,) Sp W(Ad) i
+ 5. Wia) y;
+ Sp W(As) Si W(a) v, -
-+ s; ‘«V(a) Sp ‘V(Ao) '
+ 85, W(A,) Sr W(A,) Sr W(a) y,
+ 8¢ W{A) Sr W(a) Sr W(A,) i
+ 5. W(a) S» W(As) Se W(AG) ¢
+ ete.

A scattering matrix element is then

S!l = <‘/’II‘I’>:

where . is a state of the particle in the time-independent
potential that corresponds to the propagator S,. The
matrix elemen® is

S =8, + <y SFWIAL) i".h>

+ <y S W) >

+ <y 1S WAL S, W(A,)

+ S;- W(A(]) SF “"(a)

+ S W(A,) Sr W{a)

+ S, W(a) S W(A) ! ¢ >

+ <y SrW(A) S W(A,) S Wia)

+ &, W(a) Sr W(4,) Sr W(A.)

+ S¢ W(A.) S¢ W(a) 5, W(A,)

- Sp Wia) S, W(a)Sr W(4,)

+ §; W(a) Se W(A,) Sr Wia)

+ S W(A,) S, W(a) S VWi{a)

+ S W(A,) Sk W(A,) S W(A,)

+ SrWi(e)SeW(a) Se W(a) 1 > .
As is easily verified, this expansion corresponds to the
usual Feynman expansion. The matrix elements can be
calculated using the usual Feynman rules, except that
now, in each teim in which 2n “intense photon” A, ap-
pears, the term is to be multiplied by the square root of
tiie number of photons in the beam as many times as A,
appears. This is nearly :he vosult found by Frantz, who
used more formal inethods. The agreement 1s, in fact,
complete, except for diagrams where the electron radiates

another photon into the beam made ur: of such photors.
For intense beams, however, the difference is negligibie.

We are presently calculating the radiai’'on from a par-
ticle subject to the ficld of two intense heams. We have
already calculated the cross-section fer frequency dou-
bling when a single intense beam is incident upon a free
particle, Up to terms that are thirc order in the fine
structure constant, the result is in agreement with previ-
ous calculations (Refs. 10-12).
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XXI. Chemistry

ﬂ§5_~;32459

A. Urinary “Free” Corticosteroids
by a Simple Clinical Method

A. J. Bauman

Biosatellite moukey experiments require a simple
method for continuous instrumental monitoring of urinary
corticosteroids because emotional stress in primates is
reflected in increased urinary corticosteroid excretion.
However, the recovery of urinary steroids is the weakest
feature of contemporary steroid analysis (Rei. 1). The
steroids are excreted as very complex mixtures of sulturic
acid esters or glycosides of D-glucuronic acid. The analy-
sis and clinical significance of these conjugates is as yet
not well developed (Ref. 2). Ordinarily, the coujugates
are hydrolyzed enzymatically — a lengthy and uncertain
step (Ref. 3) — and the free steroids are then partitioned
into_ organic sc'vents. The steroids are subsequently
resolved by analytical sequences, e.g., thin-layer chroma-
tography (TLC) followed by gas-liquid-partition chro-
matography (GLPC) (Refs. 4 and 5). Because of the
uncertainty and complexity of instrumenting such an
operational sequence we decided to examine a typical
simple clinical method for “free” urinary corticosteroids,

Doérner and Stahl’s recent fluorometric method (Ref. 6)
for “free” cortisol plus corticosterone begins with a sac-

202

cessive extraction of urine with petroleum ether and
methylene chloride. The latter extract is treated with
ethanol/sulfuric acid and the acid phase examined fluoro-
metrically. The results are prescuted in terms of an inter-
nal standard of cortisol. In our hands the method was
simple and reliable. We obtained a linear fluor:scence
peak yield at 530 my activation for 0-5 ug of cortisol in
an Aminco-Bcwmen instrument. However, TLC exam-
ination of the extracts by Bennett’s procedure (Ref. 7)
showed  t no cortiscl or cortizosterone was present.

Cue liter of quick-frozen urine from a single male
person {about % of a 24-hr sample) was quickly thawed
and divided into two equal parts. Cortisol (40 pg) was
added to one part. The samples were then put through
the Dorner-Stahl procedure, this being a 100-fold scaleup
in size. If we assume that 1500 ml was a fair 24-hr vrine
sample, their method gives a value of 227 pg of cortisol
plus corticosterone for the total sample. We concentrated
the extracts to dryness in the cold under nitrogen, obtain-
ing about 33 mg (33,000 ug) of a yellow il with an odor
like that of maple syrup from each. The samples were
dissolved in chloroform/methanol 4/1 volume/volume
and spotted as 1-ul spots onto a silica gel G TLC plate.
Fig. 1 shows the visual appearance of the plate arie
spraying with 509% sulfuric acid and heating. Theugh
1200 pg of sample was applied, we sce no cortisol and
corticosterone. One could easily see G.05 pg of cortisol
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SYSTEM: ETHYi ACETATE /CHLOROFORM/WATER, 9/10/) BY VOLUME
ADSORVENT: SILICA GEL G UNIPLATE

1. CORTISOL, CORTICOSTERONE; 2 pcg EACH; el SPOTS

2. D:(?RNER-STAHL EXTRACT; 1200 pug7 4C 4Lg OF ADDED CORTISOL
3. DORNER-STAKL EXTRACT; 1200 pe g
4.ESTRONE, ESTRADIOL, ESTRIOL; 2 g g EACH

13

Fig. 1. Thin-layer chromatogram« of urinary extracts

. as an olive greeu spot in visible light or 0.001 ug of cor-

tisol as a blue fluorescent spot under long wave ultra-
violet. The 1200 ug of sample should contain at least 1%
of a “rnormal” 24-hr yield of cortisol, or 0.05 pg (Ref. 8).
The main body of the extract is very likely a mixture of
Lile acids — the material at the origin —- which fluoresce
blue under ultraviclet (Ref. 5). The material which moves
with estrone is cholesterol on the basis of infrared and
other spray reagents. }t seems likely that no free corti-
costeroids exist in urine «nd that clinical methods like
this one are measuring other classes of compounds.?

N65-32451

B. Soil Studies—Microflora of
Desert Regions. VIl. Abundance
of Chemical Elements in an
Area of Soil at White
Montain Range,
Califorina
R. E. Cameron and G. B. Blank

1. Infroduction

Soil composition on our planet is dependent upon the
geochemistry of surface materials that are exposed to
the atmosphere and also upou the influence of organisms.

Wandenheuvel, W. A., personal commuaication.

In terrestrial desert areas, organisms are not a princi; .l
factor in soil formation and therefore contribute aeg-
ligibly to soil composition (Ref. 9). It can also be expested
that in a more severe desert environment, such as Mars,
where aridity may be more extreme,. that the soil compo-
sition will be primarily mineral. In general, the lower
the moisture content of a soil, the fewer the numbers and
the less the activity of the soil microflora (Ref. 10). .is a
consequence, there ic a limited organic matter content
in desert soils. Although varying proportions of mineral
matter are present in different kinds of terrestrial soils,
approximately 98 to 99.5% or more of desert suiis is of a
mineral nature, the remainder being organic matter,
which also includes biota (Ref. 11). However, the
amounts, distribution, relative abundance, and availability
of chemical elements in the soil environment are of sital
importance to organmisms. ’

From the viewpoint of extraterrestrial investigations
these chemical elements will be in association and inter-
action with possible endemic organisms or organic resi-
dues. An analysis for various elements will therefors be
indicative of the extraterrestrial chemical environment in
which life might occur or with which organic matter may
be complexed. Analyses for C and N ave especially
important in this respect. :

On a geochemical basis, the biophile elenients, or those
which tend to be associated with organisms, arc also the
elements which accumulate in soils that are the most
affected by organisms (Ref. 12), In turest:ial soils, these
it 2lude essential major elements, C, H, O, £, K, N, S,
minor elements, Ca Fe, Mg, and trace elements, Mu, Fe,
Zn, Cu, Mo, Co, and V. Additional biologically associated
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elements include Na, Cl, I, Ag, Ni, Au, Be, Cd, Se, Ti, Sn,
Pb, and As. These latter clements may be needed in such
rainute quantities by organisms that their essentiality has
been difficult to assess. The biophile elements do not
include Si or Al, and these two elements, plus O, Fe, Ca,
Na, K, and Mg, constitute almnst 99% of t-e Earth’s
crust (Ref. 12). -

The average content of chomical elements has been
determined for 2 number of different zonal soiis (Ref. 13).
These are primarily agricultural soils developed optimally

.under favorable environmental influences. This article

4 K
;

P

N - < - I -

Fig. 2. Soil field plot at White Mountain Ranye,
California (elevation 12,400 i)

60 MEDIUM AND T

FINE SAND

50t~

e ]

a0} ' : 4

30+ N -
20 -4
10 SILT 4
o = e
2-1 mm 1-Q08 mm  005-0.00Z mm <2pu

PARTICLE SIZE

Fig. 3. Average particle size distribution for 18
White Mountain Runge field plot solils
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compares the relative abundances and distribution of
elements in a relatively arid area -f soil of the same
genesis and morphology with cher~ . | «hundance of ele-
ments in agricultural soils ana ot ‘ogical materials.

2. Materials and Metkods

a. Soil description, Within an alpiue field plot of 24 ft
on a side, 18 samples of naturally air-dry soil were col-
lected from the surface 1-in. (Fig. 2). All of these soils
were light vellowish brown (6/4 10YR), of medium bulk
density (1.51 g/cm?), loamy sand in texture, and pre-
dominately of material ranging from 0.05 to 2 mm in
particle size (Fig. 3). All of these soil samples had sat-
urated pH values between 6.1 te 7.0, and Eh values of
+450 to +550 mv. Cation exchange values were between
7 to 10 meq/100 g of soil. Organic matter content ranged
from 3.5 t0 9.0% with an average value of 5.0%. Mineral
components of these soils consisted primaily of quartz,
plagioclase (albite, anorthite), K-feldspar (orthoclase,
microcline), and possibly amphibole and muscovite (Fig,
4).2 Microbiological data on these 18 samples were re-
ported previnusly (Ref. 14).

b. Analyses. All suil samples were passed through a
2-mw +'eve-(#10 mesh) and an aliquot powdered by

. morter wnd postle for subsequent chemical analyses.

Tor spectro-chemical aralyses. 10) mg of soil was mixed
with powdered graphite and ignyied with a dc are. Cali-
Leations were obtained for a- photographic emulsion
response curve. Photographic spenivograms for the un-
known scils were placed in the A1 wvojector comparator-
densitometer, and characteristic -/i.»s of the elements
Getermined by comparison with thx naster spectrogram
(Ref. 15)." The dc arc is the mest < c:avenient method for
obtaining a geneial survey of tl+ «.organic compesition
of soils, .

Other analyses were portyn oo for 2, H, N, P, and S.
Oxvgen values were eu'sudn's ", C, H, and N vvere deter-
noyet by ignitioa in Cowovea C-H and N analyzers as
desc:ibed previously (12 { 1i}.4 S and P were determined
on HC10, extracts. 5:dfur was determined by the methyl-
ene blue method an-!' ¥ Ly the molybdenum blue method
{Ref. 16).° :

!

*Analysis by Neil Nickle, JPL Lunar and Planetary Science Section.

’Analyses by Pacific Spectro-Chemical Laboratory, Los Angeles,
California.

*Analyses by Elek Microinalytical Laboratories, Torrance, California.
*Analyses by Edward S. Bubcock and Sons, Riverside, California.
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3. Results and Discussion ' Average abundances of the 25 chemical clements are .
: a. Chemical abundarce. Chemical abundance of indi- plotted in decreasing order of abyndance in Figs. 5 and 6.

These average abundances, whil= similar to those for

3 vidual elements cbtainzd by various analyses are shown - ) ; e
- typical zonal soils, are, in other cases, imnore similar to

in Table 1. These elerents iuclude, in_decreasing order

4
3 or abundance, O, 8i, Al K, Na, Fe, Ca, Mg, C, Ti, H, Mn, .
) N, P, Sr, Ba, Zr, Cr, V, Ga, Cu, S, Ni, B, and Co, Other ~
i elements, as 8, As, Be, Bi, Au, Ag, Pb, St, Mo, and Zn, - i
2 would have to be zbove 5 to 1000 ppm,.in-order to be oosol
: detected at these spectrographic sensitivities. - . :
; oorof :
& ;
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amonnts found m various nlirabas o Basic, mtermediate.
adid. or sedimentary rocks Ref. 13

b. Major soil elements. The vavgen content m these
sos was the same as the average oxyvgen content of the
Earth’s aust, 465% (Re” 12 or of intermediate rocks
‘Ret. 130 The oxygen conl nt was lower than that of
agricuitueral soils, which 15 49.07¢
was 26%% .

The a* erage Si < ontent
This amount compares closeh to an aver
of 27.6% in the Earths crast. or 26 in intermed:are
rocks. Tpical agricultwral svils have a higher average
Si content.

The average aburdance of Al in the Earth’s crust is
8.1% . Approximately 106¢ Al occurs in sedimentary rocks.
The average Al content for these soils. 10.3¢7 | was there-
lore repre-entative of Al in sedimentary rocks, and 3¢
higher th-m that for typical agricultural soils.

The highest Fe content of the 18 samples was 2.6,
with an average of 1.8%. This average i sbout three
times less than the average for zonal soils, and more
closely approximates that found in acid rock.. The aver-
age abundance of iron in well-developed surface soils is
usually less than the average of 5.1% found in the
Earth’s crust.

Ca and K each have approximately the same abun-
dance ir well-developed soils —an average of 1.36¢%.
Average Ca content of these 1S soils was 1.6%¢. less than
that found in calcureons desert voils (Ref 11.. and about
halt of the average content ot the Earth's crust.

The K content wasn exceptionally higa for all 16 soils
The average was 76%, and would b indwative of the
relatively large amomnt of K-feldspaurs and plagioclase
present.

.\'.1 and Mz are tne two remaining eiements. along with
G. Su. AL Feo Ca, and K, that constitute almost Y9 of
the L.lrth\ crust. In typical agricutiural soils, both Na
and Mg average 0.63%, approximately four times jess
than their average in the Earth’s crust or intermediate
1acks. The Na average for thess soils was high, 316,
Magnesium was slighthy above the average for zonal
ails. with an average of 0.96%.

C 15 not a major clement in the chemical composition of
the Earth's crust. and its abundance in zona! scils aver-
ages 2.0 0 compared to ar average of 0.0477 occurring
a1 the Eartlis cxust and in most rocks. For 18

e

.l\'l‘Tilg(‘ C oconirnt was 0.455%

soils, the
and neariv all in the

oreanic form. I southwestern US desert soils. the mean
value for
0.i5 -

more nearty approaches a lower vacie of

Refl 11

c. Minor and trace elements in soils. In general, other
eiements may or may not show deviations from ther
average content in rocks. Hydrogen analvses are inhie-
quently reported {or soils. § ana P while ot biologicai
mportance may ~how httle or no difference in 2bun-

and 135

dance 1 soils compared to rocks (Rets. 12

Average P ocontent of these 18 soils was 007, and
compares favorably with 0.08¢¢ for typical agicultural
soils. The average S coutent was 0.002¢ . compared to
averages in well-developed soils of 6.08% . Other hio-
logicaily mportant elements, Mun, Cu, Co. V, and B in
these soils, had approximateh the same abundance as
tor typical soils.

For life detection purposes. N content of s'oils ranks
in importance with C. Average content of N for well-
deveioped soils - 0.1¢7 and compares favorably with the
N content of the 15 White Mountain ficld plot soils,
0.07S%. This is approximatel. ten times the amount of
N\ found in Scuthwestern U.S, decert soils (Ref. 11} Most
of the N was organic. although some was in the form of
NH- and NO- .

4. Concivding Remarks

A comparison of chemical abundance of 25 elements’
was made for 1§ samples from the surface of a relatively
arid se1l fieid plot at the White Mountain Range. Califor-
nia. In d(-crca.sing order of abundance. these elements

nddncded O, Si. AT K. Na. Fe. Ca, Mg, C, Ti. H. Mo, N,
l Sr. Ba. Zr. (r L Ga, Cu, SN Bl ard Co. For zonal
agricnltaral soils d.«- average order of abundance of cheru-
ical elements shews some variations. and in decreasing
orde- of ahrddance, these were O, Si Al Te, C. Ca, K
Na, M ST NO M S P Ba, Sro Zr, € VL Gal N Cu,
B. and Co. )

There was actua'ly litile deviation ‘he abundance
of any element fron the 18 samples a1 vzed from the
~oil field plot. Var-ation in the chemical abundance of
clenrents was also comparable to the small variability
found tor numbers f microflora ircm the same ficld plot
iRet 140 However, wedditional information is needed for
more (ypical desert sorls, cspecialy for soils from differ-
ent. but adjacent ecos stems and from various depths
of soil.,
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-

All chiemical elements were in Lufficient abundance fo-

Na. and K showed substantial differences compared to
tvpical well-developed zonal agricultural soils. there was
nu apparent effect on the numbers and kinds of micro-
i - ound in th. ¢ soils. Proximate anaiyres fer Na and
K cu s0il extracts, and their subsequent determination by
flame photometry, indicated that “available” Na and K
were “normal” for soils.”

Acknc wledgrment. Appreciation i given to Dr. Nelio
Pace: and uis staff at the White Mountain Research Station
for use of facilities. equipment, :«..d permission te estab-
lish an experimental soil field plot.
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C. Theory of the Low-Temperature
Chromatographic Separation of
the Hydrogen Isotopes

J.King, Jr. and S. ¥. Benson ’

1. Introduction

A new electrostatic theory has becn developed which
quantitatively explains the gas-solid ch:omatographic
separatior: of the hydrogen isotopes -t low temperatures.
All of the hydrogen isotopes, including the ortho-para
derivatives, are separable in a variety of chromatographic
columns, such as, alumina {Al,0.) (Refs. 17 and 18), molec-
ular sieves (Ref. 19), and glass containing a high per-
centage of SiO, (Ref. 20).

It is obvinus from the separation of the ortho- and para-
species that there mnst be some type of hindered rotation
an the surtace since these species dufer only in their
rotational energies (K>f. 21). We suggest that hindered
rotation results from the difference in a, and a, the

“ parallel and perpendicular components of the molecular
polarization of the isotopes. We propose to show that the
attraction of the isotopic gasc. to the surface arises from
the electric-field-induced dipole interactions. The energy
of this interaction is given by

E (N

bggy = —

un

tofa

*Analy ses by Lois Taylor, JPL Chemistry Section.
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where a is the polarizability of the adsorbed molecule
and E. is the electric-field intensity norr-al to the : ur{ace.
Since a 15 one aud a nalf times larger thana, (ef. 22), the
stable configuration of the mclecule on the surface is with
its internuclear axis perpendicular to the surface plane.
Thus. E. acts paralle! to the internuclear axis.

2. Theory

When the molecule goes from the gascous to che
adsorbed state, there is a corresponding change of two
degrees of freedom. One tanslatior ! degree of freedons
in the -gas phase becomes. cn adsorption, a vibration
normal tc the sarface plare, and a gas-phase rotation
vecomes a hindeircd rotation en the surface.

The energies of the :nolecules can be obtained by
solving the Schrodinger equation for the Hamiltonian
{Ref. 23),

Pyr  Pz- | P8 Po* e
S sy Cwnr Er T Tenag T HE0
(2

where M is the mass of the molecule, I, the mement of
inertia, and @(z, 8} is the potential energy of interaction
of the molecule with the surface. The equation can be
solved i *he vibrational and rotational motions are
separable. Under these conditicns, the viorational energy
is simply that of ha.monic¢ motivn normal to the sarface
and is given oy

E} = (" + %> hy n=9012-- &F

wher. v is the vibrational frequency.

The rotational energy is obtained from a solution Jf
the difierential equation (Ref. 24)

d n 49 fecall
3:,[(1—") dr;:l E

> {.E'w - ".n (i_,”'.‘) - a‘%&:g—[] 0=0 (4)
where 5 is cos 4, © is a function only of the angle 6 that
the molecular axis makes with the nurmal to the surface,
and V, is the value of the barrier height in energy units.
The other symbois have their usual meanings. Eq. (4)
must satisfy the conditiou that ® b bounded and single-
valued atn = =+ 1. Solutions to £q. (4) with these boundary
conditions have been tabuiated by Stratton et al (Ref. 25).
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Fig. 7. Rotational energy as a function of
barrier height V,

Fig. 7 shows the first six rotational states of the hindered
rotor as a function o barrier height V...

The vibrational encrgies of the adsorbed molecules are
obtained from the total potential function. The attractive
term in this potential is given by Eq. (1).

E
‘I’(,“ = —a— (5)

wel

The characteristic feature of all the adsotbents used in
the separation of the hydrogen isotopes is the presence of
strong surface electric felds. The strong fields are caused
primarily by vacancies in the crystal lattices. All defect
structures such as 3-2 or 3-4 latiices must have thesc
vacancies mn order to maintain charge neutrality.

The structure, shown in Fig. 8, has these vacaacies and
repiesents a simple model of an Al,O, surface. It consists
of the {190} plane of a cubic closest packing array of
oxygen ions in which the Al jons are located in the
intersticcs with every third positive site unoccupied.

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

Fig. 8. The {100} surface plane of the Al.O; lattice

We have utilized this surface to determine the field
intensity over different surface sites by summing. with
the aid of 2 7094 IBM computer, the contribution each
ion makes to the ¢\ectric field.

The electric fields over differeat surface sites as a
function of the perpendicular distance from the surface
are plotted in Fig. 9. Tke curves in Fig. 9 originate at
their geometric distance of closest approach, -which is
ubtained by assuming hard spheres and. raking the O
diameter to be 2.80 A. As can be seen from [ig. 9, there
are rather strong ields between the Ai** sites and also
over the O-%, which has two vacancies as its nearest neigh-
bors. The ficids over the other sites are relatively -weak.

We find from our calculations that the field intensity
over each site can be expressed empirically as a recip-
rocal power of the distance z, fro:n the median plane of
the ion

%
E, =2 (©)

where i denotes a particular site. Then from Eq. (1)

D,
Borr = - 9‘2—; )
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Fig. 9. The elactric-field intensities over different surface
sites as-a function of the distance z

The repulsive .erm can also h. expressed as a reciprocal
power of z, making the tetal potential.

o= - B ®)

At the equilibrium distance z,, where (¢ @/0 z;) = 0

The total potential is then
o Dl '71 o n-m7
ll*; = - T)_ P Y [ (‘:—\ J (9)
3 g z,

The poiential has its minimum value ¢, at z, = z,, or

« D, -—m
By = — o — | (10)
¢ 2z |: n jl
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The vibrational force constant and zero point energy are
then given by

Lo mnd, (1)
hﬂd
, o 1 _hkN* b "
b £(5) - e
__ h aD;min—m) 9
- 1»!7':01\1’:[: 27 _‘ (12)

where M is the total mass

The ratio of the elution time from a crromatographic
column of Gas 2 to some reference Gas 1 can be expiessed
as a function of the corrsspending free energy change.

b—to_ [ [AF:—aF,
v—r 0 \TRT

= EXPI:“ (i{‘%—éq—)] =s (13)

where ¢, is the clution time of a reference gas not adse-bed
on the column, and AF and AA refer to the change m the
Gibbs and Helmheltz frec energies, respectively. The vatio
of the elution times defines the separation factor s.

From statistical thermodynamics,

AA, = — RTIn%‘—"

-1

- RT 1'-1 Ql{.,‘ (14)

where the Q's ate the correspunding molar partition
{unctions. Therefore,

- 1 QR .
13)
=ty QR 1 (15)

For an adsorbed molecule with two degrees of trans-
letion freedom, one hindercd rotation, one free rotation,
and one vibration normal to the surface, the partition
function is given by

Dici = @ Quarlt) Quas(r) Qs o{0) 7 7H/%T (16)

where g, is the nuclear spin degeneracy, E° is the zero
point energy of the absorbed molecule, and Q...(f),
Qu.(r), and Q,.,(v) are molar partition functions for
translation. rotation, and vibration, respectively. For two
degrees of freedom, Q,..(t) is given by

2am kTr> o (7)

0utt) = 3 (F



- vk
e, Tl &A
.

whore 7 is the surface area. For rotation

Qai(rr = [X; g exp [—(E{

where g, is the degeneracy of the i rotational level
and EJ is the corresponding energy. For harmonic vibra-
tion normal to the surface,

Qu..(v) = |:1 — exp (%)hl N (19

where v, is the vibration frequency and h is Planck’s
censtant,

—EO/ATI]Y  (18)

In the gas phase with three degrees of transitional
freedom

Qi = #a Qpi(t) Quai(r) {20)
0t = [ | (21)

and
Qy.ilr) = [S_j 2] + 1) exp( {&(NJ» T Kl}h )J (22)

where I; is the moment of inertia and V is the gaseous
voiume.

The heat necessary to vaporize the gases from ti.e
surface is given by

A}Imp = =Gy — Eu-rib_ an\ S Eg~frurm + Eg-var + PAV

(23)

The first three terms represent the energies the mole-
cule has on the surface while E,.; .. and E,.,,; are the
gas-phase translational and rotational energies, respec-
tively. The PAV work necessary to remnove the molecule
from the surface is just RT for an ideal gas.

4. Results of Discussion

We _use -the formulas of the jpreceding sections to
calculate the separation factors for the ortho- and para-
derivatives as a fuaction of the barrier height, The re-
sults are plotted in Fig. 10

The experimentally determined separation factor for
ortho- and para-hydrogen is 1.20 (Ref. 17). Using this
value, we find from Fig. 10 that a barrier of 0.7 kea! is
sufficient to explain the separations. Since this barrier
height is accounted for by the difference in a jand
use Eq. (1) to determine the surface electric Aeld needed

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV
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Fig. 10. The ortho-para separation factors for
hydrogen and deuterium as a function of
barner height at 77.4°K

to produce the barrier. For a harrier height of 0.700
kcal/mole, we find

= 2,04 X 10° v/cm (24)

We then determine the distance the molecnlc must be
from the surface to experience an clectric field of this
magnitudc over a particular adsorption site. If the ad-
sorption occurs over a vacancy, from Fig. 9,

z.= 240 A
and over an Al*3 site
T3 = 2.47 A

We are therefore in the region where the field is essen-
tially the same over both highly active sites.

In all probability both types of sites are involved in
the separation at 77°K. However, we can use the dis-
tance dependence of the electric field to ascertain if
adsoipticn over one particular site is more compatible
with experimental observations,

It is obvious from Egs. {10) and (23) that the calcu-
lated heats of adsorption are functions of the type of
adsorption sites. Since from Y¥ig. 9 the electric field over
an Al** site varies as z7/* and that over a vacancy as
z%% m in Eq. (6) becomes 7 and 3, respectively.

We have calculated heats of adsurption over both
active sites for values of 9, 12, and 15 for the repulsive
exponent n in Eq. (8). The (5-12), (7-12), and (5-9) poten-
tials gave values compatible with the experimentally

- determined values. This comparison is made in Table 2.

21
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Table 2. A compurison of heats of adsorption

Heat of adsorption p-H; o-H: HD 0-D; p-D:

--AH(AlOy), keal/mole

Observed® 1.40 1.55 1.51 1.58 1.65
Calcviated (5-12) 1.25 .| 14 1.41 1.45 1.58
—AHl(Si0y), keal/mole
Observed* 077 0.93 0.92 1.00 1.09
Calctlated (7-12) 0.88 1.03 1.04 1.07 1.20
Calculated {5-9) oNn 1.07 1.05 1.08 1.20
3 : :
*Ref. 17.

PRef. 220,

There is little to choose between the conditions m = 7,
n = 12, and @ = 5, n = 9, Since a 1/2° repulsive poten-
 tial has been shown to be compatible with experimental
values for the alkali hulides, it would be rather surprising
if the repulsion on the surface varied as 1/z'* or some
‘arger reciprocal power of z. On this basis, we have
calculated separation factors for the tw~n conditions

m=5n=9andm = 5 n = 12, rnd compared them "

with available experimental data in Table 3. In Table 3
the equilibrated H., D,, and T, species are compared
where ‘

Gen, = 3qu—H2 + Go-n, (25)
_ 7 Gup, = 6907 + 3(],,.92 . (26)
qE‘T'_l = 10q0-'l‘2 + 6qp-'l‘2 (27)

We see from Table 2 that the 1/z* repulsive potential
leads to large separation factors, indicating that the 1/2%

potential would produce even larger factors. A compari-
son of the values in Table 3 tends to support a (5-9)
potential for the interaction, If, as suggestcd by Moore
and Ward, the separation factors increase with column
activity, then the (5-12) potential might be apolicable,
since we have chosen as our model a surface with the
highest possible activity. It is necessary to have experi-
mental data on such a surface in order to make an
accurate comparison.

— om
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D. Polarization Effects in the
Chromatographic Separation
of the Rare Gases on an
Alumina Column
J. King, Jr.

1. Introduction

The rare gases have been separated on an ALQ, col-
umn in order to further investigate the role electrostatic
forces play in gas-solid chromatographic separations. King .
and Benson’ were the first to show the importance of polar-

King, J., Jr., and Benson, S. W., The sournal of Chemical Physics

(in press); also the preceding SPS article: C. Theory of the Low-
Temperature Chromatographic Separation of the Hydrogen
Isotopes. -

Table 3. Chromatographic data for the isotopes

S lexperi I; S {experimental S: {experimental; $ (calculated; S: {ealeulated;
lsatope " King®), M. and 5.%), M. and W.°), m=5_n=9), m=5,n=12),
tftu, ti/tn,. tfta, tlin, t/ta,
a-H; 1 1 1 1 1
HD 114 122 2 109 1.3 1.50
HT 1.23 142 120 152 192 .
oD, 138 149 1.26 170 2.5
oT - 1.85 1.45 2.05 ) 2.75
Ty 158 _ 2,08 1.66 J 2,10 293
onef. 18,
et 20,
eret. 17,
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ization forces in the low-temperature chromatographic
separations of the hydrogen isotopes on aa alumina col-
umn, By calculating the electric field over the {100}
plane of an ALQ. surface, it was shown that the separa-
lious were caused by the 1ateractions of the polarizable
hydrogen isotopes with the surface electric field. From =
detailed anal ssis of the interactions chromatographic sep-
arations were calculated which were in agreement with
those observed.

For the diatomic hydrogen isotopes tirere is a change of
two degrees of freedom in going from the free gaseous
state to adsorption on the surface. One translational de-
gree of freedom iu the gas phase becomes, on adsorption,
2 vibration norinal to the surface, and a gas-phase rota-
tion becomes a hindered rotation on the surtface. The
barrier to rotation on the surface was shown to arise from
the difference m the parallel and perpeadicular com-
ponents of the moljecular polarizabilities of the isotopes.

Since the rare gases are monatomic, there is a change
of only one degree of freedom in going from the gaseous
to the adsorbed state. A translation in the gas phase be-
comes, on adsorption, a vibration normal to the surface.
This change allows the measured . :tention times on a
chromatographic colvmn to be logarithmically related
to the polarizabilitics of the gases. Since methane is a
regulur tetrahedron whose polarizability is isotropic, it
should freely rotate on the surface and show adsorption
propertics similar to the rare gases. It is therefore included
in this work.

2. Experiment

The colu.an material \was 30-40-mesh activated alumina
frem Matheson, Coleman, and Bell. The column was con-
structed of 7-mnm Pyrex tubing 18 ft long and coiled to
fit into a constant temper:‘ure appaiatus containing a
heater. The material w.: packed into the column by
applving compressed air at the inlet, a vacuum at the
outlet, and by vibralng the columm by incans of a drill
motor.

The packed column was heated at 450°C for 72 hr
whilc being flushed with prcheated helium gas in order
to elimmnate physically adsorbed water from the surface.
After cooling, the column was maintained at %3°C with
a helium flow rate of 180 ml/min,

A Loenco Model 15A gas chromatograph was used to
detect the efluent gases.

ot R A

-
v

'PL SPACE PROGRAMS SUMMARY NO. 37-33, YOL. IV

All the rare gases were Airco reagent grade -Reagent
grade inethane was obtw-.2d from the Matheson Com-
pany and was used without fucther purification, The -
gases were mixed maznomretrically, ant 0.2 ml of the mix-
ture was passed through the column,

3. Theory

la gas-solid chrcmatography, there is an array of
adsorption sites within the column with a inoving con-
centration zone ccnsist.ng of adsorbed gas in dynamic
equilibrium with gas in the vapor phase. Gas molecules

1o nut move dovn the column when adsorbzd, whereas

in the vapor phase they move at the -ame rate : the
carrier gas. Therefore, the linear velocity of mig.ation of
any gas down ihe column is

~ N,
U=U N5, (1)
where
N, = number of moles iu gas phase
N, = nowmber of moles adsorbed
and U, is the lincar velocity of the carsier gas.
The equilibiium constant for adsorption is
= N_‘z (A
N, =
and substituting this into Eq. (1) gives
U=U, - @)
‘Ko +1
but
g=2 .. E y
L]~-E;aqug~-; 4

where tg = retention time of gas in column, ? == packed
length of column, F. = flow rate of carrier gas, and
& = interstitial area of column. L

Then

te = 2 (1+ K) 5)

Since the gases spend most of their time in ‘the ad-
sorbed phase, K, > > 1 and

o - tp = —’l(a’ (6)
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Fron thermodynamics.
3
K. =e 1 (M
where AF = the free energy changes accompanying de-
sorption from the solid. Therefore,

AF =
tg=—e'kr=F—e~e‘ur -(8)

F.

AF = AH — TS~ )]

where AH is the heat of adsorption and AS is the entropy
change.

From statical thermodynamics, the entropy change can
be expressed as a function of the molecular partition
functions.

. ey |
AS; =N a qg../ i-g T NkT ~‘-ﬁ.-ln QE~4/QE—g
(20

where q.. the partition i.:»~tion for the adsorbed mole-
cule, is the product of the partition {u-tion for vibration
normal to the surface and the partiticn ivnction for t vo
degrees ot unhindered trauslation paralle] to the sudf-ce.
Therefore,

2xM 4

xp{— hv/2kT
qa=qa-tq¢r=( - exp( )

7 1—exp(~ hs/kT)

(1

where M is the molecular weight, o the surface arca, and
v is the frequency of harmonic vibrations normal to the
. surface. Since -

=L/(f\° P
V—Z(ﬁ) (12)'

* where f is the force constant. ¥T > > hv :.t room tempera-
ture, and the =xponentia's in Eq. (11) van be expanded.

_exp(—hv/2T)
3 —cxp(—hv/kT) B

_ kT _ 2xkT M .
BT W

The translation:l partition fonctions n the gas phase
q, is for three degrecs of translational ireedom and is

given by
2. w2
q = (—-m)::kT) v . (14)

where V is the gaseous volume.
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Therefor ,
‘- 2=kT\
ln"é;:ln(-:r) ‘1 (15
as =3k [1 - In2ekT 2 2;""‘7 ‘"'] (16)

The cntropy change is independent of the m.-lecular
mass and s rather insensitive to small differ.nces in the
force constant since it 2ppears in the log.cithime expres-
sion. Thus, the entropy change for all the gases should
be essentially the same.

‘vhe heat of adscrption AH is exactly the negative of
the heat necessary to vaporize the moiecule from the
surface. For ad-orbed mol.cules, the heat of vaporization
is given by

AL’“.;- = - -\H: = - &, — Ec-rib - Fc-tmu
PAV a7

+ Eytrers T
where &, is the value of the interaction poential of the
molecules with :he surface at the equilibrium distance.
The first three terms represent the energies the molecules
have on the surface while E,.. ... is the gas phase transia-
tional energy.

For ideal gases,

E,: .. = 3/2RT (18,
Ea-tmnn = E:-rub = PaV = RT (ig)
Therefore,
RT
—AH, = — % + 5 (20)

The potential dupth &, is the quantity through whici the
polarizabilitics of the gases are related to their retention
times on a chromatographic column. It has been shown
by King and Benson® that a consideration of the total
interaction potentiai between the adsorbed mclecules
ard the surface electiic field leads to the fc!'owing rela-
tiorship between @, and a, the polarizability.

a D, fan—m? :
P, = — — (9
‘ 2 z;,"l_ m J (21)

where D, is a proportionality constant between the sur-
face electric field and the distance z, that the molecules

*Sce preceding SPS article: C. Theory of the Low-Temper:ature
Chromatographic Separation of the Hydrogen Isotopes,
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are from the surface. The quantities m and n, respectvely,
refer to the reciprocal powers of the attractive and re-
pulsive tenns in the overall potential expression.

If this value of #. is substituted in Eq. (20), the heat of
adsorption becomes

where C, is a constant ‘vhose value depends on the type
of interaction potential between: the molecules and the
surface.

Using Egs. (3), (16), and (22) the retention time ¢ xpres-
sion for the gases in the columum is

ta . NR . 1. 2xRTs” kT
I!lt.:‘—'—"ni'r—z—- lvln-—f—‘;:—- - uiCx"!"?
{23,
o.o|
HELIUM FLOW RATE: i€0 cm¥/ min
COLUMN: I8 ft OF 7-mm GLASS
TUBING PACKED WITH ACTIVATED
ALUMINA Ar
crh
0.6 }-
Kr
0.9~
3 Xe
o
[t} H,
= 0.4 - 4
= 2
<}
> Ne
0.9 p~
0.2 =
0.1 r—-
fo
[
L) o

RETENTION TIME, min

Fig. 11. Chromatogram of 0.2-m1 sample of
the rare gases and methane
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4. Results and Discussion

If the retention times of the rare gases are determined
under conditions of constant temperature and constant
carrier gas flow, the theory predicts thai a plot of In #
versus a, sheald vield a straight line.

Fig. 11 is a chromatogram of a mixture of the rare

gas =5, including methane, or: an ALO, column. The reten-
tion times. corrected for gas hold-up time in the column,

Table 4. Chromatographic data and polarizabilities

[ Ne Ag Ke CH, X
te, min 148 1.80 218 2.30 403
e, (A%} 039 1.63 246 2.50 400
“Ret. 26.
40

20

P v o bty s 1 st $a ns hn os m St of

(
1) + /r/
A
i
£ Y CHg
€ .
§ oo ke
1
E/ i
04 . 4 i
i
Ar !
|
02— /
o Ne .
) i 2 3 4 5
a, A3
Fig. 12. Retention times vs pularizabilities
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are given in Table 4 along with the known polarizabili-
ties. Fig. 12 shows a plot of the corrocted retention timces
of the gases as a function of their respective polarizabili-
ties. The resulting straight line is convincing evidence
that polarization forces are primarily responsible for the
physical adsorption of gases on defect struciures, like
ALO..

It is obviou. frum Eq. {(23) that gas-colid chroma-
tography can be used to cumpare electric-ficld strengths
on different adsorbents since C,, the slope of the curve in
Fig. 12, is a function of the el ctric fields on the surface.
Also, if the total interaction pot. .itial between the mole-
cules and the surface is specified, the vibratioral force
constants can be obtained and the intercept of the cuive
in",ﬂﬁ. 12 allows tke surface area to be determined.

This investigation, thercfore, shows a new approach
in the utilization of gas-solid chromatography for the
investigation of gas-solid interactions. Future investiga-
tions will involve the chrematograpme separation of the
rare gases on other defect salids, such as Fe.O; and Fe,O,,
in order to study the relavive strengths of their surface
electric fields.

NG5~ 32454

E. ‘Photolysis of Low Concentra-
tions of Nitrogen Dioxide
at 3660A

J. King, Jr.

1. Introduction

The photol:sis of nitrogen dioxide at 3660A was first
studied at trace concentrations by Ford ard Endow (Ref.
27), who determined the quantun, yield ¢ in uitrogen at
one atmosphere pressure. They worked at concentrations
below 4 X 10-7 moles/liter and found tiie average quan-
tum yield for the disappearance of NO, to be 0.600
molecule/quanta.

Ford and Jaffe {Ref. 28) in a later investigation studied
the photolysis at higher concentraticns, also in an atmos-
phere of nitroger:.. At concentrations above 2.5 mm of
NO. pressure they found that the quantum yield ap-
proached 2.0, which agrecs with other vestigators of
the NO, photolysis (Refs. 29, 30, and 31). However, at

{‘%z:“ )
1 bR

Jov- NO, concentrations the yuantur sieid approached
zero, which was in disagreemient with the data of Ford
and Endow. The {W&o sets of data could be compatible
only if the quantum yield were to go through a minimum
value as the NO. concentration approached zero. Since
the data of Ford and Jaffe did not go below 5 X 10-*
moles/liter. the present work was undertaken in order to
bridge the gap between 4 X 10 and 5 X 10~ moles/
liter and to ascerzain if there was a minimum in the
value of the quantum vield as the NO. concentration
approached zero.

2. Experiment

‘A Perkin-Elmer 421 infrared spectrophotometer
equipped with twin long-path optical cells was used as
the anaiydcal instrument. The optical layout of one of
the cells is shown in Fig. 13. The optical path length
could he changed from 4 to 40 m by varying the number
of reflections between M., M., and if:. The reference
optics were enclosed in a metal can which was main-
tained under high vacuum. The source of 3660A radia-
tion was four Westinghouse 360-BL fluorescent lamps,
which were arranged concentrically with the upper half
of an 82-liter Pyrex cylinder enclosing the sample optics.
Quantities of NO., which had been purified by the method
of Harris et al (Ref. 32) and stored as a white solid at
~195°C, were introduced into the cell from an inlet system
of known volume. The concentration of NO, in the inlet
system was determined specirophotometrically by allow-
ing the gas to equilibrate between the inlet system and
a quartz cell which was designed to fit directly into a
Cary Model 11 recording spectrophotometer.

Linde high-purity extra-dry nitrogen was passed
through Ascarite, CaSO,, Mg (Cl0,)., and activated char-
coal at dry ice temperature. The pressure of the nitrogen
in the cell was read on a Wallace and Tieman gauge and
was maintained at one atmosphere.

The time of the irradiations was automatically con-
trolled by a Gra-Lab universal timer.

3. Resulte

The infraced spectra of NO. shnws a strong dependence
on added inert gas pressure. This pressure dependence is
not well understood zlthough it has been studied by sev-
eral investigators (Refs. 33, 34, and 35). In Fig 14 is
displayed a typical infrared spccira of NO, with and
without added N.. The intensity was found to be inde-
pendent of N, pressure above 600 mm.
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0 | | ] The disappearance of NO, as a function of time was
Pu, = 730 mm ]V\ determined in the long-path cell at the average concen-
0 i tration used by Ford and Endow, i.e.,, 6 X 10-* mim; and
. /’ﬁ \ by using their value for the quantum yield & = 0.60,
e K1, was calculated. This value was then used to calculate
@ / \ the quantum yields at higher NO, concentrations.
o ' \
2 1 The quantum yields, determined in thic way, are given
g™ NG NITROGEN in Table 5 and plotted as a function of NO, concentration
= . . .
= I in Fig. 15. The results show the quantum yield to be
5 % v essentially constant over the pressure range studied. This
e L~ N y g
/ \ does not agree with the data of Ford and jaffe, although
%0 their data «t low pressures of NO,, as noted by the
M\Mq/' p 2y )’
\a’\-f"'\//-/ \5\ authors, are subject to rather large errors because of the
100 T & small ccacentration changes which they measured.
{500 1520 1540 1560 1580 1600 1620 1640 1660 1680
FREQUENCY, cm™
Fig. 14. Infraved spectra of nitrogen dioxide (NO, T:l.:le 5. R.h"", qu:n:u:n Y'e'd’azz:f 2
pressure is 7.37y; instrument is set for 40 m) isappearance in photolysis at
”"’2' AP/ A, " o
The relative quantum yield for NO, disappearance, mm X 10° mm/sec X 10° I, 10
!)aﬁed on tl'le quantu? yle]d' odef)rcih ancz Ililndv.?w at trace 0600 osea 0906 0600
concentrations, was determined in the following way. 1.55 1.40 2.34 0.598
9.92 2.07 14.99 0.605
At trace concentrations where only a small fraction of :;':g :?.:o ;::: gj::
the light is absorbed (Ref. 27), 7250 20.10 33.98 0.592
4. 42,60 72.65 0.587
L. = K1, (NQ,) I 5c7 44.50 7556 0.582
, 53.5 47.50 80.79 0.588
where K is the absorptiun cross-section, i.e., cm?/molecule. 1;:': :g'g :;:: g':::
By definition, the quantum yield is 109.5° 930 165,34 0,595
_ d NOg/dt _ d NO‘/G" &Thie ie the t NO, ion whicn could be phofolyzed with the instru-
P = Ia = K In (Noz) (II) mo:v sat for 4 m,
070 T I -
L
060 jOry 5 = == s 5 T
o
]
050
‘
405 10 20 30 40 50 60 70 80 90 100 o
PNO ) mm X 103
Fig. 15. Quanrum yield vs Pyo, from infrared studies
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If a plot is made of the present data, along with the
data of Ford and Jafe zbuve 0.4 mm of NO, pressure
where their data is more reliable. the curve in Fig. 16
is chiamned. This curve shows the quantnm yicld to be
independent of the NO. pressure below 0.45 mm but
riscs rapidlv with pressure above this value.

"TITI

©O FORD'S AND JAFFE'S DATA /|

13 A INFRARED STUDIES /
" /

A

/

09
08— ———0— /
o7

A

05

0.4 0.8 .2 1.6 2.0 2.4 2.8 3.2

Fig. 16. Quantum yield vs Py,

4 Discussion

Neither the mechanism proposed by Ford and Endo
(Ref. 27) nor that suggested by Ford and Jaffe (Ref. 28)
can explain the observed behavior of the curve in Fig. 16.
The mechanism proposed by the former investigators is

NO. + hv— NO + O (1a)

0+ 0,+M=0,+M (2a)
0 + NO, + M>NO, + M (3a)
O + NO, ~ NO + 0O, (4a)

O+ NO + M- NO, + M (58}
NO, + NO - 2NO, (6a)

0, + NO—NO, + O, ()

where M denotes an inert gas, such as N..

JPL SPAC: PROGRAMS SUMMARY NO. 37-33, VOL. IV
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If steady-state conditions are assumed for NO, and
atomic: oxygen, this mechanism leads to the following
expression for the reciprocal of the overall quantum
y'eld for the disappearance of NO..

1 kuw (M) | Kisn (NO) (M)
®x02 2 k(u) 2‘ kHl) (NO.')

ke (O2) (M)
2 kiay (NO,)

(III)
Under the conditions of no added NO and O,, Eq. (I1I%)

reduces to

_1
__2+

1 _ 1 kg (M \
By 2 Thom B
or
A
q)\'ue — -‘k(u) (V)

k(u) + k(sa)(M) .

Eq. (V) accounts for the independence of the quantum
yield at trace concentrations but does not explain the
NO, pressure dependence at higher concentrations.

At higher concentrations, the mechanism proposed by
Ford and Jaffe is

NO, + hv—>NO + O (2b)
O + NO, - NO + O, (3b)

O + NO,— NO? (4h)
NO¥ - NO, + O (5b)

NOY + NO. - NO; + 0. + NO (6b)
NOY + M —NO, + M (Tb)
NO + NO, — 2NO, (8b)

Again, assuming steady state for O, NO,, and NO¥, the
quantum yield expression is

_ 2k(3b) k(sm + k(ﬂh) (k(zb) + k(db))(N02)+ k(ab) k(ﬂ»)(M)
- k(.xh)k(sm + (k(:nn + kum) [kmb) (Noz) + k(rh) (M)]

(vI)

b

Althongh this mechanism explains the observed fact that
the quantum yield approaches 2 at very high NO, ‘con-
centrations, it is not consistent with ke data in Fig. 16.
In Fig. 16 there is an apparent inflection point at approxi-
mately 0.45 mm of NO, pressure. Eq. (VI) does not satisfy
the mathematical condition for an inflection point since
there is no value of NO, pressure which allows d*¢/dp?,,,
to be zero. Oue possible cause for the disagreement between
Eq. (VI) and the data in Fig. 16 is that the scatter in the
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data at the low concentrations does not allow a differ-
entiation between: a small but finite slope or a line with
zero slope. However, in order for the curve to have a
finite slope at the low concentration and still agree with
the present infrared data, the lower points from Ford's
and Jaffe’s data must be considered unreliable and elimi-
nated. Since the conce rations represented by these
points are beyond the range of the present experimental
apparatus, the reliability of the poinis could not be
checked.

Since the calculated quantum yields of the present
investigation are based on the results of Ford and Endow,
the value of the intercept in Fig. 16 is relative and could
be in enor. In order to check this possibility an inde-
pendent determination of the quantum yield at the low
concentrations is being undertuken using azemethane as
an actionometer.,

F. On the Correlation of Geminal
and Vicinal Nuclear Magnetic
Resonance Spin-Spin Coupling

Constants with Substituent
Electronegativities
S. L. Manatt and D. D. Elleman

1. Introducticn

There is presently considerable interest in what elec-
tronic and structural factors determine the magnitudes
and relative signs of geminal nuclear magnetic resonance
proton-proton spin-spin couplings. The initial theoretical
attempts to describe this coupling by Karplus and co-
workers (Ref. 36)

H J\winul
C< Jrc:z.mnl H\ /H
H C-C

have been shown experimentally to be insufficient in sev-
eral respects. First, the cffect of the adjacency to a
methylene group of substituents containing =-electron
centers was not accounted for, although subsequently
Grant proposed a semiempirical theory which remedied
this (Ref. 27). Also, the effect on the geminal coupling
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due to electron withdrawal by electronegative substitu-
ents was not accounted for. Probably the most dramatic
failing is the fact that the theory predicted a positive
sign for the geminal coupling in a s»' hybridized meth-
ylene group, whereas there is overwhelming evidence
that this coupling is negative (Refs. 38, 39, and 40).

We chose to study the signs and magnitude of the
coupling constants in styreve oxide (I) (SPS 37-17, Vol.
IV), styrene imine (II), and styrene suifide (I1II) (SPS
37-22, Vol. 1IV) for several reasons. First, structaral in-
formation from other methods (Ref. 41) suggests that the
H—C—H angles in these three molecules are about
the same (approximately 116 deg); thus, perhaps any
differences iu the geminal couplings could be attributed
to substituent effects. The H,—C—C angles in I and 11
are ver similar and that in III is only slightly less,® and
the changes of the vicinal couplings in at least I and II
may reflecy mainly electronic rather than steric substituent
cllects.

2. Discussion

Several correlations have been described which attempt
tc relate mnagnitudes of couplings to substituent elec-
tronegativities (SPS 37-24, Vol. IV and Refs, 43 -49). All
these treatments have used plots of coupling constants
versus electronegativity to derive a linear correlation. It
weuld seem that a multiplicity of substituent effects in-
fuences these couplings and that the most important
effect appears to be that of electronegativicy. Tt has
been pointed out (SPS 37-24, Vol. IV) that in systems
containing w-electron centers adjacent to a —CH—CH.—
fragment, two classes of r-electron effects appear to be
distinguishable. In addition, in the case of oxiranes much
better correlation between substituent clectroncgativity
and coupling constants is arrived at if groups containing
melectrons adjacent to the —CH-—CH.,— fragment are
not used to estabi:-n the correlation line. The deviations
for the latter type of substituents then provide a measure
of the magnitude of these special electronic effects which
mast not contribute significantly to the determination of
the electronegativity of a substituent, which itself should
be directly related to thermochemical properties. It
should be pointed out, as discussed elsewhere (SPS 37-24,
Vol. 1V), that =-electron effects exist for both vicinal and
geminal proton-proton couplings, u fact which has not
been noted previously, More detailed discussions of the
multiplicity of substituent effects on geminal and vicinal

‘Estimated to be 158.1 =0.5, 159.4, and 151.7 deg, respectively, from
data in Ref. 42,
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couplings will be deferred at present. The main point we
wish to make here is that the linear correlation hetween
vicinal and geminal proton-proton couplings and sub-
stituent electronegativities for substituents which do not
have the possibilities of bringing into play elecironic ef-
fects not measured by bond-energy quantitics may be
wuch better than previously thought. Some evidence sup-
porting this viewpoint will now be presented.

Some time ago, Muller and Pritchard (Ref. 50} dis-
cussed the correlation of the “C—H coupling in substi-
tuted methaner with ¢ clharacter of the curbon orbital
and the C—R bond distance in a three-parameter equa-
tion. Looking at ‘he same data, we feel that perhaps a
timpler relatior. exists, i.e,, Ji..,, = A + BE,, where A
and B are positive censtants and E, is the substituent
electronegativity, provided that B is not a group. which
can participate in special electronic effects not measur-
able from thermochemical data. Fig. 17 shows the 3C—H
data for CH,CH,, CH NH., CH,0i1, ind CH,F plotted
against the Huggins electronegativities (Ref, 51). An ex-
cellent straight line can be drawn through the points for
R = —CIH,, —NH., and —OH, while the point for
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R = —F appears to deviate very slightly. More careful
measurements of these *C—H couplings might be worth-
while to establich unequivocally whether the very good
line determined by the three points —CI1,, —NH,, and
--OH is r~* an artifact and the deviation of the point for
—F is real. Thove are severe. pieces of evidence (Refs.
52 a.d 533) that —F should deviate, ie., have certain
capacities for electronic effects not measured by thermo-
chemical properties,

We have found another case where-a set of molecii'es
all having similar geometry but differing only in a sub-
stituent give a good linear plot between Huggins electro-
negativities and the C—H coupling. In Fig. 17 there is
a good linear relation for the case of the three-membered
ring compounds, cyclopropane, ethylene imine, and eth-
ylene oxide. This Iinear plot is derived from experimental
data reported to be-less in error (2:0.5 cps) (Refs. 54.
and 5%) than that for the cubstituted methanes (=1 cps)
(Ref. 50). These linear comrelations are hboth excellent for
the two sets of thiee points for the substituents involving
C, N, and O atoms. As is shown in Fig, 17, the points for”
styrene sulfide and methyl sulfide fall considcrably off

e
B ‘ / CH3OH

L H
N 7
r—- —
H,C \cn ~
b ey 2v T V2 ey

W osof- Y CHyNH, . —
- / CH 5 b
- g \ AN
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Fig. 17. Plotof J.,, , versus E,, the Huggins’ electronegativily, for some substiluted mathanes and some three-
membered ring compounds (the A\'s represent predicted electronegativities based on J.., , for the
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the two correlation lines determiined by the first -ow
elemr =nts, thus indicating contributions 2 the * C--H
wsuplings of about -9 and ~13 eps. respectively, in
these latier molecules above those predicted by a linca
correlation with electronegativity.

it would seem reasunable that, for systems with su.l,
sttuents whose spin coupling contributions are derived
onlv from electronic effects measured by elechonega-
tivitv, it should be possivle from measured *C—H cou-
niings to derive .1 appropriate group elecironegativity.
A priori we would eapect this to be possible for alkyl
groups and substituents which do not cuntain =-electron:..
We have taken the recent “"C—H data (Ref. 35) for
1.1-dimethylcyclopropane and spiropentane and derived
an clectronegetivity tor the

-CH. - N /C!H=

a>c
“~cH, - “CH.

substituents in a three-membered ring. as indicated in
Fig. 17.

As was discussed above, linear correlations between
substitueut electronegativity and geminal and vicinal

couplings L.ave been suggesied. In Fig. 18 we have taken
the data for the vicinal (cis and trans) couplings for the
evelopropanes mentioned above. ethylene imine (Ref.
341 and ethylene oxide (Ref. 54). and plotted thein
versus the Huggins electronegativity (Ref. 51). For the
former two compounds this electronegativity was deter-
mined from Fig. i7. A rather satisfactory linear relation is
evigent. The points for ethyiene su'fide are also shown in
Fig. 1. *s in the case of the “"C—II coupling, the poiats
for the vicmal couplings in this molecule deviate .ig-
nificantly from the linear correlation. Also shown in Fig.
13 are the data for styrene oxide, styrene imine. and
styrene sulfide. The data for the former two would ap-
pea- to determine lines paralle]l to but slightly displaced
frar: those determined for the unsubstituted molecules.
The points for the sulfur analogue 111 again deviate.

in the case of the geminal coupling, values for ethylene
oxide.’” 1,1-dimethylcyclcprepane (Ref. 33i. and spiio-
pentane (Ref. 33) are availabie. The differer.ce between
the geminal couplings in ethvlene oxide and stvrene oxide
is very small. We have plotted the five poirts tor ethylene

"Derived from the observation of certain weak transitions in a sample
of “C-enriched matenai ( Manatt, S L., unpublished wurk ).
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Fig. 18. Plot of vicina! coupling and the geminal coupling versus E,, the Huggins electronvegativity, for a s ries of
three-membered ring compounds (the /\'s represent certain predicted couplings)




oxide. the two cvclopropan:s mentioned above, styrene
oxide, ar:d stvrene imine. snd they determine a rather
satistactory straight line. *gain the sulfur analogue’s
gemina! coupling Jd< viates from this linear relation.

The discrrasion and couplir:g constant data above indi-
cate th~i the linear correlazion between geminal and
vicinal protcn-proton couplings in rigid svstems and Hug-
ams electronegativities {Ref. 31) is better than previously
indicated (SPS 37-i7, Vol. IV and Ref. 47) It is then
possible to predict with some reasorable confidence the
valnes for certain couplings heret-fore unobserved or
undetermined. Previously, Mortimer in his analysis of the
"C satellite sp= ¢trum of ethylenc imine could not dcter-
mine the proton- oroton geminal coupling (Ref. 54): from
Fig. 18 tris coupling is estimated to be about +1 cps.
Similarly, for cyclopropane itself the geminal ard the two
vicinal couplings are predicted to be —3.0, +8.5 (cis), and
~3.0 cps (trans), respectively. Assuming that the points
for the vicinal couplings for styrene oxide and styrene
imine determine lines puralle: to those of the unsubsti-
tuted molecules, the vicinal couplings for phenylcyclo-
propan: are predicted to be ~4.3 (trunc) and +8.2 cps
{c1s). The geminal coupling is estimated to be about —2.7
cps. There are still two mose vicinal couplings in this
molecale whnse values may be estimated from other data
(Refs. 55 2ad 33) to be +10.5 and +7.5 cps. Table 6
summarizes predictions from Fig. 18 for this latter
molecule and several other melecules whose nuclear mag-
nedic resonancs spectia have inot been analyzed.

Fig. 17 shows that the “C~-F coupling in the substi-
tuted methanes is only slightly raore strongly dependent
on substituer.t electronegativity than the *C—H coupling
in the three-me.nbered cyclics. C"omparing the plots in
Figs. 17 and 1§, it is obvious that of the four types of

Table 5. Summary of couplings constants
predicted from Fig. 18

D .
H Ha
R X Jun, cps WFAI‘, cps Sac, tps
H —CH;— +8.5 +5.0 -3.0
CGHi— —CHy— +8.2 +4.3 -3.0
CeHs— —?— +8.5 +4.5 -~ 4.1
/C"n
CHs— —C—~ +9. +4.6 —4.5
\Cl'h
-
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couplings we have discussed the *C—H coupling is
much more strongly dependent on the elecronegativity
The irans-vicina! couplings are the least strongly depend-
ent on electronegativity, while the cis-vicinal couplings
are only slightly more dependent than the latter The
geminal coupling is more dependent on substituent elec-
tronegativity than the vicinal rouplings. Also, the de-
pendence is of opposite sense to that for the vicinal
couplings. As is evident from these linear correlations
with electrcnegativity, both vicinal couplings and the
geminal coupling in the simple three-membered cvclics
we have discussed are linearly related to the respective
3C—H couplingz (Ref. 57). As the appropriate *C—H
couplings become availuble for the unsvmmetric suhsti-
tuted derivatives, such as stvrene oxide, stvrene imine,
and phe .ylcyclopropane, it will be interesting tc see if
any degree of generality exists for this type of relation.
There shculd be different *C-—H couplings in the three-
membered ring of these latter derivatives for each C—H
bond (Ref. 42).

3. Conclusion

In the foregoing analysis we have attempted to d2m-
onstrate for one series containing thre:-membered ring’
molecules that there appears to exist a very simple linear
relation between geminal and vicinal proton-proton cou-
plings and the Huggins electronegativity (Ref. 31) (or a
related quantity derived from '*C—H couplings) and that
this relation is better than previous sirailar correlations
would lead one to believe. The reason for the scatier in
the previously offered correlations is thz fact that certain
substituents possess electronic inteinctions, which we
shall term “extra-electronic effects,” whose presence does
not contribute measurably to the determination of bond
energies from which electronegativities are derived, but
whose presence does provide additional possibilities for
the propagation of nuclear spin-spin coupling. This may
mean that in many cases the *C—H coupling does not
directly measure the percentage s character in-a carbon
bonding orbitul when a carbon atom is substituted by
one of the type of substituents capcble of “extra-electronic
cffects.” This same conclusion has aiso been reached by
Karabatsos (Ref. 58), who suggests that the breakdown
*f the simple correlation stems from spin-dipole and/or
elcetron-orbital contributions to the “C—H coupling,
However, Pople’s recent theoretical treatment of the
coupling between directly bonded atoms suggests that
these two coutributions will both be zero if one of two
coupled nuclei is hydrogen (Ref. 59). On this basis, it
would seem that the deviations from a simple correlation
of “C—H coupling with s character observed may well
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anse through a Fermi contact mechanism involving elec-
trons of substituent atorms or groups. A theoretical con-
siderations of this possibility could be fruitful.

Deviation from a simple correlation can probably
a priori b expected for substituents with =-electrons,
second and higher row elements, and fluorine atoms in
close proximity to a set of coupled nuclei. Possibly low-
King exct . states and/or d-orbital participation con-
tribhute to these efects for second and higher row
elements. The nature of these electronic effects in the
casc of fluorine appears rather obscure

The manwer in which the relation between coupling
constants and electroregativity bos been discussed here
could serve as a basis for making a scparation between
contributions to spin-spin coupling due to facters depend-
ing on bond strength and these derived from several
extra-electronic «tfects: these points are being further
investigated.

G. The "F NMR Spectra of the
Trifluoroacetates of Poly
{(Alkylene Oxides)"

S. L. Manatt, D. D. Lawson, and J. D. Ingham

1. Introduction

Studies reported previously (SPS 37-31, 37-26, and
37-24, Vol. 1V) have shown that *F nuclear magnetic
resonance (NMR) spectroscopy can be used effectively to
establish the molecular structure of terminal hydroxvl
groups of nolyalkylene oxides. The end-group structure
is most significant because it is generally the most re-
active cheniival site for pohymer modification or degrada-
tior;, both of which qualify the applicability of polymers
for solid prapellants or spacecraft components.

One of the significant results stemming from our pre-
viously reported work on poly(propylene oxides) (PPO)
was that these polymers possess two distinet types of

"oint contribution with the JPL Polymer Research Seetion, Propul-
sion Division.

secondary hvdrovy] end-grouns (SPS 37-24, Vol. IV). This
fact was estublished through the study of the *F NiIR
speetra of the ditrifluoroacetate (DTFAY esters of these
polvimers The DTFA esters. which are readily prepared
by triffuoroacet-lation with trifluoroacetic unhydride, ex-
hibit a doublet *F fluor ine spectrum with a splitting of
1.9-2.2 ¢ps (depending on the solvent) ot 56.4 Me. The
fact that the members of the doublet are not of equal
itensity suggests that the observed structure does not
originate from long range *H-"F spin-spin coupling be-
tween the ™F nucidd of the TFA group and the proton
five bonds removed. Strong irradiation of the 'H spec-
trum at 60 Mc with greater than 10 milligauss of power
failed to remove the doublet structure. The ™F spectra
of these polvrier DTFA esters at 94.1 Mc showed a
doublet splitting of about 3 ¢ns (SPS 37-31, Vol. IV).
The ™F NMR chemical shifts of nuclei are linearly de-
pendent on field strength so this result together with
the result from the double resonance experiment un-
equivocally demanstrate the presence of Kvo magnetically
non-equivalent types of hydroxy! end-groups for these
polvmers. We have discussed two possible origins for
these two tyvpes of secondary hydroxy} end-groups (SPS
37-26 and 37-24, Vol. IV). First, the methyl group of the
propyle e oxide monomer units adjacent to the terminal
monomer units could be « or g to the terminal ether link-
ag: to give a positional isomerization. In the case of
positional isomerization this difference could originate
from the several pathways available in the initial polymer-
ization steps. Alternately, the doublet F NMR signals
for these DTFA esters could originate from  © various
combinations of asymmetric carbon atoms in the two
terminal monomer units of the two ends of the pclymer
chain. In this case the difterence in concentration of the
two types of TFA groups in the product from ihe base-
catalyzed polymerization of racemic propylene oxide sug-
gests a small but significant amount of stereoselectivity
in the polymerization.

We have now distinguished between these two possi-
bilitics in three wavs. Previoush- (SPS 37-26, Vol. 1V),
we deseribed the preparation of a polymer of racemic
propyiene oxide initiated with sedium n-propoxide. This
material yielded a TFA ester which exhibited two “F
NMR peaks (2.1-cps splitting) of equal intensity. This
result suggests that the two types of hydroxyl end-groups
present in PPO materials prepared bv basic catalysis
originate from the asymmetric carbon atom of the mo-
nomer units. We now wish to describe two additional
experiments bearing on this same problem which lend
further support for this explanation for the two types of
end-groups we have detected in PPO polyraers.
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2. "F NMR Spectrum of DTFA of
Poly[(+ )-1-propylene oxide]

If the doublet structure observed for the DTFA's of
racemic PPO liquid polymers arises from the asymmetric
centers in the monomer units, apparently ene of the two
s1¢gnals corresponds to &1 and L4 type end-=oup diads
while the other signal corresponds to £1 and & type
end-group diads. Confirmation for this explanation could
he obta‘ned from study of the DTFA of ogtically actve
PP( where ve would expect to observe a singlet *F
NMR signai. In addition, from the optically active
polymer auncequivocal 'dentification of which signal cor-
respends to which end-group diad would be obtzined.

Therefore, {+)-2-propylene oxide was prepared.
First, the corresponding optically active glycol was
cbtained, converted to the bromohydrin, and then de-
h; drobrominated to the epoxide (Ref. 60). The epoxide
was polymerized according to the method of Price (Ref.

(a) {b) h
10 Cps CF330H

CFa

|
!
|

cr,@ocu..

10 ¢ps
| BRI

8- /4 3nd L4 DIAGS

-

-a- 42 ond 24 DIALS

an
W Nl

Fig. 19. '"F NMR spectra at 56.4 Mc of DTFA esters: {a)
poly(i-propylene oxide) in mixture of trifluoroacetic
acid, benzene, and CF,CH.OH; (b) mixture
(80:20) of esters of poly(i-propylene
oxidej ond a liquid poly(d/, L-propylene
oxide) (molecular veight 2000)
in same salvant system

- . - - . W .
e l V. |, :‘.E

e “-nA,
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61). The polymerization conditions were udjusted on the
basis of recent kinetic studies {Ref. 62) to give a melecular
weizht of ~2000. The DTFA was prepared, and from
the fluorine analysis a molecular weight of 1690 was
caleulated. This ester gave a single sharp **F NMR signal
‘Fig. 19a) superimposible on admixture with the high-
feld member of the doublet of an atactic PPO-2000
PTFA ester {Fig. 1Sb) This resnlt firmly establishes that
tre *F NMR dcublet for the secondary TEA esters of
poly(propylene oxide) arises from the esymmetric center
in the monomer ¢35, Thus Structures I and I represent
the . £ 2nd dd end-group diads which yicld TFA esters
=i he highest field * £ N\IR signals, and Structures 11
and IV represent the d! and #d diads which fall at lower
magretic field.

1
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H CHy
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7
CHjy H \H

\}(o'}< /\; m
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// // N

Chy \\H CHz
><< h (SYND‘OTACTIC DIAD)

/
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If the chain adds monomer units in the polymerization
at both ends ther, Diads III and IV may not be present;
we have not yet demonstrated to what extent this is the
case.

3. Degradation of High-Moclecular Weight PPO

1t is well known (Ref. 61) that a ferric chloride-
propylene oxide catalyst is capable of ccrverting d.1-
propylene oxide int> a high molecular weight polvmer
which is 2 mixiure of crystallines and amorphous mate-
rials. The exact structure of these materials is still in
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Fig. 20. *F NMR spectra ot 56.4 Mc of DTFA esters: (a)
estar of degradation product from hydrebromic acid
tleavage of high molecular weight polyld, 1-
proplenc oxide) prepared with FeCl, catalyst in
CF,CH.OH; (b) ester: of liquid polyld], L-propy-
lene oxide) with molecviar weight about
2000 in same solvent; (¢c) spectrum of mix-
ture of (a) and (b)
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some doubt. We felt that random deg-adation of such
a high molecular weight PPO polymer followed by wri-
fluoroacetylatin:, or the degradaticn product and study
of the ™F NMR spectrurr of these esters would reveai
useful nform:tion concerning the structure ot these
PPO polymers.

A sample of waxy polymer prepared with a ferric
chloride catalyst (Ref. 61) was degraded b+ boiling con-
centrated kydrobromic acid o give a very viscous slightly
yellow oil. Trifhi:oroacetylation guve a less viscous TFA
ester which exhibited a singlet '°F signal (Fig. 20a): for a
secondary TFA group along with a broader signal (Fig.
30a) « the ~ight chemical shiit position for primary TFA
groups. The single secondar,; TFA sigual was superim-
posible on admixture with the high-field member of the
DTFA doublet of a low molecular weight liquid PPO
(compare Figs. 20b  d 20c). The hroadening exhibited
i1: the spectra shown in Fig, 20 is due to 2 small amount
of varamagnetic ivon ions which could not be removed
v the aqueous washings employed in the isolation of
'+ degradation product.

< . Conclysion

The tisr e results described in some detail above dem-
cnalzate thei - - vinmetric carbon atoms present in
the propylenz ... .. moronier units are the origin of the
doublet F NMI signals ohserved for the TFA esters
of the PPO polymers we have studied. We hay e identified
the high-field member of the doublet as belonging to the
isotactic diad end-group units. Furthermore, our results
suggest that the polymers obtained by ferric chloride
catalyzed polymerization of racemic propylene oxide are
primarily sotactic (i.e., chains of all  and all & monomer
units). A recent X-ray study of the crystal stracture of
d,2-poly(propylene oxide) could not distinguish between
the latter structure and a syndiotactic structare (Ref. 64).
It ais0 appears, as evidenced from the inequality of the
councentrations of the two types of secondary hydroxyls
present in the atactic PPO, that a certain degree of
stereoselcctivity exist in the polymerizatinon of racemic
propylene oxide with basic catalysts.

Thus, using the NMR techniques described above and
in previous reports (SPS 37-31, 37-26, and 37-24, Vol. 1V),
we have obtained important information, which hereto-
fore was unknown or has been the subject of considerable

*These frequency sweep "F spectra were taken with the field fre-
quency lock system previously described in Ref. 3. The lock
sigral was derived fron 7-1u% added 1,1,2,2—-tetrafluoro-1,2-
dibrcuvethane whose signal is conveniently downfield about 700
cps from the region of interest.
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controversy, on the structures of one type of poly(alkylene
oxide) polymer. In addition, the technique whici. we have
developed has proved, from an analytical chemistry
standpoint, 10 be a convenient means of determining the
relative amounts of various types of hydroxyl end-groups
nresent in poly(alkylene oxides). It appears that this
technique should be of significant value in predicting
the reactivity and applicability of these polymers for
propellants and spacecratt materials.

N6 ci3T

H. The Microwave Spectrum of
2,3-Dicarbahexaborane(6)

R. L. Poynter und R. A. Beaudet

1. Introduction

The relatively new field of carbon-horen chemistry has
shown extensive activity in the past few years. The syn-
thesis of a number of relatively nev- compounds has
produced a number of questions concerning their un-
usual stability and speculation concerning their geometric
structures and chemical bonding. These compounds ap-
pear to have carbon and boron bonded together in an
unusual fashion. Onak, Williams, and Weiss (Ref. 63)
and Shapiro, Good, and Williams (Ref.. 66) have syn-
thesized several compounds which have been the subject
of recent structural analyses. 2,4 dicarbaheptaborane(7),
C.B.H., has been studied by Beaudet and Poynter (Ref.
67), while dihydrocarberane, or 2,3-dicarbahexaborane(8)
with an empirical formula C;B,Hs, has been studied by
Boer, Streib, and Lipscomb (Ref. 68). One of the other
compounds in this interesting series is 2,3-dicarbahexa-
borane(8), which has the empirical formula C,B,H: (Ref.
66). The structures of these twc molecules are quite
different, despite the fact that they both have the same
number of carbon and boron atoius, Dikydrocarborane
contains two bridge-bonded hydrogen atoms with an
icosohedral cap of B,C, consisting of 2 B agex atom and
a five-membered C,B, ring. On the other hand, the pres-
ent work shows that C,B,H, has the form of a bipyramid
with a trapezoidal base consisting of a four-membered
C.B. ring, and two symmetrically located apex B atoms.
In both molecules the two carbon atoms are adjacent to
each other and located in the base ring. This study was
stimulated by the desire to better understand the physical
basis for the chemicui behavior of the more elementary
members of this series of compounds.
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2. Experimental Meihods

The microwave spectrometer which was used in this
study has been described in previous reports (Ref. 69).
A 10-mg sample of the 23-dicarbahexaborane(6) was
obtained on loan {rom Professor T. Onak. This sample
was used as obtained withont further purification. Be-
cause of the difficulties of obtaining this sample, it was
divided into two aliquot portions, one of which was stored
for safety. Frequency measurements were made by inter-
polation receiver methods, using as standard frequencies
the harmonics of a microwave multiplier chain which was
controlled with the output signal from an HP Mode! 104
AR quartz oscillator. This oscillator was in turn cali-
brated against a National Atomichron and the Naticnal
Bureau of Standard’s broadcasting station WWV.

3. Rotational Spectrum

To obtain initial predictions of the rotational spectrum,
estimates of the bond distances and angles were made
using the published data on C.B,Hi and C,B;H; (Refs.
67 and 68). Such predictions indicated that the 2 3-dicar-
bahexaborane(6) would be close to a spherical rotor, and
that there might be considerable trouble in locating the
inertial axes and the orientati-n of the dipole moment
Thus, predicted spectra were computed for the molec-
vlar dipole moment oriented «long each of the inertial
axes. For each case, rotational transitions were predicted
to occur in the 8-40-Gc microwave frequency band.
Furthermore, the predicted spectral patterns were not
uniquely different althcugh they favored A and C selec-
tion rules go that a cursory study would not allow an
immediate choice of the correct type of selection rules.
In addition, there would be at least six isotopic species
of the molecule, with overlapping spectral patterns.

A search of the 18-25-Gc¢ microwave frequency band
revealed seveval densely populated groups of absorption
lines. Most of these lines were characteristic of high J
transitions, but a ‘w low ] lines with resolvable Stark
effects were isolat ! The Stark eflects of these lines
were then analyzed to determine the most probable J
values, Attempts were then made to correlate these tran-
sitions with the differant sets of predicted valu.s. Vie
ancertainties in the original pacameters were such tiat
the molecule could be either s n oblate or a prolate rotor.
Assignment attempts were made for both types of rotors.
These early assignment attempts were singularly unsuc-
cessful. Therefore, the spectral scanning was cxtended
to both higher and lower frequencies. A set of lines was
finally isolated which could be postulated as belonging to
the ] = 10, ] = 2«1, and J == 3«2 transitions. Trial
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choices, which were made using lines in the / = 2«1 set
and C-type selection rules, were not productive. It was
only possible to assign the normal species using B type
selection rules. Computations of the other isolopic species
rotation2' constants were then made with approximate
moment corrections determined by using Kraitchman's
equations (Ref. 70). As might be expected, the initial
predictions of the moments of the var.ous isctopic species
were considerably in error because of the lack of knowl-
edge of the actual structural configuration. With each
assigned isotopic species, the prediction of the next spe-
cies rotational moments became easier because of the
greater certainty in the molecular configuration.

As in all boron-containing compounds, two boron
isotopes normally are present: *B, with a natural abun-
dance of 81%, and B, with an abundance of 19%.
There are four boron atoms in this molecule, and there
are nine distinct isotopic forms of tLe molecules which
occur in the natural state. Assuming that the most abun-
dant species (containing all !B atoms) has a relative
intensity of unity, each of the two singly substituted °B
species has a relative intensity of 0.5, and each of the
three doubly substituted species has a relative intensity
of 0.125. The triple substituted species, each of which
has a relative intensity of 0.025, were too weak to observe
and have been neglected in this study. The weaker
transitions belonging to the all *'B species are compar-
able in intensity to the strunger transitions belonging to
the two *°B singly substituted species, a fact which caused
some difficulties in the assignment procedure. Because
the all B species had lines with fairly large intensities,
it was possible to study and assign all of the singly and
doibly °B-substituted molecules. This provides addi-
tional information on the bond distances.

Each of the four boron atoms possesses a quadrupole
moment and can produce a splitting of the rota‘ional
transitions into a larger group of lines. In the present
study, the quadrupolar splittings were too small to be
observable, and gave no trouble in the analysis of the
spectrum, Hewever, these splittings did produce a slight
broadening of the lower J transitions. This made it nec-
essary to use the ] = 3«2 and | = 4«3 transitions for
obtaining accurate rotational constauts.

The rotational constants and the corresponding mo-
ments of inertia are given in Tables 7 and 8.

The hnal molecular structural analysis results are not
available at present. However, preliminary results may be
summarized in Fig. 21, for the normal all 1'B molecule.
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Table 7. Rotational! constcints for six isotopic molecular
species of 2,3-dicarbc hexaborane(6)

Rotational constants, Mc/sec
Species
A B <
Norn al, all '8 6162.320 5930.000 5929.410
Apex B 6162.1235 6035.7°58 6035.515
Ring *'B 6277.005 6035.646 5929.415
Apex B, Apex ' B 6162.018 6142.819 6142,325
Ring B, Apex "B 6276.710 6145.600 | 00235.420
Ring '8, Ring "B I 6395.846 6038.393 L 6032./3?
i —

Table 8. Moments of inertia for six isotepic moleculcr
species of 2,3-dicarbahexaberane(6)

Moments of ineriia, amu-A’
Species
1. 1s L I
Normal, all '8 82.0358 85.2498 B85.2582
Apex B 82 0384 83.7.60 83.7594
Ring "B 80.5370 83.7576 85.2582
Apex B, Apex '8 82.039¢9 82.2963 82.3029
Ring °B, Apex °B 80.5408 R2.2590 83 7607
Rina B, Ring ™'B 79.0405 83.7195 82.7979

H

Fig. 21. Atomic configuration of 2,3-dicarbahexa-
borane(6) (principal axes are shown by arrows
for the all !B isotopic species)
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Bend distances and angies which are omitted in Fig. 21 Table 9. The mean dipole moment*is 1.50% - 0.03 Debye
will be ziven at « later Cote. The shift in molecular  units and is orieited a‘ong the B principal axis, as sin..on
principal axes upon isotopic substitution is illustrated in  in Fig. 21

Fig. 22,

N65-32454

I. Detection of a Signal on a Paper
Chrematograph

G. k. Steffensen

yq The use of ~onductivity changes to detect separations
on a thin-layer or papzr chromatograph would be a
: nractical solution to the problein of colorless mixtures
< and possible quantitative analysis without destroving
3 the <ample. A simple test was set up (Fig. 73) to s-e it

this method of detection was possible. Preliminarv tests
without the preamplifier indicated the method would
work w.th a sensitivity equal to or bhetter than existing
chemical methods.

To detect the conductivity change a pair of gold wires ¢
wus placed on opposite sides of the chromatograph
paper. This was treated as a resistor and placad in a
bridge circuit. A Princeton Applied F.search lock-in

i
3
%

Fig. 22. Orienistion of principal axes after 8 isotopic

f substitution at Atom B(4) for 2,3-dicarhahexa- ampiifier tuned to 1 ke wus used to generate a signal
¥ borane(é) across the bridge and also to detect the signal from the
. bridge. This d:tected signal was applied to a strip chart
F recorder.
; 4. Dipole Moment
%
% The molecular dipole moment was determined by
. analyzing the Stark effect splittings for the M = 0 Stark
Z lobes of the ] = 2.«1,, and the ] = 2,;¢-1,, transi- Iﬁ
K3 tions. Linearity of the plot of frequency shift as a function
of the square of the applied electric field confrms the .
%, negligible effects from the boron nuclear quadrupole ‘ .l . LOCK-IN AMPLIFIER '
b momenis. The Stark effect absorption cell was calibrated §
ﬁi with OCS immediately hefore and after the measure- - § ro —
K ments were made upon 2,3-dicarbahexaborane(6) in order Lo )
to minimize temverature offects. The 1esults are given in
rj -
. Table 9. Dipole rroment of 2,3-dicarbahexaboranel6)
i | RECORDER
3 Low- o
& Trandtion Av/E u NOISE
4 —PAMPLIFIER
% 2: )0, M =0 0.602, X 107 1.52 L ]
4 b 1019 X 10t 1.48 . . g
: 1.50 £ 0.03 {average] Fig. 23. Experi ntal setup fcr paper chromatography i
T detector 3
2
: 229 ;
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Operation ¢! the system consisted of establishing a
water flow down the paper and balancing the bridge.
After suitable warm-up for stabilization, a i-ul sample
was placed on the paper and its passage recorded. The
samp'e concentration was varied and the results noted.
A 10 M test sample of CuSO, is detectable and was
used to determire the limiting sensitivity of the method
(Fig. 24}, To detect a nonconducting compound, such as
methyl alcohol, the carrier water conductivity was ad-
justed with NzCl t a suitable steady-state level. It was
then possible to detect non-conducting compounds which
are injected into the carrier solution. The polarity of the
output signal was opposite to that observed for CuSO,,
showing that phase detection techniques allow a clear
distinction of the unknown compounds conductivity rela-
tive to the carrier conductivity. Various methods of en-
hancing the signal. such as different detector designs,
pag- r widths. and paper notching, could be used. Any or

S

4
il

5 it feeip—

e

|

Fig. 24. Passage of a 1-.l sample of 10°* M CuSO,

all of these methods would probably improve the sysiem
performance,

Although this basic idea appears new. its simplicity
implies that it may amonnt to a rediscover;. A brief
literature search has not dJisclosed arv prior discussion,
however. The applicaticn of phase detection methods in
this work appears to increase sensit.vity by about 100.
Work is being continued.
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Errata

The following corrections should be noted for SPS 37-30, Vol. IV: on Fig. 6,
p. 135, resistors R9 and R10 should read 100 & instead of 1C0K.
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XXil. Applied Science

N65-32459

A. A Combined Focusing X-Ray
Diffractometer and Non-
dispersive X-Ray Spectrometer

~ for Remote Analysis:

A Preliminary Report

H. W. Schnopper,' A. E. Metzger, R. A Shields,
and K. Das Gupid®

1. Introduction

When illuminated by a suitable source of X-rays, a
crystalline sample will scatter this radiation in a way
which is characteristic of the space lattice of the crystal.
The scatterer can be in the form of either a single crystal
or a polycrystalline sample. A variety of instrumentation
has been developed to handle each case. For purposes of
sample identification, the powder metiiod is used most
commonly. The scattering process is essentially elastic
and if a roughly monochromatic beam of wavelength A
is used, then the scattering angle @ can be related tc the
;I’;;"sfcs Department, Comell University, Ithaca, Nevs Yor.-.
Department of Mategial Science, California Institute ot Tech-
nelogy, Pasadena, California.

lattice spacing d by Bragg’s Law ni = 2d sin 6, where n
is the reflection order. Various standard analysis pro-
cedures can be used to give a complete structural analysis
of the sample.

If the incident X-ray has an energ'* above tne K ioniza-
tion potential of the elements in the sample then a
chemical analysis is also possible. The sample will emit
characteristic X-rays which may be mz=asured wirh either
dispersive ~r nondispersive instruments. The secondary
emission process is not very efficient b zavse it depends
upon a combination of absorpticu coefficient and fluores-
cence yield. Lunar applications involving the detection of
light elements by the use of fluorescent excitation rather
than electron excitation, dictate a low cnergy incident
beam, and nondispersive analysis.

The instrument to be described is intended to perform
a dual-purpose (elemental as well as mineralogical) analy-
sis consistent with these boundary cenditions: reasnnably
high sensitivity, atomic numbcr resolution, laiice spacing
resolution, low power requirements, rapid data accumu-
lation, and simplicity of mechanical coustruction and
operation. The primary objective has been the remote
analysis of lunar material; however, the instrmuent also

_may bave application in the laboratory.
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2. Choice of Instrumentation

The use of a scaled-down version of a standard dif-
fractometer for spacc flight was proposed by Dr. W.
Parrish of Philips Laboratcries (Ref. 1). This design was
developed to the preprototvpe stage by Philips Electronic
Instruments (PEI) of Mount Vernon, New York, and has
since undergone further modification at JPL (Ref. 2). At
one time this instrument was to be used in conjunction
with a fixed channel X-ray spectrograph designed by
PE], to give a complete chemical and structural analysis
(Ref. 3). The diffractometer, illustrated in Fig. 1, is a
norfocusing device and operates as follows: A stationary
line source of X-rays (with suitable divergence collima-
tion) illuminates a powdered briquet sample located on
a rotating axis. A photon detector (proportional counter
tube) with a narrow entrance slit is mounted to rotate
about the same axis, and the angular motions of sample
and detector are correlated in a 1:2 ratio. The angular
region of interest is scanned, and diffraction peaks are
recorded as changes in intensity versus angle.

Based on the method of focusing, diffractometers are
classified into two categories:

(1) Bragg focusing: The distance from the sample to
the source slit is equal to its distanre from the
detector slit.
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(2) Seeman-Loaun focusing: The source slit, the
powdered samnple, and the detector slit all lie on
the circumference of the focusing circle.

In Bragg focusing the detector moves in a circle with
the sample at the center, while in the Seeman-Bohlin
method the detector moves in a circle with the saniple
on the circumference of the circle.

The FEI instrument uses Bragg focusing. Althougb this
approach has been successful in retainirg a high level of
intensity and resolution with only a fraction of the power
and weight required by a laboratory dibractometer, the
Seeman-Bohlin focusing principle lends itself to more
efficient power use, a simpler ‘nechanical design, and a
more rapid analysis. in order to take advantage of these
potentialities. a new instrument based c~ the Seeman-
Bohlin focusing principle was designed and breadboarded
at JPL.

The JPL instrument (Fig. 2) is based on a fired source-
sample relationship whick allows a simple focusing de-
sign. The conventicnal £< eman-Bohlin op‘ics have been
modified, however, by placing a line source directly on
the focusing circle in a manner suggested. in 1957 by
K. Das Gupta (Ref. 4). This arrangement provides the
most efficient utilization of the source. The line source of

J SAMPLE
- , / IN HOLDER
MOVEMENT ~ /
; ~ ~ /

/-SOLLER SLIT

-

") X-RAY SOURCE

R-85cm
2z154 } Cuka

Fig. 1. Schematic of PEl Jiffractorueter
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/ SAMPLE IN HOLDER

DETECTOR SOLLER
sur

/

DETECTOR

\
// \—RECEIVING SLIT

Rz 12.7 cm
{2745 "i Ka
A=
32 X Alka
8= 30deg

Fig. 2. Schematic of focusing diffractometer

the focusing circle is imaged at points appropriate to the
- arious lattice spacings by diffraction fromn a curved sam-
ple. By means of a simple linkage, the detector is mad-~
to rotate about the center of the focal circle and point a
narrow receiving slit at the center of the sample, One or
more fixed counters observ: the source directly and are
used for a nondispersive chemical analysis.

The advantages offeved ty the JPL instrument are:
(1) high diffracted beam intensity per power input;
(2) mechauical simplicity by decreasing the number of
moving assemnblies from two to one; (3) light weight;
(4) adaptability to multiple detectors for a rapid dif-
fraccometer scan; (5) simultaneous chemical and diffrac-
tion analyus, and (8) adaptability to several nondispersive
counters “tuned” through an appropriate choice of win-
dow mass and gas fill for optimum spectral response
Items 4. 5, and 6 are important innovations for lunar

applica*ion.

3. Design Corsiderations for the JPL Instrument
(Diffrocton:eter Portion)

The requirements of line resolufion and intensity follow
a quasi-exclusion principle; i.e., their product is roughly
a constant. Given a particular design type, the choices of
inttrumental parameters which tend to increase one will
decrease the other. In practice, a compromise is reached
and this philosophy is applied here.

The angular extension of the image of the scurce and
the angular p.ojection of the detector entrance window
determine the resolution (defined here as D/AD, where
D is the lattice spacing). These contributions are aug-
mented sor swhat by vertical divergence (divergence
normal to t..e plane of dispersion), various alignmert
errors, sample penetration, etc. To beyin with, these
latter effects will be considered negligible on the assump-
tion that the over-ali resolution requiréd will not be too
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high. Thay will be treatea empirically from an experi-
-enia’ viewpoin: -vhen necessary.
The paramsters ts be treai:d 2.e (sec Fig. 2):
R = the radius of the tocal circle

ds = the lincar extension of the zource along the focal
circle
dl = the width of the receiving slit
§ = the angular position of the source with respect to
the sample

A = the wavelength of the incident X-ray beam

These parameters zre discussed in terms of the disper-
sion and the resolution of the insttument. The instrumca-
tal variable is ¥, the angle from the center of thz sample
te a diffractic:s peak. It can be showr irom Fig. 2 that

2(6+0—8/2) =46~ 8, (0
where ¢ is the Bragg angle of interest correspondizig to
a diffraction peak. Thus 4 is given by

g = . {2

From Bragg’s Law, the lattice spacing D is

D= ni ni 3
T ¥siné  Zsinil4(¥ +8)] &

The dispersion of the instrument is then

¢D _eD

2

_nmA cos §
8 sin? g

nx cos [1/4(Y +8)]
8 sin*[1/4(¥ + §)]

LAy

(4

Since ¥ = a/R. where a is the circomferential distance
from the center of the sample to the diffraction peak, then

1 =
3 v = E?‘a )
,.g-.
”, and
K 11‘
‘ eD 1 mcos[lA4(¥+s) D
2a Riwv  8Rsir?[1/4(¥ +8)] —areott- ©)

The value of ¢D/3a for the: PEI instrumeyt is

oD D oD
[aa]m TR = 2['52],.,., @)

’-' _=“ .

e P

238

This factor of two is sigraficant as it means that, with the
szine radius for both types of focusing. the diffraction
neaks are more widely spaced out along the circle in the
JPL mauhinc Alternatively, in order to give the same
spacing. the PEI insqument must h...e twize the radws
of the | H PL iustruay-at with a ;(l‘)ar-‘.r -ul Yess of dndensity
because of the increased scurce to detectar distance. This
argument is imporiant since the resoiution of either in-
strument is determained by extensiors alung the focal
cirels which cannot be made arbitrarily small. Note also,
that for a given D, as » increases, ¢ increases and oot 9
decreases. This is important because the finite extension
of the sumple along the focal circle imposes a lower limit
on thr 8, hence an upper limit on the D which can be
observed. These limits are eased by going to a longer
wrvelength of irradiation.

The resolution of the instrument imposes : limit on the
precision of the D value measurement. For present pur-
poses the resolution is defined as D, dD). In the simplest
approximation, D is a function of only ¥ and § given by

D = D (¥,3). (8)
Thus,
D eD

dD = —d¥ + — dé. 9
o c3

Substituting from Eq. (2) ~nd Eq. (6)
dD = — D/4{cot8dv -+ d8)}. {10)

The angular extension of rie receiving slit along the focal
circle is given by

N Rz )

and the angular extension of the sourc: along the focal *
circle is given by

ds = ds/R. (12)

By differentiating Eq. (2) and using the last three equa-
tions, the resolution can be expressed as

4R
= e T s TN 8. (13)



From Eqg. (13, it is evident that hizh reso’uticn s
achieved wit.1 ;arge R. large 7 (or A}, and smali dI and ds
as expected.

As a first approximaticn, ¢ .e following parameters were
chosen tor the instrumert:

dl=ds=)lmm: R=27ar/5in): 5 =30deg
with three possible wavelengths ¢f litfraction.
2 =134 ACuKa; A =274 4 TiKa; 3 =832AAlKa.

Table 1 lists some of th= propertics of the instrument
with these parameters.

Table 1. Angula- position, D s=acings,
and “esolutions

WK | AIK Al

-

[

| w1 e T — T
H D, dF, D. dD, 2, . ab,
podes ol LWL X R o

129 13.2 :3.37 1 0.174 |598 {0307 ;181 ]0.932 124
45.8 190 12.37| 0.042394} #.22 | 0.0472 | 12.8 | 0.265 8.5
8.8 247 {1.85] 0.0226 | 3.28 | 0.9397 ; 9.95] 0.121 820

1146 362 {1311 0.00801 2.32 ) 0.0i41 | 7.05 0.0427 | 165
137.5 419 |1.16) 0.0060 i 2.05 [ 0.0095 ;: 6.13 ] 0.0268 | 2:0

97 30.4 |1.53] 0.C137 1 271 [G.0O221 ! 8.20| 008701 112 ;

1604 | 476 | — | — . 186]00068; 56300207 272
1824 1533 | —1 — [171700051¢ 538:60155| 333
2063 | 591 [ — ! — |1.60,0w39] s34’ 00on7! 413
2292 | 648 [ — | — ! 151100u30, 4.60' 00091 505
2521 {7l | — 1 — lras|ao02s] 4@ l 0.0069 | 641
2750 | 763 {— | — |4 lo.oow 4.27 | 00057 | 826

The thre - wavelengths show some overlap in D value
ranges. fhe choice of TiKa seems to be a reasonabie
compromise between the range of D value to be covered
and the cutoff at iow 4.

4. Results

The 'aeadboard instruraent shown in Fig. 3 was con-
structed using the results outlined in the pre- “ous sections
as a guide. The aluminum plate on which - is mounted
also provides shielding protection. It w .. decided .to
make all preliminary alignments and .. wcinents using
quartz as a standard. This material has a wealtl. of dif-
fraction structure. Although the instrument wzs planned
for a Ti target tube, the long time required for procure-
ment made it necessary to use a Cu target tube in the
vreliminmy work. A Cu tube, identical in construction
to the one used on the PE[ instrumant, was used even

Fig. 3. Breadboard of combined
diffraciometer~spectrometer
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though this meani a loss of the low angle region. How-
ever, this made it possible to make a more direct com-
parison with -he performance of the PEl instrumer.t.

The initial results indicated a rather asymmetric line
shape, poor resolution, unsatisfactory intensitv. and a low
signal-to-noise ratio. Fortunately, the instaume-t was pro-
vided with sufficient flexibility, and these faults were
quickly corvected. A large part of tle trouble was cured
by controlling the heam: divergence in the plane pe-
pend :ular to the plane of dispersion with Soller slits. A

Table 2. Operating conditions

radial Soller sli* wus installed to give a better definition
to the line focus. and scatter slits were used to eliminate
extraneous signals A 1ariable width receiv.ay slit could
be used t; ary resolution, ntensity. und signal-to-noise
ratio

A svstematic appreach to alignment was developdd
as testing proceeded. The cause of vanons undesirable
features in a diffractogram could be esablished and
corrected.

After a period of initial testing. a comprehensive study
was made to compare the JPL instrument with tie PEI
and standard !zbhoratory diff-actometers. Tables 2, 3, 4,
.0 5 suminarize these results. The focusing diffrac-

T b" . Seai- torato has been operated at three values of receiving
vbe ; Voli- 2 v . . -
e | sge O coumer | POV :,';:',:', slit width (dl). A 400-mesh quartz sample was used in
. . d .I > . .-
get | kv moa n.-,isn n. a«d casces.
f
- 1 —
Lob diffractorceter | Cu 40 10 | Scintillation : .003 ) ) . A o . ;
(Norelco) j { The increased in*ensity with a receiving slit of 0.01+4 ir.
PEIl diff-actlometer | Cu | 25 1 | Proportionaf{ 0.5 | 0.006 sacrifices 100 much resolution to be acceptable. A slit
(P-30) i width of 008 ia. may be a good compromi-e. Fig. 4 is
Focusing Co | 25 1 |Proportional | 2 1{ 0.004 Rttt oy e T
diffractomete: i\ 0.008 the focus’ g diffracto aeter scan for dl = 0005 i, Fig. 5
0.014 is the ditiraction s:a7 by the lavoratory instrument.
) Ty
Table 3. Intensity, counts/sec
r —
Cvartz peak, Laboratory PEI Focusing diffraciometer
| des ditfractometer diffractometer di = 0.004 in. di = 0.008 in. ¢l = 001&in.
|
10°|{26.6) 1020 4550 8,200 10,400 12,200
110{:36.4) 147 345 830 1,390 2,020
112{(50.1) 252 520 1,000 1,640 2,600
20% |68 2 106 255 43¢ 720 1,280 ]
{68 2) l _ ]
Table 4. Signal-tc-noise
Quoriz paat, Lakoratory PEI Focusing diffractomater
des ;  difiractometer ditfraciomater dl=0004in, | i = 0.008in. di = 0.014in.
101](26.6) 100 ) 410 26 16
110] (36.4) 17.3 8.5 10.4 9.9 8.2
112{ (50.1) 38.0 14 30.8 27.4 26
203 168.2) 19.4 1.3 23.0 240 { 21.2
J
Table 5. Resolution (half-width)
Quartz peok. Laboratory PEI Focusing diffroctometer
| deo ditfractometar diffractometer dl==0.004in, |  di = 0.008in di = 0 V4 in.
[ w0 ees o018 0.18 0.29 0.42 .61
1757 (26 4) 0.18 0.20 0.2) 0.24 i 0.32
112} (50.1) 0.7 0.25 0.19 0.2" .30
211{{60.0) 0.15 0.28 0.18 0.2t 0.28
- yl
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| SPECIMEN: QUARTZ 40C MESH
SCAN UP: +r;
TAFGET: Cu; FILTER: Ni (€5 mi)
¢ TUOE CURRENT. | ma; TUBE VOLTAGE: 25 kv
I COUNTER: 35iDE WINDOW DETECTOR, 1750 v
PHA' BASE, 45; WINDOW. 40
- SCAN SPEED: 2 deg/mrr,
CHART SPEED: 075 in/min, SCALE: 2K
T RECEWING SLIT: 0.006 in.
| (2i1)
| (203)
(301)
L {212) (2
i |
ML i
I (310) - " (302 !,, \, I
b {(114)(21 : ;
L s J e ) (19\4) I (13) J
‘1 [ _/J (300) L
_/ \ j' \on [ J \ P,
‘0
SPECIMEN- QUARTZ 400 MESH @
SC&N UP: v, st
fARGET: Cu, FILTER: Ni
TUBE CURRENT" 00! omp; TUBE VOLTAGE. 40 kv
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EXCITATION: CuKa RADIATION AT 25 kv AND | me,
DETECTION: NEON-1/4 mil MYLAR PROPORTIONAL COUNTER
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Fig. 5. Nondisv.ersive specira with combined diffractometer—spectrometer breadboard

The resulte have confirmed the design expectations.
Poor performance at the quastz 101 peak is due to use of
Cu radiation instead of Ti, as previously discussed.

The {easibility of nondispersive elemental analysis has
been discussed in SPS 37-31, Vol. IV, pp. 273-277. In this
design, the nondispersive spectrometer shares a common
X-ray tube and high voltage supply with the diffractom-
eter. It requires, in addition, a system of pulse height
analysis for energy discrimination. The spectrometer is
capable of detecting all elements present as major con-
stituents from atomic number 11 (Na), and Ligher. Reso-
lution of adjacent elements is difficult but can be assisted
by the use of selective absorprica filters. Fig. 6 shows two
contrasting nondispersive spectra for elemental analysis
obtained with the combined ‘nstrument.

5. Future Plans

The installation of a Ti target will bs accoinplished
soon. It is expected that this wil! iupreve the ressiuuon
of the quartz, lines by putting them in a more favorable
angular region (Table 1). The upper region of the D
spacing range vill be extended ard the low angle region,
where sample scattering is excessive (Fig. 4), will be
avoided. Prelirainary tests indicate that the line intensity
will remain high. It also is expected that the quantity of

scattered radiation passing thrnﬁgh the detector can be
reduced by imprivemnents in shielding.

The Jow angle limit of scan of the JPL diffractometer
breacthnard is 24 deg (20), which for fitanium radiation
corresponds to a D spacing of 6.5 A. This compares with
a scanning limit of 7 deg and a D spacing of apysouxi-
mately 10 A for the PEI diffractometer. If the region
above 6 5 A is considered sufEciently important geologi-
cally, it may be possible tc scan up to 15 A with the
softer radiation from an aluniioumn target (Table 1).

A further significant feature must be noted. The focus-
ing diffractometer is scanned by 1a0ving only the detector.
It is possible to monnt a number of detectors, say eight,
on the focusing circle, eac.s one covering a portion of
the scanning range with soine overlap with its neighbor.
The detectors would scan simultancously. The normal
scanning time for the JPL instrument is less than half that
of the PEI instrument (Table 2). The combination of mul-
tiple detcetors and faster scanning is expected to atlow the
fee osing diffractometer to obtain a paitern in approxi-
macely one-tenth the time requied by the PEX :fiffrac-
tometer. These same features, plus the intensity radc of
three in favor of the JPL design, would provide an
energy (walt-hour) saving in spacecraft powes of a factor
of thirty.

The authors wish to thank N. L. Nickle for nroviding the standard

diffractometer scan,
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A. Low-Noise Amplifiers
C. . Steizried, W. ¥. T. Rusch and M. S. Reid’

1. 90-Gc Millimeter Wave Work,

C. T. Stelzried and W. V T. Rusch

The okjective of the milliimeter wave work is to in-
v stigate millimeter wave components and technigne: to
ascertaiv. the future applicability of this frequency range
to space communications and tracking. This involves the
development of instrumentation for accurate determina-
tion of nsertion loss, VSWR, power and equivalent noise
temperature of passiv . elements, and gain and bandwidth
of active elements at millimeter wavelength. Observa-
tions of the Moun taken during the total lunar eclipse on
the night of December 18-19, 1964 have been reduced
and the data presented. The equivalent noise temperature
of the calibrating s10ise source has been measured.

In order to bring together state of-the-art millimeter
wave circuit elemeats and evaluate their use in a system,
a radio telescope -:onsisting of a 80-in. antenna and a
superheterodyne radiometer have been built (SPS 37-28,

‘On leave of absence from National Institute for Telecommunica-
tions Research, Johannesburg, South Africa.

Vol. IV, p. 147 and 37-29, Vol. 1V, p. 191). The rzdio
telescope was used to observe the 90-G¢ temperatuce
of the Moon during the December 30, 1963 eclipse
(SPS 37-26, Vol. 1V, p. 181) aud the mnost recent eclipse,
December 18, 1964. These experiments were joint efforis
by personnel frora JPL and the Electrical Frameering
Department of the University of Southern California.

a. Radiometer-waveguide calibrations. Data from the
71 obsorvations of the Mocn during the total lumar
eclipse on the night »f December 15-19, 1964 have been
reduced (SPS 37-32, Vul. 1V, p. 243). The data reductions
were made relative to the gas tube. Fig. 1 is a block
diagram of the millimeter radiometer. The “hot” loads
are temperature-countrolled with mercury thermostats.

A breakdown of the waveguide losses is shown in
Fig. 2. The terminaticns have measured thermal *empera-
tures T, and T, The ambient temperature is T, The
waveguide losses (power ratio) are:

L,, = Loss from T, with tcmperature distribution
from T, to T..

L., = loss froon T, with temperature distributica
from T. to T..

5tz v
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MANUAL
WAVE GUIDE
’EED\I/ / SwiTCH

i [ wavecuioe L ! ‘J ]l
‘rot” L.__,../\ o] DIRECTIONAL FERRITE | gl (e aton m ixER L P
!TFRMINATK)N 4 | ,

COUPLER SWITCH H !
ow” | | | Lol |

ROTARY ]

"ot
_ VANE
TERMINATION 2 | ATTENUATOR

4

SEARCHLIGHT GAS TUBE

—_——————————
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. - l REFERENCE
INSTRUMENTATION
NSTRUME 0 | OSCILLATOR
— —
1
RFCORDING PHASE - — TECTOR ‘erome— IF AMPL.FIER
INSTR.UMENTATION| DETECTOR DETECTO |
! -

Fig. 1. Millimeter radiometer

R -,
HORN L, = Loss from the horn with coustant temperature

T, to the cutput of the waveguide switch.

The equivalent noise temperature differ. nce (T — T)

at the output ¢/ the wa»eguid swvitch due to T, and T,,
La accounting for the waveguide lcsses and assuming a
linear temperature distribution in L,, and L,, is {Ref. 1)

T log,.e L, —1
E TN e (1 - T = % [m i
L33 o - (T, ~ Ty zl‘—L;(d%] 1)
/ The losses were measured with the 90-Ge insertion loss
OUTPUT OF WAVEGUIDE SWITCH test set (Ref. 2) to be
Fig. 2. 90-G¢ radiometer waveguide losses L,, =0.169db
L,, =0327db

L,. = Loss from T, with constant temperature T, to 2 =0.156d"
the output of the waveguide switch. L,. =- 0.376 db

L., = Loss from T, with constant temperaturc T, to Substituting into Iiq. (1):
the output of the waveguide switch. (T2 — T7) = 0.9009T, — 0.90537, + 0.00863T,. {2)
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The “hot™ wa.eguide terniinations were used to dete.r-
mine the equivalent noise temperature of ti:e noise source
defined at the output of the waveguide switch The
rclary vane precision 2ttenuator, shown in Fag. 3 beétw 2en
the side arm of the 10-db dircctional coupler and the
noise _viree, was set to 10 db for both the eclipse reu:-
uremer.s and the subsequent calibrations. The “uot”
loads each have two separate mercury thermostats. The
calibrations were made with the nominul “hot” loaa tem-
peratures given in Table 1. The temperatures were
checked with thermocouples during the calibrations. The
rad ometer output for the calibrations was displayed on
a digita! paper recorder. The digital recorder vutput
differenice {T. ~ T (digital, average) due to switching
the rudiometer between T, and T, was determined by
averaging the sequence of 10 i1aeasurements, each of
which consisted of approsdmately 10 counts with 10 sec
between counts. The output due to the gas tube T
{digital, average) was determined in the same wayv, by
turnicg the gas tube on and off sequentialiv. The equiva-
lent noise- temperature of the noise source defined at the
waveguide switch output is:

T. (°K) = T (digital, average)

(T% = T (°K)
T (TL - Ty (digital, average)

(3)

Tabic 1. ldentification of “hot” load temperatlures

JFi. SPACE PROGRAMS SUMMARY NO. 37-33. VOL. iV

The results of three separate evaluation sequences are
given in Table 2. The averages and standard deviations,
o are indicated by date ard test number. The standard
deviations are not affected by the test number but drop
significantly with the later dates. This could be because
of increased care being taken v ith the marual wavegunde
switch, radiormerer, and test sequence. Significantly lower
standard deviations listed by test number, wovld indicate
an error iit the thermul temperatures. The over-zll aver-
agre determined fro.n the daily average weighte ! by Gie
sq.ave of the probable error is 126°K. This calibration is
det'ned at the output of the waveguide switch. The meas-
ured Moon temperatures also will be definc J at this point.
To ubtain the Moon brightness temperature. account
must be taken of L, atmospheric Ic 5, Moon diaineter,
and antenna gain and beamwidth. Th e effects are under
investigation.

2. Equivalent Noise Temperature of a Precision

Waveguide Microwave Termination,

C.7 Steizried and & S. Reid

a. Summary. '&g equivalent input noise temperature
derivation for a cryogenic cooled waveguide termination
is reviewed in this articleNThe cfects of barometric pres-
sure, ambient tempcratire and frequency are taken into
account with the calibrition formula

T =T +a-P +baT, +¢. !

The terms are defined and derived in the text. Account
is tzken of both dielectric and waveguide wall conduc-

Test o nhiication T Neminal temperoture, °K tion losses in the frequency term.
itlo. 1, T
: e 75 A description is given of a compact, precision WR-430
2 40 145 waveguide liquid uitrogen ceooled termination to be used
3 50 45 primarily in the laboratory for calibration and evaluation
1 4 30 L 93 of traveling wave maser amplifiers. I »tails are given of the
iable 2. 90-Gc rndiumeter noise source evaluations
|7 Tx, °K
1 Test No. Cate
—— - - Avercs 4
January 27, 1965 Janvary 28, 1965 Tebruary Y, 1955
I r
) 136.8 199 126.2 i 1283 7.84
B 2 - 19,1 130.4 ! 124.8 5.60
3 nzs 1.3 127.3 nez 6.62
4 120.9 135.7 1231 126.5 6,49
Average 125.1 1215 127.3 1245
lzm\
o 1015 8.86 ! 2.63
—_—— ]
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calibration techniques. 7 he insertion loss measurements
of the waveguide comyonents are mad: to a probable
errcr on the order ot (.0001 db.

0. Introducticn. Cryogenic cooled microwave termina-
tions are used to calibrate the low-noise receiving systems
‘n use at Goldstene. These caitbrations wre used 1 the
radar—radio astronomy observation :nd spacecraft track-
ing missions to determine system sensitivity, and also in
data interpretation. Calibration precision and icng-term
stability are prime requirements for the termination.

c. Calibration theory. The ¢quivalent input noise tem-
perature T’ for a transmission line of lenzth ! with an
arbitrary temperature dictribution T, (x) and losz 7. inde-
pendent of temperature with a termination at a tempera-
ture 1" is (Ref. 1)

1
H

" = T — za/ ¢t T (x) dx (1)

where
x = distance fromn termination

a = attenuation constant
T ~ (.23026L (db)

With a linear temperature distribution from T to T, and
loss L, on the first section of the transmission line and a
constant temperature distribution T, and loss L. in the
second section of the transmissior. line

(L, - 1) IOIOQL,_L:' 5
LLLaby | @

With cmall losses, this can be approximated to good
accuracy by

T =T ~023026(T. — T)

> [—éi(db) + L_(db) - (%) (di:

LN I,
- (-§-> (db) - = (db) L. (db)]. )
Eq. (3) can be written
=T 4 (To ~ T) L. @

A rectangular waveguide operated in the TE,, mode has
dielectric losses given by (Bef 3}

ke ¢
e =t -—l _

20T e T ©

T =1 - (T, ~ T)[l -

where

k= 27rf (;Lf)'“

248

¢ /¢" = loss tzngent
fc = cutoff frequency = ,lz

¢ = prorzgation velocity ~ 3 X 100" cm sec
f = operatiy freancney

”

Differentiating witl, re.nect to f (assuming «” ¢ con-
stant over = smail frequency range and dividing by ay)

() -
Gl
L\fe J
Similarly for the wall losses for a reaangular wave-
guide operated in the TE.. mode (SPS 57-32, Vol. 1V

pP- 241)
N
(£) -0 %)
( ) . )
N ECEE
The calibrated termination equivident noise tempera-

ture can be presented to a good approximation assuming
small transmission line losses in the form

T'~7T" + aaP = bAL. © cdf G
where
P =760+ AF
T, =273 + AT,
f=1.+of
and

T” 4+ T (760) + [273 —~ T (760}] L.
a = pressure coefficient of cryogenic Liquud (°K:-mm Hg)

b=

(023026)[’—f7(76m][< )(lb) (L),,(\m)l

EY
J.(J_).__z . [(’) (db) + (L), (db)]




with
T{760 = crvogenic hquid temperature at 760 mm
tig (-K)

1Lyyg dbY = component of loss L, due to dielectric

L4 {db} == component of luss L. due to diel=ctric

——

(L)), (db] = compoenent of 1oss L., due to wall conduc-
tion losses

L) {db) = component of loss L. due to wall conduc-
tion losses

7
i

7 :
L = =-(db) ~ L.{db) — (—6—> (db} L. «db)

2
f- = nominal evaluation frequency

d. WR430 waveguide liquid nitrogen cooled termina-
tion. A compact precisien WR-430 waveguide liguid
nitrogen cooled termination is under construction for use
in calibrating low-noise receiving systems. The principal
components are shown in Fig. 2 und described here. This
terminaticn should be especiaily usefvl for maser ampli-
fier evaluations in the laboratory The 5-liter Dewar has

Fig. . WR-430 waveguide liquid nitrogen cooled
termination asserably and Dewar

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. 1V

an operating life of 5 hr without the termination. The
corresponding operating life with the termination in-
stalled should approach several hours. A coaxia! termi-
nation is used to insure that the load element is at the
temperature of the cryvogenic liguid. it is possible to have
some heating of a waveguide terinination due to infrared
radiation and conduciive Leating. The aluminum ~ount-
ing plate wili be heated to maintain a constant tempera-
ture on this yortion of the waveguide and to prevent
cooling and pessible dew formation.

Since the insertion loss measurements are particularly
important in the equivalent neise temperature evaluation,
considerable effort nas been expended to achieve maxi-
mum accuracy. The misertion loss is determined (Ref. 2
kv measuring the difference in signal level due to the
unknown. The calibration heads (kig. +) weo iiated to
produce the riference signal level and the unknown is
iuserted between the heads to preduce the difference
cignal level. The neads are matched with a reflectometer
turned with a precision WR-430 waveguide tliding termi-
nation. This process is repeated a number of timcs and
an average taken. Statistical methods may be applied to
the data to estimate measurement errors. The VSWR
looking into each head is better than 1€05. In a series
of measuremeuts, the first and Lt measurements are not
equally weighted when an as erage 1s taken of the differ-
ences. A better way to aveiage the sequence of measure-
ments can be derived uasing the least-squares method
(Ref. 4). Tf a constant L, 2 is added to each power level
measurement with the unknown disconnected and the

Fig. 4. Calibration heads of insertion loss test set
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same ~onstants suhtracted from each power level mea-
surement with the unknown connected, the standard devi-
ation ¢ of the measurements from the best-fit straight

line, a + ba s
ERAN ! .
ERDRE G D
LA

(¥}

N| ™~

)~y

E(y:
"\

(o) =

where

o = the odd measurements (unknown disconnected)

!

e = the even measurements (unknown connected)

m = total number of measurements

Differentiating with respect to g, b, and L equating to

zero,
- L
2<y+?— 1—-bx)=f'-'-§<y—--;-—a~ bx)
L /L
?x(y*;—a—bx>= -}E',.‘(\y‘~—3— a——bx>/
¢ F L
Sy~ 35 ~a~ur>=0* 3 - (\y—;——a —bt)\
(10
In \
——2---am.b\“x-5“u l
»%(2x~2x)+02x+b2x~'22xy’) (11}
L
: 7*u+b(21~-2x)=(2y_2y>‘
= o e 7 0 e i
Solving for L,
2 m T
a7y Zx  2x
L@y e
L=2 — L. 4 (12)
— 1 m > x
_(:EIX"‘;X> Ex EX.'
- Sx—-3«x
m 1§ (” < )

In this solution the values of x are the measurement
numbers which are equally spaced. A simplification can
be made for this situation if the middle measurement

250

number is chosen as the origin so that the summation
of all odd powers of x is zero. Then

Xy Sy
L:(m—i,‘j;;._(m#l)—;’z
S‘ I\
A (13
“Tm—-1 m-1
_Zxy
b= e
The probable errors of the data powts are
i L
jZ(y A br)
PE, = 067154] = =
(m+1¥2-1
(14)

i L B

i<

;"-u(y ‘—?—a—bx>
PE, = 067454/ < =

The probable error of L, the mean insertion loss, is found
by expanding L in terms of the coefficients of the data
points and summing (Ref. 4, p. 229) to be

(FE,.)F (FE.)*

PE; = -
m+1)2 (m—1)2

Ecs. (13), (14), and {15) have been programsed for
the 1620 computer® and are used with the insertion loss
measurements data reduction. If the probable errors in
Eq. (14) are significantly different, a fault is indicated
in one of the transmission line coni.ections. The probable
errors given by Egs. (14) and (15) are due only to the
randcm measuareraent errors and do not indicate bias
or nonlinearity errors.

Several sets of measurerients were made on various
waveguide sections for the calibration of the cooled ter-
mination. Each transmission line section (Part Nos. 226
and 239) shown in Fig. 3 was measured, 2s well as a
section of copper waveguide (Part No. 240), anc various
combin::tions of Nos. 239 and 240. The insertion loss of
Nos. 226 and 239 is fundamental to the calibration of the
cooled termination. No. 240 was examined so that a sili-
cone grease film and a Mylar window could be evaluated
in conjunction with No. 239.

‘Lois Busch of JPL programmed the 1620 compater for the inser-
tion loss measurement data reduction.
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INo. 226 is a stainless stecd WR-430 waveguide sec-
tior 43 in. leng. It has = wall thickness of 0.025 in. and
copper piating and gold flash on the icside of 0.000120
and 0.009G10 in., respectively. It is filled with a half-
vavelength tiece of polystyrene foam. The VSWR of
this secticn 1 less than 1003, The polystyrene window
is recuired to prevent moisture condensation which wili
fcom on thin membrane wir.dows. No. 239 is a 4.0-in.-long
brass waveguide section with an 1rridite plate. No. 240
is a 4.0-in.-long copper waveguide section.

The following insertion loss measurements were mce:
Part Nos. 226, 239, and 240 alone.
Part Nos. 239 and 240 in combination.

Part Nos. 239 and 240 with a 0.00L-in.-thick Mylar win-
dow between them.

Part Nos. 239 and 240 with a thin silicone grease film on

their mating flanges.

Tahle 3. insertion loss measu.>ments: Set No. 1 at
2295 Mc; WR-43) waveguide section; Part No. 239

On zach unknovr., 5 sets of 11 measurements were
made. After rvory set, the match of each cal’bration head
was checked and corrected if the VSWR became }.003
or worse. The flanges of the calibration heads and of the
unknown were lapped after every set as well. Al of
the waveguide flanges were pinned, except the stuinless
steel section, No. 226.

Tahle 3 shows a typical insertion loss measurement set
taken . Part No. 239. This table is also the format of
the computer output. The first column lists the readings
taken The y values are these ratics converted to
decibels by

y = —20i0g..R. (16)

The 1hird column shows the difference of each y value
from the stra‘ght line fic, and the last column is the inser-
tion Joss in dec bels for each pair of readings. The prob-
able errors iro.n Eqgs. (14) and (15) also are shown.

The averagas for the five sets of independent measure-
ments for Part No. 239 are shown in Table 4. "he mcan
insertion loss for eack set L, through I, is shown as well
as the best-it streight line constant, and the probable

" g
. Difference from Insertion loss | CITOIS of the odd and even y values, and, finall- the
i Ratio, R y, J¥b straight-fine fit, L db . . 1
db X 197 . probable e:ror of the mean insestion loss of each set.
0.99558 0.038476 —0.668¢ 0.00279 'I'};Ae “'Glg}? Eed mean Of the nsertion IOSS 15 then f(”_ll)d
0.99526 .041268 0.2622 0.07271 with the yrrobable error of each set used as o weighting
0 99557 2.038563 6.3430 <00183  factor, ardd the grand mean L, is shown in Table 5. A
2.99556 0.049395 03142 000270 1 nonweighted mean, L., of L, through L; also is shown
0.99587 0.037691 0.3953 0.00105 . ; . .
in Table 5, with the associated probable error. The aver-
0.99555 0.038738 - 24190 0.00253 able o, with the assoctatec pro! ab} error. The a :
0.99584 0.036208 —016:> 0.50192 age measured insertion loss of each set is shown graph-
I99sIT C. 38127 ~—0.1049 200262 ically, with a horizontal bar. in Fig. 5. The associated
299592 0.035510 "—0.064) 010174 probable errors ore shown as vertica! lines. The grand
099572 0.037254 —00526 £.00276 weighted mean I, and its probable error are shown.
0.99603 0.034551 0.0295 |
= . N
Straight-line constants: o = 0038Cdb. b = —0.00462 db/No. Measurement time is approximately 3 hr for the five
Mean insertion iass: [ = 000232db sets of readings required for a grand meun.
Probuble errors- Ply, = 000026 db
PEy, = 0.00020 db Tahle 5 summarizes the various msertien loss ineasure-
PE; = 000014 db ments. It may be seen thut the weighted insertion loss
Table 4. Mean insertisn loss of waveguide Part No. 239 at 2295 Mc
T
sor N Mzan insertion | Straight-line constants Probable ercses . )
loss L, db o PEy., db PEy., db L pEL b
v 0.00232 00280 —0.000452 0.000267 004020 0.00014
( 2 ; 0.00259 0.0327 —0.000044 0.000240 0.000109 0.00011
r 3 0.00227 0.0321 --0.000021 0.000157 2.040175 £.00010
4 0.00229 0319 —0.000080 0.000167 0 200066 0.00007
B —— —t—
5 0.00249 0.0294 [ —0000266 0.000169 0.000094 0.00008
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Toble 5. Summary of insertion loss measurements at 2295 Mc

. I~ .ertien loss Probable error of L, Insertion loss Probable error of f:,
Description L. db db X 10°* I., db db X 107!
Pait No. 226, WR-430 stain-
less ste~] waveguide section 0.06689 0.40 0.00689 0.26
" i .
Part No. 239, WR-430 prass 0.00239 0.42 0.00239 0.42
waveguide section
Part No. 240, WR-430 copper - ”
waveguide section 0.00123 J 40 0.00126 0.34
Sum of Port Nos. 239 and 240 0.003¢2 0.5¢ 0.00365 i 0.54
1" Part Nos. 23¢ and 242 i
in combination 000361 0.47 0.00360 0.34
Part Nos. 239 and 240 with 0.00422 0.45 0.00423 .34
Mylar window 4 : ) -
Part Nos. 239 and 240 with 0.00355 0.35 0.00349 0.35
silicone gruase : ! ! '
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Fig. 5. Insertion loss measuremenis of Part No. 239
at 2295 Mc

L, is very close to the nonweighted insertion loss L., and
differs at the most by only a tew parts in 10°. The prob-
able errors of L; and I, are essentially the same which
is expected a: «ming ounly random measurement errors.
If the probahie error cf L, was appreciably greater than
L., bias errurs woulu ve indicated for some of the indi-
v1dual sets

The insertion loss of the brass waveguide section
Ng. 239 is shown to be 0.00239 db with a probable error
of 042X 10-* db .nd the insertion loss of the cupper
section No. 240 is 0.50123 db with a probable error of
0.40 X 10 * dt The sum of these two inscrtion losses is
0.00362 db with their probable ertors combined as
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0.58 X 16-* dbh. This figure of 0.00362 db must be com-
pared with the measured value of the insertion loss of
Nos. 239 and 240 in combination, which is 0.00361 db—
a differerice of 10-* db. It must be noted that the differ-
ence in L. values is 5 X 10-* db. The probable errors of
the :um:s are somewhat higher than the probable errors
of the combinations, as expected.

Tle thecretical insertion loss for No. 240 (copper wave-
guide 4 in, long) is (Ref. 5) 0.00091 db. This theoretical
value Joes not account for surface rouglmess and metal
impurities and nonhomogenity. A correction estimate for
surface roughness increases the insertion loss by 15%
(Ref. 6) to 0.00105 db. This agrees with our measure-
ment within 0.00618 db.

Part No. 240 was then used in conjuncticn with No. 239
to evaluate a 0.001-in.-thick Mylar window. This material
is presentiy undev consideration as an additional window-.
Table 5 shows that the excess insertion icsz due to the
Mvlar window 15 0.00061 db with a probable errcr of
0.65 x 10-* db,

A thin silicone grease film is required between the
flanges of the waveguide sections of dissimilar meials
in the cooled termination. This film helps prevent c~ro-
sion which, with time, changes the insertion los
hence the calibration of the termination. The eft .
a silicore grease flm between the flanges of Nos. <)
and 240 was investigated. The results, prosented
Table 5, show that: (1) the effect of the film on the inser-
tiva luss ic negligible, and (2) the inscrtion loss appears
to drop whei the grease is added. The lower insertion
loss in (2) mav be apparent, and explained by the spread
of the ;-obable errors. On the other hand, the effect may



be real and the insertion loss lower owmg to the high
dielectric content of the grease filhiry the low spot in
the: flange faces and thus decreasing the reactance. The
average of the probable errocs of the measured values
of L, from Table 5 is 0.42 X 10-".

It may be concluded, therefore, that i statistical
methods are used with a sufficient number of observa-
tions, and if the measurement procedure is carried out
as described in this report with the indicated precautions,
then insertion loss can be measured with a pisbable error
of 0.4 X 10-4 db. This does not include :he bias asnd non-
random: errors. It is anticipated that the WR-430 wave-
guide liquid nitrogen cooled termination can be caii-
brated to ar over-all accuracy of better than 0.1°K.

Né65-37541

B. Solid-State Circuits

R. Brantner

1. Summary

Some insulated-gate held effect transistors (IGFET)
have been tested to determine their potential use as
voltage-controlled resistors. A voltage-tunable filter using
these devices has been constructed and tested.

2. Test Results

Four IGFET, Type 2N3609 (GME)}," have been ob-
tained for experimental purposes. ifie 2N3609 consists
of two isolared iCFET in a TO-5 package; they are
P-channe! devices that operate in the enhancement mode.
Fach unit was checked to determire the variation of dy-
namic channel resistance versus control voltage for each
1%-9N3609 and the degree of tracking between the two
halves of each nmt. A typical curve of dynamic channel
resistance versus gate-to-channel {contrcl) voltage is
shown in Fig. 6. Threshold voltage fell botween —3.0
and —3.5 v for all units, and the dynamic resistance
could be varied from well over 10 MQ to approximately
300 Q. The tracking error of each unit was caleulated
from the dynamic resistance (r.,) of each half asing the
relati ship:

Fenr ™ Tene .. .
tracking error = —Er——-—l— < 100%

the

‘Cene al-Micre Electronics. Inc., Santa Clara, Calif.
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Fig. 6. Dynamic channel resistance versus gate voitage

where r.x, was taken to be the higher of the two resistance
values. A plot of tracking error versus gate-to-chanael
voltage is shown in Fig. 7. As can be seen, tracking is
fairly good above —5 to —6 v of contrel voltage. This
corresponds to a typical resistance range of about 300 0
minitnum to » maximum of 2.5 to 7 k2, depending on the
individual unit.

Using the rerulls of these tests, two units having ap-
proxunately the same resistance versus voltage Llarac-
teristics were used o cunstruct a parallel-T filter, the
schematic of which is shown in Fig. 8 The four samples
on hand comprised two fairly well matched pairs. The
1-MQ resistors in the gate circuitt were introduced to
minimize the effects of channel-to-gate capacicy. Since
the construction of an IGFET is essentinlly that of a
capacitor, care must be taken to prevent static charges
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tem building up on its gate; failure to take proper pre-
cautions can ewily result in the destruction of the tran-
sistor. The 106-ke resistor across the control voltage
terminals prevents such a static charge accumulation.

Using various values ¢f capacitors in the filter. tuning
ranges of more thau 200:1 were nbeerved, and usable
characteristics were obtain:d at frequencies as high as
5 Mc. It proved desirable to use 1 load impedance of a
level much higher than the highest dvnamic channel
resistance that was expected over the tuning range of the
filter. With an appropriate set of cepacitors, as shown in
Fig. 8, the response of the filter was measured with the
filter tunec' to 500 ar! 50 ke. The response curves, nor-
malized to the center frequencies are shown in Fig. 9.

O 500 ke 500 K& 3 e
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~{ YMALIZED FREMUENCY

Fig. 9 Filter ;esponse at 50 and 500 ke

HES 32462

C. Optical Communications
Components
W. H. Wells

1. Variable Q Optical Resonators Havii., Tilted
Mircors for Far Infrared Luser

The studv of optical resonater modes, reported previ-
ously in $PS 37-29 and 37-30, Vol. TV, has heen com-
pleted. The purpose was to find the shape frequency,
and output coupling of the normal mwmies of an optical
resonator consisting of two *lted plane mirrors. The
pertinent modes are thin fringes, close to the pair of
oproring mirror cdges, that are spread farther vpart by
the tilt. This resonator is especilly suited for 1atercept-
ing a molecular beam with opticu. gain ni the far infrared
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and for pooviding an oscillation with output coupling, in
the form of radiation, which spills over *he edge of the
shorter mirror.

Previous studies found the lowest order .nodes. ic..
TEM | for tilt angles requirig frem 3 to 207 net gain
Pl pans o reach oacillation Huoshioid. This ga:ui rcqiiirc—
ment s the same as the percentage of power trat leaves
the resonator per pass between mirrors. Now, with the
aid of an improved computer program, there hase been
found all of the first three modes for eiglit values of
2= alb AY: (b = mirror separation, « = tjlt angle,
A = wavelength) 1aaging from 10 < to 10 ', The TEM,
and TEM. modes have gains only very slighth higher
tha., the TEM. The more interesting results ure mode
shapes and frequency shifts. As could be expected. the
TEM, mode has two bright tringes that straddle the posi-
tion ot the single TEM., fringe. Similarly, the TEM. node
has tiree fringes that straddle those of the TEM,. n all
cases there are many small intensity maxima f.rther
from the edge of the mirror which represent large wgle
diffraction from the vdye (side lober)

To describe the fregqueney shifts, it is convenient to
consider an imaginary trausverse mode that corresponds
to the himiting ravs of geometric optics which toach the
ontnut cdge of the shorter mirror. bounce off tle larger
sozror at noana! incidence, and then returs to the out-
-l edge. The various longitudinal modes that fctlow this
r.v wounid have frequencies that are multiples of ¢ 2b,
the reciprocal of the time a light pulse recuires for a
round trip. The frecuencies of real modes wili be referred
tg this value. Thev are all slightly higher since real fringes
cecupy a firate width back from the edge where the
spacing betwecn mmrrors is slightly less. The frequency
shift for each mode is given by

¢ 84 =t

Moy T
where (8 -+ = 4) is the phase shilt that occurs when the
transverse mode is propagated through one round trip
e ecen wirrors by means or the standard integral of
Huvge..-Fresnel scalar diffre.ction theory. The frequency
shift of a 17 mode is ~pproximately described by the
emprrical form!:

= 5. - . to 03) (n +1)

4 " T (L8R -+ n-20)
tor small n (say 0 to 3) and for the vange '0 -7 8=210
The threshold gains it the empirica fortn

(G - 1) (100%) = 3008 + 700"

JPi. SPACE PROGRAMS SUMMARY NO. 37-33, VOL IV

to an accuracy of =2% for n- 0. 1. and 2. To this ac-
curacy, G is independent of 1.

T prcai amplitude distributiors for T\, modes were
showicin the carlier reports. As examples of Ligher order
miodes. igs. 10 and 11 show the amplitude distribiztions

¥ {5 for the third mode (TEM Ywith 21 10 2 and 10
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Fig. 10. Amplitude distribut'on of TEM, mode with
B=100Xx10°%G~-1=31%,8 = - 0.064 rad
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As before, y = 2-ax A, a dimensionless measure of dis-
tance from the mirror’s edge. These two modes have
threshold gain requirements of 3 and 407, respectively.
All gains and frequency shifts as functions of 2 are: suim-
marized in Figs. 12 and 13 which are plots of (G - 1) 8
and {= 4+ 8) (n + 1), respectively. The shapes of modes
are summanized in Fig. 14 which gives positioas of the
centers of the main fringes of the three modes as o func-
tion of 8. Scatter of points represents lack of precision in
defining the quantities plotted, not the accuracy of solu-
tion of the eigenvalue problem. The positions are given
in units of yB'% = 2=a'a Mb 'ix, becans-: the positions are
approximately stationary when expressed in this modified
dimensionless form. The positions pioited are not the
maxima of [¥ {y}]|. since this function 1s compiicated by
Br.e structure. instead, we sketched smooth curves over

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. iV

the graphs of |¥(y)|. and estimated their maxima.
rig. 14 also gives the extent of appreciable power in the
mindes in the form of a quantity called the “intercept.”
In all cases, it happens that the trailing edge of the inner-
most fringe is almost linear (with fine structure} on an
amplitude plot of [ ¥ (¢)| {gquadiatic intensity drop-off).
The intereepd is the point where a straight-edge fit to this
slope intercepts the y axis.

The successful computer pregran:- is a slight modifica-
tion of the interference method discussed in SPS 37-30.
Vol. IV. The matheniatizal procedure corresponds to a

‘Wiley Bunton of JPL programmed this problem for the IBM
7090, and modified the program for the various convergence
techniques.
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simple physical idea. Light sxtracted from one mirror is
superimposed upon light extracted one round trip later
(time 2b/c), but with a phase shift introduced so that a
troublesome mode is eliminated by destructive interfer-
ence, leaving only the desired mode.

Formally, a round trip ot the light corresponds to one
iteration of the basic irtegral eqnation for light diffrac-
tion from the mirror:

/” K(y,s) ¥ (s) ds = A%, (1)

where K = expf[— (y +s5)+ (yg;ﬁ.:)z] .

When a normal mode is found, ¥, = ¥,_,, and A is the
complex eigenvalue which gives G and 8§ the required
gain and frequency shifts (in units of ¢/2b) of the mode:

8)tr
a= B @)

Now consider the (open-ended) integral operator

[—A'+f dsK(y,s)].

When A" = 3, the eigenvalie of the nth mode, this
operator gives zero when it operates on the nth eigen-
function ¥,. Therefore, we used it as an annihilation
operator with various values of A’ to eliminate trouble-
some modes from an arbitrary function. The resulting
function then became the starting function for the normal
iterative process Eq. (1). For example, in finding a TEM,
mode the annihilation operator was applied with three
values of A’, namely the eigenvalues of the TEM,. TEM,,
and TEM, modes. Higher modes decayed rapidly upon
iterating Eq. (1) because there was uot room for all
their fringes to fit on the range of integration (corresponds
to a strip mirror of restricted width). Of course, the
eigenvalues were not known exactly, especially the TEM;
values that were beyond the scope of the program. Never-
theless, reasonable guesses could be made from the
semisuccessful programs discussed previously, and by
extrapolation. Where there was considerable doubt, the
annihiletion operator became a “suppression” operator
and was applied repeatedly until the undesired modes
were reduced by factors of 10-% to 10-4.
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D. Antennas for Spuce
Communications

A. ludwig

1. Gain Loss Caiculations

a. Summary. The change rate of gain loss due tc phase
errors with respect to frequency is investigated as a func-
tion of total gain loss. Upper limits on this slope are pre-
dicted and related to physical deformations in the system.

b. Anulysis. The gain efficiency of a radiating aperture-
tvpe antenna s, in general, a function of frequency. This
dependence can arise due to the amplitude distribution
over the system varying with frequency, or hecaus> of
physical deformations which generally have a more
severe effect as frequency increases. An interesting ques-
tion concerns the rate at which loss may vary with fre-
quency. Usually phase effects will predominate, and we
will consider this component of loss only.

Consider a radiating system which has a resultant
phase at the point of maximum gain of « deg. Assume
that there is some effect which causes a certain percentage
of energy to change phase with respect to the remainder
of the energy, by an angle 8 (Fig. 15). The resultant am-
plitude r is given by

r? = g* + 2ab cos 8 + b2, 3}

b

A

Fig. 15. Effect of phase e/ror

The loss in decibels with respect to the in-phase condi-
tion B = 0 is given by

_ a® + 2ab cos B + b*-
L=10logw——FTop 5 9 (2)
and
oL 2absin 8
58 = —4.3429 o vy db/rad. (3)

Values of oL /38 versus L ars shown in Fig, 18 for various
values of b and 8 where the restriction a* + b? = 1 has
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been imposed. It is seen that there is a limit on 7L/28 for
a given loss, corresponding to tiic worst-case combination
of b and B. Thus, for example, a systen, with a 1-db
loss relative to zero phace loss cannot vary more than
2% db, rad change in .

Suppose that physically the phase error is caused by a
path-length error of X in. between one portion of the
energy and the remnainder of the energy. Then

X 22X
L _cp L _2=X7L (3)
o Tt ¢ iB 2
cL X ¢L
e Sl ot \
F- g (6)

Fig. 17 shows f (2L ¢f) vereus L for varicus values of X ..
The value of Fig. 17 is the ability to determine m.aimum
physical errors which must be present to produce a given
slope f(?L ¢f) at a given loss L. For example, three
points have bheen plotted from a 42-Ge gain calculation
(SPS 37-33, Vol. 111, p. 69). The two points at 15- and
3-db loss are theoretical, based on a surface with a full
path length erior of 0.052 and 0.080 in. RMS deviation
from a perfect paraboloid, respectively. The minimum
physical error predicted from Fig. 17 is 0.10 and 0.12 in..
respectively. This relates well to the assumed RMS since
there must be peak-to-peak errors on the order of 0.104 in.
to produce a RMS of 0.052 in. The third point is based on
experimental data, and indicates a minimum crror of
0.41 in. in"the system.

2. Antenna Feed Reseaich

a. Summary. The theoretical limits on the performance
of multimode feed horns are investigated, and the cur-
rent state-of-the-art in experimentally realized multimode
horu patterns is presented.

b. Introduction. The perfermance of a pacaboloidal an-
tenna is quite sensitive to the illumination provided by
the antenna feed systan, Feed efficiency is conventionally
defined as the ratio of gain provided by the given system
to the gain if the apertare were uniformly illuminated.
A major purpose of antenna feed research is to increase
feed efficiency, thereby increasing the gain of a given
antennu. One approach to this end is the imultimode horn,
a feedhorn utilizing the radiation putterns of higher order
waveguide modes (SPS 37-19, Vol. 1V, pp. 190-196).

JPL SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

¢. Multimode horn study. Multimode horn research is
concerned primarily with: /1) the determination of maxi-
muwn performance potentially available from multimode
fecdhorns, and (2) the 1ealization of this performance.

The question of optimum performance may also he
approached using spherical wave theory. It can be shown
that the maximum order, N, of spherical wave which may
eminate from a given object which can be enclesed in a
sphere of radius R, is given by N < kR where k is the
free-space propagation constant (SPS 37-24, Vol IV,
pp- 150-154). Fig. 18 is a plot of the maximum efliciency
available from this limited number of spherical waves
versus D/, the diameter of the object in free-space wiave-
lengths. It is seen that it is theoretically impossibie to
reach 100% efficiency with a feed system of any type. of
finite size (with the assumption of N < kR). The combi-
nations of spherical modes vielding maxtmum efficiency
for an iflumination edge half angle nf 15 deg are showy
in Fig. 19 for N =15 and N =25, corresponding to
D '\ of 47 and 8.0, respectively.
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To determine maximum performance available from
multimode horns, lincar combinations of radiation pat-
terns of cylindrical waveguide modes, for D. A apertures
of 47 and 8.4, were input to a computer program which
determines efficiency (SPS 37-26, Vol. IV, pp. 200-208).
The combinations were then empirically optimized. Opti-
mum two-, three-, and four-mode patterns are shown in
iig. 20. The resemblance between the spherical s.ode and
multimode horn dual- and four-mode optimum potterns
is quite striking, and illustrates the fact that « multiinode
horn is an excellent means of realizing the theoretical
maximums predicted by spherical wave theory.
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The optimum two-mode pattern closely resembles the
pattern of the dual-mode horn currently in use as a JPL

feed (Ref. 7).

Realization of good thiee- and four mode horn patterns
has been the subject of research effort for some time. A
tri-mode horn with good efficicncy has been previon ly
realized, (SPS 37-26, Vol. 1V, pp. 207-208) but -

efficiency maximizing at an 1lluminz ion angle of 24 o~y

much too wide for JPL Cassegrainia: systems. aecent).
a four-mode horn with good patterus has been obtained.
Fig. 21 shows the four-mode horn amplitude and phase
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Fig. 21. Four-mode horn, experimental amplitude and phase patterns
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Fig. 22. Four-mode theoretical optimum pattern compared to experimental pattern

patterns, and Fig. 22 shows a supcrposition of the realized
four-mode pattern and the optiraum {calculated) four-
mode patern. The only appreciable difference between
the realized and the optimum pattern lies in the spillover
region. Unfortunately this difference is enough to cut the
efiiciency to the point where the usefulness of the horn
is debatable; the broadened pattern would require a sub-
reflector subtending a 17-deg half-illumination angle,
whereas the current JPL systems ntilize a 14%-deg sub-
reflector. Effoits to narrow the pattern by the usual means
of increasing the horn aperture size have been unsuccess-
ful. Apparently the phase error across the aperture is so
severe at this size that increasing the aperture causes
more broadening due to phase error than narrowing due
to the larger size. The same aperture phase «rror is almost
certainly also the cause of the increased spillover.

Fig. 23 summarizes the efficiencies of the patterns dis-
cussed so far. Patrerns are evaluated on the basis of
optical reflection from a hyperboloidal subreflector with
approximately a 15-deg edge angle. The tri-mode horn
was scaled from a 24-deg angle to a 15-deg edge angle.
It is now clear that this scaling is not easy to achieve in
practice, and pattern degradation Jdoes occur due to in-
creased aperture phase error. Theretore the values given
for the tri-mode are artificially high. The dashed areas
above the tri- and four-mode homs represent efficicncy
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if the phase patterns of the horns were uniform. Fig. 24
shows the efficicncy after scattered patterns from the
hyperboloid have been calculated using a JPL-developed
computer program (ilef. 8). Vertex blockage loss has been
included in the values given in Fig. 24 based on the JPL
Advanced Antenna Systeni design. Jt is seen from this
figure that the four-mode horn provides an increase in
efficiency of approximately 4% over the dual-mode horn.
Because of the high cost of large paraboloidal antennas,
a 4% increase in efliciency may not be economically in-
significant. The physical corfiguratior, used to produce
the patterns shown in Fig. 21 is skown in Fig. 25. The
existing inodel works at 9550 Mc. It 1s empirically known
that this design is narrow band (about 50 Mc) and very
sensitive to the physical configuration.

It is felt that the four-mode patterns might be improved
by extending the horn with a length of cylindrical section
of the end of the horn, thus presumad™ reducing the
phase crror across the aperture. However, this will also
aifect relative mode amplitudes and phasing, probably re-
quiring readjustmeat of the mode generating sections.

In any case, aa absolute upper limit on the perform-
ance which could be obtained in this manner is that of
the optiraum four-mode horn, about 10% ketter than the
existing dual-mode horn. A reaiistic limit, taking into
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account plase loss and the fact that there will always The possibility of a five- or six-mod= hom is very un-
be some aperture phase enor, would be about 3% lower.  likely. One olstacle is that even larger aperture sizes
woumid be requived, compounding the aperture phase

. - " error problent. Also, generiting and contrelling three and
m T:ﬁﬁ?%‘:ﬁ:«;"ﬂ? T,'g;‘i SPERICAL four cylindrical waveguide moudes has proved extremely
K] OOTIMUM THEORETICAL difficult; the excitation and control of five or six mides
MULTi-MODE HORN PATTERNS is felt to be impracticable.
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Fig. 25. Four-mede horn physical configuration

&. Conclusion. Upper limits on performance potentially
available from multimude horns have been defired. it
has been showa that these perfermance maxima approach
very closely theoretical linuts for any type of ferd device

potentially ideal. A four-mode horn pattern has been
cxperimentally reali=ed yielding an efficiency 4% above
the best existing jPJ. feed and 7% below the theoretically
optimum pattern. It is felt that an additional! 4% might

of the same size, showing that conici! feedhurns are  be obtained with further rescarch effort.
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A. Hadamard Mairices of
Order 20

M. Hail, Jr2

1. Introduction

I a recent summary, Baumert reviewed the conuection
Letween Hadamard matrices and orthogonal codes for
space telemetry (SPS 37-29, Vol. IV, pp. 213-214). It is
useful to know how many different classes of these matri-
ces of given order there are; class refers to permutation
of rows and columns, and changing the sign of entire
rows and columns. These transformations ieave the code
unchanged for the purposes of error probability, but
they can change the self-synchronizing properties. Thus,
the best self-synchronizing orthogonal codc of given order
can be more easily found if the cquivalence classes are
known. This discussion describes the w.ork done to show
that there are exactly 3 classes of Hadamard matrices of
size 20. The ‘classes are found explicitly.

1At the California Institute of Technology, performing wnrk sup-
ported by the Jet Propulsion Laboratory.

2. Description of the Thres Closses

There are exactly three distinct classes of Hadamard
matrices of order 20, if matrices equivaler.t under permu-
tativi of rows or colurns or change of sign of rows or
columns are considered in the same class. These three
classes are labeled class Q, class P. and class N (Figs.
1, 2, and 3).

Class Q contains the matrix derivable from the quad-
ratic residues moduls 19. Cless P coniains the matrix
which can be constructed frora GF(9) as a special case of
Paley’s general construction (Ref. 1) for orders 2(1 + p7),
where p” is a prime pover and p" =1 (mod 4). The
matrix of order 20 constiucted by Williamson in Ref. 2
is also in this class. Cla.s N is a new class not previously
known. Each of the ‘arec classes possesses a symmetric
representative, and s0 each is its own transpose class,

3. Search Procedures

The searc). for all Hadamard matrices of order 20 is
greatly facilitated by the fact that it can be shown that

267

WyWﬂfm TR g Tk PEET A




.
1
¥

L.

g em— ™

JPL. SPACE PROGRAMS SUMMARY NO. 37-33, VOL. IV

1 23 45 6 7 8 9 10 15 12 12 14 15 16 17 18 19 20
1 —;— 111 (;1 Loy R ——;1 | IS T B
3% [ I 1 T U U T O O I T S SRS N B J
L TR T T - - - [ T S TS U T A
R T I S I TN N S T A A T G S B A - -
L3 T e I T I TR BRSO N R O T D U S
511 l- 1 - -t [ (R U I S B A N
793 f- -1 -i [ A L O O S | 1 1 -
81 |- N N T B FE
9f-11r 1 - [0 U T A U v il - - -
10 S D U 5 2 DR U A DR U I B SR SR

1miy-fr - - rjry- 11 - |y - 1oy -t - -

124-1- 1 1 -fif- 1 - vl - bt oo o .
13 f-f- 1 < rfrbe -1 -t -ty - -

[V S R 0 B U SR T S I T ST S -1

15{-13 - 1 -J1i- v v - -1 1l 1 - - 1

I N T B 6 O O G R TR T S BN B R R SR S
T{-0- 1 - i|-fr 1y 1 - | N [ T i

18f-1- - 1 141 1 - 1|} 1 - | I TS

X2 IS TR SRS IR I DN R N N O SR R SRR (P BRI S

o[-t 1 - -1 o | jro- - |- - o -

Fig. 1. Class Q
if any three rows are put into the standard torm:
(writing - for -1 as a convenience)

1 1111111111
1

P

111
111
111
then there is exactly one more row which can be put
in the form,

l--~=|-1111j-1111|1-~~= (2

along with the three rcws of (1). Also, any three of the-:
four rows determines the fourth in this manner. T - - -
row rquadruples are very useful. The twenty rows ot .-
H., break up naturaily into five disjoint quadruples as
may be seen in the representatives of classes Q, P, N.

This finding cuntrasts somewhat with Ref. 3, where it
was shown that there are five classes of Hadamerd ma-
trices of order 16. Theoretical considerations make it plau-
sible to expect morc classes of Hadamard matrices of
order n when n =0 (mod 8) than when n =4 (mod 8).

With the four rows of (1) and (2) to begin with, it is
not difficult to show that a second disjoint quadruple may
be taken to form rows 5, 6, 7, 8, and that, to within equiv-
alence, there are only three possible eight row starts.

268

23 45 07 89 10 11 12 13 14 16 17 18 19 20
IR T
E 3 T T T T I T S e T T [ e
sprfr 1 - .- L T T S O .
T IR (S I T T T S T T U 1

= e
2R U S PR Y B L
6l1i- 1 - LI T T S N A
- - I P O 1 I T SR B
A RS T D U IS T B T A I B -
si o101 Jfir - S]a v -1 S

wof-- 11 -jrj- 1 - I L T I T T

N T L - ovbal e o b - -

(% A U Y U T AT S U R I ‘

7Y I I Y U A T I "

14| -- 1 -1 {l V- 11 - - 1 1 - 1 - 1 - 1 -

TS S T T I O O I I

T S O S U TR S I T T U N A S S

TN I I PR ' T

18| -1- - v 1f{-.1 1 - 1viaf - 11 -l - 1 -

T (P D UNE S [ SO U O A T T O 1 I D

LY U TR R N O LJJ 1 I S B

1 2 3 45 6 7 8 9 0 11 12 13 14 15 16 17 18 !y 20
R — PO

S ST 5 TS U N W A 0 TS UAPURS [ T U S NS U A N S U (N SRS SRS N
P2 I U IR U U TN U O I T S S U HU SR ISR IR (S
3% 15 T 15 NS TN U O SOUO AA S (S U8 A T S N T e
V3 I W RSt B 5 T U T R T U T U U T
sit |1 - - -f1fv 1 N I T T R A A B -
P Y T I T T O R

7{1l- -1 -1 - o prpro1r - ol aboo
glrf- - < afrt- -1 - - 11y -1 1 - -
° S T G S O ST N I I U R I O S BN
wl-j- 1 1 -1y~ 1 <« 1|1y v o« 2y} v - -
-4y - - tfrjr -1 <4 -t - 1|2l e -1 -
73 N 6 TN [ I U IR TP S 6 N U R 0 O
13{-f- 1 - 1fufr - - 1] -]t v 1 -f-l - 1 1 -
14]-1- 1 - 1j1f- 11 |-} 1| -y - -

15 1 - 1 -<f1f- vt ¢ <1 o« 1 1{af- 1 1 -
I IR B U T I U S U N A ST SRS SR N SR A ]
528 IO IPUR T O I [ T U S I O AR N TN AN S | --—-T
18 RN U N IS I T U B I O S TR S SR N IR SR
LT SN 15 U SO P I SIS T T I U TRSTPS B A I S
20 L;_ 11 - - L;_ LR T T U 0 5 I U SR S I SRS

Fig. 3. Class M

A total of cwenty-two complctions of these eight row
starts were found, which included all possible matrices
to within equivalence. This was not difficult, but it was
time consuming. Showing that these were equivalent to

3 L

1 N



one of Q, P, N and that Q, P, N are inequivalent was
more difficult. This last was accomplished by z study of
the patterns of row quadruples, under the acticn of known
automorphisms of these matrices.

More details will be pubiished in a JPL report.

Ne5-25405

B. Further Investigation of
Random Numbers

R. C. Tousworthe

1. Introduction

In Ref. 4, «he author derived a method for the gener-
ation of random numbers which results, on the average,
in a pseudostochastic series as good as the best known
today. There were several conditions placed upon the
parzmeters of generation that werc necessary to the
aralysis of the numbers produced. It is natural to ask
if the limitations placed upon parameters are necessary
to the production of good sequences of random numbers
or are they merely needed to effect an zlgebraic analysis.
This article analyzes this questio., and ceaches the con-
clusion that if the parameters are not limited as sperified,
the degree of randomness in the generated sequence is
degraded, sometimes to a very high degrggj

2. Random Numbers Generated by Linear
Recurrence Modulo 2

Let a = {ax} be the (0, 1) sequence generated by an
nth-degree maximal length linear recurrence relation
modulo (mod) 2, as described in Ref. 4, and define a set
of numbers of the form

Y = 0. Quksr-1 Qoker—2 """ Qi ret, (base 2)

where r is a randomly chosen integer, 0 </ r < 2* — 1,

Physically, the sequence {a;} can be viewed as an in-
finite stream of O's and 1’s, and the y. are generated by
taking L tuples every g digits, as

|L=1-| |4 q =6-—|
011103 011010 0010011 -
e e ol N — N -
Y Y- Ys
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we can also express y; algebraically as.

‘ L
Yr = 2-f Qyksr-t

=1
Such numbers always lie in the laterval 0 < yi < 1. By
making r a random choice, the initial value y, is com-
pletely r.ndom. But once y, is specified the remaiader of
the sequence {yx) is deterministic. We often find it con-
venient to work with a transformed set of numbers 1wy
rather than yi. Specifically, let a = {a;} be the +1-
sequence corresponding to @ by ox = (— 1)% and define

L
Wy = Z 27 Ugkira
=1

It is easy to verify that wy and y; are related by

wy — 1 — 2% —~ 2!/);

The result contained in the work cited is ropeated here
for reference:

Theorem: 1f {ax} is 4 (0, 1) binary sequence generated
by an nth degree moxin.ai-length linear recusion rela-
tion modulo 2, if fer (g, 2 — 1) = 1 and ¢ > L,
Y = 0. Gxg-y Gkg-2 *** Gxy-y, i5 the binary expansion of a real
positive number in the interval [ 0, 1), and if wy is a real
number in the interval (—1, +1) related to yx by
wy = 1 — 2y — 2%, then averaged over all possible
(assumed equally likely) initial values y, (or w,),

(1) The mean v~lue p of the sequence {wy}

o fl=2

and variance o*
ool g llo2y (-2t
0——3 3 1_2-n 1 - omn

“Q—rl l_:_2_’ ! k,_l_.
1 -2 3

(2) The sample autocorrelaticu function, defined by

N
Z Wy Wiam

ﬁ(\ 1
M) == =
s N &

has as its mean value R(m), given by

R(m) = —2- (1_:_2_5) 20
T3

S
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for nonzer- integral values of |m| less than
(p — L)/q. The variance of R(m\ about R(m) is
bounded by

var ﬁ(‘r‘1 <i 1+———}-—-< ~L
[RGR)} < § e -1 N

(3) The relative numkter of times T that y falls in the
interval for which the first d positions of the binary
expansion are fixed, i.e., a neighborhood of length
2-% in the interval [ 0. 1), has mean value

A 17
T:E[T]=2“’[1+<—2—,‘——_—1)J

, 1 1 N
Ty [5(0) - 1](27:,1. ~ 0-d

for any number N of points y;. The variance of T
is bounded by

A 1 1 1 2 1
var [T] <Z[1 —‘-( — l)j” + @0 1)]”?&7

(4) The relative number of times 7T that (yr> Yra,, o7,
ys-1,,) falls in the interval of the unit M-cube for
which the first d, positions of the binary expansion
of yx., is fixed, i, ina 2% X 2% X -+ X 2%
interval in the unit M-cube, has as a mean value

1
-1

S 2—7»”1 g(o) —1 2= 2~((ll+rl=+. cxd )
-2

T — E(i") = 2-(d‘+...+llu) <1 -+

for imy number N of points (ye, Ur-1,, """ Yr-1y),
provided 0 < L <« - < ly <nfg — 1 The
variance of T is then bounded by

Ao 171 2 T 1 71 1
v [f] <37 o) ! L)~

3. Correlation Properties

It is quite easy to verify that part 1 of the theorem
above follows even it ¢ is not relatively prime to 2" — 1,
regardless of the value of ¢ and L. However, the other
three resulis of the theorem do depend on the relations
betwecn g, L, and n.

Consider first ﬁ( ). the sample autocorrelation func-
tion, Its mean value E(m) is obtained by averaging R( m)

. VOL. 1V

over all initial start-ag values y, (or w,) of the sequence.
For convenience, set p = 2" — 1.

L 4

l < Ry t+u)
N= WS L

k-3 =1 u=1
1

R(m) = E [R(m

p-
X Zaqkw-r Qgksmi+r-n
r=o

I

z’iﬂ (rsu)
= O~ (3u

t=1 u=1

4 1 el
X [—5; Qr Qragmet—n ]

and so far, no restrictio:i has been placed on g, L, and n.
One of the fundamenta! properties of a maximal-leagth
linear sequence a is

+1  ifv=0(modp;

'—"Zar Qpip °= l

L o v 2= 0 {mod p)

Thus, in the equation for Rym), the last um can be
replaced by unity whenever gm +t —u = 0 (mod p)
and by — 1/r otherwise. For a particular fixed m, there
is at most one pai. (¢, u) such that gm + ¢t — u =0 (mod
p), and because u, t < L < p, it is pussible that no ¢
or u satisfies the condition. We are interested primarily
in the first “few” values of m, so let us restrict our atten-
tion to m < (p — L)/q (which is ordinarily quite a large
number anyway). In this case the bracketed sum in R(m)
islonlywhenm > landu —t = gm < L — 1, s0
1 < m < (L — 1)/q. As a consequernice, when g > L the
bracketed sum is never 1, and the first pait of 2 in the
theorem results. However, in the case L > g there may
be values of u and ¢ such that the bracketed sum is 1,
and this results in the general formulation

1 D-qm
5 [2°

R(m) = . L
€ ifm > "

— 2—(‘1];—1{11!)] + €

where | €| < 2/p. This result is general, and does not
depend on any relation between g, I., and n. [But m <
(» = L)/p).

The sample autocorzelation function is a function of r
and is itseli a random process; its mean-squared value
form =< 0 is

1

izt ~(l+t+i47) Htuij

13
t=t #w=1 11 j-i

E[Ry(m)] =



where p,i, is defined by

YN
Pfuij = — EZ Z““’“’ t Orethsnog-u Lacly-r Uratlamyy-
]7N k=t I=1 r-n
1 Y v
N- h=1 Iy
172 _I
X 7)‘ LU- Origmet-1  Creg(l-Rret— (lr*(lamfk)mb—iJ

The latter twe terms in the product are, by the cycle
and add property of maximum-length linear sequences,

1 ifj=i+ mq(modp)

Areqel-k)st-i  Coeql-Kyemget 3 — %

Uregri-h) vy otherwise

in which v, depends caly vpon ¢, i, §, and m. The entire
product takes the value unity in only two cases: (1) both
u==t -+ mq (mod p) and j=1i-- mqg (mod p}, or (2)
v, = v, + g(I — k) (inod p). In the first case, pou,, = 1;
in the second, assuming that (1) is not ilso in effect, there
are at most (g, p) values of k for each ! which satisfy the
conditions. So pey,; is bounded by

Heuis < (q{vlp)

We can separate the summing process for E[R )]
into two parts: over those (t, u, i, 1) giving (1) above and
the remainder. This produces the bound

A.' Y — 2 \(1'» 1))_
E[Bi(m)] < [R(m) — €}* + N
By this, it is easy tr- see that the variance of cur sample
‘tocorrelation function is

var[ﬁ(m)] < —(—ql’\,'—))- + €

The value of | €] is less than 2/p and, for practical pur-
poses, can be neglected.

4. Distribution Properties

Carefully following the proof in Ref. 4, part 3 of the
theorem follows fer every d < L < n without restriction
on q. Thus, the numbers w;y (or y:) are “white” and uni-
furmly distributed. o

Now we cousider the distribution of (Y, Yx-1,, ** ) Yi1y)
where we order 0 < I, <l, < Iy for convenience. Part
4 of the theorem states that these numbers lie uniformly
distributed on the M-cube when g(ly + 1) € n and
q > L. Let us relax these constraints for the treatment

P} £
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which is to foliow. We shall count the relative number

£ g = ies i
of times the M-tuple y = (U, Y1, "5 Un-1) lies in an
arbitrary given 24 X --- X 2%y interval, Let the initia:
positions “~ the binary expansion of y.;, be 0O.cle) -
e ifori = 1,2 -+ i, where each d, < L. Whenever
q{l- l; ) < dj the numbers i) and yi-r,; have an
ryerlan: .ot s, the first d, — (I, — 1.,) = b,; binary
Alopie. ~C .. PPV UTR ] Y ¢ VOIS S FSCY SN TL cvern
CIBIs O fxor, appoar ul ud LISt o) Qigits On fg-y,. 440KC
cannot be equidisiributicn in this case, and in fact, the
distribution is nonzero onlv in those intervals such that
(et, 2, -+, c',;“) is the same as (€lim,p s e,’,}).

By the same token, if g(I; — 1;.,) > d; for all i and j,

and if, in addition, g;, + dy < n, eguidistribution does
result. (See Ref. 4).

The remaining case that we must consider is that for
which q(l; —- 1,.;) > d, foralliandj, butq;, + dy > n
In the remainder of this section we shall assume that this
is the case.

Define a Boolean function g(x) = g(x,, -
follows:

» Xlyqedy) a8

j—1 if x;i(,,,,- = 3;
g(x) = fori=1,2, -, Mandj=1,2-,d;
! otherwise

If we let the Boolean function variables be
Xy =~ aqk+rvt
then y;, = g(x} = —1 whenever y lies in the proper inter-

val; otherwise v, == g(x) = L.

The relative number of times T that an M -tuple y falls
in the specified interval is thus

f' 1 [‘1 3 y ]
/3 B 'k
9N &
We can use the transformed equation (Ref. 4) to ex-
press v,

= T Gle) e

1} +rel qkw—qlu-dM

By the cycle-and-add property, products in the summand
are

Qlyrdy ,
. - i
o Sqlygod, 1 if f(x) divides S s
o e L — e
r-1 r-ql-dae X
TR otherwise,

\
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Now if we denote S = {" f(x) divi desqlf:“s-x‘} as some of these are relaxed, onc can conciude the
i=1

£
£
'
¥
L

|

following:
we have the result (1) If {g, p} % 1, only part 4 of the theorem is affected,
7 = 2 G(8) + 3 G() tgiererinr and this only to the extent
sZ8 seS
The expzcted value of T is now var [ﬁ(m)] < (q&p) + 3, where [3] < %
T=E[f]==3F .
: L (2) Generally, for 1 < |mi < -—q——f-
. i 1/ 1 1 .
. =531+ —)z Gle) + = £(0;
x - -~ p seS p 1 - L
: 1 I" - _3_ (2-0- — 2:--2.’.) + & ifl _\: m < —q-'
i — of course, 0 is always in S. Excluding this element, € m Z?
i §’ = § — {0); and using; G(0) = 1—2t-Crdzr--.edus
! 1 ith le|< =. In addition, (1) above holds.
- nge,.a,._‘..g__'i.‘zrc(‘) with le|< 5 - o addi on, (1) above ho

i . .
) Thus, the relative frequency T depends on the interval  (3) The distribution is not uniformly distributed unless
g !)emg tested [1:e., tht? choice of g(x)], so the distribution qly + du < nand q(l; — 1,) > d, forall i, j. In
i is not necessarily unifor. ~ fact, the distribution lies conceatrated in interval,

such that (¢',e! ,---, ¢ ) = (e} , .-, €}) winen-

. % dusi cver the latter condition fails. If only the formex
] 5. Condlusions condition fails, distribution depends upoa which
= In order that all the results of the theorem be true it is interval we scrutinize and which polynomial f(x)
; necessary that all the statec’ hypotheses be true. However, generates {a:}.
e '
g
- R
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N65-
A. Onto Finite StatBeZN[\"céchmes

E. C. Posner

This article continues the discussion on finite state
machines previously reported in SPS 37-32, Vol. 1V,
pp. 258-259. Here onto machines are considered, that is,
machines that have every output sequence arisc from
some input sequence. It is shown that if every output
sequence arises from at most a bounded number of input
sequences, then the machine is onto; th converse is due
to D. Blackwell.

1. Introduction

A finite state machine is defined as an abstraction of

‘the behavior .{ + digital machine such as might be found

ir. thz Ueep Space Network (DSNj ¢ v signal generation
and processing. The key part of the definition of a finite
state machine is that the machine can read the input tape
in one direction only, and it produces an output which is
no longer available to the machine. Thus a finite state
machine is more specialized than a “general purpose com-
puter,” and yet the concept includes many types of “stored
program controllers” used throughout the DSIF.

The rigorous abstract definition of a finite state machine
is found on p. 257 of SPS 87-32, Vol. IV. Informally,

there is a finite collection S of states, a finite input alphabet
A and output alphabet B. Also defined are two functions,
& and y, which yield respectively the output symbol and
next state for the given input symbol and present state.
The functions ¢ and 4 can also be thought of as being
defined on all input sequences of given length n, in the
sense that ¢ and y give respectively the output sequence
and the final state for a given input sequence and initial
state.

In this article, A will be taken equal to B; that is, the
input and output alphabets are the same. Usually in appli-
cations A and B are the set {0, 1}, although this assump-
tion is not needed here. Another case of interest in the
DSN is when A = B and has 32 elements, the 32 teletype
characters. Cases in which A and 3B do not have the same
number of elements can arise it voding theory, where B is
a set of codewords which may be smaller than a set of
received words.

2. Irreducibility

The concept of an irreducible machine is needed. A
finite state machine is called irrcducible if and only if
given two states there is an input of some length which
sends the first state as initial state onto the second as final
state; this language is borrowed from the theory of Markov
chains.
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D. Blackwell (Ref.1) proved the following: let M be
an onto finite state,machine in which A = B. Thexn the
number of inverse images of any output sequence of any
length whatever is bounded by s?, wherc s is the number
of states.

It is easy to prove that if there is any bound, then the
bound is s°. For if some output g had more than s* inverse
images, then there would be two states S, and S. and two
distinct input sequences a, and «. whose lengths are the
length of 8, such that the output sequence is 8 and the
final state is 3, if the initial state is S, and the input is
either a, or a.. For there are s? pairs ($,, S.), so thiat one of
them must occur twice as initial and final states giving g8
as an output By irreducibility, a, and a, cain be extended
so as to produce the same output g’ and final state S,
starting from: initial state S, with different inputs o} and
and «,. For there is an input y such that y brings S. to S,.
Let 5 be the output; then g2 = B8, /= a,y, &/, = 7.

Now there are 2! inputs of the form o’ o -, &}, i;=1,2,
(1 £ j < ). Furthermore, all these are distinct and each
gives an output (8’)! when the initial state is S,. This
contradicts the assumption that the size of the number of
input sequences with a given outnut sequence is bounded.
Hence, if there is a bound for an irreducible machine,
then a bound is the square of the number of statcs.

3. Boundedness Implies Ontoness

In this section, the converse of Blackwell's result will
be proved.

Theurem: Let M be a finite stale machine in which the
input and output alphabets are identical. Let M be ir-
reducible. Then if the size of the set of input sequences
producing a given output sequence is bounded, the
machine is onto.

Proof: Let the size of the alphabet be g, which clearly
may be assumed greater than 1. Let 8 be an m-tuple aot
the output starting from any initial state. We shall show
that the number of sequences of length n composed of
elements of A which do not contain g is an arbitrarily
small fraction of the total number of sequences n of
length n.

This fact will be proved probabilistically. We may
suppose n is a multipie km of m, the length of 8. Consider

the random process consisting of choosing with equal-

probability 1/q™ one of the g™ sequences of length m.
Repeat this experiment k times. Given € > 0, there is a
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k so large that the probability of not getting 3 in I trials
is less than (1 — 1/g")* < e.

But the probability of uct getting g at least once in
k trials is less than the probability of there being no 8 any-
where in ihc sequence of n symbols, where each symbol
is chosen independently with probability 1/q. Hence,
there is an n so large that the probability of not having
a 8 in n symbols is also less thaa €. Since every sequence
of length n in this model has the same probability, we
can make a nonprobabilistic statement: if n is sufficiently
large, fewer than eg” of the g" sequences of lengti. n fail
to contain the m-length sequence B, for € an arbitrary
positive number, and given m.

Now suppose tie class of output sequences is contained
in the set of sequences not containing 8; that is, let 8 not
be an output. Then fewer than eg” sequences of length n
are outputs. Furthermor., a given input sequence yields
at most s outpu®s, since there is an output for each initial
state. Since there are ¢" inpat sequences, some output
sequence occurs for more than 1/se input sequences.
Since € is arbitrarily small, 1 /se 1s unbounded. Therefore,
if the sizes of inve.se images are bounded, M is orto.
This proves the theorem.

The upshot of this result is that for irreducible machines
in which A and B have the same number of elements.
ontonass is equivalent to the property that the number
of inverse images of any output sequence is bounded by
s%, the square of the number of states. If an irrecucible
machine with the same input and output alphabet is
desired which produces a certain output for ¢ different
inputs and yet can produce any output, then s > (1)™.
This result may be of use in machine design.

-~
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B. Generalized Barker Sequences
S. W. Golomb and R. A. Scholtz! 3 L¢é7

A generalized Barker sequence is a finite sequence {a,}
of complex numbers having an absolute value 1 and pos-
sessing a correlation function C(s) satisfying the con-
straint |C(r)| < 1, r 5% 0. Classes of transformaticns leaving

1Prepared under purchase order 951076 with the Electrical Engi-
neering Department, University of Southern California.




IC(7)! invariant are exhibited. Constructions fur general-
ized Bavrker sequences of various lengths and alphabet
sizes are given. Sextic Barker sequences are investigated
and examples given for all lengths through chirteen. No
theorctical limit to the -ength f sextic sequences has
been found. These sequences geseralize to polyphase
modulated radars the binarvy Barker sequences used in
certain biphase modulated radars fer range guting,

it

A Barker sequence (Ref. 2) is a sequence {a,} of +1’s
and —1’s of some finite length k such that the correla-

1. Introduction

tion function C(7) defined bv C(z) = Y‘ a, a,.- satisfies

i

'C(+3* =1 for +=£0. In this discussion conslder ‘generalized
Barker sequences” {a,} of finite length k, where the terms
a, are allowed to he complex nnmbers of absolute value 1,
where r\orrelatlon is now the Hermitian dot product

C(n) = }_‘ a,a¥, (2* denotes the complex conjugate

of z), and the same restriction ‘C(7)- <1 for + ¢ 0 is im-
posed. We will exhibit a class of transformations which
leave the absolute valve of the correlation function un-
altered, so that, in particular, gcneralized Barker se-
quences arc changed into other generalized Barker
sequences. \ve examine the effect of these transforma-
tions on the original (%1) Barker sequences and on four-
valued (=1, ==i) Barker sequences; and then exhibit
constructions for generalized Barker scquences of a
variety of lengths and all possible alphabet size=. Finally,
we observe some very interesting facts about sextic
Barker sequences, including that they have occurred for
i t lengths tested (i.e. for k < 13) and could conceivably
cecur for all possible sequence lengths.

2. Bo:ker-Preserving Transformations
Let {u,} be a ~oraplex-valued sequence of lengih k
=
and let its aitocer s elanon function C(r) = iu,u* CWe
define a new compiex-valued sequence {v,r}rlof length &
as follows:
Ce=ue ™ (1)

where m is any nonzero integer. Then we observe that
the autecorrelation function C,.(r) of {v,} satisfies

k-r umir ;‘.’_n’i(nr)
Cr) = S oty = T ® b, A
F=1
K-r ~2FIT ~2miT N
= Z u, Uy, ™ — €M Cl'(T) (2)
r:t

. . T £ pe———
lu D R e TR C gy K
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for all . In particular, since " ef-277 ! 1, we have
iCr) = Cun) ] for all = as well as »v. | = |u, | by
virture of E<. (1). As a special case, if (u, ! =1 for all r,
transformation {1) takes a generalized F.rker sequence
of lengch k into another generalized Barker sequence of
length k.

Further we observe that the somewhat more general
transformation

SIEILL -

t, = u.e : (])

vhere a and x are any real numbers, 1 %= 0, also preserves
te,t="!u. and {C7r) i = Cy(r)!. Finally, the trans-
form‘ltlon £, = U,.;, Which merely s the sequence
packwa-ds, clearly preserves the Barker property, as does
the transformation u, == u ¥ (where the asterisk again
denotes complex COI]]I.}adtIOD).

In summary. there is a group of 4m* transformations,
each of which t.kes m-phase Barker sequences into m-
phase Barker sequences. As generators of this group, we
may take the two order-2 transformations of time reversal
and complex coujugation and the two order-m trans-
formations of constant multiplication by ¢ and progressive

multiplication by successive pcivers of ; vhere ¢ = e*7'/m,

3. Specific Examples

if we take m = 2 in Eq. (1) then the sequence (u,, u_,
uy, ws, -+, w;) is changed into (u,, —u,, u, —u, ‘-,
(—1* '), In particular, this transformation changes
ordinary binary Barker sequences into other such e
quences, though nothing verv startling i; obtained in this
way. Taking wn = 4, the sequence (uy, Uz, Uy, ty, =+, ug)
is changed into {u,, iu., —u,, ~iu,, -+, #'w,). In particu-
lar, this transformation sets up a one-to-one correspond-
ence between ordinary (binary) Barker sequences and
four-symbol Barker sequences (the symbols being + 1,
s+ i) in which real and imaginary terms alternate. This
correspondence is illustrated in Table 1 for binary Barker
sequ.nces of all known lengths. [From the results of
Storer and Turyn (Ref. 3) there are no other binary
Barker sequences of odd length, and the possibility of
other such sequences of even length seems quite remote,]
Anotker description of the correspondence is that be-
tween successive terms in the binary sequence there is a
transition of either 0 or 180 deg, while betwcen successive
terms in the alternating quaternary sequence, therc is a
transition of either 90 or 270 deg. We let 0-deg transitions
correspond to 90-deg transitions, while 180-deg transi-
tions correspond to 270-deg transitions, respectively.

e
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Table 1. Correspoundence between binary and
alternc ting quaternary Barker sequences

Length k binary sequence

1 +1

? +1, +1

3 1,41,

4 +1, +1, +1, —1

5 +1, 41, 1, =1, +1

7 R AL, -, -, Y,

1 +1,+1, +1, =1, =1, =1, 41, —1, —1, 1, —3

13 +1, 41, R, R, L, =, L A, 1, R, -, R

Quaternary Barker sequence

1 +1

2 41, +i

3 4+, 40+

4  +1, 40 -1+

5 4, 4 -, 4

7 1, +i, —1, +i, ~1, +i, 1

1 +1, +i, =1, Fe =1, 5, =1, 4, -, L R

13 +1, +i, =1, =, Y, =i R, =i, Y, 0,

It is interesting to note that the quaternary alternating
Barker sequences of odd length are all palindromic (ie.,
read the same forward and backward), thus evidencing
a symmetry which is obscured in the binary representa-
tion.

Next, we consic T a quaternary Barker sequence of
length 15 (Ref. 4) which is not equivalent io « binary
Barker sequence. In Table 2, we sce such a sequence,
together with its transforms corresponding to m = 2 and
m =4,

We observe that the effect of the m = 2 transformation
is to replace the origiral terms by their complex conju-

Table 2. Transformations on a quaternary
Barker sequence

Original sequence

R R A A A A T o ARt At A A A N S R A o

Transform with m:== 2

ol P o TR B TR A A o TR o O ot A Al PO ST A o8 Il P b

Transform with m = 4

T T T B A A P PR A A A TR S S A

PP 2. SRR S

‘gates in reverse order. Since reversal of order and con-

jugation of elements are both elementary symmetries
which preserve Barker correlation, nothing esscntially
new has been obtained. However, the transformation
with m = 4 yields a very different scquence from the
original. For example, whereas the original sequence had
one run of length 3 and two runs of length 2 each, the
transformed sequence has one run of length 3 but only
one run of length 2. Also the original sequence has its
run of length 3 at the end, whereas the transformed se-
quence has its longest run near the middle.

It may be mentioned in passing that, despite its title,
Ref. 5 contains no examples of qua.ernary Barker codes.

4. General Alphabets

Let p = ¢*71/" and define the alphabet A, to be the set
{1. p, p* p% + , p™1}. For subseauent convenience, we
also define 5 = plin-"*/21 the lowest power of p whose
phase angle is at least 180 deg.

We ask the general question on the existence of Barker
sequences as follcws: “For a given sequence of length k,
what are all the values of n such that a Barker sequence
of length k can be constructed from the alphabet A,?”

In Table 3, we answer this question compietely for
k = 1,2,34,5 by exhibiting constructions which work for
all n > 2. A couple of simple observations will assist the
reader in verifying that the out-of-phase correlations are
indeed < 1.

(1) The sum of 2 unit vectors lies within the unit circle
if and only if the angle between these vectors is
between 120 and 240 deg. (In particular, 1 + 5 lies
within or on the unit circle for 4y > 2, with the
tightest squeeze when 5 = 3. p + 4 lies within or on
the unit circle except, when 5 == 1,24, with the
tightest squeezes when » = 3 and 6.

(2) The sum of 3 unit vectors lies within the unit circle
if and only if there is no semicircle properly con-
taining all three vectors. (In particular, since the
sets 1, 4, 9* and 1, p, » each defy containment within
a semicircle, the vectors 1 + o + p* and 1 -+ » +
do not extend beyoud the unit circle.) Finaily, we
may observe that 1 + p + 5 + »* lies outside the
unit circle for n = 1,24: on the unit circle for
n = 3,5,6; and within the unit circle for n > 7. (In
fact, this vector sum decreases in magnitude to
zero as n increases to infinity.)
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Table 3. Construction for generclized Barker sequences for all lengths up to 5 and all alphabet sizes greater than 1

1
k Sequence t Correlation function Which n?
i -
1 1 1 alinz=1
1,1 2,1 alln 21
3 Lln 3, '+ g9 alin = 2
4 1,91 4,14+ 9+9*, 1+ 91 altn =2 2
)’1, L1, =1 (5,0,1,0,1 jull even n
5 allnZ 2
ll,l.p,n,p 51 +s+9+9,1+p+9p+tne lallnexcep*l,2,4f

A simple necessary and sufficient condition for the
sum of four unit vectors to lie within the unit circle has
not been found. However, the following two necersa~,
conditions are sharp.

(1) The four vectors must not be countained within an
arc of less than 2 cos*(1/4) ~ 151 deg.

(2) No three of the four vectors may be contained
within an arc of less than 180 deg — cns™(1/4) =~
104.5 deg.

For the case k = 6, it has long be_u known that there
is no binary Barker sequence. An exhaustive search has
shown that there is also no generalized Barker sequence
of length 6 for alphabet sizes of 3, 4, or 5. Howcver, the
following example using the alphabet A, lias been found

1,1, —1,1, —¢

where € = ¢*7/%, The correlation values for this sequence
are b, €, €, €, €, €',

Except for the Barker-preserving transformations dis-
cussed earlier, this example is unique. However, in one of
its transformed avatars, it takes the form

l,e, —1,1, —¢, — 1

for which the correlation values are6, —1, =131, —1, —1.

A Barker sequence is called palindromic if the se-
quence reads the same forward and backward, except
for at most a real constant factor. Clearly the correla.ion
function of a palindromic sequence is real. We have
observed that there are sextic palindromic sequences of
every length through 9, none of length 1C and one of
length 11.

5. The Sextic Alphabet

There is strong evidence to indicate that a Barker
sequence of length 6 can only be achieved over an alpha-
bet A, for which n is a multiple of 6. Moreover, the sixth
roots of unity (with zero adjoined) have remarkable
arithmetic which is partially closed under addition, as
well as closed under multiplication.

In Table 4, we see the present state of knowledge con-
cerning binary, ternary, quaternary, and sextic Barker
sequences. The appropriate carlier references for these
cases are: binary (Ref. 3), ternary (Ref. 6), and quater-
nary (Ref. 4). However, these cises have all been re-
checked. In Table 4 a bl.:k iidicates that no such

Table 4. Comparison of th: s3cuences available from
the alphabet A, A, A, and A,

. 2 3 4 6
1 » g I d i
2 I i 124 »
3 1’4 It » T
4 ' 1~ 4 I'd
5 P v »
6 { ¥
7 4 I » 4
8 %
9 » 74

10 I
(}! ¥ 74 1
12 %4
13 I d » I
14 ?
15 » ?

" o
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scquence exists, while a question mark means that the
q1estion has not vet been exhaustively searched. We see
that for lengths k == 6, 8, 10, and 12, there are no ex-
amples of birary, ternary. or quaternary sequences, but
that sextic examples exist, as follows:

i

S =1,1,¢, —1,1, —€

S:s =1,1, 61, —¢ . —1 €*

Sie=11 —¢ —1, —€¥ —e¢, ——1>, e* —e* —¢
Se=1161,¢% —¢5 —¢*, —¢ 1, —¢ € —1

Examples of lengths 6, 8, and 10 weze first discovered by
the authors. Examples of length 12 were found in a com-
puter search conducted by Harold Fredricksen. Of these,
only S. is unique up to Barker-preserving transformations.
This is one of several facts supporting the highly tentative
conjecture that sextic Barker sequences exist for all se-
quence lengths, in sharp coutrast to the binary case
(Ref. 3). That is, the search routines indicate that sextic
examples may become more numerous as the sequence
length increases.

6. Sequences of Length 7

The case of sequence length 7 has been settled defini-
tivelv, as shown in Table 5, which augments Table 3.

Table 5. Sequences of length 7

k Sequence Correlation function Remarks

7 ivi,—-1,-11-170 —10 —-1,0, —1 Allevenn

L,1,8 81,81 7,200+ v, 2+ v+ 8, [Aloddn>1

2+ 0,1y 1481 except587
Where v == 8 -} g* as well as
large even n

Here 8 is an element of A, with a phase angle between
120 deg and = — cos7(3/4) ~ 1382 deg. Not orly are
ther > no 5" or 7' roots of unity with phase angles in this
range but an exhaustive search has shown that there are
no Barker st:quences of length 7 over A; or A,
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'C. Weights of Cyclic Codes

G. Solomon

A new formula is presented for the weight or number
of ones in a binary cyvclic code The formola allows quick
computation cf the error-correcting proj-erties of a large
class of codes.

1. Introduction

In the past few years, coding theory has witnessed the
discovery of new classes of practical codes of a highly
algebraic nature. These coder are easily encodable and
their error-correcting procedure is a sequence of easily
mechanizable algebraic operations. These codes (Ref. 7)
(Bose-Chaudhuri, cyclic, polynomial, shift register... ) use
the shift register device both as part of the systematic
encoding as well as for che multiplication operations in
the associated finite fields, While certain group code, can
be characterized by specifying the encoding and decod-
ing procedures in terms of certain polynomials and field
parameters, there arc many cases for which the precise
error-correcting properties of these codes (i.e., the 11ini-
mum weight of all nonzero vectors of a code) are not
known. Indeerl, the distribution of weights. of a code is
r:ot known in general.

Tn be specific, for n odd, let A be any (nk) gioup
code, i.e., a k-dimensional subspace of V,(F), the vector
space of dimension n over the field F of two elements,
The veight of a vector a = (a,) € A, w(a), is defined to
be the number of ¢, equal to 1. A classical coding theory
problem is to determine the crror-correcting properties
of the code A, i.e., the minimum weight of al! nonzero
vectors in A, We also want to know the values of the
weights actually occurring for all words in the code, and,
in fact, sometimes we even need the number of vectors
having a given weight. This counting problem — this
looked-for formula ~r analytic expression for the weight
of a vector in terms of the parameters which characterize
the code — is made interesting by the fact that our code
operations ave all modulo (mod) 2, whereas the weight
function is integer-valued.

We present in this discussion an explicit expression for

y
the weight of a vector w(a) =3 I,i(a)2". The T'; are ex-

=\
pressed as a function of several variables. These variables
are the parameters in the general representation of cyclic
codes in Mattson-Solomon (Kef. 8). The coefficients of
the formula are obtained by using elementary field
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operations in the cyclic group of the n'* roots of unity.
I, has been known for some time. We obtain here an
expression for I'.. Using this expression, we obtair gen-
eral results for weights occurring in certain cyclic codes.
The method is extendable to I', and the higier Is;
[, gives information about the number of code warde
of given weight. The higher order I''s are left for a sub-
sequent issue of this summary.

2. The Binary Representation of the
Weight Vector

Let a2 = (a,, a.. --*, a,.,) be 1 binary n-tuple. If w is
he number of ones in a, then the following equations are
TUE

igcaz- 1z oo iy

=1{mod 2)

[‘,z 0 l>!L"

The weight of a. w(a), is given in dyadic form uniquely
.
by w2 where N = [log.n]; and, as usual, w; =0

=21
aor 1. The following lemma is cruciai.

Lemma: If S w2} is the ¢yadic expansion of w, then
w. = (t )mou . That is, &, =T ,;.

Proof: We expand the polynomial (1 + x in two dif-
ferent ways

(1 + 0= (1+ 5™

¥ ( 'f)xi = ﬁ(l a0

1-u

= ﬁ(l + w, )

©

= I I (1 + w¥x¥); but wi = w; so

LERL
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The coefficient of £*' on the left side uf the eqaation is

u i

o. - If we examine the right-hand side of the

equal to

equation, we see that the coeflicient of ¥*' can only arise
from multiplving the w,x** term by (¥ -- 1) ores. Since

',’j) = ;. This proves

-

this i< a formal identity. we have (

Lemma 1. We thas have our weight tormula for a
vector 7,

wle) = zr (@2

We shall express the U,;(a) as functions of the coetii-
cients of the Mattson-Solorwon polynomials for cyelic
codes.

3. Repiesentation of Cyciic Codes
Let A be an (n,k) cyclic code gercrated by the recur-

k
sion rule Y w;a,.. = 0, whose associated polynomial is
i=0

k
fix) =3 uxi, u,eF. To every code word a ¢ A is asso-
iz0

ciated a polynomial g.{x) = :V: c.xi, with the following
properties. Let 8 be a fixed ;ﬁimitive n't root of unity.
Then

(1) Ifa = (a. a,, -~

(2) The ¢; are given by the Reed formala

-, @,-y) then g, (89) = aj;

n-1
ci=y a7 j=01-",n—L

150

Thus, the ¢; are contained in the field containing
n-1
the n'" roots of unity. Note ca=" 3 a; = w(a) mod 2;

also,
Cxi = € allj.

c; = 0if f{B87) 5£0; i.e.. the only ¢, that can enter in
@.(x) are those j such that f(8/) =0

(4) I a = (a4, 05, ***, @u) s given by (g(x)), g(x) =
3 ¢,x. then the cyclic shiftof a, T a = (a,, a., -+,
n-i, 6,) is given by gro(87) when grq(x} = Z ¢,87 2.
Thus, shifting a vector is cquivalent to multiplying
cach ¢; by g'.

(3) If flx) = fi(x)f(x), -~ f-(x) where f,(x) is irreducible
over F, then there arc r independent variables ¢,,
in g(x), f3B) = 0, fi8"¥) % 0, j % k, and ga(x) can

be written

&l

gi(x) = Tre, x* +~ Trep,x% + -, Tre, x°

279
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Here Tr(a) denotes the trace of u. given bv Tr a
m

= ¥ «* where m is the degree of the irreducible
j=0

polynomial over F with a as a root.

WWe note that tae c. term corresponds to the
(x + 1) factor in f(x), cr the all-ones vector. Note
¢. = 1 implies the weight if a is odd. Thus every
odd w eight vector « is the suin of the all-one vector
and an even-weight vector. Thus we have

(6) The odd weight vectors can be computed from the
even-weight vectors, w; by taking n — w.,. Thus,
we need only devise our formula for even-weight
factors.

4. T (a) as Functions of ;
We have w(a) = i: L,i(a)2), N = [log.n], w(a) =

mod 2. Now

L= ¥ ai, -

< i< <ing

= ¥ afeds)

= P(le!,:j‘_,, Tt

1aiI_:i)

"y {;(ﬂ i:‘)

Cjqi), which is a polynomial in ¢’.
Since w(Ta; = w(a), and since Property (4) of Section 3
above holds, we have

P(le :Cig y 7T C;:i) = P(B“ Ci; 73"’" Ci_- > T Bi"i Cf:')'

So Z j, =0 mod n. This sum-of indices property is

1=1
essential in the formula for I'..

5. Computation of I';(a)

We evaluate I';(a) in our formula, and using this value,
we obtain some nev’ results about cyclic codes.

Theorem:

(n-1}/2

T(a) = CiCoy -
i=1
Proof:
F"(”) /_, aia; = 't(ls' ed(ﬁ}
i<i i

Let « = g', y = f/ say, where = < y if i < ;. Then we

= (i c.x‘) (:'2; c,x")

have

The coefficient of cic; is given by 3~ (x'y! + x'y’).Now

3 xiyl xy Zry

Iy

replaced by the mo.c general condition x 5 y. To evaiu-
ate the sum )~ x'y/, we need to know the following:

Ly
Thus the conditions x </ y is

Ixy
n-1
y = uunless j = 0 (a well-known result).
jau
Thus,
Sy = Z 'y’ + 2/ = x/, whenever j =% 0.
y=r JAES
Therefore
IETEDIED IS ETEN
r=y L] [ Iesy F LT
=0ifi +j=0modn

=n=1{ink)ifi-+ j=0modn.

Therefore we have the theorem

n-t

-1
I.= 2 Ci Cpoy = Z— C; C;
i-1 -t

6. Corollaries «f the ', Formula

Corollary 1. Let A be a cyclic code generated by f(x). If,
for every y such that f(y) = 0, we have f(y ') <0, then
T', for the code A is ).

Proof: Note that ¢; corresponds to f(87) = V. Thus, ¢; and
c.; are never simultaneously nonzero by hypothesis.

Co: oIIary 2. If w{a) = 2 (mod 4), then I';(a) = 1.

( ) (dm + 2) (tm 1)

Proof: 1,

-~

H

(2m + 1) {4m + 1=1mod 2.

Corollary 3. All cyclic codes A with T';(A) = 0 have
even weights w which are multiples of 4.

Corollary 3. All cyclic codes A with I".(A) = 0 of length
n==3 (mod 4) have only weights = 0 or 3 (mod 1) occur-
ring. Similarly, if n =1 (4) and I';(4) = 0, only weights
= 0 i 1 {mod 4) cau cceur.

7. A General Theorem on Weights

Theorem: Every vector in the class of [p, (p + 1)/2]
cyclic codes, where p=—1 (mod 8) and 2" + 1 =




i
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(x = 1) £{x) £.'%) where £4x), and £.0x) are irreducible
of degree (p — 1./2. has weight =0 3 mod 4

Proof. 1t can Le shown that I'.(a) is for even-weight
words in these codes. The details are omitted.

The last theorem. when applied 10 e {awwaz T2V
{23.12x cade (Ref. 7, p. 70). proves that the code is triple-
error-correcting. For the Bose-Chaudhuri bound says
that the minimum weight of code words is at least 3. Now
5 == 2 1. w0 7 is the minimum possible odd weight. And
no words or +ight 8 occur. since 6: 0(4). This weight of
T is attained, since the sphere packing bound says that
the minimum weight is at w3t 7. Other proofs of this
result have ben given by computer search, as well as by
projective geomctry methods (A. Gleasey, unpublished),
but the present proof is the shortest known.

N5~ 32469

D. The Index of Comma Freedom
in Kronecker Product Code
Dictionaries
:l. J. Stiffler

This article relates the comma-free properties of the
Aronecker product of two linear codes to the comma-free
properties of the constituent codes. These relaticns are
useful in quickly producing codes with special comma-
free-properties.

1. Introduction

Lit A be a dictionary having M m-symbol words
a; = ,al, -, al , the symbols a/ being elements of an
r-ary field. The dictionary is said to have un index of
comma freedom d,(A) if m — d..(A) eguals the maxiraum
number of zeros in the m-tuple

Yalt — qf: qft ~ qlr e it t !
-‘(I. al ’u.:l ulvl’ EALI it ﬂ-.‘-..'
@
— qlt g — i Jt— it
alal L Tad e

where the maximization is to Le taken over all values of
f1y J2 j+ and of I = 0 modulo m. Thus, d.(A) is & measure
of the difterence between any code word overlap and any
true dictionary code word.

- VIO A0y e o
P R R i S DA

1
)

Let A be as defined in the pre 'ious paragiaph, and let
B represent a dictionary having N n-symbol r-ary words,
b, = (8., 8.+, ). The Knonccker production diction-
ary A x Bis defined as

":B a.'B’ e e e e e e a' B
- "
BB, ,ai B
AxB = (2)
WBa¥B, ,a¥B

a typical word having the form

Ll b, (3)

mE

) b;,(li I),, i

where

a:,b,» = (l“i_ + B:, n.’ B, s B 1)

the addition being taken modulo r. The distance proper-
ties of Kroneck.r product codes are well known. In this
article we are concerned with the index of comma free-
dom of such codes which is considcred later in Section 2.

The index of comma freedom is a meaningful measure
when the code in question is to be used over the r-ary
svmmetric channel.

Another application of the codes defined above, how-
ever, might be in the generation of phase-codes. Here if
the " symbol of the j'" word of the code is a o, it is
represented by the waveform (2)** cos [ot + (@mal)/r].

In this case the number of components which two code
words have in agreeraent ceases to be of prime concern.
Rather, it i5 the corrclution between thes> code words
that is the measure. Thus, in Section 3 we consider the
maximum correlation that can occur betwieen any tme
code word of a Kronecker product dictionwry and any
overlap word. This is the analogue of the inde< of comma
treedom for phase codes.

2. The l.xdex of Comma Freedom
Theorem. I: Let A denote a dictionary with m-symbol
r-ary words @; = (al, /.- -, al) and B a dictionary of

w
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1

a-symbol r-ary words b, = (8¢ , 8., -+, 3. Let M (i)
be the maximum number of times any one of the r
symbols of the alphabet occurs in any i-tuple obtained
by subtracting the I symbol suffix of the j** word in A
froin the I symbol prefix of any word in A, where the
two words need not be Jdifferent unless I = 0, modulo m,
and let N {j,]l) be identi~aliv defined except for the inter-
change of the words “prefix” and “suffix.”

Let My(i,k), Ne(i.k), M.:n(iit), and N ,.x(i,j,t) be simi-
Jarly defined in terms, respectively, of ihe dictionary B
and the Kronecker product dictionary A x B.

Then

ma? [M.ics (i) + Nosg (if,mn — £)] < max { m 'n;cax
177) s - .

3

(5)
XM+ Nilin =K ]." WX [M,il) + Naliam 1)]}.
,’

Proof: Consider the maximum number M .s(ij,t) of
times any symbol of the alphabet can occur in the
t-top.e formed by subtracting the last ¢+ =: In + k sym-
bols of the mn-symbol word of AxB

of +BLal + 8, H B0l B,

ol Bt Bt

from the corresponding symbols of any overlap word
(x and i, can be any integer from 1 to n, f, and i, any
integer from 1 to m)

J ! i i i 3 SN YT RN j i j

ap, T By ~ajl, + o Ol + B U+ B, a
1 ... i i iz P i i
8o+ Bl BTl B

By definition

A[l("; (‘i,i,t) = }TI'SIX;

Dte] vy e L B) = (0l

vam-l pin-kel

n

d, [(u{, + B"‘)

TRt X

vam 141 g1

- (a{'i(m-l) + B;:Qk)] s

282

where d, (x) = 0 l,f el Rearranginy terms, “we have
: 1 if x= P

Masalijt) = max § > o (@)
to,]2.p Lvemal  pon-ker

" n-k

(B Braw)] t 3 d [(w)

v=m-l.1 p-v

~ ot ) + (B 21} ©

But, unless k =0 mod n,
m.ax Z d" [(Cl{' - a‘f”—(m—l)'i) + (/3:: - lB;?—(n-A))]
12,]2,p p=n-ks1 (7)
Sl‘vfa(i,k)

and

ma f dy [(@ = altonn) + (B~ £i24)] <Nalin—E).
(3)
Cousequently, if k = 0 mod n,
Mp (it =In+k) < (I+1) Ms (i,k) + INg(i,n—k)
®
A similar argument establishes that, if k540 mod n,
N.ss (ij, mn—1) < (m—1) Na(i,n—k) -+ (m—1—1) Mp(i,k).
(10)
Consequently, if k 2 0 mod n,
M s (i,j8) + Nogs (ifmn—t) << (I4+1DM(R)
+ INg(i,n—k) + (m—DNy(in—k)
+ (m—1—1Ma(i, k) = m[Mpik) -+ Ne(in--Fk)]
(.,

If both ! = 0 mcd m and k 2= 0 mod n, then ¢ = 0 mod mn;
and the “ovcrlap” word is actually a true word. If
k=0 mod n ard I 52 0 mod m, it follows from Eq. (6)
that

Maza(ift) = max
"2;,’.';[) p=1v=m-ls

— Bi2)] SnML(i). (12)

d, [(u{ - a{’_(,l_,)) + (ﬁ;‘



Similarly,

n o om-i

N iss(ijmn—ti == max 3= L dy [(a] — ait)) + (B

’nl Apopel v
—Bu)]snaN (im =) (13)

Thus, if ¢ # 0 mod mn,

maxy M, (08 -+ Noes(ijran—t) <ma:\')ma-“ m
t[ ERR) wea(lf .]\ (o

[Jl,,(i,k) + Ng(i,n-—l\‘], max n[.\l,l(i,l) + N, (j,m— 1)]},
[0 ]

(14)

which was to be proved.

Corollary 1: Let A be a dictionary of r-ary m-symool
words and B be a dictionary of r-ary n-symbol words; and
let M (ji,DN.(iD), My(i,k) and N,(ik) be defined as in
Theorem 1. Then the index of comra freedom d,., of the
Kronecker product dictionary AxB i+ bounded by

dwy>min )’m r?}? [n — My(i,k) — Z\’B(i,n—k)] , n
k=40

’?il“ [m — M (D - N_,(j,m—-l)_l} (15)
10 =

Piocf: This follows immediately from Theorem 1 upon
observ.ng that the index of comma freedora d. of a dic-
tionary D of s-symbol words is beunded by

d,> ™in [s — Myfet) — Nn<v,s-—t>] (16)
t=<0

Note that, from Theorem 1, the ind:x of comma free-
dom of dictionaries, which are Krouecker product: of
Kronecker products, car: also be bourded. Suppose, in par-
ticular, that D is a cictionary of s-symbol words and that

max .
l',t [.\l{)(l’ :',) + A{[)(V.S"" [)] $: s—1.
t+0

Then d, 22 1, 4., the index of comma freedom of the dic-
tionary D x D, is bounded by

d.2s
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Similarly, the dictionaries (D x D) x D, (D x D) x (D x D),
etc., have indicies of comma treedom bounded by
d.zs
d.=s

respectiven: and i general, it is possible to generate a

dictionary having s*"-symbol words such that
dor = — L

Corollary 2: If the code dictionaries A and B form
groups of m -- and n — tuples, respectively. over some
finite field and if A contains the m-taple 11....1 and
B the m-tuple 11....1 (e.g,, if each group is generated by
a polynomial whichi is divisible by the polynomial x — 1),
then

d...=2min [md,., nd,,,] (17
where d,; and d, are, respectively, the indicies of comma

freedom of the dictionaries A and B. and d,,, is the index
of comma freedom of their Kronecker product A x B.

Proof: If A contains the m-tuple 11....1, then

m-1

— min J L it
duf4) = A l?éO} ; df@;, = ayt)
" )
- Z (I.,((l' - u\ (m-1, )‘ (13)
vam-l41 (
where
_jL x=0
dofx) = 10 x5%0
Changing the second index of summation
_  min foo_w! S
dw(4) i,iniz,l#-ﬂ‘[m '2.; dy (a; @)
. i
-3 do{a - af,'(,,,_,))}
’ (19)
wm-1
I g™ 5 (ol — 8

Lyjsf l?éoﬁl,’f l e
— 3 du(af g /32)}
vl

The last step fo'lows from the obse vation that if a,
= (af,al, v, a)) sin A, thensoisa +b = (a} + 8,
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a, + 8, ,al, + 5 for any elenient 8 in the field over
which the group is defined. Therefore,

3 ne-1
d.{A} = mlln jm, — max Z dg, (”'r - al) — ma\ Z
”, . 1 ‘lBl Vel !
140
1 (o ) 1 _ rum )
dg,y (a2 ~ o) (.1, ( ik ;m -~ M (i) — M (im— lig
: 120

This, combined with Eq. (15) of Corollary 1 proves the
result.

Again, notice that the Kronecker product of two dic-
tionaries contains the constant all-ones vector if the
original dictionaries both contain the ali-ones vector. The
property of Corollary 2. therefore, also propagates; the
relationship holds for Kronecker products of dictionaries
which are themselves Kronecker products.

3. Maximum Word-Overlap Correlation

When cosrelation rather than distance is the measure,
it is possibie to obtain results similar to the. 2 of Section 2.

Theorem 2: Let A be a dictionary of m-symbol r-ary
wordsa; = {yiy],**,y.} and B be a dictionary con-
taining n-symbol r-ary words b; = {8i5.,--- 8! .} where
mlyl |=n I 8, I = 1forall g, iand /. If pl(h,] ) is de-
fined as the COIT"]HUOI‘ between the first I symbols of a;,
and the last ! symbols of

. ! ' . %
Uy [p.l(ilxi‘.’)l) = Z ‘/i; (Vﬁ,(-;-l)) :l

H=t
and pg (iriz, k) is similarly defined, then the correlation
between the word

(RSN AL MR R TS JA PR MREEEE

of the Kronecker product dictionary A x B and the over-
lap word
i 8L v 8,

3 1 1 IR
SR M AN N

",7;',:0;.',7‘;"8.‘2 ’Yl 8u’ ’ ’YII 6'

is given by oo (iinfjnt) + p* , (inijojinn—t) =
pJ(i:ihm*l) Plf(‘.)ibn'—k} +‘ P.i(i;il;m _I_l) P;’;(il:iyk)
+ P,T(iﬂ:f\l':'l) P:(iQ,i,k) + PT(IEI’Z) PB(i’iz’n —k)

where ¢ = nl+k.

VOL. IV

Proof: The result follows immediately from the defini-
tions:

P_UB(i-iiyi»ilﬂ + PTH{(”'—’!":/‘«‘)”: l)lll‘t)

m-1 n-k

7o 8 (71 8l

vl ool

m-1-1 n

D DEND DERHL Y TR v

vel o pen-k-1

"

+ Z Z 7} 8‘ \/1 —(m-iy- 18;}.—{:'4\:)*

yem .o (-

m n--ki

+ Z Z J 8;( (/| (ni- I)Bul.)

vem-lat p=t

n-k

m~1
D IRA TN DI (I
v

=1 [T

m-l-1 n

+ }:‘/ (rit)*

p=a-hst

8 (8" ):k

p-(n-ky/

n

Z 8;‘ \S;l (n-;\))*

Jt-n-hA-1

ks
-+ E Ya (Y:':—(lll-i\')'l)*

v=m-1

m n-k
+ Z \/i'; (‘/;j’z_(m—l))* %:‘ 8;,& (S;Iik)*

vomi-ls

{2v)
== P |(i:i1:m__ I) P];(i7i1>n_k) + P‘l(i’i"nl—l—l) P?f(ibi’k)
oY (il 1) ¢ (1K) + p¥(jusfil) pylisien—k).
The result is proved.

Theorer. 3: 1f max |p(jjud)y ==
fofa

pa(D1.

max

nax In,(Link) = lp (k)| ,and max o (idiijit)
iy

i 31;],]1

== lp ()], then

!P‘.un(t)l + |an(mn_t) e "l)”PB(n—k\I
A lpalm=—=1= D] a, (k)] + |o (1+ D|lp, (k)]

Dllealn-H)] .
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Further,
max |
t 3O F ipyu(mn )} < max
t=0
‘ max max 1
A T AT RS Cb ! D0k
i ki(} (::“[r(l‘)% ip,tg(.n I‘)> ’ ]lo ('P_;\“[ ';P_l(’” l) )s <22)
© Proof: lp, (1) + ip,, pmn—t)

max

i ip (i, m=1 pyliin—k) + p (iim— [=1) pk (i i)

b et i 1) i (k) = o (i D) pyliin = k)|

< AN o (d.m =) b (i ,n =K+ Ay (pm—1=1)1p (04, K
Livlh ' Lhvnln ! : !

1. max “ ' N [ : max s i ] L\
J0AX " (ool = 1)t (i, k), b (o il i — kY
>l-‘:/;/'. l;l'.’-l:].‘

= ;UJ(m—I);ipy(n—k)é + %p"(llll—l“'l)f:!pn(k)! +ip (1, jp,(R) -+ o (D] paln—k)|;

max

Xt a0l o min =01
: L7
3
o < mi\“ 51 " Y ! 1 1 Mo (1T (R L 1 k l (23)
ﬁ' x I'] Lk:lto I""("‘_ .I,'b,(n--- ) -+ p ‘(771— _1)5‘ p“<]\,':: T gp“l ml\“”l(l\)l b lpl(l)x=p‘,{()l"' )IS
\ Max o] Fom=1- 1 RS / max o
< mex ) kio [—;n— Pu("“k)l b P,;(H‘ -+ —;;‘ipn(k) l + ;;' p:;("f‘k)n, l;léo ['o,(m =D} + o (D[] %
= max f max (!Pn(n _k)! + ]_Pn(k)%)ln;‘x (%D.l(nl—l)’ -+ “’1(”[)}

k
k=20 10

Theorem 3 is proved.

Thus. again, we have a sitration in which the desired preperty in dictioneries i
conseryed in their Kionecker product.

PRI TR LTI A 1 S

E“ Sirce Re {p, (1) + p(mn-— 9} :
¥ . o

< o lt) Ty, (mn -t REY] ’
3 < o] tp.'“{(l"n"‘f)l

both the real part and the absolute value of maximun correlation between any

code word and any overlap word of the Kronecker product dictionary are alsu §
bounded. H
285 "&
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A. Minimizing VCO Noise Effects
in Phase-Locked Loops

R. C. Tausworthe

1. Introduction

One of the limiting factors governing the design of
nazow-hand phase-locked devices is the. phasc-noise
inherent in the output of the voltage controlled oscillator
{VCO). This noise, which appears as random fluctuations,
drift, etc., is sometimes referred to as “oscillator instability.”
However, the term “instability” in oscillator context usu-
ally refers to frequency deviations. Whereas the quanrity
of concern in phase-locked-loop theory is (naturally) phase
deviations.

One well known characteristic of Joop bandwidth is that
the output noise due to noise in the VCO goes up as band-
width goes down; whereas for output noise due to inpuat
noise, the opposite is fiue. Thus, there is an optimum
bandwidth for the loop. But there are also other effects:
at a given loop bandwidth, the loop damping behavior
can be optimized; and onc may also expect these answers
to change ar.cording to which type of spectral law the
VCO noise folivws,

e

Th's article presents a model for VCC noise which
agrres well with .« observed behavior of some actual
VCOss. It also shows that an overdampec loop is p.efer-
able to an underdamped loop. Depencir ¢ on measured
pacameters. the optimum bandwidth can then be computed.

2. Fundamental Loop Behavior

Using a knear theory of the phase-locked loop {Ref. 1,
tl.e output phase is /Fig. 1)

0 = Lm0, Ti-Lip)
6(t) = L{p) [G(t, iy ] + L ] m(t)

in which the quantities above are dehned as follows:
9(:} - output phase {anction
6(t) = input phase fuiiction

L(s) = overall closed loop phase response function
d « .y .
P=a0 the “Heaviside operator

n(t) = input noise transhited to baseband
A = rms input signal power

n,(t) = the equivalent VCO phase noise referred to a
unit-gain VCQ input.
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Fiy. 1. linzar model of phase-iocked foop
showing VCO noise present

More specifically, the loop response L(s) is given by

AKF{s) ~

L) = STARFG)

“where K is the total open loop gain, and ‘F(s) is the loop

filter. For the purposes of this analysis, we sha!l assume
that AK » 1 and that F(s) takes the inuch-used form

y 1+
fe) == -
: \S) 1 +¥5,s8
then L(s} take: the form
L(s) = 1+ *_ﬁr_
1+ 7.5 FK &

It is also convenient 0 aefine a ratio »

AK+:

T1

r =

It is quite straightforward to show that the loop -band-
width- B, defined as

B, = 2 / “ L ’ d
L 27.10 U‘") «
is approximately
- _r+1
B. = 4,

that critical damping occurs for r = 4, and that for r < 4
the damping factor { is approximately

.?\/r

"This bandwidth is not the same as the “equivalent noise band-
width” as defined hy Davenport and Root, (Ref. 2), who define it
as doubly infinite integral divided by | L(jw) %, num:
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In these tetrns, the loop response is

- r+1
. 1+(4B s
L(s) = -

; (f“)sr TV
- -4BL' : 4"’3.:[

That part of the output phase dve to-“noise” tnus has
variance

- e 5 i
= ﬂ;:&‘- -+ —} v/' I L(’ ) J"r' (1:.))('0

- where S, , {ju) is the spuctral density (Ref. 2) of the VCO

noise (referred to its input), & is Boltzmann’s constant, and
T is the eﬁechve ioput noise ten peraturc T

3. Th Effects of VCO Noise

There are several factors which contribute to the spec-

" tral makeup of n.{t). The two most important terms which

logicaily, as well as in practice. make up S, . (jw} are
(1) white noise (such as thermal noise) go nerated in resist-
ance and -cuum tubes in the osciliator input circuit,
and (2) noisc with a 1/f spectruin (as discusst d in Ref. 3)
associated with the transistors, varactor diodes, carbon
resistors, et~. This svggasts that the equiv: aler-t VCO inpu’
noise Las a spectrnm of the form .

S"r"r(i"”) = l\‘r"!‘_?‘ 1

Of cousse, the 1/f law cannot extend completely down

" to zero frequency: (athorwisc there would be infinite noisce

power generated); rather, it only extends down to some
small frequency e. However [1—L(s)1/s has a zero at the
origin which nullifies the necessity of having tn evaluate e,
Insertion of the above expression irto that for ¢° yields
the following:

s KBy (rrl\No 0 N
T TAY T\T8 )3, '°‘r'B

The function g(r), shown in Fig. 2, is given by

y2 _ r—
(r+1) In [r 2+ \r(r 4i:| P> 4

Yo T=(r=4)]™ " | r~2 ~ \i(r+4)
. .
8r) = (& r=4
(r+1) l: - L, =2 ]
BT e ogw | 5 — v — : 4
§[r(4—n]" o Vr{d=7) !



Note that the expression for -~ exkibits the behavior
we referred to earlier: “aamely, that -there is some opti-
mum way to pick B, and 7, dependiag on the VCO noise
spectral density. ihe constants N, and N,. can be evalu-
ated by measurements cr: the VCO such-ax those appear-
ing, for exanple, in Ref. 4.

4. Op'.mlzanon of B, andr

As chown in Fig. 2, there is quute a bruad range of
fo. which g(r) is falrlv cons‘ant and nearly equal tc its:
minimal value of 0.3872 at r == 5.22. A quite usefu! runge
to use this approximation fcr g{r) is from about r = 3 te
r = 10. Qutside this region g(r) is increasing, drastically
when r < 3 and more slowly for r > 10.
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Fig. 2. Relatve contiibulion of 1/f VCO noise to
rlosed-loop cutput jilter, as a function of r

On the sther hand, the coefficient of No, i.e., (r+1)/8r,
is monotone decreasing for all r, asymptotically approach-
ing the val-e 0.125 as r becomes infinite. However, for r
larger than 5 or 6, for most practical purpeses, we can
easilv use the value 0.125 with little consequence.

"As a conclusion, then, we see that the optimum value
of r lies to the right of 5.22 and piohobly is less than 10,
if any N, component is present at al’. In fact, the differ-
ence between o,.umum® and o® for any r between 5 and
10 is inconsequential insofar as o+ is concerned. The same
statement cannot, however, be made {or r<4 (an under-
damped loop). Thus we may takea value of r = 7 as
being practically as good as 7spr.mum, regardless of the
other parameters. (This reasoning removes the necessity
for differentiating o* to find the exact value of r,p.)

We can now use this value of r, differentiate »* with
respect to By, equate the zero, and solve for B,, to find

. i L \ N
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its best value: Straightforwardly, B, is<he soiption to the
equation -

~—0143(AV" | ey

kT ) Be ”4( z.T

5. An Exagnplé

Just to see how a typical design should be made, let
us ass:.me that v;e have parameters

. A®

Nye=0
N, = 008

The first of these is tvpical fo: an Earth—spacecraft link

at the distance of Mars, while the values of Noe and N+
have been approxxmated from VCO records in -Ref. 4
The best value of F,, is, therefore,

By = 30774 (Ak‘;">
= 13 cps

and the optirrum loop transfer functica is

1+ 0.154s.

Lop imunls) = 79155 = 3.38 X 10s*

These parameters also produce a phase deviatiqri of

=25 X 10 rad = 1.43 deg rms ~

6. Counclusion

Perhaps it should be menticne that designs of this
type are most valid for oscillator “clean-up” loops, space-
craft tracking loops, and situations wheie the tone to be
tracked is very pure. Design of the ground receiver tiack-
ing loop would probably not use this analysis since its
loop. must track phase deviations imposed ou the carrier
by the noise in the spacecraft system. There are other
considerations, also, which must be made, such as fre-

quency acquisition interval, lock-in time, and doppler ™

tracking rate, This discussion should be troated merely as
a guide to determining what the ideal bandwidth is from
a minima! noise point of view,
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~ B. Optimal Design ‘of One-Way
and Two-Way -Coherent
- Communication Links
W.C. Liadsey A

Tis the design of one- or two-way communication links
(or n-step links for that matter), the design engineer
usually has at hjs disposal a set of basic communication
parameters and constraints which .determine and affect
the performance of the overall system. In SPS 37-32, Vol.
IV, uand Ref. 5, a theory ~as presented which specified
the upoptimized performance of an “n-step” communi-
: cation network (Ref. 8); these basic _ommunication
parameters were introduced for several :vstem con-
figurations. It was- shown, among other things, that the
performance :haracteristic for a coherent two-way ~oin-
municatien linrk (of the Mariner type) possesces an
irreducible error probability which depends on che ad-
ditive noise on the up-link. No attempt, however, was
made at optimizing system performance with respect to
variations in the desigr parameters, e.g., minimizing the
~_errcr probability by selecting optimum values for the:
_-zir oduletion indices.

In this article we consider the communication lik

which will enable the design engineer to aiiive at the
“best” choice of up-link parameters.

(1) Total po“:zer radiated on up-link F,

{%) Single-sided noise special density N,, at vehicic
(3) Up-link data rate ®, = T;}

(4) Vehicle carrier fracking loop bandwidth By,-
(5) Up-link modulation index m, = P.,/P,

and also the cor-esponding down link parameters P,

2 Nasy Ro=T;, B, and m, = P./P. We shall then

determine that value of m,(n = 1,2} which minimizes
the probability of error P(n) (n = %, 2) say Pg,(n), for a
fixed total power P,(n = 1, 2) and for a fixed data-rate-
to-carrier tracking loop bandwidth ratio, say $./B.,
{n =1, 2). This design technique will be given in the
form of a universal set of system design curves.

1. Review of the Basic Model .

We assume that we have available a set of signals, .

_say x%(t) (k= 1, 2), which are used to phase modulate

—'an RF carrier. The relative cross-correlation between

this signal set is given by

) LT
N . . . = - x(t) x.() di
depicted in Fig. 3 (Ref. 5) and specify design trends: E /0 i(®) (7)
[ . BIT
al ‘--- | svae
r) .
piny Lo y 0 _| cross TO DECISION
i CORRELATOR DEVICE
nin REFERENCE ]
"mesz;e??an' | - T SUBCARRIER
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TO DECISION CROSS [4) [
DEVICE CORRELATOR e | xin
4 - | vco
SUBCARRIER
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i ———r— “2")
veco norpLER | - TRANSMITTER
REFERENCE SYSTEM | VEHICLE SYSTEM
Fig. 3. Two-way communication link
290

)

it

X
“\




where E is the common signal energy

Ezfmlmqpm

.0

and T, is the duratin of each signal. For transmission of
negatively correlated signals (PSK/PM) A = — 1, and
x(t) = = 1. For the transmission of orthogonal signals
A =0, 1,(t) = 0aud x,() = 1; however, iv this case the
transmitted waveform st be of the form

LE) = /2mP sin ot + V21 -~ m%) Pxi(t) cos wt; A = 0
which is a bit more difficult to genera‘e than is
£(£) = V2P sin {ot + [cos'm] m{t)}; 4 = — 1

for the PSK/FPM waveform.

Without belaboring the mathematical details, whici:
are not of great interest here, we specify the probability
that omr detector will err. This probability, as a function
of link position, js given by

_ /‘ I, [|ay + mZ2 8.R, exp (ip2)| ] &,
T uﬁmnmsm)

© 1 ( x'-‘>
——exp| — =5 )dx (1
/\/u—ma)R; cos @2 Vz"l' p 2 )

where
_PTu(l-A . 2Py _ 2R
RN M T NE T Bl
=t
m? R,

If we let a, approach infinity (n = 1) and drop all sub-
scripts on the remaining variable in Eq. (1), we have
the performance of the detector in the vehicle. Further,
it may be shown that Eq. (1) integrates to

Piin) r%{ ’ (j; -‘kf: exp l:————(l m! \])*

(— 1) €bager (n) (1 — 4k3) 1 I [%1 (1 —m;—’,\:l}

&
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w here
n ]
i) = T 225 @
o L itk=0
T2 ifk>0

and Ii(z) is the modified Bessel function of order k and
argument x. It is quite apparent that any attempt to find
the value of m, which minimizes Pg(n), by differentiation
immediately presents formidable difficulties. However,
the surface generated by this equation can be easily
studied on the IBM 7090 compnter. In the next section
we shall present the results obtained by this method.

2. Design Characteristics

A carefu) study of the parameters involved in Egs. (1)
and (2) leads one to the conclusion that by fixing o, and
the dais rate-to-loop-bandwidth ratio, the error rate Pg(n)
versus “modulation index” m = P./P (using R, as a run-
mng parameter) characteristic serves to illustrate contours
on the surface of Px(n). Since Pr(n) will reach a minimum
value for some 0<Im<(1, the optimum m and error rate
wii! be clearly depicted.

Te illusirate the results graphically, we consider the
one-way link performance characteristic, ie., a, = .
Fig. 4 represents the Py(n) versus m characteristic, Notice
that this characteristic assumes its minimum value at
M = Mopr,mum and increases to one-half on either side of
Moptimum. This interesting Lehavior may be explained as
follows: For :n<,.1.mum the tradeoif between power in
the carrier a1-d power in the data is overexpended in the
data, and the performance of the carvier tracking loop
suffers. For m>mMpiimem the tradeoff between power in
the carrier and power in the data is overexpended in the
carrier so that the performance of the demodulator suf-
fers at the expense of a smaller phase error in the carrier
tracking loop.

Fig. 5 represents the performance of the ground re-
ceiver. In this case we have set the signal-to-ngise ratio
in the vehicle carrier tracking loop at 9 db. This corre-
sponds to a typical Mariner design near threshoid, ie.,
communication at the greatest range expected. The be-
havior of Py(n) versus m is similar to thai obtained for
the .ne-way link. The major difference ‘s that for large
values of R the Py(n) versus m characteristic exhibits a
“boitoming” behavior which is due to the presence of addi-
tive noise on the up-link, These results serve to illustrate
the deleterious effects which are introduced by demanding
that a two-way link be established for transmission of
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tclemetry data. A better ronte to take is to use a clean
carrier reference in the vehicie when telemetry data are
desired. It seems, therefore, that in the engincering an
effort 1o develop such a system wou'd be of interest.

Finally, Figs. 6 and 7 repiesent the optimized perform-
ance of the link. These curves were extracted from Figs. 3
through 5 by taking that value of Pg(n) fc- which
M = Moprimum and plr iting the result versus R = PT,/N,
for a fixed § and a. Using these results the design engineer
can predict the performance cf a cne-way cr two-way link
given the link parameters; alternatively, he may carry
out a particular design given the required performance
constraints.
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Fig. 6. Optimized performance characteristics
for one-way links
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Similar design characteristics for coded one-way and
coded two-way links would be of interest. Preliminary
results indicate a very interesting phenornena at the end
points m = ¢ and m = i, which is not noticeable in the
performance of binary links.

3. Suboptimum Design

In the preceding sections we elected to base the system
design on attairing the minimum ervor probability by
selecting that value of m which yielded the minimum
error rate given a fixed total power, system noise tem-
perture, and data rate. Another design criterion (which is
not as difficult to carry oat) is to select that value of m
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Fiet. 7. Ootimized performance characteristics
for two-way links



+ich vields the maximum signal-to-noise ratio fron: the
demodulator. If. i3 fact. this criterion is selected, then it
is possible to show that the signal-to-noise ratio 1t the
output of the demc dulutor is given by

- p.r.. [ 1(mi8.R:i —J" 1,a) ¢
NR.. =2(1-m- - < L
(SNR:. (1=m:) N [ Lim38.R.) 1 L do{vy) J

JPL SPACE PROGRAMS SUMMARY ~NO. 37-33, VOL. IV

for the two-way link, and the signal-tonoise ratio at the
sutput of the vehicle demodulator is given by

T Lo
(SNRY, = | Ldes 1 R
L IRON
Desiga curves using this criterion are guwen m Fig 8
=10. B

T i3=1.0
i 1
i

Io‘}__s:of,

SNR,

Fig. 8. Output signal to noise ratio for one-way links
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Comparing the two different methods of design, given
a particvlar set of design constraints, indicates that the
value of m which maximizes the signal-to-noise ratis
vields a value ot m which is slightly larger than the valu:
of m wh:ch minimizes the error probability. These curvas
should prove quite useful in checking a particular design
using experimental metheds.

4. Performance of One-Way Coded Links

In this section we present preliminary results relative
to the problem of designizg a coded telemetry system
which cormmunicates information to the receiver in blocks
of n bits per message stored at the traismitter. Briefly,
depending on the information to be sent, one of 2" words
(orthogonal) is used to phase modulat: the RF carrier
during a time period of nT, seconds. The demounlator 1s
the cross-correlutor. type and comprtes the conditional
probability that a particular message was sent, given the
cutput y(t) of the carvier tracking loop. The decision
device then examines all the correlator outputs and
selects thar message which corresponds to the maximum
correlator output.

Specifically, the design trends are determined as be-
fore; i.e., the average error probability is computed @; a
function of the modulation index for various values of
the parameter 8. From these characteristics the minimum
error probability is plotted as a function of the total
transmitted energy-per-bit-to-noise ratio.

Fig. 9 shows these results for n = 3; i.e., the signaling
alphabet consists of 32 orthogoni! code words for various
values of 8. For values of § <. n > 5 the assumption that
the cosine of the phase error remains constant might be
suspect. If, however, it is assumed tu be constart the
results are shown in Fig, 9 for 8§ = 1. On the other hand,
given the fact that the phase error varies cver the word
length thoa it is the author’s conjecture that the result
provides a lower bound on the performance ot the system
(Fiy. 3). Variations of the phase error during time inter-
vals on the order of nT, seconds is analogous to the
problem encountered in fast-fading communication chan-
nels. This is a particularly difficult problem 0 model
and treat analytically, At the other extreme, i.e., where
the phase error is constant over nT), seconds, the problem
is analogous to that encoantered in determining the per-
formance of com:munication links which a1¢ disturbed by
the slow-fading pheno.nena and additive noise. Conse-
quently, in carrying out any particular design where
orthogonal codes are to Le used as a means of conveying
infornation, it secema aecessary to constrain the data-
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rate-to-loop bandwidth ratic R/B, to be equal to or
greater than the number of bits per code word. This

constraint and its dmplication: will be explored in the

N85~ 32472

C. Probabilities of Overflow cind
Error in Coded Phase-Shift-Keyed
Systeins with Sequential
Decoding

1. Jacobs z 2 g/\7 2

A coded binary phase-shift-keyed (PSK) system, in
which sequential decoding is normally performed in real

u

. g



time but occasionally off-line, is considered for use over
an additve Gaussian neis~ channel. Both the probability
of an undecodable block and the probability of unde-
tected error in a decoded block are Jetermined to be
"sss than 10-* when the energy utilized per bit is 3.8 db
above the minimum set by the infinite-bandwidth channel
capaoity. After accounting for a 0.5 db degradation to
permit word and decoder synchronization, an advantage
remains cver a system using biorthogonal signaling (but
no further coding) of 4.3 db for 32 bicrthogonal signals
and 2.3 db for 10:4 biorthogonal signals. (In both bi-
orthogonal cases, optimum receivers are assumed with a
word orror probability of 10-%.) Thus, this system has
signal-to-noise advantages over biorthogonal telemetry.

(CALtiv
1. Introduction

In the analysis of sequentially-decoded systems, two
parameters are of central importance, the probability dis-
tribution of computation time F, and the probability
of eror per bit Py (SPS 37-32, Vol. IV, pp. 303-306). It
nc'v appears ‘hat both can be expressed in terms of
Gallager's function E, {¢) (Ref.7), specialized to chan-
nels with input symmetry, A input letters, ¢ outprt lct.
ters, and probability q,, of channel transition from input
i to output j

ora 1l L7,
E.p) = — lnz[z;q., ] Y

i1 1=1

In particular, sufficient (but not conclusive) analysis has
now been completea on upper and lower bounds (Refs.
8, 9 to indicate that the probability F.(L) that the meun
computation-per-bit is greater then L is of Paréto form
F(L)=1L¢° L>>1, 2)
where the Paréto exponert a is reiated to the rate R, (in
natural units) by
R. = E, (a)/a nats/channel usc. 3)

For the range of rates ot interest, it also appears that for
most codes Py is conservatively bounded by

K
. <~ [En (p} - pRe)
Py < mine B

p

, 4)

where K is the convolutional coder constraint length.

JPL SPACE PROGRAMS: SUMMARY NO. 37-33, VOL. IV

2. System Efficiency

The Paréto exponent a of Eq. (2) affects the rate
[threugh Eq. (73! and thereby the achievable value of
Ey/E,, min Large oxponents a are achieved only at a cost
of increased energy-per-bit E,. Plots of E,/E; .., versur
the storage param-ter g for «everal values of n are pre-
sented in Fig. 10. The curve o = 1 corresponds to the
curve for operation at R, presented in SP§ 37-32, Vol. 1V,
p- 305. For « < 1 the expected number of computations
caleniated from Eq. ‘2) is infintte.

T 1T 17 H l
Lo
5 7 BITS/PSK
WAVEFORM
. S
e Fimm— L
13
£ —
s ———
—————— L4y — g =~ = = o s
(hy ; 77T T M Lower sound (3ab)| |
2 i 1.6 </ i it N
r ——1 T 13
1.8/ P |
20 | b i
0 I i ! [ i 1 !
i 2 4 [} ic 20 40 60 100

B, STORAGE BITS/INFOF.MATION BIT

Fig. 10. Efficiency of coded PSK system with 3-bit
quantized detection and sequential decoding
for severcl values of the Piréio exponent a

3. Probability of Overflow

Assume, as in SFS 37-32, Vol 1V, pp. 303-30€, a
buffer capable of storing 4002 words, each of 8 bits, and
a decoder capable of perfurming 25 computations during
the time interval between successive information bits.
Then the probebility of buffer overflow, assuming an
initially empty buffer, is just the probability that the
number of computations exceeds 25 X 4000 = 10°, which
is equal tu

F.(10%) = 105 (5
The probability P, that a block of 1000 bits cannot be
decoded without an overflow is approximately

P, ~ 1000 F.(10°) = 10%-«

or

e
x

(6)
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Thus maintaining a satisfactorily small probability of
overtlovs sets a lower limit to a and hence *o Ey/Ey, yin.

It appears, however, that a P, of 10 or even larger
might be acceptable in a system that permitted storage,
rather than discard, of undecoded blocks. Additional
factors of 1000 in time-to-decode might then be tolerable,
and the probability that a block would not be completely
decoded might then be reduced to 10~ or smaller. In such
@ case, « = 1.2 would be an acceptable exponent. From
Fig. 10, we observe that o = 1.2 can bhe achieved with
Ey/Ey, mi, = 3.8db and 8 = 21 storage bits/information
bit (3 = 21 implies a rate R equal to 1/7; —i.e., 7 chan-
nel symbols per information bit—ard 3-bit quantization).
An improvement of % db couid be achieved if a = 1.0
were acceptable (operation at computational cutoff rate
R,), while only a 0.1 db degradation occurs with
a = L2if g is decreased to 135 (rate equal to 1/5).

4. TheE, (p} Curve

The set of parameters a = 1.2, £ = 21, E4/Ep in = 3.8
db is achieved with a signal-energy-to-noise-power-
density ratio E/N, for each PSK wavefcrm equal to

E _ RE(; _ -R . Eb/Nn . Eb.ﬂun
No - Nc o En,min/No No
or
E 1 a !
bl = 10 logto = + 0.5 db + 10 log 10 (lln 2)
No dad 7
= — 845db + 3.8db - 1.59db -~ — &db.
(M
When E/N, = -6 db, the cascade of modulator, chan-

nel, and quantized detector (see Fig, 15 of SPS 37-32,
Vol. 1V, p. 304 for details) can be represented by the
trarsition probability diagram of Table 1. The resulting
E, (p) curve is presented in Fig. 11.
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Fig. 11. Exponent curve for the discrete memoryless
channel defined by transition probabilities
of Table 1

5. Error Probubility Exponen'?

The exponent in the errer probability bound of Eq. (4)
can be obtained from Fig. 11 by a geometrical construc-
tion, as shown. The line from the origin to E,(«) has slopc
E, (a)/0 = R., by Eq. (3). The inter:ection of the straight
line with the abscissz p = 1 is the rate R,, in this case
equa: to 0.174 nats or (0.104/0.697) == 1/6.7 bits, which
is close to the rate R = 1/7-bits/channel symbol ex
pected. The discrepancy is due to the roundoff to —6 db in
q. (7) in the value of E/N, at which R = 1/7 is achieved.
The maximum value of [E, (p) — pR.] is achieved by the

Yable 1. Trensition probability diagram, £/N, = —¢& db
Ouiput
input
| o °I oll OI’I I et ; ” .{ . ‘
0 | L 01695 0.22280 0.26025 0.26025 0.16110 0.06170 01675 0.00020
1 | 0.00020 0.01675 0.06°70 0.16110 0.200z5 ;  0.26025 f..2280 0.01695
1 . J, 1 o o




value of p, say p¥, at which a line of slope R, is tangent to
E. (p), as shown. This maximum, [E, (p*) — p*R.], can
also he read directly as the a = 0 intercept of the tangent
line.

Finally, {E, (#*) — p*R.] /R. is obtained by the con-
struction shown in the figure and has value 0.20. Thus,
the hound of Eq. (4) becomes

PE <,~02K

<

07X 10+, K=48
={ 06X10°, K=60

055 X 10, K="12.
(8)

Experimental evidence (Ref. 10) as well ©s certain ana-
lytical work (Ref. 11) indicates that most blocks in which
arrors occur require so much computation that they are
essentially undecc.dable anyway. Thus, the probability of
an undetected error is smaller than the bound of Eq. (8),
perhaps much smaller.

6. Conclusion

Both the probability of an undecoded olock and the
probability of an undetectes error in a block appear to
be less than 10-* when a convolutional coder with con-
straint length of 60 or larger is used together with a PSK
modulator, 3-bit quantized detector, and a sequential
decoder with provision for occasional noireal-time de-
coding. The required encrgy-per-bit is only 3.8 db above
the absolute minimum. However, assurning that the data
are divided into blocks of 000 information bits and that
Jdecoder resetting and word synchronization require 100
bits to be “wasted,” an additional % db must be added to
the energy used per information bit, producmg the final
value of Ey/Ep, min = 4.3 db. Bicrthogonal signaling -vith
optimum reception and a word error probability of 16—
requires Ey/Ep, min = 8.6 db, if M = 32 biorthogonal
signals are used; and Ey/Ey min= 6.6 db, if M = 1024 signals
are used. This latter number appears to be an upper bound
to the values of M for which optimun reception can be
implerented for biorthogonal coding.

The analysis reported here is not numerically tight,
but it is intended as a guide for experimentation. The
value of a, K, B, and E,, together with the choice of a
code, can be tested by computer simulation. The pro-
gramming of a general purpose computer as a decoder
appears quite feasible for data rates under 100 bits/sec.
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D. Sequential Decoding with
Biorthogonal Alphabet and

List Deceding _
32475

I. Jacobs

M-ary biorthogonal modulation and list decoding is
considered for use with convolutional encoding and se-
quential decoding on a coherert additive Gaussian noise
channel. Performance is found to be degraded from that
achieved with binary phase-shift-keyed (PSK) modula-
tion and 3-bit quantized detection (SPS 37-32, Vol. IV,
pp- 303-306). The preceding article entitled, “Probabili-
ties of Overflow and Error in Coded Phase-Shift Keyed
System with Sequential Coding” extends the analysis of

the binary PSK system. m d—/{" Q
" e }

1. The Sysier

In SPS 57-3z, Vol. 1V, p. 303, a communication system
is evaluated. It consists of a concatenation of convolu-
tional coder, binary PSK modulator, coherent additive
white Gaussian noise channel, correlation detector with
amplituc’e-quantized output, and sequential decoder. As-
sumirg operation at the computational cutoff rate R, of
the scquential decoder, the ratio Eu/E; ., and the
storage-per-bit # were determined as parameters of sys-
tem bandwidth (i.e., of energy per PSK waveform), where
E, is the energy used per information bit transmitted;
Ey mn = Noln 2 is the minimum value of E, determined
by the channel capacity of an infinite bandwidth additive:
white Gaussian noise channel; and g8 is the number ot
bits of storage required in the sequential decoder per
information bit. {n particular,

1
B:'R—nlogzo (U

where Q is the number of quantizer levels at the detector
output.

We here consider the use of an M-ary biorthogoanal
signal modulator in place of the PSK modulator. A co-
herent correlation detector is again -uscd; but now, fol-
lowing reception of each biorthogonal signal, an crdered
list of the L most likely signals (signals with. largest
correlation) is provided the decoder. Since log, M bits is
sufficient to store each member of the list and since 1/R,
biorthogonal signals are transmitted per bit of informa-
tien {(assuming operation at rate R, bits/channel use), we
now have

B:

4

I
R,

/

log. M storage bits/information bit.  (2)

=y

R N - |
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Fig. 12. Efficiency of M-signal bierthogonal modulation operating with
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Furthermore, if the energy in @ach binrthogo.
E, then tne energy-per-bit E, at ratc K, is

=lsignal is

Eb = E/Ro . (3)

In SPS 37-23. Vol 1V, p. 303 we found th-t the PSK
modulator and 3-bit qudnhzed correlation detector pro-
vided vsiues of E,/Eg, .,» within ¥ db of the minimuvm
possible for ¢ peration at R, v-hile using moderate band-
width an a value of 8 in the order of 15. The substitution
of viorthogaenal signals 1s intended to achieve a decrease
in B for a given Eu/Ey min. The hope wa, that by using
le -ger signal alphabets, part of the reception burden
could be transferred from decoder to detector, permiiting
decoder simplification. In every case considered, how-
ever, binary modulation proved prefercble.

It should be ncied that biorthogenal modulation is
superior to orthogonal rmodulatior for the system con-
sidered. Mot only is the signai structure more efficient
but also a detector outpu list of sive M,’2 suffices to pro-
vide complete information about the ordering of M bi-
orthog.nal signal correlations, whereas a list of size A{ -1
is required for orthogonal signals.

2. Andalysis

Let Q, 1 <i< L, be the probahility that the trans-
mitted biorthogonal sigral appears in the i** position in
the list of detector ontpats. The s, Q; is the probabhility
that exactly {i—1) nontransmii~? <ignals have a larger
correlation with the received signal than does the trans-
mittec signal. Let Q_; be the probability that the negative
ci the transmitted signal appears ;" on the list. It is easily
shown that, for M biorthogonal signals of energy E and
for white noise with doable-sided spectral density N,/2,

(4 -6 B

[erfe ()] [orfw)] ™ dy, -
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(M 1 = ] e\ |
Qi = ( 2 —=ep (y + ,—E—> :
i—1 ll v \ 1.\'5 \
A
{erfe )11 [erf o dy, o
where
2 v g
ajly)=—=|[ e"dt
! ‘j) \/;r )
and
erfc (y) = 1 — erf (y). (5)

Ia terms of these probabilities, R, for list-of-L decoding
can be written

=

R, (L) = log. M — 2log. [ (VO +1/0-1)

=t

+ \/'(M—zL) {1 - é(()#o-;)}] :

1,gL< (6)

l».), =

3. Evaluation
Eq. (2)-{6) were programmed on a dig tal co.nputer tor

M =4,816,32and 64and L = 1,2, ..., min, Il_!- , 8}
L
ot values of -f‘—

for a range N The results are presented in
o

Fig. 12 as plots of E,/E, m.,, vs 8. We observe that in no
case dves the performance match *hat of PSK modulation
with 3-bit detector quantizaticn; namelv Ey/Eyp ppin = 3.5
db with g = 15. We conclude that with sequential decod-
ing, use of biorthogonal modulation and list decoding is
inferior to PSK modulation and 3-bit quantization on a
coherent additive Gaussian noise chunnel.
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N65-32474

A. Capacitor Sterilization Test
Program

K. Stern

In compliance with the NASA policy of sterilising ol
spacecraft having a possibility of planetary impact an
extensive electronic component  sterilization test pro-
gram is under way at JPL. The primary chjective of this
program is to establish a sterilization parts list (JPL
Specification ZPP-2010-SPL) that tabulates the electronic
component parts capable of withstanding ssveral 3¢-hr
periods of non-operational sturage at 145 C withont
significant degradation. Secondary objectives arc to study
derating effects, compare vendor quality, and verform
analyses on long-term failure modes. A general discus-
sion of the component parts sterilization program was
previously presented in SPS 37-30, Vol. 1V, pp. 279, 28C.
A summation of the capacitor sterilization test program ir
presented here.

—

Fachof the ¢lected manufacturers’ part types is divided

into toor groups. Group A, consisting of 45 specirens.
is not temperature-cyelcd and is the controi group;

Greup B. consisting of 45 specimens. is temperatuie-
cveled three times, each cvele consisting of 36 hr at
145°C followed v 24 hr at 25°C; Group C. consisting
of 45 specimieas, is temperature-cyeled six times under
the swine conditions as thase for Group B: Group D.
consisting of 15 speC’mens. i temperature-cyeled six
times under the sam. conditions as those for Group 8.

Alter temperatine cveling, parametric measurements
for capacitance, dissipation factor. and insuladon resist-
anc> are compared with the iméial test resufts and ana-
lyzed for significant changes. Ail test groups are then
subjected to 2 10.000-hr hfe test to simulate the long
flight periods of planctary missions, During this life test,
Groups A, B. and C are operated at maximum rated DC
voltage and temperature. Group D parts are stored at
maximum rated temperature, non-operitional. Grou,. B
(3 eveles) and Group € (6 cyeles) are compared with
Group A (control group) at specific periods during the
life test to detect significant parametric changes. Also,
the “catastrophic™ failures are monitored daily during
ihe test.

poeny s al Ao

Upon completion of the 10,000-hr life test, Group D is
removed from temperature storage and, in conjuncuon

el
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with Gronp C. is subjected to maximum rated DC volt-
age and temperature for au additional 250-hr life-test
period. The perpose of testing Group D is to siimulate
conditions where flicht egnipment is iwvoived in ex-
tended non-c, rational-tspe missions, being turned on
remotely at or near its destination, Group C is indtaded
as a wontro! group operated at maximan rated DC s Glt-
age and temperature to simulate an «xtended operational
mission.

1. Description of Test Items

A lotal of 4200 capacitors representing 28 distinct types
of the following dielectrics was sclected for the test pro-
gram: ceramic (medinm K style), porcelain, glass, mica
(dipped stylei. solid tantalwa  foil tantalum. paper/
plastic, and Mylar. Prior to o:derirg the units, the pur-
pose of the sterilizetion test program was explained to
each capacitor manufacturer whose parts were selected
for cvaluation. Therefore. cach manutacturer had the
same opportunity to submit “premium” capacitors with
the best capabilitics of meecting the objectives of this
test program. In addition. the manufacturers were re-
quired to burn-in cach capacitor tor 230 hr at maxirmum
rated DC voltage and temperature prior to shipment.

2. Status of Test Progrom

The capacitor phase of the program is nearing com-
pletion; the test was initiated on July 15, 1463, and is
expected to be completed by June 15, 1965.

3. Test Conclusions

a. Effect of sterilization. The dielectries most signifi-
cantly- affected by sterilization temperature eveling were
the ceramic and solid tantalum types.

—_

Ceramic diclectric. The capacitance and dissipation
factor of the ceramic dielectric increased as a resalt of
sterilization. However, during the 8000-hr life test at rated
DC voltage and temperature, the capacitance und dis-
sipation factor decreased gradually and approximated
the values observe ! before sterilization. The temporary
increase in capacitance and dissipation factor resulting
fiom sterilization is probahly acceptable, providing the
circuit applications permit a maximum capacitance in-
crease of 206 and a maximum dissipation factor value
of 2.5% at 1 ke

306

Solid tantalum diclectqic As a result of sterilization,
tl- insulation resistance ot certain test codes decreased
Ly a factor of 100 After 10O hr of lite testing at rated DC
voitage and temperature. the insulation resistance of
these test codes increased to the values observed prior o
sterilization. However, at the same time several catus-
trophic failures occurred in one of the test codes whose
insulation resistance was affected by sterilization, where
as the first catastrophic failures of the test codes un-
ate cted by sterilization occurred atter 4000 hr. After
SO0 hr of life testing, the test cedes affected by steril-
ization had only a siightly greater number of catastrophic
failares.

Although this evidence is inconclusive, it would ap-
pear that solid wntalum capacitors whose insulation
resistance is significantly decreased as a result of steril-
ization are more likely to become catustrophic failures in
a shorter time when stressed at rated DC  voitage
and temperature. However, test codes whose insulation
resistance was unaffected by stenlization produced catas-
trophic failures after 4000 hr of life and became pro-
gressively worse thiough S000 hr. probably duc te
wear-out caused by stressing at maxinmm rated DC
voltage and {emperature. In an attempt to reduce the
number of carastrophic failures urd to isolate the effec.
of sterilization from normal wear-out, a retest of solid
tantalum using a voltage/temperature type of matrix
will soon be initiated.

4. Future Tests

a. Continuation of life iesting. In order to acquire use-
ful informuuon regarding the wear-out behavior of
spedific diclectrics nnder longer-2orm operating life con-
ditions, the fellowing dic” wiric topes will be tested for
an additiona! L300 hre ceramic (mediwn K style,, porce-
lain, glass, solid tantalum. foil tantalum. and \Mylar.

b. Retes! of new specimens. Tt is planned to retest new
specimens of certain dielectries using JPL specifications
for procurement in order to test the eflectiveness of this
method of procurement in providing product improve-
ment. The new specimens to be tested are: ceramic
(medium K style), poreelain, glass, solid tantalam, foil
tantalum, paper/plastic, and Mylar, Tn  addition, a
voltage/temperature matrix will be used tor this retest
to determine the possibility ot extending the time to
wear-out by means of derating,





