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PRECISION LASER RANGEFINDER SYSTEM
DESIGN ¥FOR ADVANCED TECHNOLOGY -
LABORATORY APPLICATIONS

by
K. E. Golden
R. L. Kohn
D, H, Seib

ABSTRACT

Preliminary system design of a pulsed precision ruby
laser rangefinder system is presented. The system
has potential range resolﬁtion of 0.4 cm when atmos-
pheric effects are negligible. The system being
proposed for flight testing on the Advanced Techn‘ology
Laboratory (ATL) congists of a modelocked ruby laser
transmitter, course and vernier rangefinder receivers,
optical beacon retroreflector tracking system and a
network of ATL tracking retroreflectors. Perform-
ance calculations indicate that spacecraft to ground

ranging accuracies of 1 to 2 ecm can be expected.
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1. INTRODUCTION

A, OBJECTIVES

The objectives of this study are to evaluate the feasibility of perform-
ing precision laser ranging and altimeter experiments on the Advanced Tech-~
nology Laboratory (ATL), to provide a viable conceptual experiment design,
and to determine the expected system performance. The flight test objectives
are: to determine the utility, limitations and accuracy of a precision laser
ranging system for measuring absolute and differential range, line of sight
angles, and range rate; to demonstrate ranging accuracies equal to or better
than + 3 cm over ranges up to or greater than 10‘8 cm (expected maximum
slant range from ATL to earth based retroreflector at a zenith angle of 60°);
to evaluate the utility of onboard lg.ser-ranging as opposed to ground based
systems with passive retroreflector satellites; and to demonstrate the: poten-
tial utility of onboard laser ranging for various geodetic measurements,
geodynamic observations, oceanographic observations, and improved deter-

mination of satellite ephemeris data.

o T AT~ T

B, GENERAL

Recent state-of-the-art advances in pulse laser ranging systerms have
the potential performance needed for the ATL experimental objectives, Cur-
rent operational pulsed laser ranging systems typically employ giant pulse
ruby laser transmitters generating 15 to 20 nsec pulses, broadband photo-
multiplier detectors and conventional electronic time -interval meter circuitry
having timing resolution and accuracy of about 1 nsec., The resulting range

resolution is about ¥ 15 cm. It is expected that in the near future these systems



will be upgraded by using modelocked laser transmitters and improved time
intérval meter circuitry. Time interval meters witﬁ 0.25 nsec accuracy will
probably be degraded in practice by pulse shape and amplitude variations in

the return pulse. An overall timing accuracy of about 0.5 nsec is more realis-
tic which would result in about T 8 cm range resolution including worst case
atmospheric effects,

Further improvements in range resolution can be obtained by incor-
porating a vernier ranging system consist'ing of an inluage converier receiver
with synchronous image deflection (Ref. 1), The vernier receiver was de-
veloped under an AAFE program and a prototype laser ranging system was
built. This system had a timing accuracy of 40 psec and a total ranging-un-
certainty of about T 1, 2.'cm at 18 km, Image converter streak cameras have
been reported (Ref. 2) with 1 - 2 psec time resolution. It is expected that a
vernier range receiver could be built with at least 5 psec timing accuracy
assuming state-of-the-art spatial re;soluf:ion and sweep 8peeds, Vernier timing
accuracies of 5 psec would make two color laser ranging pra.ct'ical for ground
to satellite applica‘,tions. '

The range resolution of the vernier receiving system represents a sub-
stantial improvement in laser ranging nee;ied to advance global geodetic, earth
and ocean physics technology. In these applications, the p‘recisic;n laser range-
finder is a tool used to obtain high accuracy (1 3 cm or better) quasi-simultaneous -
range measurements between a satellite and four or more ground sites. A
satellite system is desirable because of global coverz;.ge and inter-continental
base point potential. The specific application may involve the altitude measure-

ments, surface distance reconstruction, surface strain rate monitoring and



improving satellite ep-hemeris data, Fo‘r-exa'.rnpl’e, monitoring inter-
retroreflector distances with a.n.a.cci;ra.cy of .1 - 10 cm is needed in the detec-
tion and measurement of large scale tectonic motion {e. g., continental drift).
'I‘he-.d'etermina.tion of the inter-continental distances are accomplished by
simultaneously mgasuri;lg the distance between a satellite and four ground
stations. Six sets of measurements are reguired to solve for the six unknown
surface distances. The resulting uncertainties in inter-retroreflector dis-
1.:an<‘:es are, in general, appreciably greater than those of the individual slant
range measurements and depend on the retroreflector base point geometry,
master clock accuracy and stability, satellite orbit, number of slant range
measurements to each retroreflector and the uncertainties in the atmospheric
effects on the velocity of light, A detailé:’d error a.r-la.lylsis ‘is beyond the scope
of this report. A preliminary error analysis indicates that the ei'i;ors in
determining these six dista..nces are onthe average about 6 timés larger than
the errors in the individual laser-ranging measureAments. Since the error in
an individual range measurement is ~ I cm, the errors inthe inter-continental
distances will be about ~ 6 cm. During each pass of the satellite, however,
there will be many more than six sets of range measurements,hso-that many
independent determinations of each inter-reflector distance will be made. A
statistical average of these independent va.lues will have an over-all uncertainty
of less than the a.b-ove. '

The difficulties associated with decre’a.sin'g' laser ranging uinéertainty
below 5 cm are formidable in satellite to ground applications. The measured
range has to be corrected for the effect of the refractive index of the atmos-

phere, a correction of about 2,4 m in a ground-to-satellite measurement,



The atmospheric correction can be calculated if the surface atmospheric
pressure, site altitude,‘ _and linre of sight angle are known, Uncertainties in
the atmospheric ra:nge cc.;,rrection are theoretically less than 1 ¢m at the

zenith and as great as 10 cm for large zenith angles. The laser return pulse
is very weak, in practic;e, and its shape can be severely distorted as a result
of the retro-refle?.ctor_ ori.e‘:ntation. Statisticdl fluctuations a.n'd pulse stretching
are encountered with a retroreflector array consisting of a number of corner
cubes distributed over a finite area when the array is oriented at an angle to
t»he beam path. As a result, the task of establishing the time of arrival of the
centroid of the pulse {or 'its_ leading edge, or, indeed, any fiducial mark) is
very difficult and uncertain with the conventional time interval meter approach.
The vernier system, on the other hand, contains information about the orienta-
tion of the retroreflector in the shape of the return pulse. In order to take full
advantage of the potentiél'differential range resolution, the laser transmitier
should be modelocked witl-f a pulse width of about 10 to 25 psec, Th;a retro-

reflector design should not unduly lengthen or deg‘rade the rise time.of the re-

]

turn pulse since pulse étretching decreases the total number of electrons col-
lected in a given detector element, If a planar retroreflector array is used,
active .po‘inting and/or pulse shape analysis may be required to maintain de-
sired measurement precision, If a spherical retrore'-ﬂ‘ector design ig used,
active pointing is not needed; };owever, the re;:urn pulse is lengthened and
could become longer than one sweep period of the vernier, Leading edge
detection is then required rather than pulse centroid detection.

Precise time-of-flight measurements do not lead to correspondingly

precise range determinations, because of the uncertainty in the atmospheric



correction, Picosecond timing measurements would, however, make it
possible to improve the determination of this ‘correction by means of the so-
called two-color ranging technique {(Ref. 3). In this technique, the laser
transmitter would provide simultaneous ranging pulses at two- different wave-
lengths (e.g., by means of an optical frequency-doubling cr.ystal)'. . Mea,sure-
ment of the difference between the times of flight of the two pulses (as a
result 6f atmospheric dispersion) would permit a determination of the atmos-
pheric correction independently of any knowledge of atz:nospheric pressure or
temperature, For example, the uncertainty in determining the atmospheric
correction is about 8. 4 times greater than the individual time-of-flight measure-
ments at ruby and doubled ruby wavelengths. With 5 psec vernier timing
accuracy, the resultmg range accuracy would be + 6 mm independéent of the

¢

dtmospheric temperature and pressure var1at1ons.

C. BASIC SYSTEM

To satisfy the flight test objectives, the basic system concept is illus -
trated in Fig. 1. The ranging system consists of a modelocked lagser trans-
mitter, a polarization modulator to encode the outgoing pul‘se train, aute track-
ing transm1tt1ng and receiving optics, optical AGC attenuvator, polarization
sen51t1ve course range detectors, course range time interval meter, .a vernier
Iiange detector consisting of an image converter receiver with synchronous
image deflection, and an extensive network of retroreflector az'-ra-ys. To re-
duce background levels in the vermer system, an electncally operated optical
attenuator is placed in the receiving optics and is a.utomatzca.lly adjusted to the
level of the last measurement. In order to maintain necessary angular accuracy

»

and minimize required laser energy, a laser beacon tracking system 1s



incozl'porated into the basic ranging systern, On the earth based retroreflector
' systems, meteorological observations and incident angle measurements a re
required for atmospheric corrections, A background radiometer is included
since background radiation levels are needed to properly evaluate system

performance in daylight. A detailed description of the ranging system appears

in later sections.



II, PROTOTYPE SYSTEM

A, GENERAL

The precision laser ranging system design presented in this study is
patterned after a prototype system shown m Fig. 2. Several refinements to
the prototype system have been incorporated in the system shown in Fig. 1
which should give better reliability, improved maximum range performance,
and easier optical alignment. A detailed discussion of the improved laser
system, modifications and expected performances appears in Secs. III - IX,

The basic prototype ranging system appearing in Fig, 2 consists of a
modelocked laser transmitter, a pulse selector which selects one sub-pulse from
the modelock train, a retroreflector array to reflect the laser pulse back to
the receiver, a course range receiver and a vernier range receiver, The
elapsed time between the received and transmiitted pulses is related to the dis-
tance between the laser transceiver and retroreflector and can be expressed
in terms of an integral number of vernier sweep periods and an additional
fractional period. The integral number of sweep periods is obtained directly
from the course range receiver consisting of a time interval meter and a
broadband photomultiplier, The course range timing accuracy needed to
eliminate the range ambiguities associated with the vernier ranging unit is
+0.25 Ty Where Ty is the sweep period of the vernier image tube. The
fractional period is measured with the vernier range receiver consisting of an
image converter tube, a stable VHF sinusqidal deflection plate driver, an
image intensifier and image recording device., In the prototype system, the

linear separations between the transmit, delayed transmit, the return, and



delayed return images on the output of the image converter tube are used to
derive the fractional period between the t‘ransmit and return pulses. When
linear sinusoidal image defiéction is used_, the output image position of a
single pulse yields an ambiguous time of arrival since a solution exists in two
adjacent quadrants of the deflection sine wave, Thif‘,: ambiguity can be simply
removed by focusing both the original pulse and a’ delayed pulse of about

0. 25 Ty on the image cbn-ver_ter photocathode, o‘r—by using a c_ircular deflec-
tion sweep on the image converter tube. A more detailed discussion appears
in Ref, 1. The approximate system parameters of the prototype system are

listed in Table 1.

Table 1. Prototype System Specifications’

Max. pulse energy =~ 1 mjoules
Pulse width = 500 psec

Transit beam divergence = ] mrad .
Wavelength = 0, 6943 pm

System loss = - 12 db -

Receiver area. = 324 cmz

Retroreflector area = 324 cm‘2

Return beam divergence ~ 0,3 mrad

Max, range = 1,8 x .1'06 cm

One way atmospheric attenuation at 18 km 22 dB ‘
Return signal at photocathode < 1.9 x 103 photoelectrons/psec!
S/N>20dB

Dynamic resolution = 3 - 5 line pairs per mm

Average wr.i:ting speed = 1.8 x 1010 mm/sec

Image converter timing resolution = 19 psec



B. RANGING MEASUREMENTS

The accuracy and range resolution of the prototype system were first
measured on a short rooftop range where atmospheric effects could be neg-
lected. The one-way transmission distance was about 4000 crmm, The results
of these laser measurements were compared-with a steel tape measurement
of the transmission distance. The results illustrate that the RMS timing
accuracy was about 40 psec, With the image converter writing speed, transit
time spreading, and dynamic resolution of the RCA C73435U image converter
tube, timing resolution of 19 psec is theoretically possible; however, the
laser pulse widths are too wide to experimentally validate the potential timing
resolution of the image converter system.

The prototype system was then moved to the Cerro Gordo remote
ranging site located near Lone Pine, California (Ref. 4). Retroreflector sites were
located about 7, 12, and 18 km from the transmitter site, Ranging measure-
ments were performed duz‘:ing the ?n-ontha of September and October. During

this period over 700 individual range measurements were performed, and

end point meteorological data gathered. For the average atmospheric condi-
_tions, the atmospheric range corrections are 152, 261, and 397 em for the

7, 12, and 18 km ranges. The range uncertainty in the Cerro Gordo data
associated.with the atmospheric corrections provide an upper limit on the
expected accuracy of ATL to ground measurements, The atmospheric cor-
rections through the entire atmosphere are of the same magnitude as the
Cerro Gordo results (e.g., at the zenith, the atmospheric correction is about
240 cm for standard conditions}; however, the statistical variations in the

temperature along near horizontal paths produce larger uncertainties in the



range corrections that laser paths through the atmosphere near the zenith,
A sample of the actual data obtained at the 18 km range is shown in Fig, 3,
.-and a summary of all the data is presented in Table 2.

The .dail_y average atmospheric corrected range data are presented in
Fig. 4. The ra‘ngé data were corrected for atmospheric p;-opagation effects
using the summer midaltitude atmospheric model appearing in Ref. 5 and
actual meteorological data taken during the range measurements. These
results clearly show the range accuracy improvement when‘a.ctua._l meteoro~
logical data is uséd in the determination of range corrections.

The sta.tistica.l variations in the range measurements are caused by
timing and propagation correction uncertainties, The un_certain‘t.y in timing
was experimentally determined from the short range data, The propagation
uncertainties are caused by variations in.air density and water vapor content
along the propagaifi;:n path. Range errors associated with atmospheric tur-

L4

bulence and refraction are small com_pa":;'ed-to the: uncertaintiés in the group
velocity of light., f‘or simplicity, the range uncerta.'i.;ﬁ:y- is as-sum'e‘d to be a
function of the variation in air density along the propagation path., If we
ascribe air density variations to te;rpperatui-e, the resuiting average te'mpera.-
ture uncertainty is about £ 0, 9° K,

The abo.v_é is-not meant to be a definitivé meteorological data aﬁalysis

but to bound possible temperature variation along the near horizontal propa-

gation paths at Cerro Gordo,
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Table 2. Range Results Obtained with Prototype System

One Way R.M.S. Retro- No. of One Way
Reference Coarse reflector Measure-~ Laser

Measure- Timing Altitude ments Measure -

ment (cm) Accuracy (km) (Laser) ment (cm)
4049,2 + 0.5 +'1.3 nsec 31 4049,5+ 0, 7
4095.2 + 0,5 + 1, 6 nsec 50 4095.3 + 0.6
78.6+ 0.5 + 1.5 nsec ' 21 79.1 + 0. 6
693152,9 3,6 +1.1 nsec 1.899 155 693146,7 + 0. 8
693521, 0 + 3, 6 +1.0nsec . 1.899 185 693517.8 + 0.9
1188467.4 + 6. 4 + 1.4 nsec 1,752 147 1188459,9+ 0.8
1809143,4+ 7.8 * + 2.3 nsec 1.794 215 1809137,3 + 1,2

¥ Average time interval reading 3 nsec low
due to malfunctioning of half-max unit

The upper limit on the range uncertainty in a satellite application
will now be estimated as sufning the temperature variation inferred from the
Cerro Gordo range results. The atmospheric correction at 0. 6943 pm from

sea level to orbital altitudes is

. P y(mb) 3
AR = 67, - . ,
R = 67.8 T—(;(m sec Gz 0.243 (sec BZ sec BZ) cm

where P, is the surface atmospheric pressure, T, is the surface air tempera-
ture, and BZ is the line of sight zenith angle. Assuming a temperature varia-
tion of T 0.9°K and an uncertainty in the line of sight angle of * 2 mrad, the

(=]

expected range uncertainty is £ 0.8 cm at 8, = 0° andt 2,2 cm at 6, = 607,
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III. GENERAL SYSTEM COMPONENTS

In this section, the conc¢eptual design of the improved precision
laser rangefinder gystem shown in Fig. 1 will be discussed, The system
works as follows: after the optical lager beacon tracking system has
locked on to the desired retroref_lector array, the modelocked laser trans-
mitter is triggered. As opposed to the prototype system, the entire mode-
locked pulse train is used to measure range which results in a factor of
7 improvement in the number of return photons, Using the entire pulse
train also reduces space charge effects in the image com;'erter receiver.
The only complication is that the laser cavity has to be tuned to the sweep
frequency of the vernier detector,

The pulse train passes through the polarization modulator where
one of the central pulses is coded by rotating its plane of polarization by 30
degrees. The modulated Pﬁlse,tfa:in is then amplified to about 0. 3 joules,
the beam is expanded to all:o_ut 2.._0 c¢m in di'a.meter and the'transmit béé.m di -
vergence adjusted for the mission requirements. A sr'nall portioﬁ of the
transmit beam is directed toward the course ran'ge ;.nd vernie:: 1:eceivers
and serves as the transmit time referenc-e. ‘

The function of the lé,s.er ra.ngefindeI: receiver system is to accept
and detect the outgoing and return laser pulses and provide electrical out-
puts which can be used to extract accurate timing information. This is ac-
complished in two stages with two diff-erent detecters; & course range' de -
tector which allows determination of the number of cycles -of a reference
oscillator elapsed ‘iaetWe;en the oﬁtgoing' ‘and re’é;ﬁ'n pulses a.;zd a vernier de -

-
1 ~ o

tector which determines the position of the pulse within a single ‘cycle.

12



As discussed previously, the optical signal to be t:.lete.cted consists o‘f a
string of narrow pulses ( ~25 psec, ignoring for the moment the various effects
which tend .to spread the -electron beam) spaced b. 67 nsec.apart. The pulse
trzin in assumed to. have Gaussian amplitude distribution with 13 sub-

.pulses within the 10% full width. | The polarization of the central pulse will be
rotated by 90° with respect to the pdlariza;:ion of the remaining I;ulses to provide’
"keying!' of the train (see Fig. 5), The course detection system must detect this
pulse polarization pattern to provide the desired timing data., This can be ac-
complished by a polarization separator element and two fast photomultipliers,
one for each direction of polarization. The occurrance of a detected pulse in
one channel in conjunction with a count TV seconds .(TV = 6.67 nsec) later in
the second channel constitutes detection of this event.

The proposed vernier detector consists of a photocathode, an
electron deflection and acceleration section, and a charge stoi‘age target.
The deﬂectwn system is such as to cause photoelectrons to follow a circular
path on the target; the t1meJrequ1red tclJ cemplete a cn-cle is 1dent1ca1 to the
interpulse spacing, Therefore, photons received in all the pulses of the
train may be utilized by the vernﬂier, giving a substantial signal gain com-
pared to utilizing one pulse only. Readout of tl}e target, using one of several
possible methods, gives the angular position of the stored signal, which can
then be correlated with the phase ;?f the driving voltage to give the fine
range determination. The same detector is used to determine both the time
of the outgoing pulse and the time of the return pulse; operation is precisely

the sarme in either case.

13



Since the vernier detector is necessarily of the charge storage
type and will therefore integrate background events, the false alarm proba-
bility per readout can be reduced by proper gating. For example, the .
vernier detector could be normally gated off by means of a control grid or
gating deflection electrodes. The tube is th;an gated on by means of the
course range detectors. An optical delay line of about 100 nsec is needed
so that the course range detectors and associated logic circuitry have
enough time to trigger the vernier detector grid prior to the arrival of 1;he
optical pulse train at the photocathode. Subsequent background and false
alarm probability calculations suggest that the simpler concept of a
programmed return gate could be implemented by setting the center of the
return gate at the expected arrival time, A gate width of 1 msec would not
degrade system performance. The expected time of arrival could be
derived from the previous cour‘seﬂr.a.nge measurenient to better than

+ 500psec.
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IV. COARSE RANGE DETECTOR

A. GENERAL

As discussed briefly i_n Section IfI, the coarse r‘a.‘ngiﬁg detector
must detectAa. pulr;".e of one polarization followed by a pulse of orthogonal
polarization ‘I'V seconds later. This can bc;. accomplished as follows. The
input pulse train is pas sed. through a Glan-Thompson Prism, which spatially |,
s‘epa.rates the two polarizations into two channels, A and B (see Fig. 6).
Each channel contains a fast photomultiplier operating in the threshold d.e-
tection mode.. -;I'ha.t'is, a threshold circuit and pulse shaper is adjusted
to trigger and supply a narrow, standardized pulse whenever an anode pulse
equivalent to the liberation of NT or rmore photocathc;de electrons during
~ 100 psec is present., Since these photomultipliers must be left on the en-
tire time, it is_hobvicusly necessary to have NT >1to suuppress_ background
photoelectrons and thermionic electrons, If channel B cc;nta.-ina the single
pulse of rotated polarization, and channel A the rema.inifxg twelve pulses,
the desired event can be detected by delaying the output -of photomultiplier A
for seconds and applying this 'delgyed gignal to a coinc%dence gate with the
undelayed output of photomultiplier B. A coincidence between these two
signals signifies the desired event {(Fig. 7}. The use-of such 2 coincidence
scheme ar;d two indel?sndent photomultipliers gives t_his system a great in-

"~ %,

munity to false alarms, as will be seen below (Part C}.

B. DETECTION PROBABILITY
For the, situation described above, the detection probability, PD’
can be written:.

P, =P, * Py (1)



where P, is the probability of detecting the pulse in channel A immediately
preceding the rotated pulse and PB is the probability of detecting the ro-
tated pulse in channel B. Both PA and PB are functions of the mean number
of photoelectrons.per pulse, or the input signal level, and the threshold
number Ng., It is assumed that the pulse height distribution curve and time
resolution capabilities of the photomultipliers are such that events involving
1, 2, 3, or more photoelectrons within 100 psec can be resolved. This
condition can be adequately satisfied using high gain first dynode structures.
Assuming 13 sub-pulses within the 10% full width, the pulse in channel A
‘immediately preceding the pulse .in cl;;annel B has an amplitude of 0. 94 times
the amplitude of pulse B, If the mean number of photoelectrons in pulse B
is _N-'e’ then by using Poisson statistics to describe the actua.(l number of
photons received in any one trial, the probabilities PA and PB can be simply
caleulated for different N and ﬁe'
| Thle mean nurnber of phbtoelectrons in the largest"pulse is, of
course, related to the mean number of photons at the photocathode, hl\;Ip,
through the photocathode quantum efficiency, T
N, =N, N 8
In Fig. 8, the calculated detection probabilities are therefore plotted as a’

function of signal photons at the photocathode in the largest pulse (pulse B}

for 1 = 0. 15, which can be attained with a GaAs photocathode.

C.” FALSE ALARM PROBABILITY
False counts in the detection systein discussed above can-occur in

two ways:

16



1} a noise pulse occurs in photomultif;lier A and is

followed by a noise pulse in photomultiplier B
Ty seconds later, or

. 2) one of the five initial signal pulses in channel A-
occurs followed by & noise pulsé in photomultiplier B
after Ty seconds.

To calculate the number of false counts expected, N, let FAR be the mean

number of noise pulses/sec in photomultiplier A or B (assi:Lm‘ed' identical).

Furthermore, let Pn b;a the probability that a noise pulse occurs in photo-

multiplier B in time tre which is the resolving time of the photomultiplier.

Then: 2.t

o AR . 5 -
1\%-_ (FAR + 5) « P_ (3)

tp

The factor five takes into account t};e second process mentioned above.

The factor ZtsltR takes into account the fact that output pulses
from the photomultiplier, with duration of tR ™ 100 psec, alre standardized in
amplitude and in width (to ts ~ 1 nsec) before application to t;he coincidence
gate. Therefore there are approximately 2 ts'/tR independent photomultiplier
resolution time intervals that can’cause coincidence. .- o

Noise pulses, or an undesired signal exceeding the‘threshold‘
signal in either photoirxultipliér can occur due to the following processges:

1) NT (the thz"eshold number) or more photoelectrons ‘

are emitted during the time tp due to background
photons or thermal emission;

2) A cosmic ray (proton) or other high energy particle

strikes the photomultiplier window;

17



3) After pl;.l'sea associated with a cosr;uic ray event;

4) NT-l photoelectrons are emitted during the time
tR’ due to background photons or thermal emission,
and be'ca.use of the width of thé photomultiplier
pulse height distribution cur;.re, cause &n output

greater than NT"

To evaluate Eq. (3), the FAR and Pn due to all of i:hese processes

acting in concert must be evaluated. It is assumed that the photomultiplier

gain can be made such that Johnson noise in the anode resistor or other
electronic noise can beLri';a.de negligible compared to the above sources,

Noise SO\‘.‘ereS 1) and 4} above are considered first. If there are
NBG background photoelectrons emitter per second and Nth thermal

electrons per second, then the mean number emitted in tp second is

2= Ngg#Ngltg- - &
The probability that N or more background events occur in tp second
is: . -

P(N2Ng) =1 - P(0) - P(1)-... P(Ny-1], (5)

~where P(n) is the Poisson probability function with mean a:

n_ -a
_ae :
P{n) = =——. (6)
2 3 4

. o v_a._  a a _ . .
For small a, P(N 2NT) =57 T 3% for NT = 2, 3, 4 respectively.

Therefore, for the first noise source

=i K : . _L ] .
FAR) =P(NzNp) - 3— (7

18



P, =PNZNy (8]

In similar fashion, for the fourth noise source, if F is the fractional overlap
of the pulse height peak for NT -1 electrons above the threshold for NT

electrons, then :
; -1}

F + P(N=Nj
FAR, = =
- R
) (9)
P, 4=F * P(N=Np-1)
2 3
a_

P(N = NT‘— 1) = a, 5 % for NT =2, 3, 4 respectively.

Cosmic rays produce Cerenkov radiation in photomultiplier window
materials w-hich can be coupled to the photocathode to.create & large output
pulse (Ref. 6). Therefore, for the th'reshcld %evels under consideration
here, each cosmic ray event’produces a noise c‘ount. High energy electrons
have a much smaller effect, producing a noise count f.or approximately
every 1000 high energy electrons incident on the photomultiplier face
(Ref, 7). Afterpulses are often associated with cosmic ray pulses. These
pulses tend to be small and with proper choice of winc@gw material can be
reduced to ~ 5 (Ref., 8). For a 556 Km orbit ( ~ 1,09 earth radii) the maxi-
mum high energy particle fluxes are (Ref. 9):

Electrons (E 2 0.5 MeV) < 10 /cm -5ec¢
Protons (E24MeV) < 10/cm2 -gec.
Therefore, assuming electron 1nduced events to be neghg1ble a.nd 1ncludmg

5 .
a factor of 5 after pulsing to be conservatwe, for alcm wmdow we have

FAR

2,3 50/sec (10}
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and the probability of a cosmic ray induced event in tn seconds:

-50tR
Pnlzzl ~-P0)=1-e =50ty (11}

Therefore, combining these three sources, we have

P(N 2z N}
T4

tr ‘R

F o P(N:NT -1
FAR = :

+ 50 /sec (12)

and

P, =P(N2Ng}+ PN =N - JF +50¢ (13}

R

Specification of the various parameters and use of Egs. (5) and (6)
allows Eq. (12) and (13) to be elva.iuat\:e'cvl' as 'é.')fun‘ction of bz:.ckéround; hence
Eq. (3) for the system false count rate can be evaluated.

‘For evaluation of Eq. (3) we use the following parameter values:

4l = photocathode quantum efficiency = 0. 15
Nth = 103/crn2 - sec;, 1 émz photocathode area
F = 0.1

'tR = 100 psec; tEi = 1 nsec

Results are shown in Fig., 9 as a function of background photons
per second at each photocathode, Note that a portion of the curve for

N’I‘ = 2 has been shifted downward by 5 orders of magnitude, The curve

for NT = 2 and the high background portion of the curve for NT = 3 are

dominated by the effect of overlap of the pulse height.spectra. At low back-

grounds and N, = 3 and 4, the cosmic ray events dominate, Fig. 9 indi-

T
cates that a threshold > 2 should be chosen to keep the number of false

counts down toan acceptable level, This causes some reduction in
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detection probability {Fig. 8). Alternatively, improvement of the pulse

height spectra overlap factor would decrease the false count rate at a given

threshold,

D. IMPLEMENTATION OF THE COARSE DETECTOR

Static cros'sed £ield-photomu1tipliera suitable for use in the coarse
ranging system have been built by Varian Associates. These phot‘omul-ti—-
pliers have rise a.n_d. fall times of ~ 100 psec and can resolve 50 psec pulses
1l nsec apart, The manufacturer indicates there should beal no problem with
pulse overlap at the highest levels ( ~ 3000 photoelectrons) and pulse
spacings {6.67 nsec) encountered in the present application. The photo-
multiplier incorporates a GaAs photocathode for high quantum efficiency
(~15%) at 0.6943 um. High gain GaP dynodes can also be incorporated to give
a good pulse height spectrum. Little or no data is available on the ability
of SCFPM's to detect very small numbers of photoelectrons; however
SCFPM's would not be expected to differ materially from other photo-
multipliers in this respect.

Tube weight, including magnets, is 3-37/4 lbs. each and they
occupy ~ 800 g:m3. These tubes require operating voltages of -2400 VDC

and +600 VDC (4 stage tube). and draw 0, 3-1 mA from the supply circuit.
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V. VERNIER RANGE DETECTOR °

A. GENERAL

The function of the vernier detector is to measure the arrival time of
outgoing and return ranging pulses to within a fraction of a cycle of the refer-
ence oscillator so that rz;m.nging accuracies of a fraction of 2 centimeter can be
realized, A genera;,l schematilc diagram of the proposed vernier detector is
given in Fig. 10. The incoming optical pulses are focused upon a photocathode.
The resulting photoelectrons are accelerated by a large voltage on the extra-
action grid, necessary to minimize transit time dispersion due to variation in
initial photoelectron velocities. - The photoelectrons are then introduced into
the deflection space; sinusoidal voltages in phase quadrature are applied to two
pérpendicular sets of electrodes, This results in the electron spot being
swept around a circular path at the target at constant velocity; any angular
position on this circle corresponds to a2 unique phase of the driving voltages.,
hence time. The electron bunch_ first impé.cts upon an ele;:tron gain section
and the enhanced signal is store:d on a, c1~1a.r‘ge st;ora:gf_e target. Use of a
storage target and fsynchro;aizati‘on of the ‘deflection voltage %requency with the
_.interpulse spacing allows the entire 13 puisa of the opt"ica.l pulse train to be
utilized for increased detection probability. Finally the charge pattern
stored on the target is rea.ci-off by some suitable mea-.ég and the angular posi-

tion of any detected signal is obrained, to be used in computation of the range,
The vernier deteg,g;or is‘;z:alyl.r'izeci-ifh _J_‘,'urther deta,.i‘_l belox.wv. The process

of extraction of the Pi}?géé:%;étrons ;.nd‘i'?ro_:gésse.s, which :cc‘)g.tribute to time dis-

persion of the pllgtﬁélectron bunch ;r;'co;sidgredgfgﬁ;at, followed by discussion

P
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of the required target geometry, The detector is then analyzed under the
assumption that the target and readout section are perfect and add no noise to
the output si‘gnal, Thi‘s assumption allow; determination of t};e limitations on
the detector occurring because of photon statistics and background ;onsidera-
tions., Finally,-mea-ns of actually rea._lizi’ng the target structure are cohsidered

and any additional limitations due to detector noise sources are included,

B. SYSTEM TIME RESOLUTION

The maximum theoretical time resolution of the vernier receiver is
limited by dynamic spatial resolution of the image at the detector target array,
the transit time 5p1.-ea,d in the photoelectrons caused by the initial electron
velocity distribution, space charge limitations near the photocathode, electron
beam spreading in the drift tube region of the device caused by e’le;ctrostatic
forces, and frequency drift in the laser cavity, The time resolution of the
system is also degraded by retrorefléctor design and laser pulse width.
Finally, use of a target with a finite numbeTt of resolution elc;:rnents limits the
attainable time resolﬁtion to the equivalent element time (Part C). The equi-

valent return pulse width can be expressed as

2 :] 1/2
Atreturn (14)

= [(Ats}z‘-i--(AtD)z + (Atp.)z ¥ (.f,\tR)2 + (.Lk.ta_y2 4+ (.AtF)
Atg is the time resolution associated with dynamic spatial resolution, Atp is
the transit time spréad of the photoelectroﬁs, Atp is the léser pulse width,

Atn is the retroreflector transit time spreading, 4t  is the pulse spreading

caused by the atmosphere, and At is equivalent image spreading caused by

frequency drift in the laser ca.vity:.
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The time resolution AtS is equal to

btg = S—i— ' (15)
P

where S is the image sweep velocity expressed in mm/sec and Ep is the
spatial resolution expressed in line pairs/mm. Image converter devices hav-
ing picosecond electron transit time spread have spatial resolutions of about

3 to 5 line pairs/mm (Ref, 2 & 10)., Better spatial resolution should be pos-
sible if the electron optics were designed to operate with the high extraction
electric fields needed for picosecond operations, The actual photocathode
dimensions needed for the circular scan vernier receiver is about 2 mm x

2 mm which simplifies the electron optics design. The maximum allowable
spatial resolution will be limited by diffra;.ction effects and the initial electron
velocity distribution in direction and magnitude. For the purpose of this
"analysis, we will assume a conservative resolution of 5 line pairs/mm,
vernier detector sweep frequency of 150 MHz, a 2.5 cm diameter scan,

sweep velocity of 1.2 x 10]'0

mm/sec which results in bty = 16,7 psec.,
The photoelectron transit time spread can be approximately calcu-

lated as follows (Ref, 11}

N -8 ae(ev)
Mo = 2.34x 10 E{volts7cm) ’ “ (16)

where Ac is the total emission energy spread of photoelectrons, and E is the cath-
ode electric field strength. *The picosecond image converter camera tubes typi-
cally employ an extraction electrode located about 3 mm from the photocathode.
Voltages up to 2000 volts have been applied which result in 1 - 2 psec transit

time spread. For the application at hand, only about 750 V is m?eded for an 5-20
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photocathode and a laser wavelength of 0, 6943 pm. For these conditions, the
spread in emission energy is about 0.4 eV resulting in a transit time spread

of My = 6 psec when a 2, 5kV/cm extraction electric field is applied. For two-
color laser ranging applications extraction electric fields of iOkV/cm are
needed which results in a transit time epread of 1,5 psec.

The equivalent return pulse width is equal to At = 40 psec if we

return
assume a laser pulse width of 245 psec and 8 psec image spreading associated
with the laser cavity frequency not equalling the image converter sweep fre-
quency,

Space charge effects can normally be neglected so long as a maximum
current density is not exceeded, For practical image converter devices with

picosecond time resolufion the maximum current density can be expressed as

(Ref. 10}

. 3/2
1.27x 10°% Vg (volts)

J < . ma/c::mz (17)

max xz(cm)

where V. is the voltage applied to the extraction electrode and x is the dis-
tance between the electrode and photocathode. For an image size of 0.2 mm
in diameter, an extraction voltage of 750 volts and extraction electrode spac-

ing of 3 mm, the photocathode current density should be less than 29 mA/cmz.

The resulting signal at the vernier photocathode should be less than 2.4 x 104
photons/pulse to insure that space charge effects do not degrade the time
resolution of the systern.,

Electron beam spreading can also degrade the time resolution of the

vernier system. Assuming a beam diameter increase of about 20%, the re-

sulting photocathode current ie cqual to (Ref, 12)
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1/2

2 _
f 32 I3 vzf-ﬁa) =09 ' (18)
Q * a (kV) .

where z is the distance along the drift region, do is the image diameter at the
entrance of the drift regio_n, Va is the anode voltage and I is the total current.
The result;ing current is equal to 5,5 x 10-3 ma, assuming a vernier detector
length of 300 mm, 25 psec laser pulse, ar; image size of 0.2 mm, and an anode
voltage of 15 kV. The signal at the photocathode should therefore be kept

below 1.4 x 104 photons/pulse to insure minimal electron beam spreading.

C. TARGET GEOMETRY

As discussed in Part A, the deflected electron bunch traces a circle
in the target plane. Therefore, the electron target-should be in the shape of a
ring of individual resc;lutio'n cells, The diameter of the ring is determined by
the amount of deflection attainable; the size of t‘he individual elements is deter-
mined (in the circumferential direction) by this diameter and by the number of
resolution cells desired.. In the radial direction, the resoclution element size
is determined. by the stal')i}ity of the deflection voltage and the phc;tocathode
spot size. Deflection parameters to be used imply that the'ring‘diamc?ter will
be 1,25 ~ 2.5 em. Two hundred and fiﬂ;y resolution elements along the cir-
cumference arekdesired; this implies that each element will be (for the 2.5 cm
diameter) .31 mm wide. For a deflection voltage stability of X 5% and.a
cathode spot size of 0.20 mm, the length of the elements is 1.5 mm. A sketch
of the target structure is given in Fi‘g. 11, A cycle time of 6,67 nsec implies
that 250 elements give an elemental resclution of 27 psec, The spot velocity,

10

for the 2.5 cm diameter ring, is 1,2 x 107~ mm/sec.
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For applications in which the elapsed time between outgoing and re- -
turn pulses is large (e.g., satellite to ground) one target ring would be sui:-
ficient to detect both pulses, The only requirement is that the readout of the
target be sufficiently fast so that the signal due to the outgoing pulse can bé’ -
read out and the target reset to receive the return before the arrival of the
return signal, For shorter range missions, when the transit time is not suf-
ficient for this condition'to be met, there are at least two possibilities for
discriminating between the outgoing and return lz;ulses (Fig. 12). In’ the first,
only a single target ring is used and the two different pulses are keyed in
different ways, i.e,, with different time delays.. Fo‘r instance, a delay of
Ty could be introduced into one pulse a;;xd a dela;r-of‘3'1'a into the se'cond; events
on the target could then be distinguished due to their different separations.
This approaciq would simplify target design but signal photons in each indivi-
dual pulse would I?e reduced by a factor of two. An alternative might be to
use two concentric rings and change the deflection voltage level between out-
going and return pulses so that each falls on a different ring (Fig. 12b). This
approach requireé a more complicated target design and a.ls.o requires addi-
tional control electronics, For analysis of target performance, attention is
restricted to the single ta.l_-'g‘_et case, A small square array is included in the

center of the target for alignment purposes,

D. TARGET DETECTION PROBABILITY AND FALSE ALARM RATE

Possible means of realizing a vernier detector of the type discussed
above and capable of detecting a few photoelectrons per element include the
use of charge coupled devices, diode arrays, similar to the Reticon, or in-

tensified silicon vidicon targets with electron beam readout. Before discussing
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these approaches, however, it is useful to examine the limitations on an ideal -
detector (one which adds no noise or uncertainty to signal detection) due to .
photon statistics and-the background radiation environment in which the detector
operates. Such an approach is also quite useful because practical detectors,
pérticularly one based upon charge coupled device technology, can closely
approach the ideal case. |

In the ideal detector, the signal in one element due to a single electron
is sufficiently large to be readily distinguished from any detector or electronic
noise, The output signal which results as the individual elemients are read out
is fed to a threshold detector, which is triggered if a signal corresponding to
NT or more electrons in a sing'le element is encountered, Detection of this
event constitutes detection of the electron pulse., For low phc;foelectron num -
bers, the detection probability is-determined by the photon ‘:’statistics.

For a detecltt:or of 250 elements, each element corresponds fo ~27
psec. In Part B, it was concluded that the elgctron‘ bunch due to the return
will have a Gaussian distribution in time wit’h‘ full -width at ha‘lf'maxirr}um of
~ 40 psec, Therefore, the ‘r;agt{lrn pulse v;rill' 'c.:)ccupy a;;pro:;imately t\;:ro resolu-
tion elements. It is therefore assumed that photoelectrons from a given pulse

are equaliy spread over two resolution elements, The mean number of photo-

electrons per resolution cell, ﬁe’ is thenr

Ne -z (19)
where 1 = photocathode quantum efficiency and N is the total number of

photons at the vernier cathode in all 13 pulses of the pulse train, {see Sec.‘IX)'.
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The probability that a: count is recorded in the resolution cell is the Poisson
probability of N, or more events when the mean is N,." The signal posi'tior; is
correctly registered, however, if either of the two resolution cells registers a
count; therefore the detection ﬁrobabillity ig givenby 1 - PZND’ wthere PND is
the prgba’ﬁility that no pulse was \q?tecte‘d in a resolution cell when one;'should
have been., Figure 13 shc;ws_s the detection probability derived in this way as a
function of photons incit;ient upon the photocathode. The -value of 1 used is 0, 06,
typical of extended red multialkali photocathodes at 0. 6943 pm. Above 150 photons
in the pulse train, the detection probability is seen to be > 0.-9 for thresholds
= 4,

| Figure 13 describes the situation for the lowest signals encountered,
Signal amplitude can vary by ~ 4 orders of ma.gmtude (Sec IX). At the higheat
signal amplxtudes photons m the "ta1ls“ of the Gaussian pulses may be suff1-
cient to cause ‘s1gnals greater than threshold- several elements away from the
centroid of the pulsé, leading to a large timing error. This problem can be
avoided by utilizing a dynamic threshold; i.e., the threshold number can be
controlled by the output of @ peak detector to assure that in the strong signal
case the centroid will be detected, For the strong signals, the fluctuations in
numbers of photoelectron will be sufficiently small so that high detection
probabilities can be maintained with NT ~1/2 ﬁ:e' Alter:fxg.tively, attenuation
(dependent upon signal strength) can be introduced into the signal path to keep
signal strength at a moderate level so this projblem is not enf:ougfered.

The probability of a false count in the vernier syste,m is determined

by the number of background- ;;hotons incident upon the vernier and t'he high -

energy particle flux. Considering first the background flux, let the number of
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photoelectrons due to background flux be NBG/ sec and assume the target. is
gated for a time tee Then the mean number of background (and thermal)

electrons is;
NB = (NBG + Nth)tG' ‘ (20)
The probability that_NT electrons strike any given resolution cell is

(Ref. 13}):
—— * ﬁB-N
C(Nps Np) (Nes-1)
P(N.p, in given cell) = 5
N

T

B
c

(21)
N N
P C('I'\TB, NT) NC
where N is the number of resolution cells (= 250) and C(NB, Np) is the
number of combinations of '1\_TB objects taken NT at a time. Each of the resolu-
tion cells is statistically independent.; so Eq.. (21) must be multiplied by the
number of .cells which must be "searched" to find the true signal. The N

C

resolution cellg correspond to 6, 6‘? nsec while the course detector givés the

range time to within T 1 nsec; therefore, provided suitable logic can be
implemented to restrict the elements searched, the multip]:ier will be approxi-

mately NC/S. Thus:

Pra@p) = C(Ng, "NT)/B‘NC

For large N'B Eq. (22) gives sufficient accuracy; for small 'N'B the false

-1 )
T (22)

alarm probability is-given by:
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[+ ]
(N, -1)

- E . T
PFA{NT) = Pi C(1,NT) 3NC {23)
=N
where Pi is the Poisson probability of i background events given that the

mean is 'ﬁB‘ PFA(NT.) is the expected number of false counts, or false
count probability, per readout cycle.

False alarm probabilities calculated using Eqgs. (22) and (23) for
thresholds of 2, 3, and 4 are shown in Figs. 14 & 15 as a function of back-
ground photons at the photocathode, The target gate time is used as a para-
meter. Other parameters used in the calculation are T = 0. 06 and N, = 1000
electrons/sec. As would be anticipated, PFA decreases as gate time and
background flux decrease and as threshold incréases, For the highest back-
ground flux encountered (1 08 photons/sec) Ppp can be kept below 1 03 by
utilizing, for example, a threshold of 4 and gate time < 100 psec {Fig. 15).

Cosmic ray events set a lJower limit to PFA at very low background
levels and relatively long gate times. As discussed in Sec, IV, Part C, there
is a flux of approximately 10 protons/cmz-sec atlthe operational altifude. It
is assumed that each proton event coupled tolthe photocathode causes > 10
photoelectrons, which would result in an above threshold Sign?.l for low
thresholds, as considered in Figs, 14 & 15, In the present application, the
pl;otocathode can be relatively small; furthermore, the electron optics in the
verni-er tube assures that the photocathode area coupled to an active area on
the target is approximately equal to the area of a resolution cell, which is

3

4,6 x 107 cmz. Using an effective photocathode area of 0.1 cm2 as a more

conservative estimation, the false alarm probability due to cosmic rays is:
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~4
3x10 tG'--l msec

p_, = ) (24)
FA 3x107 tG=1p,5ec

These limits are too small to appear on the scale of Figs. 14 & 15,

Gating of the vernier tube, if required, can be accomplished by use
of a gating electrode internal to the tube, switched in response to a signal
from the coarse detector or from other coarse range data. Alternatively, the
target itself can be activated from a non-collecting to a collecting state, e.g., -
in the case of a charge coupled device target, the collecting wells can be
turned on over the.appropriate time interval and left off at other times,

It is important to note that Figs. 14 & 15 represent an upper limit to
false alarm rate when some sort of dynamic threshold is incorporated at high
signal levels, as discussed above, Ifa variable threshold is actually used,
the false alarm rate is decreased as threshold increases, as illustrated by in-
creasing threshold from 2 to 4 at a given gate time and background photon
rate in Figs. 14 & 15, Alterna.t1vely, if var1a.ble attenuation as a function of
signal level is introduced into the return beam channel and the threshold is
kept constant, PFA decreases in response to the reduced background photon
rate,

These considerations, coupled with the detection probability curves.
of Fig. 13, indicate that adequate false alarm rate and detection probability
can be a.tta.ined for thresholds = 3 for most mission conditions (Sec, IX),

Sample measurement missions illustrating this are discussed below in Sec. IX,
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E. IMPLEMENTATION OF THE VERNIER DETECTOR

| There are several pbssible approaches to realizing the verniez: de-
tector target. (Attention is primarily focused upon the target structure alone
since this item would require the most development. -Photocathode technology
and electron optics -are sufficiently well in hand that they need not be treated -
in detail here,) The most attractive are all solid state approaches, i,e,,
utilization of charge-coupled-devices or pn jﬁnction diode arrays with solid-
state readout. These approaches give the advantages, compared t'o electron
beam readout tubes, of decreased power consumption and size, and increased
reliability., Solid state arrays can be gated or activitated electronically,
thereby eliminating the need to gate the tube at the photocathode, in order to
obtain background suppression, However, imaging with f;argets which utilize
electron beam readout, such as the silicon-intensified-target {SIT) tube is
perhaps further developed at this time, and a target system of this type is

also possible, but with somewhat reduced sensitivity,

i. CHARGE COUPLED DEVICE TARGET

A target based upon charge-coupled-device (CCD) technology is con-
sidered first., In such a target, the individual resolution elements of Fig, 11
would be formed by the depletion region of a metal-oxide-semiconductor
capacitor, appi-opria.tely biased, W.hen the silicon is bombarded by an electron
of 10 - 20 KeV energy, a charge gain of 1500 -~ 2000 can be realized, as in the
S;T tube, This charge is collected in one or two depletion regions and then
clocked in a sequential fashion to an output preamplifier located on the target
chip. At the output of this amplifier, a decision can be made as to whether
or not the thresh'old number of photoelectrons wefe incident upon any given

resolution cell,
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There are at least two possible layouts for'a target based upon CCD
technology. The first is t-he o_bvious approach of dividing each resolution
element into thirds a}c;ng tbe circumferential direction (a three-:pha.se CCD is
assumed here and in the subsequent discussion) and utiliziﬁg the detector riné ,
as a charge transport register as well as the detector. The second appfoach
is patterned after that .used in Fairchild's linear imaging afray:A after integra-
tion of the signal charge in the detector elements, the signal is éa‘ssed to a
separate charge transport drray by a transfer gai:e. This type of arrangement
is showr; schematically in Fig. 16, . This: configuration would be‘ the preferred
one since it has smaller area in the transfer array, which reduces dark
current noise and transfer noise. The layout of such a dev:ce may be more
complicated than the first geometry mentioned, however,

As mentioned above, each photoelectron results in 1500 - 2000
electrons being collected by the CCD wells, Therefore, one or a few photo-
electrons can be detected if the numb‘er‘.of noise electrons introduced by the
device itself is less than‘the one photoelectron eq.uiva.le‘nt number. There are
three soerces of noise of impertance in the CCD detector: 1) dark cutrrent
shot noise; 2} trapping state noise; and 3) prea.mplifier. noise, It is most
convenient to express the;se' noises in terms of the number of RMS :noise)
electrons per charge packet, . '

1} The nuneber of RMS noise electrons due to dark current shot

noise, ny, is:
i/2

A .]"I'i AtJ'rt}

D +
q q

(25)
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Ay z area of detector element = 4,6 x 10"3c:m2
¢ = area of element in transfer register = 3 x J.D"‘L-::m2 for 0.3 mm
x 0,1 mm elements
T = signal integration time, or gate time
T, = total transfer time
J = dark current density = 5 x 10"9A/cm2 in state-of-art devices
at room temperature
q = electronic charge
For T, = 100 psec, T = 250 pysec (readout time of 1 psec for .250 elements)
ng = 128 electrons RMS
For Ti = 1 mseg, this is increased by ~ /10 or

ny = 405 electrons RMS

Because of the continual accumulation of dark carriers during the
readout of the target, the last element contains more dark electrons than the
first, With the numbers used above, the ZSOth element contains 2, 300 more

‘electrons than the first, or 1 -~ 2 photoelectron equivalents. Several possi-
bilities exist to minimize this gradation so that it will not cause false couints;
for example; increase the readout speed (decrease Tt)’ divide the detector
ring into several different parts with different preamplifiers for each, or cool
the target to reduce J. Pehaps the simplest solution is to simply scale down
the target size; reduction of scale by a factor of 2 reduces the electrode areas

by 4 and drops this shading effect well below a single electron equivalent

level.
2} For a surface channel CCD surface state trapping noise is given
by: [ A‘l‘. % )
nog = Ntr—3-kT + 1.4 - Nsa (26}
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Nt:r = number of transfers = 750
kT = Boltzmann's constant times temperature
Nss = Surface state trapping center dens'ity = lololcﬁlz-ev.

With these values:

Ngg. = 5,200 electrons RMS.

This large number, equivalent to 'the signal from several photoelectrons, re-
sults in the most part -frc;m the relatively large (compared to other CCD appli~
cations) electroée area required in the. present detector anhd the assumption of a
surface channel dévice. This large noise sm;,rce can be avoided by utilizing a
buried channel CCD, in which the signa.‘]~ charge ie: not in.contact with the sur-
face. In a buried channel device, bulk state trapping, analogous to surface
state trapping, may occur. However, av;a.ila.ble exiaerimental data on Fair-
child GCD's, whi¢h use a buried channel, show no evidence of bulk state
trapping noise, indi_cating' that in such a device the tral;;;i_ng noise is one to

two orders of magnitucie less than in a surface channel device. Any bulk state
trapping effects coulé be'mininr;izedrby proper choice of clocking frequency or
by use of a "slim 'z:ero”, or small bias charge. Therefore, for é L;uried chan-
nel device, 2 conser\{a:tivgzesti‘mate o.f m?is'e ‘due to trappiilg effec;t;a is n_ = 100
electrons RMS, .

3} In pre;s;ent day-CCD's a‘m‘plifier noise is mainly deterrﬁined by the
uncertainty of resett.ing the floating output diffusion and amounts to ~220
electrons for a diﬁ"usion with capacitance of 0,3 pf. With correlated dou‘ble
sampling or floating gate amplification (i.e., more sophisticated output
techniques), this number could be reduced to aﬁﬁroximately 50 - 100

electrons.
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The total RMS noise'expected for the CCD detector is the RMS sum
of the individual noises above, or:

T
n
585

275 electrons RMS (100 psec gate time)

4_7_0 electrons RMS (1 msec gate time)

These values are well below the single electron level and indicate that the
charge coupled device target with a threshold of three or more can function
a5 a nearly ideal -detector fof- the vernier system,

Another factor«affecting the operation of the pf-oposed CCD target
structure is the.relative large gate areas required. State -of-the -art CCD's
have gate areas of ~ 6 X 10'6 cm2 and can operate with clock frequencies up
to ~ 10 MHz. With larger gate areas, a greater charge transfer tfme must be
used to assure that all signal charge is transferred at each step. This implies
that slower clock frequencfes may have to be used to maintain adequate charge
transfer efficiency. ‘

The proposed detector does mcorporate many features whlch are
very much state- of-the -art and would therefore require development effort
For use in the electron bombarded mode, the CCD must be 111um1na.ted from
the rear; this requires thmnmg of the target to 10~ 20 u.m and proper-treat-
ment of the back surface to attain good secondary electron collection ef-
ficiency. As baé been noted, buried channel technology should be used.
Obviously, special mask designs are required, and perfection must be main-
tained over a large silicon area, which may create yield problems, However,

many companies are involved in CCD fabrication, and these problems do not

appear insurmountable,
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2. DIODE ARRAY TARGET

A second approach to an all-solid-state target utilizes a self-
scanning, p-n junction, charge storage diode array, which is 2a'combination
of MOS microcircuitry and planar photodiodes. In such a device, diode
charge is serially gai:ed out 2 common video line. Devices are commercially
available from Reticon Corporation, which have up to 2,500 elements and
can operate at frequencies as high as 10 KHz. The Reticon.device i8 capable
of detecting the signal due to ~ 105 electrons (Ref, 14), Prototype devices
have been built which show the feasibility of using a Bendix chevron channel
electron multiplier to furnish the necessary electron gain (up to 107) to
‘allow single electron events to be detected (Re;‘.. 15). Application of such
a device to the present situation would require the circular electron path be
swept on the electron multiPlier .a..nq secondary electrons wguld be aic_:celer-

FRRAN . - i
ated directly onto the diode target, which would also be in the form of a ring.

1

Some fraction of‘ the pbotoelectrons \;vould be losi; due to dead area on the
multiplier so this approach would have less sensitivity t‘han a CCD device,
Sufficient quantitative data does not appear to be available to analyze in
greater detail the noise performance of this type of target arrangement. A
potential drawback is that the electron flux bombarding the target diodes would
be high, which may.adversely affect the iifetime of the diodes.

A second poasible approach to usip:g serially scanned silicon diode
arrays is that proposed by McMullan, et al. (Ref, 16). In this approach, a
simple charge amplif;er is assoc‘iated' with each sensing digde to prov.ide a
gain of ~ 10. This gain, in aédition to eiéctron multiplic;.tiéin gain .in the

sensing diode, allows individual photoelectron events to be detected. Fora
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prototype device tested, consisting of only one sensing diode of area
100 X 120 um, the output due to a siﬁgle photoelectron was 5 mV while noise
amounted to ~2mV RMS, Leakage current contributed 1 mV to the output
signal. Circuit arrangements for reading out a number of.t photodiodes se-
quentially have been proposed. For application of this technique to the
vernier detector, two possible problems might arise. The detector area
shown on Fig. 11 is ~ 40 times larger than that of the prototype device dis-
cussed above; since the dark current signal scales with area, the dark cur-
rent signal would be ~ 40 mV comparedto a 5 mV single electron éignal.
While this average dark current contribution could be subtracted out,
element -to-element fluctuations, or noise, would also increase as the
dark current signe;.l increases. Scaling the target down by a factor of two
so as to reduce detector area by a factor of four would decreasé this probleim
as would cooling of the target slightly to reduce dark current (cooling to 25°
below ambient reduces dark current by an order of magnitude). A second
possible problem is the elimination of switching transients and capacitative
coupling of unwa.n.ted signals to the output line, a problem which has plagued
diode arrays in the past, | ‘ |

Before leaving the subject of all solid-state target and readout
sections, a few i'emarks are in order concerning incorporation of such de-
vices in tube structures, The target structures are similar to that used in
a SIT tube; therefore, the technology used in such tubes should be directly
applicable. Electronic ~Vision Corporation of San Diego, makers of a photo-
cathode—p-n junction device called the Digicon, have had considerable ex-

perience in operating solid state target structures in tubes similar to that
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needed in the present situation. This company is presently developing tubes

with Reticon and CCD té.rgets.

3. SIT TYPE TARGET SYSTEMS

The final types of vernier tube systems to be considered are those
which would incorporate electron beam readout of the charge storage target.
There are many image tubes of this type, e.g., silicon vidicon, SEC vidicon,
plumicon, etc., which, when coupled with ar image intensifier or electron
gain stage, can detect single photoelectron events. Here, to serve as an
example of the capability of this type of system, attention is restricted to
a tube of the silicon-intensified-target (SIT) type (Ref. 17). This particular
device contains the electron gain stage, charge storage target and readout
in one envelope and has been under development for several years. Single
photon counting systems using other types of tubes which could potentially
be adapted to the vernier target application are described in the literature
(Ref. 18).

The SIT tube consists of a photocathode, electron acceleration
section, silicon diode mosaic charge storage target and electron beam read-
out section. Resolution element size is typically 40 um X 40 um. The domi-
nant noise contribution of the tube itself is from the video preamplifier;
state -of-the~-art values for preamplifier noise current are ~ 1 x 10"7 A RMS
over a 1 MHz bandwidth. Silicon vidicons (without intensification) have been
reported to be able to detect 1000 charge carriers/resolution element with
a signal-to-noise ratio of 1. With ~ 2000 gain.due to the electron multipli-

cation process, ~ 1 photoelectron per resolution element should be detectable.
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For adaptation to the vernier detection system, there are two pos-
sible approaches. In the first, the target would remain the same as in any
SIiT tube, i.e., a sqQuare or rectangular array of typically 6 x 104 resolution
elements. For any one vernier mea.surerr'lent, the signal charge would be
spread over an area (assuming a target ring scaled down by a factor of 2
from Fig. 11} of 225 pym x 200 pm. The first number, the circumferential
spread, is the distance traversed by a 40 psec pulse while the second figure
is based upon a dynamic image tube resolution of 5 lp/mm (it is assumed
that deflection voltage fluctuations are unimportant during the ~ 100 nsec of
a single measurment), Thus the-area covers ~27 - 40 pm x 40 pm resolu-
tion elements; or the signal photoelectrons are spread over this many reso-
lution elements., To detect the presence of a signal, given that it takes
~ 1 electron/r;esoluf;ion element for a: signal -tc; -noise ratio of one, on the
order of 27 signal photoeiectrons would be reguired, This is because, ifa
threshold is set to be > 1to suppress false counts due to preamplifier noise
or background photoelectron events, a large number of photons must be sup-
plied to assure that a few of the resolution elements have received more than
the threshold number of photoelectrons. Or, if the threshold is one and the
signal is separated from noise events by looking for a closely spaced bunch
of photoelectron occurrances, ~ 27 photoelectrons would have to be supplied
to constitute a statistically significant bunch. In either case, a small com-
puter would probably be required to handle the data from the large number of
picture elements. Of course, since the area in which the signal is -1ii<ély to
be found is only a small portion of the target area, the number of elements

searched would be reduced., The center of the electron ring on the target
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would also have to be determined in a calibration step. While the detection
probability and false alarm curves (Figs. 13-15) derived for the ideal
vernier detector would not apply to the situation just described, it is ap- ~
parent from the above discussion that such a system would not. bc¢ as sensi-
tive as the ideal detector or an all solid-state system. Another potential
drawback of this approach is;, if the frame rate is on the order of standard
TV rates { ~ 16 msec/frame)}, readout-could not take place between outgoing
and return pulses and one of the schemes indicated in Fig. 12 would have to
be used to distinguish outgoing and return pulses,

The second approach to using an electron beam readout system is
to build a specialized tube including a diode array target as in Fig. 11 which
is read out by a circularly scanned electron beam. The area of a resclution
element {again assuming a target scaled down by a factor of 2 from Fig, 11)
would be 1. 15 X 10_‘3 cmz, or 72 times as large as the resolution cell size of
a standard silicon vidicon. The elemental capacitance, which scales-with
area, would then be 72 times larger also. Now signal current, I, is given
by o )

I, = — (27)
where QS is the sigr‘ial charge of an element and 7 is. the time it takes to
read out the element, T = CelRB where Cel is the elemental capacitance and
RB is the equivalent eléctron beam resistance. Assuming RB remains about
the same, the signal current is decreased by 72 times compared to a con-
ventional silicon vidicon targgf element which has the same signal charge.

- Also the bandwidth required is reduced as T increases so that noise de-

creascs; signal-to-noise ratio is proportional to /T, or is reduced in the
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present example by a factor of 8,5. Therefore, if again it takes ~ 1 photo-
electron/resolution cell in the conventional tub; to give S/N = 1, it will take

~ 8,5 photoelectrons in the vernier target. Since it is desirable to operate
with S/N > 1; ‘even .rr;ore signal photoelectr;ms a,re' required, Again'it can be
concluded that such a system is less sensitive than the idéal'vernier de -
tector and all solid state target structures. Additi;)n of another 1ntensifica.-
tion stage may be able to improve this sensitivity at the expense of s'ystc::rp

complexity.

4, IMAGE DEFLECTION AMPLIFIER

The general image deflection requirements will now be addressed,
The VHF image deflection amplifier has to deliver about 200 _volté RMS to
the deflection plates assuming typical image deflection sensitivity of abcnaut
400 V/cm and a 2, 5.cm diameter target ring. The actual electronic configura -
tion would basically consist of a frecllnuenc_\y multiplier chain to convert the
stable clock fundamental frequency.to 150 MHz, a stepped attenuator to ad-
just the amount of deflection, a‘quadrature deflection arr;plifie; and a_helical
resonator tank circuit. The final drive should be balanced and t.he anode
of the vernier dei:ector‘tube should be-at ground potential. The amount of
rf power needed to drive the vernier detector should be less than 5 W from
past experience and should be gated to reduce rf dissipation in the tube. -
The above requirements. could be easily met w_ith ;:urrent transistor' tech—:

nology.
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V1. LASER TRANSMITTER

A, GENERAL
The constraints on the system most directly dete;'mining the choice

of components and operating parameters are:

_pulse width: ~ 25 psec

weight ~ 200 pounds

power input: <1kW

lifetime: one satellite mission - I week.
The range requirements, along with weight and other limitations on large
receiver optics, i;ﬁplies a transmitter output energy for the pulse train
of 0. 03 to 1, 0 Joule in the visible to infrared region.of the spectrum. A
choice for the laser depends then upon (1) its efficiency, since for pulsed
lasers a large fraction of weight will be in storage capacitors, the weight
of which will be limited by permissible systéem weight, and (2) wavelength,
gsince the detector efficiency, diffration losses, and transmission-path
absorption are all wa.lvelength depenat;nt. “An additional option is wave-
length conversion, e.g. a- second-harmonic generator at the laser trans-
mitter, Conversion efficiency then offsets other wavelength-dependent
gains,

B. NECDYMIUM VERSUS RUBY SYSTEMS

System range resolution specifications require a Gaussian shaped

pulse with a 20 - 50 psec FWHM width, At the energy levels required, only mode-
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locked Q-switched neodymium lasers at 1. 06 ym and ruby at 0. 6943 ym
;vould suffice {dye lasers are ruled out by reliability and lifetimne factors).

Power input then implies a maximum repetition rate for laser
firing. Electrical-to-optical efficiency of the lasers under cons-ideration
is low; it must be assumed therefore that cooling capacity equal to the
power input is also available.

‘The choice between ruby and neodymium lasers requires compari-
sons of efficiencies, material damage thresholds, mode control; and
reliabilities, At the power and energy levels contemplated, good trans-
verse beam mode control is necessary, in turn necessitating a laser
oscillator at low power followed by a higher-power amplifier. Beam-~
expanding optics between the units reduces damage to the later stage;
energy outputs of the required levels are otherwise possible in single-
stage oscillators.

In both ruby and neodymium {in glass) systems, the energy-
outputs required do not reach saturation levels in the active optical media.
It is thus useful to obtain multiple pulses out from the system during a
single excitation pulse. ‘Thus‘s. the original prototype system (Ref. 1)
selected a single mode~locked pulse frorz;x a -switched envelope; if ‘

a sequence of these mode-locked pulses could be used, the available
energy at the detector would be multiplied by the number of pulses
used. Given some way to identify the.individual pulses in the Q-

switched envelope in order to determine range properly, an increase
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in the number of pulses used I.{ermits 2 reduction in total (Q-switched-en-
velope) pulse energy for a given detector sensitivity (with the exception
that, for some detection schemes, each sub-pulse must have adequate
energy for a sta.tisticaliy significant individual detection at the receiver).
For both neodymiuni,a.nd_‘ruby, a Q-switched envelope would be ~ 80 nsec
(10% full width); if the vernier is synchronized at 150 MHz to the trans -
mitter {(mode-locked pu‘l-s‘e’ repetition rate) the. iﬁt-er-sub-pulse period-is
6. 67 nsec and the increase in uSeful' energy witﬁ a whole pulse traih, re-
ferred to a single sub-pulse seiecj:edat.j:he Q-switched envelope peak,
would be a fac;tor of ~ 7T, '

For a total enér gy output of '0, 3. jouies, sub-pulse energy wou1‘d
be ~ 43 mijoules at the env;elope pea.‘k. For a mode-locked pulE;ewidth.
{sub-pulse width} of 25 psec, we have a: peak sub-pulse power of 1.8 X 107
watts, This number is i‘r‘nporta.nt, and thus requires more careful compu-
tation based on Sysf:en‘l details and actual pulse-envelope shapes, hecause
material damage is fundamentally lilnited at power densities of 1 to
10 X 109 W’/crn'2 {(Refs. 19, 20, 21), and typ'ical laser rods have cross
sections of ~ 1 “cmz.

Discussion of high power ruby e;,nd’ neodymium mocie ~locked Q-
switched lasers is available m the literature, (Refis. 22, 23) in maz;u <
facturers specifications, (Ref. 24) and from individuals (in partigu}a_r,
those involveFl in recent "‘laser ~fugion research.for the AEC}. Neo-

dymium is available in two hosts: yttrium aluminum garnet (YAG} and
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laser glass. Gain is highgr in YAG; energy storage is better in glass;
and, a.;:lditionally, iarge rods are not readily available of YAG as of glass.
(Re;fs. 22, 23) Thus the systems to be’ compared are a ruby oscilla.to'r-
amplifier and an Nd: glass or YAG oscillator with Nd: glass amplifier.

Nd and ruby systems are easily capable of supplying 30 psec-:wide
pulses when mode-locked due to their very broad gain fréquency band-
widths. Ruby pulsewidths of 2 to 5 psec have been obtained; (Refs. 25,
26, 2—7, 28} in Nd: gia.ss, 3 to 8 psec are typical with signs of subpico~
second substructure' (i?.efs. 29 - 33), Such excessively narrow pulses
are disadvantageous for two reasons: (1) at a given energy; narrower
pulses imply a higher peak power and greater matenals -damage prob—
lems; (2) narrower pulses 1rnp1y greater bandw1dths and thus a larger
receiver filter bandpass Wlth consequent smaller 81gna1/n01se 1mprove—
ment possible by optical filtering, For example, a bandwidth~limited
3 psec pulse (FWHiVﬁ, é}aussian) corresponds to b Aat 1. 06 ym and”
2 A at 0.6943 ygm; a 20 psec pulse, to 0.9 & at 1.06pm and 0,4 & at
0.6943am,. Due to high-power nonlinear effects in Nd: glass systems, -
e.g. self—phas\e modulation, and chirping, (Ref. 34) actual bandwidths
encountered approach 150 A

Nd systems génerally-show short-pulse behavior; ruby systems
do so only with some effort. The desired pulsewidths and bandwidths
might be achieved with a Nd laser by-gpprop}'ia.te optical (perhaps in-

terferometric) bandpass filters, which would probably be required in
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laser oscillator and amplifier. Ina ruby system, a prudent choice of
resonator and Q--swit.ching mode ~locking dye and solvent would suppress
too-short pulse behavior. _

The secon_d-harmor;ic (SH) of 1, 06 um of Nd appears attractive.
Constrained to transparent photocathodes for the vernier detector, we
can obtain greater detector quantum efficiency by a factor of approximately
20 at 0.53um as at 1. 06 um; the cost of conversion to SH is an efficiency
term at the transmitter of 0. 15 to 0. 25(Refs. 35, 36). ‘There would be
a reliability trade-off at the transmitter: the SH-generating crystal would
be exposed to very high peak powers, but successive optical elements would
see much-less-damaging power‘.levels‘; the addition of a SH crystal would
increase somewhat the system zalignment complexity. Some increase or
decrease (more probable here) (Refs. 36, 37) in SH sub-pulse width with
respect to fundamental pulse-w1dth is expected.

One other cons1derat10n 13 .relevant to the chelce of laser type.
electrica.l—mput-to.-opt:.ca.l-output efficiency. The Nad: glass la.ser is ex-
pected to more effic‘iently use pump power than the ruby laser. For example,
in Korad's K-1300 laser system, which is available with either Nd or ruby
active media, the ruby output is 0. 3 that of the Nd output (Ref. 24). Thus
the overall electrical-input to photodetector-coﬁnt-rate efficiency is ex-
pected to be compera:ble for ruby and Nd SH. These data are tabulated
in Table 3, ignering any wavelength~dependent focussing or diffraction

effects and transmission-path absorption.
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Table 3.

Relative Laser Systemn Efficiencies

Quantum Relative Relative Transmitter Relative Estimated Relative pump

by efficiency detector energy wavelength- laser energy relative energy required.

Hm for trans- input % conversion required for laser pump for constant
parent photon rate efficiency constant efficiency detector
photocathode = ¢ detector ’ electron rate

electron rate

1.06  0.0006° 100 . 65 " (1.°0) 65 1.0 ~20

0.6943 0.06 1.0 1.0 (1. 0) 1.0 0.3 - 1,0

0.53 "~ 0.10 0.6 L0.79 - ~4 1.0 ~1. 3

6%

6.15 - 0.25



Two reasons point to ruby as the choice: first, for given input
energy, a lower peak amplifier power {by a factor of 3 to 4} is necessary
in ruby, and additionally the damage threshold for ruby itself is expected
_ to be higher because the nonlinear index, upon which self-focussing depends,
is higher by a factor of 2 for‘ruby (Ref. 20); second, greater ease is expected
in obtaining proper-width (30 - 50 psec) sub~pulges, It is therefore suggested

that a ruby laser oscillator -amplifier system be selected.

C. RUBY SYSTEM
1.  OSCILLATOR AND AMPLIFIER

No system is presently available in the laboratory or commerciaily
which exactly fulfills our present requirements, -and interpolations, extra-
potations, and informed guesswork is necessary. This is based on experi-
ence with older ruby lasers in laboratory service, available data on the
latest commercial equ1prnent (Ref 24) and data. in the 11terature (Refs.
25 - 28) To minimize the p0351b111ty of matenals damage, the la.ser beam
must be maintained in a smooth TEMoo transverse mode. This can most
readily be achieved in a low-power oscillator, utilizing an appropriate
resonator structure, to be followed by an amplifier stage.

Design of the laser amplifier lead would be conventional (Ref. 24).
Several designs for the oscillator must first be compared experimentally.
These designs (Refs., 25 - 28) all entail either ring-cavity construction or
inverting lenses inside i:he optical cavity to obtain reliable TEM_, mode
structure and permit short sub-pulses. The required Q-switching and mode-

.

locking is accomplished by the insertion of a dye cell; appropriate dyes and
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solvents arc cryptocyanine in acetone for 20 psec sub-ptilses and dicyanine
A in dimecthyl sulfoxide for 50 psec pulses.

A sligh! expansion of the beam diameter before amplification would
reduce the peak power density in the later optical elements., A rough target
of 30 mj)oules per Q-switched train of mode-locked pulses from the oscillator
and an amplifier gain of ten for a final envelope energy of O: 3 joule seems
conservative enough to allow for slight optical losses in the polarization
switch (15 to 20%).

2. . POWER SUPPLIES

Until experimental verification is possible, a flashlamp input energy
to each stage of 5 kjoules should be allowed, for a total capacitor storage
capability of 10 kjoules, These capacitors will comprise the largest fraction
of the systerm weight, Commercial pulse-discharge capacitors are available
with an energpgy density of up to 125 joules/pound, implying at 10 kjoules a
minimum capacitor weight of 80 pounds. A more conservative storage density
of 50 joules/pound results in a weight of 200 pounds.

The capacitors considered were Maxwell Laboratories, Inc., Series
M units (Ref, 38); ma'};imum energy density is achieved in the 35 uF, 5kV units,
requiring 23 units for 10 kjoules at 5 kV. 'I‘i'le significant trade-off to be con-
sidered here is lifetime versus weight, since maximum energy density is
achieved at higher voltages and shorter lifetimes; the 125 joules/pound rating
is achieved at a lifetime of 5000 charge-discharge cycles (_2. percent failure
rate). The lifetime of a 23 -unit supply is significantly shorter since, without

great care in paralleling the units, a single capacitor failure may trigger
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other unit failures and thus the irzjepé.rable failure of the entire power
supply. The use of high-voltage, de-rated units increases lifetime sub-
stantially. However, the life estimates available are based on very limited
data and further information must be acquired before-a flying these units,
(Ref. 39).

The failure 1_rnode of these capacitors is dependent on attitude and
geometry, and is iz;lcertain for satellite use (Ref, 39). Catastrophic failure
must be anticipated with some safety measure to protect f:t:om small case
shrapnel; a lightv‘i}e'ight fiberglass container should suffice. Overall weight
of -the capacitors and invertet power supply is estimated to total 100 to
200 pounds. With an estimated weight per lasér stage head of 10 pounds
and for the modhiator (polarization switch) of 15 pounds, the transmitter
system exc‘lusivej of main supporting frame should weigh in at about 140 -
240 pounds. T.he a‘;erage was used in Section 10. .

3. POLAR.IZA'I"_ION SWITCH

- In order t;n identify the individual sub-pulses, it has been proposed
that the pola.rization“of a se.lected sub-puls:a be rota‘ted‘90 degrees. The
polarization switch would be less" sus._ce];tible to damage if placed b-oetween
the laser oscillator apd amplifier stages, Typically ruby laser .outputs
are linearly polarized due to the placem‘ent of optical surfaces a't Brewster's
angle to reducé reflection losses and, in some cases, ciue to the alignment

of the crystalline c-axis of the ruby rod normal to the rod axis. Here the

oscillator would be linearly polarized by Brewster ele'ments and by a 90°
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ruby rod; the amplifier would have optical surfaces normal to the beam,
antireflection-coated if necessary for low loss (and if available for required
power levels) and an unpolarized OOIruby rod. The polarization switch
should be congtructed of KD¥P for its high electro-optic ‘coefficient and
high-power damage. threshold. It would immediately follow.l-:he laser
oscillator and preéede the beam expandel; and laser amplifier. It's design
would substantially follow Ref, 40. A z-cut longitudinal KDP crystal
would be fed a high voltage through a Krytron switch-tube which in turn is
fired by an avalanching-transistor circuit.
4. RESONATOR STABILITY

In order for the separate sub-pulses in a single Q-switched envelope
to appear at the same point on the detector vernier displa:y, the ve'ri;ierlsweep
rate must be accurately synchronized to the laser oscillator resonator's
beat frequency (i. e. the sub-pulse repetition rate). Since the adjustment
of the vernier frequency is difficult, the resonator beat frequency must be
set to the vernier frequency.

For an integrated return image spread of + 5 psec over a duration
of sub-pulses of 100 nsec, we require a fractional fz.-equency match of
+5x 107>, For a vernier frequency of 150 MHz, the resonator (optical)
length would be one meter, requiring an accuracy in length of i 50 ym (or
+ 2 mils). The resonator courld rea.dily: be man;J.fa.ct:ured. to the approximate

o

length and final alignment made in gitu with conventional micrometer adjust-

ments,
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The resona‘to‘-r Opti;:a.l length, and beat frequency, will be dependent
on temperature thro'uéh the thermal expansion and refractive-index coeffi-
cients of the elements. This effect éhters from two sources: temperature
changes of the en\fi;:onment. and .tirne-dep;en;ient temperature of the elements .
during the la,ser-;‘.'i:ring( from absorbed optical pump power. If the ambient
change is + IOOC, ;ypiqal materials expand fractionally by 1 to 2 x 10',"‘jc and
"Invar and fused silica by 1 x 10-5, so that no length corrections would be
necessary; for + iQOOC (unlikely for a manned system), 'mi;:rorr_]ete,r correc-
tions would be requizied and adequate.. The adjustments would be made by
observing the spread of pulses on the vernier display during a test firing
and adjusting the pre-calibrated micrometer{s) on the resonator to correct
the spread on successive_'shots.

The more se.;;'ious I;rob:lem is the beat-frequency sweep li.n time
during the (Q-switched pulse due to ‘heati;;g of the resonator optical .elem;':r'lts: "
b;r the 1a,ser-pump. ’This effect has two components: the change in mean
]::eat frequency due to thermal drift from‘a cold 1:esonator to the mean time
of ou;:put of the pulse's; and the sweep of the be;"a.t frequency during the Q-
swit‘c:hed envelope.  The former is greatest, but can be compensateduii:y an
adjlistrpent of the rr;ic;‘ometerg if n‘;he length. cha:nge i-s reproducible, i,e. if:
the laser firing rate is held constant so that conditions are z:eproduc«ed from
shot to shot. The second component is not readily compensated-and must

therefore be minimized by optimum choice of materials.
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The fractional beat frequency shift-is

. on, oL,
i 1 i + 1 i
Y (o e ) e
df ‘i 1 1 1 1 -
T = (28)
ER

in which n is refractive index, L length, T temperature, f beat fréqv’.enc‘y, and
the summations are over i optical resonator components. Temperature change

of a component is dependent on the absorbed energy de:

de .
4T = V5 (29)

for element volume V, density m and specific heat s. Assume:

laser resonator length ~ 1lm
" ruby rod volume & 10 em’
" " length ~ 10 cm
s =~ 0,2 cal/gm°C
m r~ 4 gm/c:rn3

20% pump-power absorbed in rod:
de ~ 1 kJ

Then dT ~30°C and df/f = - 5 x 10-4.‘ This shift is likely to occur over a

pump time constant of greater than | msec, so that the fractional shift during

8

100 nsec is only - 5 x 107", The sweep during the Q-switched pulse is thus

negligible; but the fluctuation in delay from initiation of pumping until

QQ-switched pulsc output must be less than 0, 1 msec in order that the un-
certainty in the beat frequency be less than 5 x 10"5. This i8 a reasonable

expectation,
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Vil. LASER BEACON TRACKING SYSTEM

- The tracking requirements of the output and receiving optics asso-
ciated with the receiver field of view, transmit beam 'divergerice, and atmos -
pheric refr-a}ctions exceed typical inertial system accuracies, The actual
tracking requirements needed for this -particular application are from
2 x 10_5 -5 x .10"5-'1:adiaris which is well within the state of the.art, .The
microwave interferometer (Ref. 41) beacon tracking being proposed for the
ATIL, satellite could provide the necessary tracking function with the possible
exception of alignment of the microwave and laser system with minimum
boresight errors. The possible uses of this system should be linvestigated
in more detail with special emphasis placed on holding a boresight tolerance
of + 5% 107 radians.

An alternate approach’is to incorporate a laser beacon tracking

r. The basic requirements of

%

system into the preéi‘sion laser- rangefinde
the _system"are th-a.t it be capable of qiaeratiné in high ba;:kground environ-
ment with the desired tracking a‘ccul:acy', o‘f driving a 50 cm diamt.a‘ter
mirror at a maximﬁm rate of 2.3 degrees/sec, and of acquiring the
retroreflector beacon in about 10 sec.

The RMS tracking accuracy of a diffraction limi:ted gystem is
(Ref. 42) ‘

pointing error = _]._B_Z_HZ__Z\_ (S/N)'—1 (30)

r

where A is the laser wavelength, Dr is the diameter of the receiving optics

and §/N is the signal to noise ratio of the opt'ica.l tracking systém. The
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potential tracking accuracy of a 1. 06 pm system should be better than
+8x 10“6 radians assuming 16 cm receivi.‘ng optics.

In order to evaluate approximate power requiremez.'lts of a beacon
tracking system, a representative 1.06 yn system will be analysed. The laser
transmitter is assumed to be square wave modulated at a rate of about 10 KHz
with a receiver information bandwidth of 100 Hz, For the desired 2 to 5
degrees/sec tracking rate, 10 Hz bandwidths could be used. The received

power can be expressed as

o
P > Pbea.v.:‘onc't (et)ArTsysTatm(60 )

rec 4nR2 . {31)
max

where Ar is the ATL beacon receiver optics area, Tsys is the total system

loss, T is the atmospheric transmission coefficient, Rmax is the maxi-

atm

mum slant range between the spacecraft and laser beacon, and Pbeacon is

the laser beacon power needed to perform the mission,

The equivalent beacon antenna gain is expressed in the form

16 exp |- (Zet/cet)z
G, (et) = af [ ] (32)

where @, is the full width (1/e) beam divergence, and 8, is the line of sight
pointing dngle to the tracking receiver and is equal to Crt (0.1°) =4.54x 105
if we assume the beacon is pointed at the spacecraft with an accuracy of

+ 0.1 degree. The beam divergence is assumed to be ZBt. The above formu-

lation can be derived from the definition of antenna gain and assuming a

Gaussian radiation pattern. The received power is
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Prec ™ 6.93 x 10 Preacon- ) (33)
when
A = 180 c:rn2
r -
T = 0.1
SYS
. B o . . Tt .
Ta:tm(éo )} =-0.2, ha..zy conditions
R . = 1.37x 108cm
max :

The background radiation is equal to (Ref. 43)

Hl;BOQiArTrp o
Py = 1 Totm0 ) T,

tm(.so°), W (34)

where H?\s is the solar spectral irradiance incident on the atmosphere
(W Cm-z/i,\, Bo is the passband of the optics receiver filter‘(i), o is the

receiver field of view (rad), Tr is the transmission coefficient of the re-

ceiving optics, T (Gz) is the atmospheric transmission coefficient,

atm
ez is the zenith angle of the laser path,’ and piis the ‘reflection coefficient

of the earth. The resulting background is

10

P, =7.88x10 "W (35)
when
0
= 1A
(o]
H, - 6.5x 10 %W cm 2/A
o —
T, n(0°) = 0.44
I3 g = l
i ' <=2
C\’-r = 1,75 x ‘10 rad
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The signal to noise ratio can be written as

2

rec "
‘ (S/N) “’z;B—“P—b' - {36y

when -one assumes the noise is caused by*the‘baékgroﬁnd and where e is
equal to the charge-on an electron, B is the responsivity of the: photodeteétor

(A/W), and B is the signal bandwidth.
The resultirng signal-to-noise ratio is S/N = 16 dB assuming a
laser power of 1W, typical detector.responsivity of 0.017 A/W and a signal

bandwidth of 100 Hz, The conclusion is that the beacon system is feasible

with current components and the approximate specifications are shown in

Table 4,

"Table 4. Beacon Specifications

Laser power ~ 1W

Tracking accuracy + 0.1 deg

- Tracking rate

I

2.3 deg/sec
Field of view , + 0. 5_ deg

Acquisition time ~ 10 sec
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VIII. RETROREFLECTOR ARRAY SYSTEM

A. GENERAL

The configuration and design of the retroreflector array system is
extremely important in picosecond laser rangefinder applications, since pulse
stretching can degrade measurement accuracy. An accurate determination of
the physical location on the array which corresponds to the lead etige or
centroid of the return pulse is needed for the various geophysical applications.

The return signal can be expressed in the following functional form:

N
Proc () = KD (g)P
n-1

lager (t-tn), watts (37}

assuming that the incident radiation is uniform across the array, the phase
centers of the individual elements dre randomly distributed, and the optical
position of each element remains constant d‘uring the pulse.

The equivalent radar cross section of the nth element can-be expressed

in the following functional form

2
0,(8, 8g) = 16 £(4)A exp [- (20, /e ) ]

2
%

(38)

assuming a gaussian radiation pattern and where o is the return beam di-
vergence, GR is the angle between the incident and return beams which is
caused by satellite motion, A is the capture area, ¢n is the angle between
the incident beam and normal vector to the element s_u:jface, and f(%) is the

reflectance of the corner cube at a tilt angle of ¢ .
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The transmitted laser pulse is P (t-tn) where tn is the round trip

laeer

transit time to the nth element in the retroreflector array. The factor K can

be expressed as

2
' COBé
K = Gt(e_t) ArTthTatten [ atm(oo)] 2 .
= 5 (39)
(4mr?)

where G, (] t) is the eqeive.len’t antenna gain of ‘the transzhitf:ing optics, Ar is
the receiving optics capture area, Tr is the transmission coefficient of the
receiving optics, T, is‘t};‘e transrmission coefficient of the gransinitting optics,
T, tten 8 the transmissien coefficient of the receiver attenuator, Ta-tm(0°)
is the atmospheric treesmission EOeffic{ent at the zenith, ©_-is the zenith
angle of the laser beam, and ii is the slant range to the retroreflector.

If the -retroreﬂector does not produce pulse stretching, the return

signal is an identical replica of the outgoing puise and can be expressed-as

Pree (t) = KI:’la.ﬁser(t-td) cll"(eR) . (40)

where UR(G Ncov(O, BR), and N is the total number of elements.

R) =
Both planar and spherical a:i.-re.y configuratione were considered,
Because of more strin"gent peointing requirements with a planar array, active
ATL trackmg would be requlred The sphencal array concept requu-ee no
active tracking; however’, leadmg edge detectzon is needed. Smce the average
rise time of the return pulse is approximately equal to the laser pulse width,

the timing resolution of the system could be degraded if 25 to 50 psec laser

pulses were unattainable, The size of the sphetrical array is dictated by the
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desired number of photons/cell needed for detection and is limited by the
maximum return pulsg width which does not overlap one cycle of the vernier
sweep. .Two color ranging to & spherical retroreflector may be impractical
because of the resulting pulse spreading. The spherical array concept is also
impractical in daylight operations because of the wide beam divergence

{90 - 120 degrees) and corresponding power requirements of the laser beacon

transmaitter.

B. PLANAR RETROREFLECTOR ARRAY

For the purpose of this study, the planar array seems to be the best
technical approach because of minimum return pulse spreading and output
power requirements needed for the laser beacon.. For simplicity, the laser
pulses will be assumed rectangular in shape with an original width of 25 psec.
The change in pulse width from a planar retroreflector array is

sin(@)

- retro
Atp = = (41)

where ¢ is angle between the array normal and the incident laser béam, ¢ is

the velocity of light and dre is the diameter of the retroreflector array.

tro
For example, an array 36 cm in diameter, a laser pulse width of
25 psec, and a return pulse width of less than 50 psec results in a pointing
requirement of
A =t 0.6,
At least 6 sequential rz;.nge measurements per retroreflector or 6
sets of four simultaneous measurements are required for surface distance

reconstruction. An angular coverage of 120 degrees is needed to perform at

. 7
least 6 rangt measurements if we assume an orbital altitude of 1.85 x 10 ¢cm,
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an orbital velocity oif 7.5 x 105 cm/sec and é. measurement rate :f one
mcai.éurerncn-t every i4 seconds, Active t;rac.kingl is ne-edegi..,

T1.1e chz'lnée in laser return puls'e length will be equal to or less than '
" 4 psec with a pointing accuracy of +0.1 Hegree. In the laser rangeﬁnde‘r
s{;stem, (.:;J.lculaticms a .ﬁmrg: conscrvative i 0.6 degree was assumed..

. “The mount should be designed so that the optical center of the retro-

reflectoi- remains fixed in space as the é.rray is tracking the AT L satellite.

The basii: groﬁnd retroreflector system is shown in Fig, 17 and
consists of the planar retroreflector array, S-band beacon tracking radar
'and laser beacon as a.‘ retroreflector tracking aid, The AT.L system would
include a 5 to 10 Watt S-band beacé:n which the refro‘sy.stem_ could track,

The approximate system requirements are listed in Table 5,
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Table 5. S-Band Tracking System Parameters

ATL antenna gain, Gt =+ 10 dB
Ground antenna gain, G:(és=3 0°) = + 5 dB
Wavelenéth, .. . Mg = 10 ecm
Bandwidth, BW = 1 KHz
Noise figure, NEF = 6dB
System loss, sys = -15 dB
Transmitter power, Ptrana =1l0ow
Maximum range, max = 1.5 x 10% cm
Course tracking, course = 6°
Tracking accuracy, 884 e =0,1°
Signal/Noise S/N =12.3 dB
Acquisition time Tacq = 20 sec
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C. SPHERICAL RETROREFLECTOR ARRAY

The design of a spherical retroreflector array is twofold. First,
the radius of the reflector is dictated l;y the number of photons per resolution
cell needed for detectio.n'. The active reflecting area of the array lis approxi-
mately -

Aact ~mem Tretro AR (42)

where T etro is the radius of the spherical array, andAR is the desired range
resolution, For a 200 cm retroreflector and 2 4mm range resolution, the

active area is 503cm2. The increase in the return pulse width is governed by

the radius of the array and the desired angular coverage and is equal to

' 4rretro 2 ernax )
AtR = --—C—--- sin - (43)

where 8 is the full width angular coverage.
maXx :
The return width would therefore be equal to 3.9 nsec for an angular
coverage of + 90 degrees.
The second design criterion is that the return pulse does not overlap
the vernier receiver sweep period‘. The pulse encoding and dec'ogling'scherrie
shown in Fig., 12a is impra.ctica.l because of pulsé ovefla.p.

The total area of the array is

0
2 max .
AR = 2ﬂrretro l - cos(—-z-—) (44)
2

and is equal to 7.36 x-10° em® for Gmax = 90 deg. Assuming an individual
retro cube area of 20 cmz, a packing factor of 91%, 3349 retro cubes are

needed for the above design.
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The spherical array concept has potential, however, for wide
angular coverage and daylight operations, the design becomes lairge, expen-

sive and places severe system requirements .on the lasér beacon transmitter.
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IX. SYSTEM PERFORMANCE.

A, SPECIFICATIONS

The expected.pgrforma‘nc;e of the precision rangefinder sfst.em‘will
now be calculated. -‘Th‘é out‘pl;t pulse train is assumed to be i:xlaa.de up of 13
Gaussian shaped pulses with (FWHM) widths of 23,5 psec or_an equivalent
rectangular pulse w‘idtl}‘of 25 psec. The distribution of pul.se amplitudes is
also.assumed to be C;é.ussia:n with a width egual to 80 nsec b;etween 10% points
or equivalently 44 nsec (FWHM). The energy in the entire train is 0.3 joule,
and the separation between adjacent pulseg is adjusted to ‘6. _66'67 + 0. 0007 nsec.

The System- specifications a:re given in Table 6, These specifica-
tions may not be optimum for a specific application, however, the perform-
ance calculations will demcﬁstrate that the flight test objectives can be easily
met with the postulated characteristice., The system p.a,ra.meters :.:Lre w'itl; the
state-of-the-art- for la.borator{( devices. Some R aqd D effox:t is nee-ded‘t;)

space qualify the various system components,
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Table 6. ATL Rangefinder System Specifications

Wavelength A = 0.6943pym
Total energy in train ET = 0.3 joules
Energy in largést‘pulse Ep = 0,0437 joules
Peak power Pp = 1.75 x 107 watts
Rectangular pulse width tp = 25 psec
Maximum pulse rate : 5 pulse/min.
Bandwidth o - 3 Bx
Transmisgsion coefficient of Tt =90.5

trans. optics
Transmission coefficient of _ T, = 0.1

rec. optics
Return attenuator = 0 to 30 dB

atten ,

Receiver area Ar = 180 em?
Retroreflector area Ar = 1000 crn2
Transmit beam divergence o, = 2 x 1(}‘“4 rad
Retroreflector beam divergence a, =1x 1074 rad
Receiver field of view ar(O. 6943um) = 4 X 10"4 rad
Receiver field of view @ (1.06um) = 1.75x 1072 rad
Polarization logs (coarse) TP°1 =0.5
Polarization logs (vernier) TPOI =1.0
Solar spectral irradiance H}\B(O. 6943um) = 0, 137x% 10'4W cme/f&
Bore sight alignment eb;)re = £5 X 10°° rad
Optical beacon tracking Birack = I3 X 1075 rad

accuracy

L

Tracking rate e -3 deg/sec
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B. BACKGROUND RADIATION

The background radiation from a reflecting earth that reaches the

various detector photocathodes can be expressed as

v.,C

18 2 .
Pb =1,26.%x10 Mp.m)HlsB ¥ AT p

or r v

. (45)
o (“1+1/'cos'ez)

Tat_tenTpol [Tatm(o )]‘ , photons/sec

where H, _ is solar spectral irradiance incident on the atmosphere, Bo is the

passband of the receiver optical filter in .ZL, o is the receiver field of view

in radians, A _ is the collecting area of the receiver telescope in cmz, T_ is

the transmission coefficient of the receiving optics, T is the transmission

atten

coefficient in the re(.:eiving optical path, Tpol is the polarization loss,

’.[‘atm(Oc ) is the 'atmos'pherié transmission coefficient at the zenith, Gz is the

zenith angle and is defined in Fig; 18, and .p-is the earth reflection coefficient.
For the worst case background, the sun is assumed to be directly over-

head of the retroreflector, For the coui’ée range de’tgctoré a, polarization

loss of 0,5 is assumed since t:he Glan-Thompson prism will only pass 50% of

a random polarized background, The vernier réc'eiver background calcula-

tion assumes no polarization loss.. Theé results are.plotted in Fig, 19 as a

function of atmospheric attenuation and zenith angle. The superscripts C and

V denote-the course and vernier detectors respectively. For the purpose of

false alarm rates, an earth reflectivity of unity will be assumed.
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G. RETURN SIGNAL PHOTONS

The number of return photons can be expressed in the following

form (radar equation)

C,V_ EP,'T(joules)?\.(um)

8 -19; 404

E
’ (4mR™)

G (8 )A T T.T .
1.99x10 £ t‘ rTrTt  attén

_ . 2/cosb
* c‘TR(QR)[Ta.tm(o {l

where EP T is the transmitted energy in the largest pulse or total energy in

z, photons (46)

the pulse train, A is the laser wavelength in gm, R is the slant range to the
retroreflector, and O(GR) is the equivalent cross section of the retroreflector.
The equivalent gain of the transmitting optics is given in Eq, 32, The
worst case point error is assfzm.ed to be equal to
’ ]

t = Bi:aore + et:ra,ck (47)

where ebore is the boi'esight error and etrack is the optical beacon tracking
accuracy. For optimum signal the beam divergence is set equal to zet;
The retro;'eflector. radar cross section is given by Eqs, 38 and 40,
The above analysis is patterned after the standard radar approach and assumes
Gaussian radiation patterns for the transmitting and retroreflector -optics,
Since the satellite has changed position from the time the (;)utgoing
pulse was transmitted to the time the return pulse.is received (transit times

range from about 1 msec to 10 msec), optimum signal is obtained when the

beam divergence is set equal to two times

Y ‘ (48)
GR = 24 cos ta.nd( T )
c - >
) X Z

)
T t4r
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where GR is the angular change in the satellite position, u is t:he satellite
velocity, and c is the velocity of light in vacuum. Without active focusing

- the optimum beam dix-rergeﬁce cannot be realized. The calculations were per-’
formed with op equal to 10™% radians which corresponds to twice the rn_a,ximuz-'n
_ angular position change,

During the entire pulse train the phase across the retroreflector
face is assumed to be constant. The maximum change in the opti—cal delay
across the retroreflector array from the first to last i)ulse is less than 1°
assuming an orbital altitude and velocity of 1,85 x 107 cm and 7.5 X 105 cm/sec
respectively. -

The geometrical factors appearing in Eq. 46 can be derived from
the geometry shown in Fig. 18. . The subscript T denot'es the satellite position
when the outgoing pulse train is transmitted and the subscript R denotes the
satellite position when the return pulse train is received. - A minimﬁ-m‘ and

7 to 5. 56 X 108 cm were assumed.

maximum orbital altitude of 1,85 X 10
Calculations of the expected number of signal photons incident on the course
and vernier detectors are presented in Figs. 20 through 23. The equivalent

T

antenna gain of the transmitting optics is obta_.ined ‘from Ecis. 32 and 47 and
the equivalent radar cross section of the retrérefiector is calcuiated using

Eqgs. 38 and 48." The other system parameters appearing J:.n Eq, 46 are de-
fined in Table 6, B

The number of signal photone received by the course detector is

plotted in Fig. 20 as a function of atmospheric attenuation and zenith angle.
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In this example the spacecraft pa.es directly overhead of the ‘retroreflector
(x =X = 0). ‘I‘he miinimum altitude is equal to 1. 85 x 10’ cm and the maxi-
mum altitude is equal to 5. 56 x 107 cm. The range in atmospheric attenuation
can be found in Refs, 5 and 44. The correspondmg number of mgnal photons
received by the vernier detector is a factor of 6,87 greater than the course
detector since the verr}ier system is integrating tl_le_e‘ntir‘e pulse train,

The same parameters are plotted in Figs. 22 and 23 except that the
retroreflector is located cross range by 1.85 x 107 em for the minimum
orbital altitude (1. 8‘5 X 107 cm) and by 5. 56 X 107 cm for the maximum orbital
altitude {(5.56 X 107 cm).

D. SAMPLE MISSION PERFORMANCE

The detection probability and false alarm calculations are presented
for clear and ha.zy‘atn;ospheric conditions and a flight geometric corresponding

to Z.. = 5.56 x 107 cm,'u = 7.5 X 1'05 cm/sec, and a cross rainge XI.=5.'56x 107cm.

T
These worst case ﬂlght pr..rameters represent expected return s:.gnal con-

ditions. For the purpose of thls sample calculatlon, the course detector

%

threshold was set at N =3 photoelectrons and the vernier thresho}.d was set

T

= 4 photoelectrons. The return gate width, tG’ was assumed to be 10~ -3

at NT
sec, The attenuator located in the receiving optical path was set by the previous
signal strength recorded by the course range peak detector. A threshold of

63 photons was used in these calculations since that produces a reasonable

detection probability of 0. 99 on the course detectors and 0.999 on the vernier

system,
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The background levels were obtained from Fig. 19. The expected
number of signal photons at the course and vernier detector photocathodes are
obtained from Figs. 22 and 23 respectively. The resulis are tabulated in
Tahble 7 for two atmospheric conditions. The various geometric parameters
such as slant range and zenith angle are also tabulated. For the purpose of
this example, the measurement rate is equal to one range measurement every
14 sec. -

The corre;ponding detection probabilities and false alarm rates are
derived from Figs. 8, 9, 13, 14, and 15,

At the worst background rate of 1, 05 x 108 photons/sec, the course
detector would have an average false alarm rate of 3 X 1073 assuming a
detection threshold of 3 photoelectro;aa. Tl;e vernier detector has a false
alarm probability per readout of about 0 15 if we assume a return gate width
of 10 psec. Since the high background levels are accompanied by large signal
levels, an active optical AGC system would improve the vernier false alarm
characteristics. An alternate approach is to incorporate an optical delay line
in the receiving optics and gate the vernier detector on and off with the course
range detectors. The return gate width could be set at about 200 nsec which
results as a false alarm probability per readout of less than 0.001,

The simpler AGC attenuator approach will now be addressed. The
false alarm rates and detection probability assuming the flight conditions
given in Table 7, receiver gate width T = 10"3 sec and no attenuat{on in the

optical attenuator, T = 1,0, are tabulated in Table 8, The results

atten
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illustrate the need for active signal AGC. For the same physical condition,

the resulting detection probabilities and false alarm rates with T set by

atten
the peak signal received at the last range measurement are given in Table 9.
The results are appa'r_ent. The false alarm rates are reduced t':c;..tolerable
1evé;s at the high signal co’ndi_ti‘ons.: The false alarm rates s};own in Table 9
are reduced to less than 0. 001 under a~vera:ge earth reflectivity of 0.3. ‘
Since the vernier sy.'é:.t.ez'n is degraded by‘ backg:t"ound counts, the high thres-
holds improves performance'if active return gates are not employed. The

actual gsystem has improved false alarm performance by active gating; how-

ever the system complexity may outweigh the improved performance,
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Table 7. Signal Photons and Background Levels,
! u=T7.5X 105 cm/sec, ZT = ZR_ = 5,56 X 10? cm
v C s G o
Time YT R eZ ES /Tatten ES /Ta.tten Pb /Tatten Pb /Tatten a.trn(o)
{sec)- _(cm) . {cm) (deg.) (photons) (photons) (photons/sec) (photons/sec)
i 0 | -1.05 x 10% | 1.31 x 10% | 64.9° 48 7 9.87 X 10° | 4.94 X 10° 0.25
& 7 8 3 5 '
14 | -9.45 X 10' | 1.23 X 10 63.1 88 12 1.21 X 10 6.05 X 10 0.25
1 B
— 7 3 6 5
8 | -8.40 X 10° | 1,15 X 10 61.1 162 23 1.47 X 10 7.35 X 10 0.25
; . 7 3T, ' , A 5 ;
42 | -7.35 x 10’ | 1.08 X 10 58.9 284 41 1.77 x 10%. | 8.85 X 10 0.25
T B ‘ ‘ 3 0
56 | -6.30 X 10 1,01 X 10 56. 5 486 70 2.11 X 10 1.06 X 10 0.25
7 8 ' ‘ 6 6
70 | -5.25 X 10 9.45 X 10 54, 0 792 115 2.46 X 10 1.23 X 10 0.25
140 0.00 7.86 X 10° | 51.4 2690 392 3.68 x 10° | 1.84 x 10° | o0.25
0 1.17 X 10| 1.70 X 10 4.91 x 10 | 2,46 x10' | o.8
z 7 7
14 1.52 x 10%] 2.21 X 10 5,08 X 10 2.54 X 10 0.8
) . 7 7
28 2.00 x 10%| 2.91 X 10 5.24 X 10 2.62 X 10 0.8
42 2.5|6 x 10%] 3.73 x 10 5.40 X 100" | 2.70 X 10" 0. 8
56 3,28 X 10%] 4.77 X 10 5.56 X 107 | 2.78 x-10' 0.8
. - 3 T &
70 4,13 ¥ 10% 6.02 X 10 5.69 X 10 2.85 X 10 0. 8
140 7.23 X 10| 1.05 X 10~ 6.07 X 107 | 3.04 X 107 0.8
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Table 8.

Detection Probability and False Alarm Rates
without AGC, Flight Parmeters Given in Table 7

Vernier Detector

Coarse Detector

('1;1;?)@ Toen | PNy, = 4) FAR (t = 10”3 Po(Np = 3) FAR (N, = 3) atm(0)
0 1.0 0.1 0.008 <o,1 <107 0.25
14 1.0 0.5 0,017 <0, 1 <107° 0,25
28 1.0 0.92 0,042 0. 42 <1077 0.25
42 1.0 0.997 0,085 0. 87 <107> 0.25
56 1.0 >0.999 0.17 0.996 <10”° 0. 25
70 1.0 > 0. 999 0.35 >0. 999 <10~° 0.25
140 1.0 >0, 999 ~1.0 >0, 999 <1077 0.25
0 1.0 >0, 999. ~1,0 >0.999 3 X 1070 0.8
14 1.0 >0.999 ~1,0 >0, 999 3 % 107> 0.8
28 1.0 >0.999 ~1.0 >0, 999 3,3 X 1072 0,8
42 1.0 >0,999 ~1,0 >0,999 3,5 X 10 ° 0.8
56 1.0 >0.999 ~1.0 >0, 999 4 x 107° 0.8
70 1.0 >0.999 ~1,0 >0,999 4,4 X 10°° 0.8
140 1.0 >0, 999 ~1.0 >0.999 4.8 X 107° 0, 8




LL

. Table 9.

Detection Probability and False Alarm Rate’
with AGC, Same Conditions as Table 7

. EV PV Vernier
;1‘81;2? Tatten (photins) a,ti'n(oo) g(photo:s/sec) PD(NT= 4) m(th 10-3)
0 | 1.0 48 . 0.25 9.87 X 10° 0.1 0,008
14 1.0 88 0,25 .21 x 10° 0.5 0.017
28 1.0 162 0.25 1.47 X 10° 0,92 0,042
42 1.0 284 0,25 1.77 X 10° 0.997 0.085
56 1.0 486 " 0.25 2.11 x 10° > 0.999 0,17
70 0.89 705 . 0.25 2.19 x 10° > 0.999 0.24
40 0.17 . 457 0.25 6.26 X 10° > 0,999 0.0012
0 1.0 1,17 X 10% 0.8 . 4.91 X 107 > 0. 999 ~1
14 | 0,037 562 0.8 1.88 X 10° > 0,999 0.1
28, 0.028 560- 0.8 1.47 x 10° > 0.999 0.045 °
42 0.022 " 563 0.8 1.19 x 10° > 0.999 0.017
56 0.017 558 0.8 9.5 X 10° >0.999 0. 0065
70 0,013 537 0.8 7.4 X 10°, > 0,999 0. 0025
140 0.0062 448 0.8 3,76 X 10° >0.999 <0, 001 '




X, REPRESENTATIVE SYSTEM

A, OPTICAL LAYQUT

A representative optical layout is shown in Fig. 6. In the p,ctual con-
struction and detailed optical design, care must be taken that high quality
optical components are used.so that near diffraction limited performance is
obtained. For example, the primary receiving mirror should be of the highest
quality {e.g., A/20) gince the bore sight alignment of the transmitter and
return channels is impor.tant in this application. Assuming that the outgoing
beam is gaussian with a (llez) radius of 1.2 e¢m and a 64 cm focal length
primary mirror, the outgo.ing and optical beacon channels can be aligned

5

to better than 3.75 x 10~ radians if diffraction limited optics are used,

The background rejection filters are si_:aged to reduce flourescence
problems. The actual b_andwidth- requil"ement.s are governed by dopple; sh:ifts
and transmitted pulse spectrum. Assumi;zg a. rectangular 25 psec laser pulse, a
ma;cimurn directed spacecraft velocity toward the retroreflector of 7.5 x 105
cm/sec and a laser wavelength of 0 6943 pm, vields a 1A bandwidth require-
ment. A more conservative 3Awas used in the system calculations. Care
must be taken in the selection of the 1-r1arrow band filter to insure that the
desired filter stability and polarization characteristics are realized. (Ref. 42)

If detection thre'sholds of 2-4 photoelectrons are used,‘
careéul optical layout and design is needed to minimize the amount of

scattered and reflected light reaching the detectors. Special attention

must be given to minimizing stray electrical signals.
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B. GUIDELINES TO WEIGHTS, VOLUME, AND POWER

The rough estimates of the various systerm component weights,
volumes and power requirements are listed in Table 9. The sum total volume
will never be realized because of packing. The optics, laser, and receiver

3

volume is about L0 X 1()5 cm”. The total electronics volume is 7. 7 X 104 cm3

assuming unity packing factor. Assuming a 150% packing factor results in
volume needed for the electronics of 1.20 X 105 crn3 and a total volume of

2.2 X 105

3 . . . .
cm3 (0.22 m™)., With careful mechanical and electronic design, the
size, weight, and volume restriction should be able to be satisfied.

Table 10, Estimated Component Weight, Volume and Power

Wt. (Ibs.)  Vol.(ecm”) Power(W)

i

Liaser head - 1o 9, 000 -
Laser amplifier ' 10 1, 500 -
Polarization mod., 15 1,000 10
Capacitor bank 150 45, 000 900 *
Freq. standard ‘15 10, 000 30
- Time interval meter 15 10, 000 30
' Vernier det, 10 3, 000 15
Course det. 15 4,000 15
Background rec. 5 1,000 7
Vernier driver 5 400 10
Master timer 10 : 5, 000 . 10
CCD electronics 2 1, 000 . 5
Optical tracker 20 - ~ 8,000 30
Computer 4 2, 000 10
Optics - 10 10, 000 -
Display panel 5 3,000
Supporting stxj‘ucture ) 100 ) 10, 000

401 Ibs. 1.23x10° 1,070 W

*Based on 80% efficiency in charging capacitars and measurement rate
4.29 PPM.
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The actual system géorﬁetrical configuration may differ from the character-
istics givem in Table }0; howevera factor of 2 reduction in weight or size is
?mproba—bie since the v-veight and size are goverﬁed‘ by the -capacitor bank,
charéing rate, and efficiency of the laser. The numbers used in this resPect”
are at this point in time si;ate -of-the-art. -
The s1multaneous ra.ng1ng to 4 1ndependent reflectors on the earth's
surface requires one transmltter sectmn fm.n" mdependent trackmg optlcal
systems and a course and vernier receiving system capable of 1dent1fy1ng the.

returns., The expected total weight would be 632 lbs. , the expected power

- 3
requirements 1385 Watts, and thé total system needs about 0.5 m volume,
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X1, FLIGHT TEST EXPERIMENTS

Al MISSION PROFILE

The sequence of events leading to a set of range measurements are
outlined in this section, The‘ spacecraft is first. manually oriented to provide
maximum viewing time, The steering mirror is positioned to allow ac.quisi-
tion of the beacon laser., The ground reflector system is activated about
30 sec i)rior to the ranging measurements and the 5-Band beacon-tracking
system locks onto the ATL beacon, After the laser beacon tracking system
has acquired the retroreflector beacon, the system is ready to perform the
desired measurements, During each range measurement, line of sight angle,
exact transmit time, background, and meteorological data are recorded along
with the range data.

Man's role is to maintain equipment, to calibrate;, to check electrical
performance, to check opticai pez1:':E_&)1:rnr:!.nc:e,‘1 to'récor;i data, to provide*
coordination with other e:gperiments, to sﬁut down equipmlent, and to"secure
for reentry. Specialized functions such as optical alignment, focusing, and borce-
sight adjustments whic:h cannot be maintained with enough precision during
launch, will have to be Performed in orbit, During the measurement phase
f].a.SI:l lamp replacement, laser cavityadjustment, and range calibration may be
needed., The laser cavity will need periodic adju,stments so0 a8 to maintain
the desired frequency stability between the modelocked train and vernier
detector sweep frequency. This functiTon is performed by minimizing the
reference pulse width recorded by the‘ ver'nién’: systern as .the cavity is -

mechanically adjusted, Prior to actual ATL to ground measurements the

81



system should be calibrated and checked out optically to insure maximum

sensitivity and timing resolution.

B. OPTICAL ALIGNMENT

The system is a precision optical instrument with near diffraction
limited performance. As a result, optical bore sight alignment of the optical
tracker, rangefinder receivers, and transit beam must be. performed in orbit
since the optical performance probably cannot be-maintained during launch.
The optical tracking system should be designed to aid in the bore sight align-
ment. Specially designed optical filter should be incorporated in the laser
beacon tracking system to allow some-transmission at 0, 6943 pm.

During the alignment procedure, the 0.6943 pum transmit beam would
be attenuated. A small retroreflector is placed in the outgoing beam as shown in
Fig. 6. The steering ‘mirror my would be adjusted so that the image was
centered on the optical tracker. After the tracker and rangefinders are bore
sighted, the course and vernier receivers may need re‘-aiignment. The center
elements of the vernier target arra;.y are used fo;- this purpose;— Finally, the
adjustable field stop is centered and adjusted to the desired field of view
needed for the particular experin’nent. The output attenuator and calibration
retroreflector are removed and the system is ready for use. The beam ex-

pander can then be defocused as the mission requires.

C. RANGE FINDER PERFORMANCE MEASUREMENTS

The objectives of these range measurements are to obtain the neces-
sary data needed to assess the performance and accuracy of the rangefinder
system under various‘a'.tmos-pheric and background illumination conditions.

To this end, a special block retroreflector design cculd be used to rheasure
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the differential range resolution and vernier detection sensitivity., The basic
configuration is shown in Fig. 24,

The actual return recorded by the vernier system consists of many
individual pulses having different amplitudes and range separations, The split
level array should be designed with 25, 50, and 100 picosecond pulse separa-
tions and return amplitudes corresponding to 10, 30, 100, 300, and 1000 cm2
intercept areas. The above composite return spans 875 picoseconds, thereby
satisfying the requirement that the return be less than one vernier sweep
period. The results of 2 single measurement set yields information about the
detector sensitivity and differential range resolution and are insensitive to
atmospheric effects.

The range resolution can also be inferred by simultaneously ranging
to four accurately positioned retroreflectors. The six inter-reflector distance
should be measured with a two color laser ranging system if possible and the
individual reflectors should be located within the transmit beam. In this
application the receiver field of view and transmit beam divergence would have”
to be increased to allow simultaneous illumination. The present system has
enough signal margin to allow a 3 to 10 mile spot size on the ground when
operating at night in a clear atmosphere, The system af:curacy. ;:a,n be in-
ferred by using three of the satellite-to-ground distances to fix the position
of the satellite and the fourth measurement to obtain the closure error. In
the case of the rangefinder system shown in Fig. 1, the above concept is
more difficult to.implement since the vernier receiver is not equipped to
identify which output pulse belongs with which reflector, Return signature
encoding could be implemented, however the schemes become complicated

with increasing number of pulses to be unambiguously identified.
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If the rclative position of the satellite is known to within a few meters
by means of ground based laser ranging, the range accuracy <;an be inferred
by assigning each return to a specific reflector and then examining the closure
errors of each of the 24 possible solutions. This technique is questionable
without an extensive error analysis for the particular geometric configuration
and expected measurements accuracies.

The absolute range accuracies and sirstematic errors are best
‘measured directly in ground or field testing over well instrumented 5 to 10 km
paths. The satellite to ground a.‘bsolute a:.c:curacy can also be determined by
accurately fixing the satellite with ground laser ranging and an accurately
positioned retroreflector,

During all range measurements, background levels and meteorologi-
cal data should be monitored and recorded,

In all of the absolute range measurement missions, the slant range,
and line of sight angles should be used to transform tl‘le actual range measure-
ments to the ATL center of gravity, -

The ra}lge results should then be checked against other system alti-

meter and satellite ephemeris data.

D, GEODETIC MEASUREMENTS

The distance between two surface points can in principle be dete r-
mined assuming a local Keplerian orbit, a.r-xd measuring at least six séquential
range measurements per site and the exact transmission time. “

Assuming a total measurement time of 200 seconds, {measurement
rate = 4 min'l, base line = 50 -~ 100 milegs, a.nd satellite velocity =

7.5 x 105 cm/sec) the frequency, standard should have an accuracy of
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Afff=6,7x 10'9

if the satellite position error is to be less than I cm, - Nine
measurements per sité should provide better local orbital reconstruction since
position, velocity and acceleration terms ca;n be; obtained, Dependiﬁé on the
time required to complete the set of n_lea.suremen{:‘sland ’c—he ground dista.,nce
.involved, microscopic otrbital pertibations \&:{li ﬁltimaéély 1imit the accuracy
of the surface distance reconstruction. A ;rnor.e ac-curate tiec\:hnique for surface
distance reéonstruééion is simultaneoud ra.'ngin.g from the satellite‘to‘four
ground retroreflector sites, Six sets of four sin:'xultaneous measurements are
needed to solve for thé six unknown surface distances, In this case, the
orbital form is not needed for the inversion. Howevér,' for large base line
measurements, the transmit beam does not simultaneously illuminate the

four retro sites. Under these circumstances, four independent tracking
optics and receiver Sy-s{:ems are needed, Retroreflector return signature

techniques can be used if stepped retroreflectors -and vernier receiver return

pulse decoding are employed,

E. ADVANCED GLOBAL GEODETIC SYSTEM,

In view. of the microscopic orbit perturbations and satgl}itp limita -
tions on system pow;ar weight and volume, the most sensible global geodetic
laser ranging system. would consist of 2 single color sequential satellite mode-
locked laser rangefinder and four simultaﬂeous ground based two color laser
rangefinder systems. The ground based systems would be used to update
satellite ephemeris data and accurately fix its position in space and time.

Two color ranging is used so that the necessary range pregi‘sion could be
maintained at large zenith angle look angles needed for inter-continental base

line configurations. Only three ranging systems are needed to fix the satellite
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-pos:ition_ if the location of each site is accurately known. The four ground
;aa.sed systems are therefore initially used to obtain the exact locé}.tion of the
.sites by simultaneously ranging from the ground to the satellite, After the
.initiai phase, only three sit'esf are needed. In order to reduce the site to site
timing éynéhronization, the satellite system should be equipped with instru-
mentlatipnito measure the differential time of arrival of the four ground based
laser ranging pulses.

The satecllite-based single color ra:nging syster;n c,oullci then be used
in determining the position of secondary retroreflector sites by making three
secjuentiall range measurements along with the grpund based fix information,

Since the positi;m determination of the secondary r-eflector-sites can

be made near the :zenith, the atmospheric rangeé correction uncertainties can

be kept to a minimum, thereby requiring only a single color rangefinder.
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XII, CONCLUSIONS

With state-of-the-art vernier detector technology, it is theoretically
possible to design a pulsed laser rangefinder system having a range resolution
of + 0.8 mm. Thé-basic receiver consists of an image tube having two-axis
deflection, ultra-stable VHF electron beam deflection driver, CCD target,
associated readc')_ut electronics, and course range counter. With the CCD tar-
get, it is expec‘t'ed that the detection of two to four photo-electrons per cell is
possible., With this sensitivity and timing accuracy, the receiver has potential
in a two-color ranging application,

The single color system analyzed in this study has the potential range
resclution of * 0,4 Cm neglecting retroreflector and a.tn‘mspheric effects, For
worst case conditions accuracies of + 2, 0 cm should be possible, The Cerro
Gordo results presented in Sec, II support this contention. The system per-
formance analysis clearly demonstrates that detection probabilities of greater

+

than 0,99 can be expected at ranges less than 1000 km, zenith angles less

*
¥

than 55° and under hazy atmospheric conditions, The above performance

£

easily satisfies the migsion requi?ement to range from the ATL space-
craft to the ground, For the minimum orbital altitude the laser amplifier
could be deleted without degrading performance.

The weight, size, and power requirements are technical estima-tes
only; however, they do represent conservative numbers in most cases since
the values were derived from available laboratory equipl:nent which has not

been designed for minimum weight, size or power requirements. The laser
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transmitter is available; however most s§ystems are not space qualified, The
vernier detector is a development item and hardware development should be

pursued in the near future.
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