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ABSTRACT

A detailed feasibility and preliminary design study for the application
of a Scanning Celestial Attitude Determination System (SCADS) to a synchronous
satellite is presented, Two operational modes are considered--a spin
stabilized phase in which the synchronous orbit is established from an in-
clined transfer ellipse and a three-axis controlled phase in which the syn-
chronous spacecraft is pointed along directions close to local vertical, The
mission profile for the ATS F & G program is used as reference. Accuracy
requirements in the spinning mode are 0°1 in pointing and 0,03 percent in
spin period, For the three axis mode a precision of 0%01 in each axis=--yaw,
pitch, and roll-~is desired.

Three SCADS sensor configurations are investigated--a spin mode sensor
in which the scan is provided by the vehicle motion, a three-axis mode sensor
in which the scan is provided by a synchronous motor, and a dual mode sensor
which combines both capabilities in one instrument., With minimum restrictions
on the launch window to avoid interference from the sun and moon, it is found
that all three configurations are feasible and suitable SCADS designs are
evolved, However, it is found that the combination of the two single-purpose
sensors gives superior accuracy performance and higher reliability than the
dual mode sensor, The approach employing separate SCADS sensors for the
two phases is therefore recommended for the ATS F & G missions,
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INTRODUCTION

STUDY OF A SCANNING CELESTIAL ATTITUDE DETERMINATION
SYSTEM (SCADS) FOR A SYNCHRONOUS SATELLITE

I. INTRODUCTION

The results of a detailed feasibility and design study for a scanning
celestial attitude determination system (SCADS) applicable to a synchronous
satellite are presented. Where specific orbital or spacecraft parameters

are required, they are taken from the preliminary specifications for the
ATS-F&G satellites.

It may be noted here that the work performed specifically for this study
emphasized those aspects of the application of SCADS which are peculiar to
the launch and operation of a vehicle in an equatorial synchronous orbit.
However, a number of more general results obtained in previous studiescl'aj*

are included in order to make this report more nearly self-contained.

A, The SCADS Concept
SCADS represents a means for obtaining spacecraft attitude to very

high precision with relatively simple instrumentation. In the three sub-
sections which follow, the measurcments required of this instrumentation,
the data identificat.on operations performed on these measurements, and the
reduction of resultant known pattern of measurements to a determination of

the spacecraft attitude are briefly described.

1. Star Transit Measurements
The measurement environment consists of the brighter stars of the

night-time sky--stars which are bright enough so that an observer on Earth

BRI~ AR et 28

finds them clearly visible to the unaided eye. The positions of these stellar
"targets'" are carefully and completely documented and they are sufficiently

far away so that they may be treated as point sources with negligible

parallax for satellite operations in the vicinity of the earth. In short,

the bright stars provide a nearly invariant fundemental frame of reference

*References indicated by [..] are tabulated at the end of the report,
1




INTRODUCTION

which needs updating only very occasionally and then only in the star
catalog, not in the physical alignment of the instrumentation on board the

vehicle.

The SCADS instrument itself is designed to detect these stars in as
nearly a passive manner as possible. To insure that a number of relatively
bright stellar targets can be acquired by SCADS, the instrument employs
a large optical field of view which covers a significant portion of the
celestial sphere. Detection and ""measurement" of the stars is achieved
by placing a pattern of light-transmitting slits (often only one) in an
otherwise opaque focal plane reticle in the optical system. The pattern
of slits is caused to scan across a portion of the celestial sphere, either
directly through the motion of the vehicle itself as with a spinning
satellite or through some low-power reticle drive motor as would be required
if the vehicle attitude were stationary in celestial space. As the slit
scans across the focussed "point" image of a star, the starlight is gated
through the reticle and sensed by a photodetector behind the image plane.
The signal from the photodetector is used to gate another signal which
characterizes either the time or the azimuth angle of the slit at which
the star is centered in the slit. The process is shown schematically in

Figure 1.

The fundamental raw data from the SCADS instrument thus consists of
a set of transit times or transit angles. In order to solve the three-axis
attitude problem, at least three spatially independent measurements must
be taken. With a single slit, only one type of spatial measurement can be
made for each star; thus, at least three different stars must be detected.
If more than one slit is employed, a pattern may be arranged so that both
azimuth and elevation angle values can be inferred. Under these conditions,
each star can give two spatially independent measurements and a minimum of

two detectable stars is required.
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Figure 1l: Schematic representation of a Scenning Celestial
Attitude Determination System (SCADS)
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INTRODUCTION

1f the attitude is changing with time, then rate information as well as
the specific instantaneous attitude is desired, Each rate variable which
is added requires an additional transit measurement. Theée, however, need
only be independent in time from the others so repeated transits of the
same three stars on successive scans would be sufficient, As a practical
matter, the number of stars detected should exceed the minimum number to
aid in identification of the pattern of transits with a known pattern of
stars, Further, the number of transit measurements should exceed the
number of variables sought in the solution; overdetermination of the system
of equations coupled with a least-squares fit reduces the overall system

error.

2, Star Identification

In the next section the problem of determining attitude is discussed in
terms of an equation which must be satisfied whenever a known star is in
the sensor slit. The key to the section which follows is the phrase "known
star'", for the problem of identifying stars from their transit times 1is
discussed in the following paragraphs. The problem consists of establishing
a one-for-one correspondence between transit times and star names (or catalog
numbers)., Since absolute stellar magnitudes will not be measured by the
sensor, we must prescribe a method which does not utilize magnitude measure-
ments for the identification process,

The problem of identifying stars when only the relative azimuth of a
set of targets is measured (angle as measured from some arbitrary reference
about an unknown optical axis) is a very difficult one. Only if the approxi-
mate pointing direction of the instrument is known can the method described

here assure us of a relatively high probability of a successful identification,

One of the main reasons that the method of star identification described
in this section is possible at all is because we have a fairly good idea of

where to look (on the celestial sphere) for a star pattern similar to the
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one detected by the sensor, The satellite is spin stabilized and consequently
because the orbital parameters will be known and the time of day of any
observation will be recorded, a simple computation will determine the nominal
direction of the scan axis, From this very good starting point, it should

not be too difficult to find a star pattern (from a star catalog) similar

to the detected puttern and hence to identify the transited stars,

Much of the following star identification scheme depends on searching a
list of possible stars for those having azimuth separations similar to the
observed ones, Fortunately, we need only look at relatively small regions
of the celestial sphere because of how well the pointing direction is already
known, but also we are further assisted by a knowledge of how faint a star
the optical and electrical sensor can detect,

The process of relating a sequence of transit times recorded chronolog-
ically to their associated star names or catalog numbers can be divided into
three logically distinct tasks: (1) determination of a mean period, (2)
establishing a scan-to-scan correlation, and (3) identification of the stars
by azimuth differences, A brief outline of each of these tasks is given

below,

a. Determination of a Mean Period
In order to establish where in the list of transit times one complete ,,4’/
scan ends and the next one begins, one needs to determine the length of a
single scan, This seems like a trivial task but can be difficult particularly
when the satellite is undergoing nutation (not spinning about a single axis),
The nominal spin period can be defined as the mean of all the periods during
one nutation period,

To find a transit time corresponding to a particular star on successive
scans, one need only add the nominal period to the transit time and search
forward in the transit list until a second transit is found which agrees
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with it to within some small tolerance, This period is required in order to
filter out extraneous noise pulses and false targets from the raw data, The
more accurately it is known, the better able we are to eliminate these

"confusion pulses' and to subsequently identify the actual stars,

If one can be assured that the spin period of the satellite is well
known and accurate, then this procedure can be bypassed., If, however, there
is some doubt about the period and we are given a range of possible values

(qkin < T'S»Thax)' then a technique for determining the period is as follows:

Choose the geometric mean of the range of possible values for the
period, Call this the nominal period T. Also define

] = -
Tﬁin Tmin PT

! -
Thax Tﬁax + pT

where p is some small number like .005 (%7%).

Calculate all possible time differences ti - tﬂ’ j < 1 such that
Tin Sty - ty s T“"ax for all i, where t, is the 1*" transit time. This
produces a large array of differences which are to be sorted from smallest to
largest., This sorted list is now divided into slots of length pT and a
count is made of the number of differences in each slot., Since the period /’//
should appear most frequently among all these differences, we concentrate

our efforts on the slot with the largest count,

Further, to eliminate possible overlap problems the counts for all
pairs of adjacent slots are added together to form a new set of difference

counts as depicted below _.| oT I‘.
| | | | | L
COUNT ¥ g 32 12 8 4
— / \ 4f' / \ Aj? J
4 20
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This revised list of counts is searched for the largest count and the
new interval (of length 2pT) is considered to contain a good approximation
of the new nominal period. One estimator of the nominal period is simply
the mean of all differences in this slot and a good estimator of the tolerance
assigned to this period might be the variance (o) of these differences with

respect to this mean.,

A quick check to determine the quality of the estimator for the nominal
period would be to run through the raw transit times taking differences again
but this time counting the number of pairings which can be made by taking
each transit, ti’ and searching an area + 20 about the time ti + T and

3

counting the number of transits t, which satisfy the inequality

|t:j -t

- T| < 20, § >1 all i, (1)

If we count the number of times we have zero, one, and more than one matchings

of this type, the number of single matches should dominate the other two. If

the zero matches category dominates, we have missed the actual nominal

period by making the difference slots too narrow and have computed too small

a variance, If this is the case, we can adjust by returning to the original

difference table and redefining the slot length (this could be done by, say,

doubling p) and recounting as above, If the third category (more than one) :
dominates we have missed the actual nominal period by making the difference /4*’
slots too wide and have computed too large a variance, We adjust for this |
by returning to the difference tables and redefining the slot length (e.g.

by halving p) and recountinj;, By repeated use of this kind of processing,

at some point the second category (one match) will dominate and the procedure :
stopped, or we may assume that we have a bad batch of data, The last mcan %
period so found will be defined as the nominal period and its associated §

variance will be used as a tolerance in later portions of the identification

process,
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b, Scan-to-Scan Correlation

One method of eliminating as much noise as possible from the transit
time raw data is to choose to consider only transits which occur 'regularly"
from one scan to the next., It seems clear that truly random noise pulses
getting through the electronic gear to appear as a transit of a star in the
transit list should not occur regularly in the same relative position on
successive scans, For this reason, an attempt is made to pick only time
pulses which repeat themselves on many scans, (say seven to nine scans out
of ten), Clearly, the better the estimate of the actual scan period we
have, the easier this task will be, Also, if the nutation rate is high and
the coning angle is relatively large, then star transits are not apt to
appear separated by exactly the same time difference from one scan to the

next,

Using the period as determined by the above process and the variance
as a measure of the allowable tolerance, each transit time is considered in
* T,
can be found to satisfy

sequence, A forward search is made in a region + 20 about the time t
Three situations are possible: (1) no transits t

3
the inequality,

lt:1 +T- tjl < 20; )
(2) a single transit satisfies the inequality; or (3) more than one transit /”//
falls in the range., If (1) is the case and t, is not the second transit of a

previously matched pair, we may assume that the transit time t, was

i
triggered by noise or a false target of some sort and can be discarded from

the time list,

Clearly, if (2) is the case, we have found what we are looking for and
all we need to do is tag the transit tj with an identifier which associates
it with ti and eliminates it from further consideration. Using the new

transit tj, the process is repeated until we have been able to string

8
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together several transits by this technique,

When (3) occurs, we are unable to choose from among several possibilities
and we avoid coming to any decision at this point, We simply increment the
subscript i and continue, It may be possible to eliminate some of the am-
biguous matches just by sliding the process down to the next unchecked entry,
The complete process is repeated until no new transits have been matched so
that if any were matched from a previous pass, there exists a possibility
that this may have enabled us to come to a decision about a previously un=-

resolvable situation,

c. Star Identification by Azimuth Differences

In the discussion that follows, it cannot be over-emphasized that the
technique depends heavily on the presence of an approximate attitude., This
"'guess'" is used by the computer program to search its star catalog to find
those stars which should lie in the scanned region of the celestial sphere,
In this way a "computed azimuth pattern' (CAP) is generated, The measured
azimuth pattern (MAP) provided by the sensor output is the one to be
matched by varying the assumed pointing direction.

The actual matching technique, i.e, the method of varying the parameters
from which CAP is generated until CAP = MAP, can be illustrated by a manual
analog, On a transparent sheet, lay out the measured azimuths as a set of //
radial lines (starting from an arbitrary zero azimuth), Overlay this sheet
on a rectangular projection of the celestial sphere in the area of the
assumed pointing direction, Translate the azimuth sheet on the star pattern

and rotate it about the azimuth pattern center until coincidence of the
patterns is achieved,

The above procedure is closely followed by the computer in achieving a

CAP and MAP match, The computer solution is, however, more numerical, less

sophisticated, and considerably more accurate, (The manual method cannot
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take full advantage of the instrument measurement accuracy without the aid
of precision measuring machines, The computer--being in essence just such

a machine--can realize the full potential accuracy of the data.)

Given the spacecraft orbital parameters and the time and date, one can
compute an assumed pointing direction of the spin axis and azimuth zero
direction accurate to within a few degrees, The first task is to pick stars
from the catalog which lie in an enlarged region about this direction and
which, of course, are brighter than the limiting magnitude, This will reduce
the original catalog list numbering several hundred candidates down by at
least an order of magnitude, Furthermore, those stars actually detected by
the sensor are guaranteed to be in this reduced list (unless a false target
comes through) provided that the assumed position and the true position do
not differ greatly.

The reduced star list now contains the right ascension and declination
of the candidate stars, For the pattern matching process we need to know
the relative azimuth differences between the first and second stars, the
second and third stars, etc, The computation of these azimuth angles is
quite simple, Given the right ascension, @ and declination, 61, of the
ith star and the right ascension, 2 and declination, 50, of the assumed
pointing direction, the azimuth, Hyo from north (measured counterclockwise)
is given by the equation //

sin(ao - ai) cos 51
sin 51 cos §, = cos 51 sin 6o cos(&o - aif 3

tan (Bo + “i) =

where the signs of the numerator and denominator determine the proper
quadrant,

10
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In this manner, an azimuth angle is calculated for all stars in the catalog
within the augmented field of view. An array is then constructed of the
relative azimuths of these stars where the entries are formed by a simple

subtraction, “‘i, 5 = p‘i - u,j, i>13.

Note that all entries below the first row are redundant, That is, having
the azimuth differences between any star and the first star enables one to
find all other separations, In order to save many arithmetic operations in
the computer program, however, this array is made up once at the beginning
and just referenced thereafter. A second, and more important reason for
filling in the complete array exists; namely, the expected difficulty with
undetected targete. That is, with any detection equipment of the type
described in this report, a theoretical limiting magnitude for the dimmest
star can be calculated and the instrument calibrated for this limit, However,

there will always be some slightly brighter targets than this limiting

11
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j 4 - 1 2 3 4 5
i

1 0 5.6 14,7 39,2 101.0

2 0 9.1 33.6 95,4

3 0 24.5 86,3

4 0 61.8

5 0

magnitude which will go undetected on occasion, and some slightly dimmer
objects which may occasionally be detected, To cope with the former (in

the star identification process at least), we complete the array mentioned
above so that it is possible, for example, to search for the separation of
the fourth star and the second without insisting that ths stars be detected
in precisely the same order as the catalog indicates., Coping with the latter
problem (dim stars) is easier; we simply extend our list of star candidates
slightly beyond the limiting magnitude to insure including all possibilities
(at the risk of making the task more difficult),

The technique of matching stars with their measured azimuth angles is
relatively simple. The scanning instrument measures the angles, Ky
i=1, ..., N, Since the azimuth zero direction is not accurately known,

we cannot depend on My measured being equal to My computed even if an exact

12
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pointing direction could be used to obtain the Wy computed, However, the
relative azimuths would be exact under those circumstances, and €or this

reason we do not need to rely heavily on a knowledge of the azimuth zero

reference,

At this point, the computer program will consider each of- the measured
azimuth differences and search through the separation array seeking angles
(and associated indices i, j) agreeing to within some generous tolerance
angle ue. A list of index numbers is kept for each measured pair of angles.,

When all target pairs have been processed, these lists may look like this,

Koy K32 K43 KNl
hl-l-ﬂ
5-1

4=8 7-1 11-3
5-4 7-2 11-4
11-10

Note that the first target is used in both the first and last list to
complete the scan., The actual identification process is now simply tu scan
across the lists lookinr for sets of indices of the form

b=-a c=b d=-c - N-a,
The underlined indices exhibit such a form, We must conclude then that the
identified stars are numbered a, b, ¢, ..., N, respectively., However, it may

be possible to find other sets of N stars which also satisfy the above

conditions, in this case each set must be further examined,

For every azimuth difference, a residual exists. Residuals are taken

13
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as the difference between measured and computed relative azimuths with
careful attention paid to the sign., These residuals can be used to move the
assumed pointing direction closer to the true position., Graphically, the
scheme is as follows (the computer program would, of course, do the problen

digitally, but in a similar manner),

Let the dotted lines (of Figure 2 ) refer to azimuths measured from the
true pointing direction to each star, the solid lines are the azimuths from
the assumed position. In this figure a sample case is illustrated using
three stars for clarity. The residuals are, respectively, +8, +19, -27,
and the sum of squares is 1154, From the sign of each residual we can
determine which direction to move in order to reduce the residual (to zero,
if possible), If the sign is positive, the computed angle is too small and
we must move ''toward" the pair of stars defining this angle, Toward as
used here arbitrarily means along a line defined by bisecting the angle
between the two stars, Positive residuals dictate moving toward the pair of
stars along the bisector and negative residuals indicate motion away from

the stars,

From the relative size of the residual an indication of how far to move
can be computed, The example above (Figure 2 ) seems to indicate that moving
more along the bisector of stars 3 and 1 (in the negative sense) should be
the dominant change since it has the largest residual (in absolute value),

The fractional motions for the three pairs can be arbitrarily chosen as

L . .235 12 . .558 27

N 1154 V1154 V1154

of some total motion. Total motion can be taken as one-half the estimated

= ,79%

tolerance A (A is an estimate of the difference between the true pointing
direction and the assumed direction) to begin with and halved on each repeti-

tion of this method (if successive steps are necessary to resolve ambiguous

14
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RELATIVE AZIMUTHS

/,’Q' MEASURED COMPUTED RESIDUAL
/ @ 87 79 +8
/ 129 1o +19
/ 144 171 -27

SUM OF SQUARES. 1154

Figure 2: Computed and measured relative azimuths in the
star identification process
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Figure 3: Star identification: example of an iterative
step in the solution

16




INTRODUCTION

star patterns). In Figure 3, the vector sum of the displacement of Figure 2
is shown using a tolerance of two degrees and the resultant next assumed
pointing direction is indicated. We have improved our position from an error

of 1.0 degree down to about 0.25 degree, a significant improvement,

3. Attitude Determination

The general method of attitude determination by use of transit times of
known stars across a slit will now be discussed., Our discussion is not new
here, but is taken from previous work supported by NASAE.I’A’SJ At this point,
we assume transit data has been received from the vehicle and has previously

been tagged, i.e., known stars have been associated with each transit time.

A slit is scribed on the focal plane of an optical system. Such a slit
describes a curve when projected on the celestial sphere, If the slit is a
straight line and the optical system is distortion free, then the curve is

a great circle, Such will be considered the case here.

The instrumentation is such that the slit is either fixed with respect
to the satellite (spin stabilized satellites) or rotates with respect to the é
satellite in some precisely known manner (non-spin stabilized satellites).
In either case, the great circle projection of the slit can be described by
an equation which contains only known parameters if such an equation is written
utilizing a coordinate system fixed in the satellite. //i/

i s L e

S

At the instant a star transits the slit, we know the star lies on the

MR (R e

slit's projection., Hence, at this instant we may write,

=0, (4)

= 2
wn>

where n = unit vector normal to the plane determined by the slit's projection
on the celestial sphere;

S = unit vector to the star (Figure 4).
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Figure 4: Relation between n and 8 at the instant of transit
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Since the slit is in a known position with respect to the satellite, n is
easily written in a coordinate 'system fixed in the satellite. On the other
hand, 8 is most easily written in a celestial coordinate system (a system in
which the star directions are catalogued). In order to write these vectors
in the same coordinate system, parameters which specify the orientation of
the coordinate system fixed in the body with respect to the celestial system
must be introduced, However, these are the very parameters we are interested
in determining.

In order to introduce parameters which allow n and 8 to be written in
the same coordinate system, the physics which govern the attitude motion
of the satellite must be considered, Two basic models are pertinent to the
ATS-F & G, These models assume the following types of constraints on the
satellite dynamics:

(a) rigid body, torque free, nearly symmetric, and spinning;

(b) attitude controlled such that roll, pitch, and yaw are slowly
varying functions of time (slow with respect to the scan period
of the slit which is rotated with respect to the satellite),

Of these models, (a) has been analyzed, programmed, and applied. A discussion

may be found in References [1] and [5]. Model (b) has been analyzed, but

not programmed, The total problem as it evolves about this model is given

in Appendix A, /ﬂ//

In general, model (a) can be applied to the spin stabilized phase of the
ATS-F & G missions, During most of this phase, and fortunately that portion
of the phase over which attitude is most important, the spacecraft's altitude

is large., Hence, perturbing effects from the earth and corresponding torques
will be small,

Model (b) will then be utilized during the attitude controlled mode of
the mission, It is assumed that attitude information will be supplied only

19
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at the end points of vehicle maneuvers and not during the sluing duration.

Thus, the assumption of slow roll, pitch, and yaw rates is justified,

20
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B. Orbital Configurations: SCADS Operstionsl Requirements

As noted above, the specific orbital parameters considered are those
proposed for the ATS-F&G satellites. Two distinct roles are seen for the
SCADS application to these missions. Up through “he completion of synchro-
nous orbit insertion and correction, the vehicle will be spinning. SCADS
would be used first to give the attitude information required for the firing
of the kick stage to inject the vebicle into synchronous orbit at the
apogee of the transfer ellipse. Continued use of SCADS in this mode would
be required after each reorientation of the vehicle during the orbit
correction phases designed to remove any residual eccentricity and inclina-
tion in the final orbit. In these spin stabilized portions of the mission,
it is desired to determine three-axis attitude to 001 and the spin period
to within 0,03 percent.

After a satisfactory orbit has been achieved, the vehicle will be
despun and placed in a three-axis controlled mode. During this portion of
the mission, it is desired to use SCADS for very precise calibration of
other instruments on board the vehicle provided that performance during the
spinning mode operationg 1s not degreded. In the three-axis controlled

mode, an accuracy of 0901 in the three-axis attitude is desired.

The orbital parameters and special SCADS requirements in the various

modes are summarized below.

l. Transfer Ellipse Mode, Spin Stabilized

At the inception of this study, a transfer ellipse with perigee at
100 nautical miles altitude, apogee on the equator at synchronous altitude
(19,323 nautical miles), an orbital inclination of 22?3, and eccentricity
of 0,7306 was proposed. Later considerations suggest that an orbital
inclination of 26°25 may be used. In the work which follows, results for
each of these parameters is presented.
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In crder to achieve a synchronous orbit from the inclined transfer
ellipse, the vehicle kick motor (which is directed along the negative spin
axis) must be aligned so that the spin axis is at right angles to the line
epin " -20%7 (for inclination 2293) or
éspin"'23° (for inclination 26?25). After the initial launch and spin up
phases, the error between the true spin axis and its nominal direction may

be as much as 10°; it is required that SCADS be able to tolerate this uncer-

of apsides and has a declination §

tainty. It is further required that SCADS be operational for + 2 hours
about the first apogee of the transfer ellipse and from -2 hours to 0 hours
(the time of synchronous insertion) before the second apogee. Note that
the period of the transfer orbit is 10.513 hours.

Additional parameters or constraints which apply to the transfer ellipse
and are relevant to the SCADS study are summarized here. The vehicle spin
rate is 60 rpm. The line of apsides at second apogee (synchronous inser-
tion) will be at 53%% longitude. The angle between the sun line and the
spin axis may be in the range 50° to 130° as determined from solar panel

power considerations.

The transfer orbit configurations for the two different cases of

orbital inclination are summarized in Figure 5.

2. Synchronous Circular Orbit, Spin Stabilized

Once the kick motor has been fired and the vehicle is in a near synchro-
nous orbit, SCADS will be used first to ascertain that the orientation of
the spin axis is the same as it was prior to insertion. Thus, attitude
must be measured with bapin near -20°7 or -23° over a portion of the
synchronous orbit. Note that 1if Q is the right ascension of the insertion
oin =0 ¥ 90°

since the spin axis is perpendicular to local vertical At that point.

point (the line of apsides for the transfer ellipse) then o

Four other possible orientations may arise during the spinning phase

22
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Figure 5: Orbital configurations. (Note: two possible
inclinations for the transfer ellipse and
corresponding spin declinations are considered.
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of the synchronous orbit. To remove residual inclination of the orbit,

the vehicle may be oriented to (bspin =+ 90°) and a vernier correction
burn carried out. To remove residual eccentricity in an under-energy
condition, the vehicle spin axis will be brought up into the orbital
(equatorial) plane and a vernier burn to increase speed will be carried out.
° =0+ 90°).

spin =0, aspin
On the other hand, if an over-energy condition exists, the vehicle may be

o
spin “ 0, dspin
tion. This latter condition may be avoided by intentionally achieving an

In this case the spin axis will be along (6

flipped all the way over to (0 =0 - 90°) before the correc-
under-energy state at insertion. However, since it is not certain whether
this under-energy approach will be used, the implications of the various
vehicle orientations will be considered both with and without the condition

(6 0°, =0 - 909).

spin - spin

It is required that SCADS be operational for all of these expected spin
axis directions during the spin stabilized portion of the synchronous orbit.
Again, an uncertainty of 10° for the actual spin axis relative to the
nominal value is to be assumed. The nominal states are summarized in

Figure 6,

3. Synchronous Circular Orbit, Three-Axis Controlled

In the three-axis controlled mode, the yaw axis will be swung to point |
at various boints on the earth. From synchronous altitude, the yaw axis ~
can take on any value within a cone of half angle approximately 8?7; this
becomes the effective angle of unc=rtainty which SCADS must tolerate.

Note also that continuous SCADS operation is not required for this phase.
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LINE OF APSIDES
LINE OF NODES
RIGHT ASCENSION=.L
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- o
8000: 90
(TO EARTH CENTER)
Figure 6: Nominal directions of the SCADS scan axis in the /4?/

synchronous orbit, Note that the scan axis as !
defined here is along the negative spin axis. 1In
all cases, the nominal scan axis is perpendicular
to the spacecraft-earth line at synchronous
insertion.
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C. [The Study
In the study which follows, three basic SCADS configurations are con-

sidered, The first of these is the spin mode SCADS sensor; it is a simple
fixed-reticle system which is required to operate only in the spin-stabilized
portions of the ATS F & G missions, The second is the three-axis-controlled

mode SCADS sensor, This system has a driven reticle and is required to operate

only in the three-axis controlled mission phases. Finally, a dual mode SCADS

sensor is considered, This system has the capability of providing attitude
information with a single instrument for both the spinning and controlled

spacecraft operations.,

The discussion proceeds as follows., In Section II, the celestial en-
vironment in which SCADS must operate is analyzed both in terms of the con-
straints imposed by the presence of the sun, earth, and moon and in terms of
the distribution of stellar targets, In Section III, the general criteria
for selecting SCADS parameters are developed and a series of parametric
design curves and relations is presented, Section IV develops the specific
recommended designs for the three configurations and presents estimates for
the gross characteristics--power, weight, and volume=--for each, In Section
V, the expected performance of the recommended designs is further analyzed
with emphasis on the target detection and accuracy achievable with the sen-
sors, In Section VI, the operational conditions and constraints are briefly
summarized, Finally, the basic resultant SCADS configurations are compared /’//
in Section VII and a particular SCADS approach is recommended,

Iwo principal conclusions arise in the study., First, SCADS is suitable !

for application to a multiphase synchronous satellite mission and thus to the ]
ATS F & G program, Second, although the diverse requirements of the spinning g
and three-axis-controlled operations can be met with a dual mode SCADS 1

sensor, the combination of separate spin mode and three=-axis mode sensors
provides significant advantages for this program, Justification of these 3

conslusions and details of the corresponding designs are presented below.
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II. SCADS CELESTIAL ENVIRONMENT ANALYSES

SCADS utilizes a wide field of view optical system to insure covering a
relatively large portion of the celestial sphere and thereby guarantee that a
sufficient number of suitable celestial targets will be acquired. The scan-
ning operation typically traces out an annular region as illustrated in Figure
7. Although it is desirable to have a few more than the minimum number of
targets available, it is an aim of this study to minimize the size, weight,
and power of potential SCADS instrumentation within the constraints of sound
design, Thus, the limiting stellar magnitude (i.e. the faintest consistently
detectable star) for the system should be set as bright as possible, Un-
fortunately for the purposes of the SCADS application, the bright stars are
distributed very nonuniformly over the celestial sphere; there is a strong
concentration along the galactic plane--the Milky Way. However, a typical
mission will contain possible pointing directions which lie close to the
Milky Way and others which lie close to the sparsely populated galactic poles.
Since a minimum number of targets must be detected for the problem to be
solved at all, selection of the system limiting magnitude must be made on a
worst case basis, Thus, a detailed star availability study must be made in
order to match the sensor to the particular operational requirements of the

proposed orbits and orientations,

b et A5 Sl S s senubi e

Further, because SCADS employs a wide field of view, special care
must be exercised to make certain that the bright celestial objects=--the /gf/
sun, earth, and moon--interfere with the detection of stars as little as 3
possible., Note that the sun is 1012 times as bright as a fourth magnitude

star; even a small fraction of the sun's total light scattered into the

SR S 5 Y L

SCADS optical system would completely mask a star signal, The next two
subsections treat the SCADS design implications of the presence of the
bright objects and detailed star availability searches for this study.

A, SCADS Operation in the Presence of the Sun, Earth, and Moon

If sunlight has some scattering path into the SCADS optical system,
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Figure 7: SCADS annular scan pattern
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12 along that path to

it must be attenuated by more than a factor of 10
avoid overriding the light signals from stars near the system detection
limit (assumed at this point to be somewhere in the stellar magnitude range
between 3 and 5). Further, from the sunlit side, the earth as seen from
synchronous altitude is only about two orders of magnitude less bright

than the sun; at the altitude of the transfer ellipse perigee, it is almost
four-tenths as bright as the sun. Thus, if either the sun or the sunlit
earth are less than 90° from the SCADS optical axis, fairly extensive bright
object shielding will be required. Note here that the 90° criteria is

based on th. fact that any direct sunlight which strikes the SCADS lens,
even at an angle well outside the optical field of view, will encounter
sufficient scattering within the glass to flood the photodetector through
the slit,

The moon, on the other hand, is only about 106 times as bright as the
expected limiting magnitude star. In this case, sufficient attenuation
should be provided by merely excluding the moon from the actual optical
field of view.

1. The Earth

The annular scan field depicted in Figure 7 18 created in the spinning
case by canting the optical field of view away from the spin axis and :
allowing the vehicle motion to sweep the optic axis around in a cone. The -/ﬁ//
dead zone in the middle of the annulus is placed there to simplify the star .
identification scheme and to avoid the large angular errors associated with

azimuth measurements on points close to a center of rotation.

From the geometry of the tramsfer orbit (Figure 5) it is clear that
the positive spin axis points at the earth or close to it over the half
of the orbit from perigee to apogee and away from the earth on the hal’f from
apogee back to perigee. Since it is the time prior to apogee on the
second transfer ellipse orbit which is particularly critical for the SCADS

29
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determination, the optical axis should point away from the earth as much
as possible on that orbital segment. Thus, the optical axis should make
an obtuse angle with the positive spin axis and the negative spin axis

becomes identified with the scan axis for the spinning mode, On the
transfer ellipse, then, the scan axis will have a nominal direction of
(@geqy = @ = 90°) 8,.,, = 20°7 or 23°), Figures 8 and 9 show the angle
WE from the scan axis to the earth's limb and also the half angle subtended
by the earth at the spacecraft on the transfer ellipse as a function of

the time after apogee., Note that in each case the angle WE from the
nominal scan axis to the earth's limb is about 92° at two hours prior to

apogee and about 68° at two hours after apogee.

The earth's limb can approach as close as gE - (WE -T - ¢,) to the
optical axis where ' is the cant angle of the optical axis from the scan
axis and €u is the uncertainty (10°) in the scan axis, The angle £
becomes the angle to which the bright object shield must be designed,

Note further that I' is a constant for a particular design and €y is 10°

throughout the study of the spinning mode., Thus, if a shield can be designed

to handle WE = 68° at two hours after apogee, the system will be shielded

from the earth over the entire range from =5 hours to 42 hours after apogee,

rather than just + 2 hours, This gives the potential of five hours in which

SCADS is continuously operational immediately prior to the critical ~econd

apogee point, ,d//

In the synchronous orbit, spin-stabilized mode, the scan axis will lie
close to’ocwscan =] - 900, 6scan = 2097 or 23°) or in, G’scan -0+ 900,
ascan = 0°) the equatorial plane, Thus, no matter what the value of I
may be, the optical field of view will scan through the earth on some
portion of each synchronous orbit, However, if SCADS is adequately shielded
on the transfer ellipse near the spacecraft apogee position (QS/C = (),

68/0 = 0 relative to earth center), then it will remain adequately shielded

near that same point on the synchronous orbit. This is sufficient to

insure that SCADS will be operational in the presence of the earth for the
final orbit corrections.,
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In the three-axis controlled synchronous orbit, a dual mode sensore=-
i.e. one designed to operate as a completely passive scanner in the
spinning mode and then provide its own reticle motion in the three-axis
controlled mode--would look out at an acute angle with respect to the former
negative spin axis which is now the negative yaw axis. Thus, the sensor
would always be looking away from the earth. If a separate SCADS system
is chosen ior the three-axis controlled mode, it can be oriented near the
positive or negative pitch axis which points clcse to the north or south
celestial pole. In this position, it would avoid all three objects since

= 23% and |6 = 28%5,

l6SUNImax MOONlmax

2. The Sun

For the transfer ellipse scan axis c’lcan =) - 90°, 6|can = 2097 or
230) and for three of the five possible scan axes in the spinning synchro-
nous mode;-(a.can -0 -90° 6 = 2007 or°23°), @, 4q =7 - 9%
scan ™ 07), and exscan =0+ 90, 6scan = 0°)-=-the angle between the scan
axis and the sun depends on both the time of year (i.e. on AN’ 6SUN) and

on the point of insertion of the spacecraft into the synchronous orbit

@g 0 = 850 ™

(6scan =+ 90°), the angle between the scan axis and the sun line depends

only on the declination of the sun., Here, the nominal scan axis-sun line

0). However, for the other two possible scan axes

angle is given by *S - 900‘1 ‘6SUN|‘ The minimum value of *S occurs at
the solstices when IGSUNI is maximum; this value is just ws = 66557, ///

A number of observations may be made here. First, SCADS must operate
in one of these two modes if an orbit inclination correction is required.
Second, it is desirable that no SCADS-imposed restrictions be placed on the
date of launch within the year; *S = 667557 is possible. Third, the angle
between the sun line and the optical axis can be as small as §s = Vs -Tr =€,
where " and €, are the cant angle and scan exis uncertainty as before.

Note further that if ® denotes the full field of view of the SCADS optical

system, then the outer edge of this optical system makes an angle of

33




SCADS CELESTIAL ENVIRONMENT ANALYSES

(" + ©/2) with the scan axis and can come to within (Vs - = @2 - eu) of

the sun--see Figure 10. If the values vs = 669557 and €, " 10° are used, the
sun may com within (56?557 - = ©2) from the edge of the field of view,

For the wide field of view optical system (large ®) required by SCADS, this
results in a rather difficult sun shielding problem, However, as noted

above, SCADS must operate in the (6lcan =+ 90°) orientations so the condition

Vs

is chosen as a constraint,

> 665557 (5)

This has three major consequences, First, a detailed study must be
performed to optimize the joint selection of the cant angle I', the optical
field of view ©®, and the sun shield design, Second, if a sun shield can be
designed to meet this constraint, then the earth shield problem is solved
automatically since WE > 68°, The shield problem is discussed later, Finally,
the constraint in (5) 1is reflected back to the other three possible scan
axis directions and implies a permissible range on (; that is, it specifies
a SCADS imposed launch window as a function of the date in the year,

The range in permissible launch conditions is conveniently specified in
terms of the angle between the sun line and the spin axis at synchronous in-
sertion, Let the reference direction of the spin axis at insertion be
spin’ spi ) where 6 in "™ -2027 or -23°, Then, the tiis
possible nominal directions for the scan axia are described by(ascsn, b aa‘

Gx - 180°, 5 pin ) at the moment of insertion,o(a epin 1807, 0" Y if

07) if over-energy cor-

characterized by Qz

spin

under-energy correctionl are to be made and (aapi ’

rections are needed. The angle ¢S between the sun line and the scan axis is
specified by

cos Ws = co8 § cos §

scan SUN cos («

SUN ~ ascnn) (6)

+ 8in 6acan sin GSUN'
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SCAN AXIS
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V = angle from nominal scan axis to celestial bright object

eu = uncertainty in actual scan axis direction with respect to the
nominal scan axis

[ = cant angle of optical axis with respect to the scan axis
€ = optical field of view
§ = required shield angle

AR

Figure 10: Principal angles for the spinning mode SCADS sensor
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SCADS CELESTIAL ENVIRONMENT ANALYSES

Similarly, the angle ess between the sun line and the reference spin axis is
given by

r

co8 (g = ¥gpin

cos QS = CO8 6r cos §

r
S epin ) + sin &g

n sin 5

SUN pi SUN’ @)

Equations (6) and (7) may be combined with the relatiéns describing the scan
axis direction in terms of the reference spin direction, Further, the angle

ig from the nominal scan axis to the sun line must satisfy the inequality in
(5) . The following three constraint relations on the permissible value of

@SS’ the spin axis-sun line angle at insertion, result:
cos Bgo > -cos 66,557 (8)

from the scan axis direction at insertion,

sin §f 9)

o r
cos QSS > « cos 66,557 cos 5s spin

n + 8in §

pi SUN

from the scan axis direction in the under-energy eccentricity correction mode,

and

sin § (10)

cos &g SUN spin

< cos 665557 cos 6r + sin §
- spin

S i

from the scan axis direction in the over-energy eccentricity correction mode,
All three of relations (8), (9), and (10) must be satisfied, The smaller //
value of the two limits on st from equations (8) and (9) yields an upper

bound; the limit on QSS from (10) yields a lower bound, The resulting

SCADS~-imposed '"launch %indow!" is shown as the range between curves I and II

in Figure 11 for 6spin = -2007 and in Figure 12 for sspin = -23° as a ﬂ
function of the date in 1971, The flat portion of the upper bound (Curve I)
corresponds to a region where relation (8) dominates; in the adjacent curved

regions, constraint (9) dominates.

Note that the lower bound (Curve II) is imposed by the requirement that
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SCADS operate when the scan axis is oriented in the direction appropriate

to an ''over-energy' eccentricity correction, If the mission is carried out
in such a manner that an under-energy insertion is insured (or if the thrust
of the orbit correction engines can be reversed without reversing the entire
spacecraft), then the lower bound represented by Curve II and relation (10)
can be removed, Under these circumstances, the minimum permissible angle,
QSS’ between the sun line and the nominal spin axis at insertion is limited
only by the difference in the declinations of the sun and the reference spin
axis |6 - 8 . This limitation is shown as curve III in Figures 1l
and 12,

ooin!
spin

It should be pointed out that the curves presented here actually repre-

sent two launch windows per day. Once a value for QSS within the launch

window is specified, equation (7) implies a value for |aSUN - a:pinl or two
r r 0
possible values for aspin -= one on either side of Ysun® But aspin =0 + 90

where (3 is the right ascension of the transfer ellipse apogee and the point

of synchronous insertion., Thus, each allowed value of QSS corresponds to two
possible insertion points, Since the allowed values of st are near 90°(see
Figures 11 and 12), of

o spin SUN SUN
OF Gging + 180 (local midnight). Thus, the two different insertion points

is near « + 90° and Q is near « (local noon)
may be characterized as a 'day mode' and a '‘night mode' with respect to local

time-~-tentatively corresponding to 53% longitude,

3., The Moon

It was possible above to discuss the operation of SCADS in the presence
of the sun and the sunlit earth in terms of the orbital and orientation
configurations expected in the mission with very little reference to the
detailed design of the SCADS instrument, Only the selection of a .onstraint
on the minimum angle between the sun line and the nominal scan axis was
required, However, investigation of possible lunar interference with SCADS

requires more specific informaticn about the system,
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The moon presents a serious problem only when it falls directly within
the optical field of view over a portion of the scan, Further, the moon
itself travels quite rapidly through the sky (about 13° per day) so that it
will pass across a chord of a typical SCADS annular field of view and beyond
the point of interference in a relatively short time--usually in a day or
two., Thus, the only critical problem with the presence of the moon occurs
during the one and one-half traversals of the transfer ellipse~-a time period
of about 16 hours, The possible intrusion of the moon imposes additional
restrictions on the launch window., These constraints are outlined below
for the recommended designs--developed later in the report--for both the
spin mode sensor and the dual mode sensor. As with the sun, these constraints
will be expressed in terms of permissible values for the nominal #¢pin axis-
sun line angle st at synchronous insertion,

A series of factors must be taken into account, First, it is assumed
that SCADS becomes inoperable whenever the moon's apparent direction lies
closer to the scan axis than the outer angular radius of the annular field
of view; this outer or exterior radius is denoted by Ge. The constraint is

then expressed as

WM > Be + €y (11)
where WM is the angle from the nominal scan axis to the apparent moon line ///

and €y is the uncertainty of the actual scan axis relative to its nominal
direction,

Second, the geocentric position of the moon must be accurately known as

L]
B I RN <

a function of time. For this purpose, a truncated version of E. W. Brown's

A —

lunar position series such as that published in Battin[6J is appropriate,
The coefficients in this series were first updated very accurately from the
base date of Greenwich mean noon January 0, 1900 to midnight at the beginning

of 1971. This removes the effect of the large number of complete lunar orbits
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which would otherwise have to be carried along. This is important because
only a fixed number of significant digits can be saved in a computer word

and an angular position which must carry a large number of complete revolu-
tions (high order digits) will lose accuracy in the last partial revolution
(low order digits) due to round off error, It is, of course, only the last
partial orbit which is of importance in determining the current position of
the moon, The resulting expressions were encoded as a FORTRAN subroutine
which requires the input of time in fractional Julian days from the beginning
of 1971 and returns the corresponding geocentric position of the moon in

terms of celestial direction cosines.

Third, the moon is sufficiently close so that its parailax may be
significant for a spacecraft at synchronous altitude. Since the nominal
scan direction is fixed in space for a particular transfer ellipse, the
possibility of lunar interference is evaluated only at the critical times
corresponding to the first and second apogee points when the spacecraft is
at Ug/c =0, 68/C = 0° and synchronous altitude., The apparent position of
the moon as seen from the spacecraft is then expressed in terms of geocentric

lunar coordinates and the right ascension () of the transfer ellipse apogee,

The last factors which must be accounted for are the relations among the
sun line~spin axis angle °SS’ Greenwich time in fractional Julian days from
the beginning of 1971, and the location of the transfer ellipse apogee
characterized by (), Insertion into the synchronous orbit is to occur at the ///
second apogee (and equatorial crossing) and will correspond nominally to a
point at 53% longitude. At Greenwich midnight, the right ascension of
Greenwich is EQSUN(D71) + 1800] modulo 360° where YguN is the right ascension
of the sun at D71 integral Julian days after the beginning nf 1971, I1f t |
represents current Greenwich time expressed as a fraction of one Julian day :
(i.e. t < 1), then the current right ascension of Greenwich is given by
lagyy ;1) + 180° + 3607986t] modulo 360°; the coefficient 3605986 is just
the angle through which the earth turns in a mean solar day., The current
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right ascension of 53% longitude is then given by
Q) = Lagy (Dy,) + 180° + 3602986t - 53°] modulo 360°. (12)

This is the desired relation between () and time., Note that the current time
in fractional Julian days from the beginning of 1971 is just
t

=D,. + ¢, (13)

71 71

For any given value of t, the current position of the sun and the geocentric
position of the moon are to be evaluated at t71; however, YguN in equation
(12) is still to be evaluate:' at D,qe

Once (t) and EUSUN(t71), 5SUN(t71)] have been found, the angle ¥ss
between the spin axis and the sun line can be found from [aapin = (O + 900),
Gspin - -20?7 or -23°] and equation (7)., Also, the angle *M between the
scan axis and the spacecraft-moon line can be determined and tested in the
constraint relation (11), If this constraint is not satisfied, the moon
may intrude into the field of view and the time t71(i.e. Greenwich time t
on date D71 + 1) and corresponding st are excluded as a possible point for
synchronous orbit insertion,

The factors described above have bee!nn integrated inco a computer program
to determine the lunar restrictions on the satellite launch., A representa- > //
tive sample of the combined solar-lunar launch window results is shown for
Ge = 30975 and 6spin = =207 in Figures 13 and 14, The solar imposed limits
have the same significance as that described in connection with Figure 11, 3

Note that the problem of interference from t..c .ioon is different for i
the 'day" and '"night" insertion modes., Fortunately, no more than one of
the two modes is affected on any particular date. Thus, at least one launch

window is available on each date in 1971, The results for other recommended
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combinations of ee and 5 are presented as Table I,

pin

4, Bright Object Interference in the Three-axis Controlled Mode

The analyses above apply principally to the spin stabilized portion of
the mission. Thus, the constraints developed there must be met by both the
spin mode sensor and the dual mode sensor; these constraints will dominate

the design of each sensor and the selection of its location on the spacecraft,

In the case of a sensor which is required to operate only in the three-
axis controlled mode, a different set of conditions may be applied, In this
mode, the median direction of the spacecraft Y or pitch axis points along
the line between the north and south celestial poles. Since the Z axis can
be directed at any point on the earth, the Y axis has an uncertainty, ¢,
of approximately 857 relative to this nominal line (6y = % 90°).

From synchronous altitude, the earth's limb satisfies the condition

|6papmnl < 8°7 (14)

Further, the sun and the moon satisfy

|6l < 23%5 (15) /
and , ;
(o]
|6yoon] = 31+8 (16)

where correction has been made for the moon's parallax as seen from the

spacecraft, Thus, if the SCADS axis in the three-axis controlled mode lies

close to the Y axis, the earth, sun, and moon will never intrude directly
into the field of view,
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TABLE 1

Dates in 1971 when the moon may enter the SCADS field of view during the

transfer ellipse.
is also indicated,

For each range of dates, the insertion mode--day or night--

It is assumed that the insertion in each casc is subject

to the solar constraint presented by Curves I and II in Figures 1l and 12,

Spin-mode Sensor: Ge = 30975
o o
6|can = 20.7 Sgcan * 23
Dates of lunar Dates of lunar
inter ference Mode interference Mode
l1-10 Night 1=-10 Night
14 - 20 Day 14 - 20 Day
29 - 39 Night 29 - 40 Night
46 - 47 Day 46 Day
58 - 69 Night 59 - 69 Night
88 ~ 99 Night 88 - 98 Night
109 - 113 Day 109 - 113 Day
117 - 127 Night 117 - 127 Night
136 - 142 Day 137 - 142 Day
146 - 156q Night 146 - 156 Night
164 - 172 Day 164 - 172 Day
176 - 184 Night 176 - 184 Night
193 - 201 Day 193 - 201 Day
206 - 211 Night 207 - 210 Night
222 - 230 Day 222 - 230 Day
251 - 260 Day 251 - 260 Day
280 - 289 Day 280 - 289 Day
300 - 305 Night 300 - 305 Night
309 - 319 Day 309 - 319 Day
327 - 335 Night 327 - 335 Night
338 - 347 Day 338 - 347 Day
355 - 364 Night 355 - 365 Night
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TABLE 1
(continued)

Dual-mode Sensor: Ge = 20°
o
6scan = 20.7 Sgcan © 23
Dates of lunar Dates of lunar
interference Mode interference Mode
1-9 Night 1-9 Night
15 - 18 Day 15 - 17 Day
30 - 39 Night 30 - 39 Night
59 - 68 Night 59 - 68 Night
88 - 98 Night 88 - 97 Night
118 - 126 Night 118 - 127 Night
138 - 141 Day 138 - 141 Day
147 - 155 Night 147 - 154 Night
165 - 171 Day 166 - 171 Day
177 - 182 Night 177 - 181 Night
193 - 200 Day 194 - 200 Day
222 - 229 Day 222 - 230 Day
251 - 259 Day 252 - 259 Day
280 - 288 Day 281 - 288 Day
303 - 304 Night 303 Night
310 - 317 Day 310 - 317 Day
329 - 334 Night 329 - 334 Night
339 - 345 Day 339 - 345 Day
356 - 364 Night 357 - 364 Night

47




SCADS CELESTIAL ENV1RONMENT ANALYSES

Another problem arises however, It is expected that the spacecraft
solar panels 1ay also be mounted along the Y axis on long booms, Thus, the
SCADS field of view would have to be canted away from the Y axis to exclude
these panels and booms, Further, this portion of the spacecraft structure
will probably scatter a significant amount of direct and earthe-refle~ted sun-
light, Since the design of the spacecraft is likely to evolve further,
specific constrains on this shielding problem are difficult to formulate

here, However, three general guidelines may be stated,

First, there are a greater number of bright stars near the south
celestial pole than near the north pole. Thus, the three-axis controlled

mode sensor should point south to maximize target availability.

Second, if the SCADS instrument is to be mounted in the aft equipment
module of the spacecraft, it should be located in the Y-Z plane canted away
from the Y axis toward the negative Z direction, Note that this has the
further advantage of moving the SCADS axis away from the earth,

Finally, if the SCADS instrument is to be mounted in the forward module
(at the focus of the parabola), it should again be located in the Y-Z plane
but now it should be tilted toward the posiiive Z axis., In this position,
more elaborate shielding from the earth is required but the problem of light
reflected from the booms should be reduced., Note that this location places ./‘/’
the three-axis controlled mode SCADS in the same package with most of the
instruments that require its attitude reference information. Thus, the
question of flexure of the truss support between the aft and forward modules ]
does not enter in interpreting and using the attitude determination,
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B, SCADS Stellar Target Availability
With a sing "2 scanning slit, SCADS requires a minimum of threec spatially

independent stellar targets to solve he three-axis attitude problem, Thus,
if the system is to operate for a random pointing direction on the celestial
sphere and if the stars in its field of view are ordered according to de=
creasing brightness (increasing stellar magnitude), then it must be capable
of detecting the faintest third star that it will encounter. As noted
earlier, determination of the limiting magnitude of the system requires a

"worst case' analysis,

Figure 15 represeuts the results of a computer simulation using a
catalog of the rosicion and photographic magnitude of all stars brighter
than fifth magrniitude. A field of view in the form of a spherical cap (i.=.
the degenerate annulus with 9i = 0 -- gee Figure 7) was '"pointed'" successively
at over 10,000 positions on the celestial sphere, For each pointing di-
rection, the magnitude of the third brightest star was determined, Then,
the faintest third-brightest star represents a measure of the limiting
magnitude required for that field of view for a random pointing direction.

Note that the effective field of view @eff along the abscissa in Figure

15 denotes the full cone angle of the corresponding spherical cap. This

field of view covers an area on the celestial sphere given by

® e

eff
Acap = 2rm(l - cos > ) (17)
steradians, It is assumed that an annular field of view which covers the ;

same area on the celestial sphere will have the same or brighter limiting

magnitude, This is supported by the following argument, The faintest third !
star occurs for pointing directions which are close to the south galactic |

pole--i.e, close to a line perpendicular to the plane of the Milky Way., If
the spherical-cap field of view is replaced by an annular field of the same

are2 and the pointing directions of both fields are near the sparsely !
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Figure 15: Limiting stellar magnitude required to insure the presence
of at least three detectable stars in a given field of view
for a random pointing direction on the celestial sphere.
The results were obtained from a computer star search over
a uniform grid containing in excess of 10,000 "pointing"
directions.
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populated south galactic pole, then portions of the annular field will be
further from the pole and closer to the densely populated Milky Way. Thua,
the annulus should contain as many as or more bright stars than the spherical
cap.,

The area of an annular field of view of intericr and exterior radii 91
and Ge is given by

= 2rn(cos O, - cos ee) (18)

Aannulus i

steradians, Thou, the effective field of view ®eff corresponding to a given
annulus is found by equating Acap to Aannulus‘ Once the ®eff is known, the
curve in Figure 15 can be used to obtain an a priori estimate for the required
limiting magnitude, ML of the system, This is very helpful for preliminary
SCADS design consideratioas before a detailed star availability search has
been performed over the actual pointing directions expected in the specific
mission, This a priori value of M, is almost certainly too faint unless the
region of the south galactic pole is included in the profile of possible

scan axes., Nevertheless, it gives a safe value if no further analysis is
performed,

l. Possible Scan Axis Directions: SCADS/ATS F & G

In the discussion of potential interference from the earth (Section IIAl) //?
the scan axis for SCADS in the spinning mode is selected as the negative spin |
axis (the negative Z axis for the spacecraft), As noted earlier, the profile
of the spin stabilized portion of the mission indicates that the nominal
scan axis may take on any of five possible directions characterized by

( 6...) = (1~ 90°, 2077 or 23°), (19) |

scan’ “scan

@gcan bgcan? ™ 0 2 90°, 0%, (20)
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or 5 - +90°, (21)

scan -

Again, () is the right ascension of the synchronous orbit insertion point and
depends on both the date and time of launch, Further, the actual scan axis
may differ from each nominal position--at least for the purposes of this

study~--by as much as ten degrees in any direction,

Every possible value of ( is permitted for at least some portion of
1971, Thus, for the nominal positions given in (19), the actual SCADS scan
axis can take on any position in the band characterized by 1027 < 6scan < 3007
or 13° S bgcan S 33°, Similarly, for the positions given in (20), the scan
axis can take on any direction in band -100'5 6scan < 20°. These bands may
conveniently be combined into a single band around the celestial sphere

given by

(o] o] 2
10" < 6., < 337, (22)

From (21), any position in the spherical caps

(o]
|64 canl = 80 (23)

is permitted, The regions of the celestial sphere which are described by

relations (22) and (23) are illustrated in Figure 16, It is these regions //
over which a detailed star availability search must be made,

2, Stellar Target Distributions - Spin Mode SCADS Sensor

The recommended spinning mode SCADS sensor (which is described later)
has an annular field of view characterized by 01 = 6925 and ee = 30975 with
respect to the scan axis. The computer was used to "point'" this particular
field of view at a grid of directions covering the shaded regions in Figure
16. At each grid point, a list of the magnitudes of all stars which are as
bright or brighter than fourth magnitude photographic and which lie within
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Possible SCADS scan axis pointing directions on

Figure 16:

(o)
"

the celestial sphere during the spin-stabilized

portions of the ATS F&G missions
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the annular field was created, The rcsults of this scarch are presented

below in a number of graphical forms.

In the initial series of figures, the stellar magnitudes of the second,
third, fourth, and fifth brightest stars in the field are plotted as a function

of the scan axis right ascension, « , for five fixed values of the scan

sca
axis declination: § = -100, Oo, 107, 200, and 300. These result: are

scan
covered in Figures 17, 18, 19, 20, and 21, For a particular scan axis
direction, this data can be used to determine the approximate detection
threshold (in stellar magnitude units) required to acquire two, three, four,

or five stars per scan,

The next series of graphs--Figures 22, 23, 24, 25, and 26--presents the
number of stars in the field of view which are at least as bright as a given
parametric photographic magnitude, Plim' Again, the plots correspond to
five different fixed scan axis declinations, Note that the information in
these particular figures is very illustrative of the variation in the den-
sity of stars over the celestial sphere., The south galactic pole occure
near o = 10°, 6§ = -30°, The closest approach of the scan axis to this
region occurs along the curve for Glcan © -10°; as shown in Figure 22, the
density of stars near Ygcan " 10%1s very low, The two dense peaks in this
same figure correspond to points at which very rich portions of the Milky
Way are crossed, It may also be observed from these plots that the density ,’//
at the north galactic pole--approximately at o = 190°, 6 = +30°%--remains

relatively high, Specifically, the graph in Figure 26 passes right through
this point,

A third and very useful form in which this star availability data may
be cast is presented in Figure ‘2] Here, lists of the magnitudes of the
third and fourth brightest stars corresponding to each grid point are con-
structed by the computer and the lists are then sorted by increasing stellar
magnitude, The position of each entry in the list is reinterpreted as a
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Figure 27: Cumulative probability distribution for the magnitudes of the
third and fourth brightest stars in the field of view. The
grid of pointing directions covers the possible scan axis
orientations in the spin-stabilized portions of the ATS F&G
missions. The results correspond to the recommended SCADS
spin mode sensor configuration with 9i = 6225 and ee = 3975,
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percentage of the total number of entries. The resulting relation between
this percentage and the corresponding stellar magnitude becomes the cumula-
tive probability estimator plotted in Figure 27, If the system detection
threshold is set at a particular magnitude, then the percentage of possible
scan axes for which three and four stars can be acquired is given by these
distributions,

Figure 27 also presents a convenient means for determining the faintest
detection threshold=-that is the system limiting magnitude--required for the
particular SCADS design. Although the three-axis attitude problem can be

lved with transits from three known stars, a pattern of just three transits
can be paired with the corresponding stars only if the pointing direction is
already known to within a small error. If the initial guess for the pointing
direction is somewhat uncertain, an unambiguous identification can usually
be made with four stars. In the present application, the uncertainty in the
scan axis is ten degrees., Thus, the system should be capable of detecting
the faintest fourth brightest star; from Figure 27, the system limiting
magnitude, ML’ is then just 3.84 for the recommended spinning mode sensor,
Note that for 917 of the possible scan axes, the fourth brightest star is at
least one-half magnitude brighter than this limit and for 63% of the cases,
it is a full magnitude brighter,.

A final format for presenting the star availability data is illustrated
by Figures 28, 29, and 30. About each nominal scan axis direction, a pattern
of pointing directions of the following form is investigated.

NOMINAL POINTING
DIRECTION
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(¢]
The exterior points in this pattern lie on a circle of angular radius ey = 10

(the uncertainty in the actual scan axis position), The annular field is
centered or. each point in the pattern and a count is made of the number of
stars which are in this field of view and which satisfy the magnitude condi-
tion M ¢ M, = 3.84, Then, the variation of these counts over the set of
points in the pattern is a measure of the range of potential target avail-
ability associated with the given nominal scan axis direction and uncertainty.
It is these ranges which are plotted as a function of the right ascension of

the scan axis for nominal scan axis declinations 6sc = 2097 (Figurc 28),

an

o )
6scan = 237 (Figure 29), and 6scan = 0 (Figure 30). Note that in only one
instance does the potential number of targets drop as low as four--see
o

Figure 30; o = 0°, Thus, a system limiting magnitude

scan 107, Sscan
ML = 3,84 insures adequate star availiability for the recommended spinning

mode sensor design.

3. Stellar Target Distributions - Dual Mode SCADS Sensor
The recommended design for the dual mode SCADS sensor has an annular
field of view'characterized by Gi = 5% and Ge = 20°, A complete set of
star availability plots for the dual mode case--analogous to those for the
spinning mode sensor--is presented below, Figures 31, 32, 33, 34, and 35
show the stellar magnitude of the second, third, fourth, and fifth brightest
stars in the field of view as a function of the scan axis right ascension
for various scan declinations. Figures 36, 37, 38, 39, and 40 document the ,//
number of stars in the field of view in terms of a number of parametric

limiting magnitudes,

Figure 41 shows the cumulative probability distributions for the magnitude
of the third and fourth brightest stars in the field of view over the set of
possible scan axes, Note here that the faintest fourth brightest star has a
magnitude of 4,65, This is selected as the system limiting magnitude ML for
the dual mode sensor. Observe further that the fourth brightest star is at

least a half magnitude brighter than ML = 4,65 for 947 of the potential scan
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STAR MAGNITUDE ( PHOTOGRAPHIC)

Cumulative probability distribution for the magnitudes of the
third and fourth brightest stars in the field of view, The
grid of pointing directions covers the possible scan axis
orientations in the spin-stabilized portions of the ATS F&G
missions, The results correspond tn the recommended SCADS
dual mode sensor configuration with Gi = 5° and Ge = 20°,
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axis directions and more than a full magnitude brighter in over 70% of the

cases,

Finally, Figures 42, 43, and 44 present a measure of the range in the
number of stars with M < M, = 4,65 for a given nominal scan axis direction

and a possible scan axis uncertainty €, " 10°.

The full set of plots in this section characterize the stellar target
availability for the dual mode sensor over the spin stabilized portion of
the mission, In the three-axis controlled mode, the nominal scan axis for
the recommended design of the dual mode sensor will lie in the equatorial

plane (& = 0) and will sweep out a full revolution in right ascension

scan
once an orbit (i.e. once a day). Thus, Figures 32, 37, and 44 characterize

the star availability for this three axis mode,

4, Stellar Target Distribution--Three axis-controlled Mode SCADS Sensor

It was noted in Section IIA4 that a specific location angle for the
SCADS design which is required to operate only in the three-axis=-controlled
portion of the mission will depend strongly on the details of the spacecraft
structure, However, it was recommended that this sensor look generally into
the southern hemisphere with the scan axis canted away from the Y axis, An
annular field of view with 91 = 5° and ee = 20° is postulated, Thus, the
cant angle should be at least 20° to avoid inclusion of the solar panel and
its boom in the field, At the other extreme, it should be restricted so
that the sun will not enter the field of view on any portion of the orbit,
Since the Y axis has an uncertainty of 8%7 (at least for the purposes of

this study), the scan axis is limited in declination by

(o]
8gcan S laswlmx - 0, = =4305 (24)
and
(o] (o]
8gcan = = 90 - e, + 6, = -78.7, (25)
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All values of right ascension are taken on during each orbit, The annular
field was '"pointed'" at 948 scan axis directions covering the declination
band given by (24) and (25). The resulting cumulative probability distribu-
tions for the third and fourth brightest stars are shown in Figure 45, The
faintest fourth-brightest star has magnitude ML = 4,21; this is selected

as the system limiting magnitude for the three-axis=-controlled mode SCADS
sensor, Note that the fourth star is at least a half magnitude brighter than

M, in 88% of the cases and a full magnitude brighter for 547 of the possible
scan axis directions,
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Figure 45: Cumulative probability distribution for the magnitudes of the
third and fourth brightest stars in the field of view., The
grid of pointing directions covers the declination band
-43% < & < -7897. The results correspond to a SCADS
three-axi3S&dntrolled mode sensor with 01 = 5° and Se = 20°.
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III. SCADS PARAMETER SELECTION

A large number of interacting parameters must be selected in arriving at
a sujitable SCADS design for a particular application, Three broad categories
of parameters may be identified--those related to celestial constraints,
those related to star detection and identification, and those related to
measurement accuracy. Although the boundaries among these categories are
somewhat blurred, they are sufficiently independent so that detailed quanti-
tative design comparisons and selections may be made internal to each category
with references only to typical parameter values or ranges from the other
categories, This reduces the number of simultaneous variables in the design
optimization to a tractable level, The general design considerations for
SCAD§ sensors applicable to synchronous satellite missions (ATS F & G) are
developed in the subsections which follow,

A, Parameters Related to Celestial Constraints
The determinations of the geometrical parameters for SCADS--e,.g. the
size of the optical field of view and the angle at which the optical axis is
canted from the scan axis in the spinning mode--are dominated by the celestial
constraints described in Section II. The outer edge of the annular scan
region is at an angular radius ee from the scan axis (the negative Z axis of
the spacecraft), Further, the actual scan axis has an uncertainty eu(-10°)
with respect to the nominal scan axis direction, Finally, SCADS is to be
operable for a minimum angle WS = 665557 between the nominal scan axis and ‘///

the spacecraft-sun line, Thus, the SCADS geometry is constrained by the
relation

o
8, < min(yg) = €, = 560557, (26)

However, relation (26) is only a gross constraint which excludes the sun
from the direct field of view during the various possible orientations of the
scan axis during the spinning mode. The SCADS optical aperture must be
shielded from all direct or first-surface-reflected sunlight, including that
from angles outside the field, Scattering of the sun's rays in the glass of
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the SCADS lens elements is sufficient to override the signals from a stellar
target which may be only 10'12 times as bright as the full sun, Thus, the
geometry ot the bright object shield must also be included in optimizing the
selection of the basic SCADS parameters, The recommended shield design is
described next,

1. Bright Object Shield

The bright object shield requirements are described in terms of three
quantities--the optical field of view @, the optical aperture a, and the
shield angle £ between the optical axis and the closest approach of the
bright source (the sun or the earth in this case). The recommended shield
geometry is shown in cross section in Figure 46; the heavy solid lines repre-
sent sections in the shield structure,

Observe that the cone of element x-y is generated so that its upper
surface cannot be seen from any point within the aperture a, Thus, light
which is reflected or scattered from this surface cannot pass direutly through
a. Further, no light which passes through the surface x-x' at an angle of
incidence greater than g with respect to the optical axis can pass directly
on through the lower cone aperture y-y', All such light strikes the upper
surface of the cone and can travel deeper into the shield only through a
scattering process, Even such scattering can be minimized by making the
upper cone surface specularly reflecting., Thus, the angle § becomes a nearly /a//
absolute shielding angle.

For light incident at an angle less than g with respect to the optical
axis, some rays will pass directly through the bottom of the cone and the
1lip y-y' of the cone will be directly illuminated, This lip is made in the
form of a knife edge to minimize its scattering area. Thus, it approaches a
scattering '"'line'" rather than a scattering surface and it is the only directly
illuminated shield element which is visible from the aperture,
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For incident rays which pass through the opening y-y', the highest point
on the interior of the .,linder which can be directly illuminated isp on the
extension of the extreme ray from x through y'., An optical stop is placed at
z=z' in a position such that the illuminated interior surface cannot be seen
from the aperture a, Then, light which enters this 'trap" region must go
through a number of reflections before reaching the aperture, The interior
surfaces of the trap should, therefore, be coated with a highly absorbent
material, Note that light at angles of incidence up to the ray x-z' is
accepted by the shield without illuminating any element other than the knife
edge y-y', The angle between x-z' and the optical axis is then identified
as the effective shield angle £.

The cylinder height h and diameter d are the dependent design variables
which characterize the overall volume and form factor for the SCADS bright
object shield., This shield volume will represent the dominant portion of
the total sensor size, However, a minimum volume sensor design is a goal of
this study so the height and diameter of the shield are among the variables
which must be included in the detailed parametric investigations.

Note that h and d may be normalized to H = h/a and D = d/a, This normal-
ization is particularly appropriate when shield requirements are to be com=
pared for a given effective field of view ®eff' For a fixed value of ®eff’
the same total scan area on the celestial sphere is covered independent of ///
the particular values of Gi and ee which yield that effective field, Therefore,
the system limiting magnitude should also be nearly invariant. But the
optical aperture a depends primarily on this magnitude limit. Hence, a fixed

®eff implies a nearly constant aperture and the corresponding normalized
shield designs are directly comparable,

Elimination of explicit reference to the aperture a leaves only conditims
on © and £ which must be met by the normalized shield., But specification
of values for these two variables implies only one independent condition
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relating @, £, H, and D, This condition is a rather complex polynomial
relation in H, D, and trigonometric functions of ¥ and £ which requires
numerical investigation uring a digital computer. Observe that any proposed
"solution" of this relation can be checked graphically by constructing the
shield cross-section in the form shown in Figure 46,

Since only one condition but two dependent variables exist here, there
is a family of solutions {HQ@, £), D, g)} for each rair (¥, £), Thus, an
additional requirement may be imposed on the shield design; minimization of
the normalized shield voluma, V - nDZH/4, at fixed (¢, g) is chosen

shield
as the added design condition,

2., SCADS Geometric Parameters: Spin Mode Sensor
The principal angles for a SCADS sensor which is required to operate

only in the spinning mode are illustrated in Figure 47, These angles are
defined as follows:

®ef£ = the effective field of view (equivalent to the full angle of a
cone which covers a given solid angle);

® = the instantaneous field of view of the SCADS optical system;

r = the cant angle of the optical axis with respect to the actual
scan axis (the negative z or negative spin axis of the spacecraft);

9i = the interior radius of the annular field of view;
ee » the exterior radius of the annular field of view;

€ = the wovimum uncertainty in the position of the actual scan axis
relative to its nominal direction;

Vmin ™ the minimum angle between the nominal scan axis and the line from
the spacecraft to the sun or the earth;

and ¢ = the required shield angle for the system,
The following relations hold among these angles:

6, =T -3 (27)
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Figure 47: Geometry of the bright object shield problem for
the spin mode sensor,
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ee =" 4+ E (28)
Q)
eff _ - 8 29
1 - cos —5 cos 8, - cos 8 =2 sinT sin (29)
g = Wmin - eu - rc (30)

In addition to these conditions, the inequality from relation (26) above
must be satisfied. This latter constraint may be restated as

3 <. (31)

Another constraint is imposed by the requirements of the star identification
procedure and the desired accuracy of the system; the hole in the annular
field must not vanish, This is because the scan axis is essentially sta-
tionary in space and attempts to measure the azimuths of stars which lie
very close tn this axis are subject to large errors, Thus, the condition

o, > 0 or alternatively,

8 cr (32)
2

is imposed, The quantity (291) is then a measure of the central blocking
for the design,

The effective field of view and the cant angle are chosen as the primary
independent variables in the parametric design studies reported below., The
choice of the effective field of view as a key variable is based on the fact
that the system limiting magnitude and optical aperture are nearly invariant
at fixed ®eff' The cant angle is selected as the other key because it
characterizes the orientation of SCADS with respect to the spacecraft; the
value of ' is a critical parameter in the SCADS-spacecraft structural inter-
face, Note also that the shield angle £ is given by equation (30) as a
simple linear function of " for fixed (wmin - eu) = 565557,
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Families of SCADS design curves for the spin modé sensor are presented
as a function of the cant angle with the effective field of view as the
parameter in Figures 48, 49 ,50 , and 51. The curves for the required optical
field of view ©® (Figure 48) and the cone angle of the central dead zone
(Figure 49) are simply plots of their defining relations, The graphs des-
cribing the normalized shield design are more interesting., Each given set of
values (®e£f’ ') yields a unique pair of values (@, £), For each such pair
considered, the corresponding relationship between H and D was explored using
a digital computer and the solution (H, D) which minimizes HD2 was determined,
Thus, all points on the curves in Figures 50 and 51 correspond to minimum
volume shield designs. Note that the dimensions of even these optimal shields
are many times larger than the aperture which they must shield., Thus,
minimization of the bright object shield volume becomes an effective design
criterion for obtaining a compact total sensor,

A second level of optimization may be carried out immediately., It was
noted earlier that alternative shield designs at the same effective field are
directly comparable, Thus, the normalized shield design data presented in
Figures 50 and 51 may be searched for minimum volume with respect to the
cant angle at fixed ®eff'

The end ;... duct of this search is the specification of the optimum cant
angle for a given effective field of view; the resulting relation is pre-
sented in Figure 52, Also shown here are the curves of the optical field
of view, the required shield angle, and the central blocking corresponding
to r(@eff). The normalized shield values may be found from Figures 50 and
51 at the point [@eff’ F(@eff)]. Figure 52 is the primary design curve for
the SCADS geometrical parameters in the spinning mode,

For each ®eff’ a unique optimal pair (", ®) is found, Equations (27)
and (28) may then be used to determine the corresponding pair (8, 8,).
Next, these angular radii which specify the annular field of view may be used
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Figure 48: Required optical field of view at a given effective
field of view and cant angle for the spin mode sensor,
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Figure 50: Normalized bright object shield height for the spin mode
sensor. Note that the results correspond to a minimum
volume shield at given @eff’ .
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Figure 51: Normalized bright object shield diameter for the spin mode
sensor, Note that the results correspond to a minimum
volume shield at given «Eeff’ .
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tive field ®ef£'
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to perform a detailed star availability analysis over the possible scan axis
directions in the mission profile, Finally, this stellar target analysis
yields a specific system limiting magnitude ML(®eff) for each effective field,
Presentation of this function completes the general analysis of spin mode
SCADS parameters related to the celestial constraints; it is given in Figure
33,

3. SCADS Geometric Parameters: Dual Mode Sensor

During the spin stabilized portions of the mission, the bright object
constraints on the dual mode sensor are the same as those on the spin mode
sensor, Since reliable operation of the spinning SCADS is the prime requi-
site here, these constraints again dominate the design, However, an addi-
tional factor must be taken into account for the dual mode instrument, In
the three-axis-controlled mode, the motion of the field of view is very
slow=-about fifteen degrees per hour, Thus, the scanning motion is to be
provided by driving the slit reticle and the entire effective field of view

must be supplied by the optical system.

The principal angles are defined as before (See IIIB2) but the relations
among these angles have changed. The dual mode configuration is illustrated
in Figure 54, In the three-axis~controlled or driven mode, the inner radius
of the annular field © is determined by the angle from the optical

i driven
axis to the closest point in the slit, The outer radius is just

®
ee driven =~ 2 ° (33)

The slit length esli in angular measure is

t

ealit - ee driven ei driven (34)

for both the driven and spinning scans. The driven mode effective field of
view is obtained from
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System limiting magnitude My as a function of the effective ///
field of view @q¢f for the spin mode sensor. Results based

on a detailed star availability search over the possible

scan axis directions for the ATS F&G missions.

103

4




SCADS PARAMETER SELECTION

P oo N\ |
- — ‘;:E'JEE!Et;:::r AXIS IN SPIN MODE | //

~r 111/
\

€:} “{;:’:/'

T\

,/CLOSEST

APPROACH |
OF BRIGHT '

CELESTIAL SOURCE

’ \

Figure 54: Geometry of the dual mode sensor showing the principal
SCADS angles and the related bright object shielding problem.
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S — I R

- (@ ) [ ] - @ 35
1 - cos cffzdrivcn cos 8, 4 e = €O F (33)
Thus, the effective field of view (@eff)drivan is smaller than 5,

In the spinning mode, the inner and outer radii of the annular field are
Just

r+9 (36)

61 spinning - i driven

and 0
- 37
9. spinning "r+3. G7)
Here it is assumed that the slit lies away from the scan axis in the scan
axis-optical axis plane, The effective field of view for this mode is ob-
tained from

©_..)
. eff’spinning - 38
1 - cos 5 cos 8, spinni cos 8 spinning’ (38)

Observe that (@ may be larger than O,

cff)lpinninz

The bright object shield requirements for spinning operation are again
given by

gE=y, -¢c, =T (39) /

min u

subject to the constraint

g > -;2. (40)

LRI

Because 91 driven and I" are selected as positive quantities, the condition

analogous to (32) for the simple spinning mode sensor is satisfied automatically,
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For the dual mode sensor, the cant angle and the optical field of view
&re@ c¢hosen as the primary independent variables, The choice of © as a key
variable here is based on its fundamental role in the three-axis=-controlled
or driven mode, Figure 55 is a family of dual mode SCADS design curves with
the spinning mode effective field of view (®eff)sp1nning
of the cant angle ['. The optical field of view ©® and either the inner radius
of the slit Gi ériven °F the slit length ealit
effective field of view in the three-axis-controlled mode (@

ponds to the condition ' = 0°.

plotted as a function

are param:tric, Note that the

eff)driven corres=

Figure 36 preients the normalized dimensions of the minimum volume bright
object shield corresponding to each pair (®, I'). These results are again
based on the value (wmin - eu) = 560557, Observe that the large optical field
of view required for this sensor implies a shield with d > h, This is an
attractive form factor since the shield coes not represent a long thin pro-
jection from the satellite; potential interference with the spacecraft shroud
or the launch vehicle is thereby minimized,

Further selection criteria for the dual mode sensor geometry are dis-
cussed in Section IVC which gives more specific design information., It should
also be pointed out before concluding this section that the relations given
in (33), (34), and (35) also apply to the three-axis-controlled mode sensor,
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B, Parameters Related to Star Detection and Identification

The detection of a star within the SCADS field of view depends basically
on (1) the number of signal photoevents generated at the detector by photons
from the star and (2) the rate at which spurious photoevents are created
by other sources. In the subsections which follow, the parameter groups
which relate primarily to the detection and identification of stars are
discussed,

1, Slit Configuration

The choice as to which slit design should be used is not an easy deci-
sion, It seems that there is no ideal design, for each design has its own
advantages and disadvantages. Choosing a design thus amounts to deciding
what disadvantages are tolerable or most tolerable to the total system,

Figure 57 illustrates what are considered to be the two best slit de-
signs for this SCADS sensor, Of these, the single slit is favored.

First of all, the three slit and single slit designs are favored over
other numbers of slits because of the problems of matching star transits,
For example, if two slits are utilized, there is some difficulty in pairing
the star transit times, That is, given a set of transit times, it is diffi-
cult to extract two and be sure they were produced by the same star, Such
a pairing is necessary before the stars can be identified., Obviously, no
pairing problem exists if a single slit is chosen,

Three slits greatly simplify the matching problem over that presented
by other multiple slits, The slits can be so arranged that’ only triplicates
of star transits are obtained such that the transit time difference between
the third transit and second transit is equal to the difference between the
second and first, When this test is satisfied, it is fairly certain that
all three transit times were produced by the same star.
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At this point, we have narrowed the choice of slit designs to the two
illustrated in Figure 57. Let us now list the advantages and disadvantages
of the single radial slit over the three slit design.

The advantages may be listed as follows,

(1) No decis!on need be made as to which slit the star transits.

(2) The backgrc':nd radiation problem is minimized. This is a strong
advantage since *he sun and earth's limb are closer than 90 to
the spin axis for significant time intervals,

(3) Coma, astigmatism, and other aberrations of optical systems tcnd
to be symmetric about a radial line; thus greater accuracy can be
achieved in estimating the center of the blur spot by employing
a single radial slit,

(4) A lens system may be chosen which minimizes sagittal (tangent to
a radial line) distortions in favor of radial distortions. With
a single radial slit, radial distortions cause virtually no error
in determining the blur spot center.

(5) Simple to fabricate.

(6) The data gathering, data storage, and telemetry transmission re-
quirements of .the single slit system are less than for multiple
slit systems.,

The disadvantages of the single slit system airc listed as follows.

(1) Three stars constitute a minimum set if a single slit is used,
while two stars are minimal if multiple slits are used,

(2) Four or more stars are required for positive star identification
(excluding magnitude data).

(3) The star identification procedure is much more difficult to imple-
ment than with the three slit configuration., This is the strongest
disadvantage of a single slit,

(4) Errors in corzputed attitudes are slightly greater than with the
three slit design., This statement, however, is true if both designs
produce equal transit time errors; however, the transit time error
would be somewhat smaller for the single slit.

After considering the comparative advantages and disadvantages of the two
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designs, it appears that the single slit is preferable for the present
system, particularly since it is extremely important to minimize the amount
of on-board data processing. The single slit is not a single line as
pictured in Figure 57, but should be wedge-shaped, The recommended rota-
tional slit width has been selected as 12 arc minutes; this choice is dis-
cussed in Section I1IC,

2. Photodetector Performance

In order to achieve adequate signal-to-noise ratios with a minimum
aperture optical system for the detection of star signals with the SCADS
sensor, it is required that the SCADS photodetector be a photomultiplier,
Previous investigations have shown that current solid state detectors are
inadequate or at best marginal for a SCADS-type sensor rotating at relatively
short scan periods., One of the principal reasons for the superiority of
photomultipliers is the relatively noise-free gain achieved by the electron
multiplication provided by the secondary emissions of the photomultiplier
dynode chain [2 ]. The dynode chain provides adequate gain to raise the
signal levels well above the level of the thermal Johnson noise of the photo-
detector load resistor,

Extensive investigation has been performed in the applicability of
photomultiplier tubes for SCADS systems., The results of these investigations
have shown that venetian blind tubes are optimum for several reasons; in //
particular, the rugged tube structure, the large photocathode area, and the
high multiplier gain are some of its outstanding characteristicé. Venetian
blind photomultipliers have been utilized in two previous SCADS-type exper-
imental systems, For a Breadboard Design of a SCADS System (NAS5-9661), a
venetian blind tube designated as the EMR-543A (manufactured by Electro-
Mechanical Research, Inc,) was employed, For the ATS Self-Contained Naviga-
tion System Experiment, the venetian blind photomultiplier employed wa: an
EMR-541E. Both tubes were ruggedized and capable of withstanding the
environment of space vehicle launching, Since both tube types supplied by
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EMR p rformed satisfactorily, this feasibility study will primarily consider
EMR photomultipliers,

The cathode type employed by the photomultiplier is particularly im-
portant in SCADS sensor applications., It is desirable that the cathode ex-
hibit high quantum efficiency and a low dark emission rate. EMR has given
letter designations to indicate different cathode types. For example, the
EMR-543A has a cathode designated as an "A" cathode, and its response con-
forms closely to an S-4 response with a typical peak quantum efficiency of
14 percent and a cathode dark current of .274 x 10"15 ampere per square
centimeter of cathode area at +20°c, Similarly, the EMR-541E has an "E"
cathode which conforms closely to an S$-20 response with a typical peak
quantum efficiency of 25 percent and a cathode dark current of 407 x 10"16
ampere per square centimeter at +20°C. The "E" cathode has a broad range of
spectral response plus its peak sensitivity corresponds closely with the
spectral energy distribution of blue stars, More recently EMR has announced
the '"N" type cathode which has a higher quantum efficiency than the A" type
but is somewhat less efficient than the "E" type. The '"N" cathode response
conforms closely to the S-11 response., Typical peak quantum efficiency of
the "N" cathode is 21,5 percent, however, its dzik current is .51 x 10'17
ampere per square centimeter at +20°C. Hence, its dark current characteristic
is much superior to either the "A" or "E" cathodes, 1In addition, the "N"
cathode can withstand a much higher temperature (+150°C) than either the "A" :
(+75°C) or "E" (+85°C) cathodes, The high temperature characteristic is : //
particularly attractive since some cathode heating is likely to occur whenever
the sensor sees either direct sun radiation or earth-reflected sun radiation, 4

Bacause of its desirable characteristics of relatively high quantum
efficiency, low dark current, and tolerance to high temperatures, the EMR
type "N" cathode is recommended for the present SCADS sensor, The type 'N"
cathode is currently available in two ruggedized EMR photomult‘nliers, the
EMR-541N and the EMR-543N, The active cathode diameter of the EMR-541IN is

R .51 e oG 5514 5
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25 millimeters and the active cathode diameter of the EMR-543N is 43

millimeters, Both photomultipliers will be considered for application to
this SCADS sensor,

Data sheets for the EMR=541N and EMR-543N photomultipliers are shown
in Appendix B.

For a given photomultiplier it is possible to determine the response of
the tube to star radiation, To calculate signal currents at the photomulti-
plier output, it is necessary to know the absolute spectral energy distribu-
tion (ASED) for the star spectral class which contains the greatest percentage
of stars, It has been shown that star spectral class A contains the greatest
percentage of the 100 brightest stars[7 J. Code (1960)[8 ] has published
data from which the ASED of Vega (spectral class AO) can be calculated,

Code gives the monochromatic magnitudes of Vega as a function of wave
number (inverse of wavelength). These magnitudes can be converted to mono-

chromatic magnitudes as a function of wavelength by using the transforma-
9]
tion[

- .L]
MO\) = m(1/A) + 5 log, [M . (41)
In this case \, = ,556 micron., The monochromatic intensity of Vega at wave~-
length A relative to the intensity at )\, can be obtained from the expression /
#
%%%27 = 10~ *4EMQV) - MQ\,)] (42)
[+]

where m(A,) = 0.0 at A\, = ,556 micron, The relative spectral energy distri-
bution (RSED) for Vega can be obtained by plotting £QA)/£Q\,) versus )\,
By determining £(.556), the absolute spectral energy distribution of Vega

can be obtained. Based on measurements, Code has adopted a monochromatic
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flux value of 3.8 x 10'12 watt per square centimeter micron at ,556 micron

from a star of visual magnitude Mv = 0,0, Figure 58 shows a plot of the £
absolute spectral energy distribution for Vega.

The absolute spectral energy distribution for Vega is modified by the
spectral response of the photomultiplier cathode, resulting in an effective
spectral energy distribution.for Vega as shown in Figure 39, The spectral
response of the EMR-541N cathode is shown in Figure 58, Numerical integra-
tion nof the effective spectral energy distribution in Figure 59 yields a cathode
cuivrent of 7,92 x 10'14 ampere per square centimeter of optical aperture,

The visual magnitude of Vega is +0.04, The cathode current for a Vega type

star of visual magnitude can be obtained by scaling the cathode current
by the factor 10"4(Mv - 04 1,04 x 10"4MV. So a class AO star of
visual magnitude M causes a cathode current of S, = 8.25 x 10714 x 107,

ampere per square centimeter for 100 percent optical efficiency.

Similar calculations have been made for the "E" and "A" cathodes, The
results of these calculations are stated as follows for a 0.0 visual magni-
tude class AO star and 100 percent optical efficiency:

"E" cathode sensitivity - 10.3 x 10.14 ampere per square centimeter,

"A" cathode sensitivity - 5,49 x 10"14 ampere per square centimeter,

It is of interest to determine the type N cathode response to stars of : ,/
different "spectral classification, particularly for those stars whose energy @
distributions peak at a longer wavelength than do the class A stars. Figure
60 shows the spectral energy distribution for a OTO visual magnitude class
M2Ia star (Betelgeuse class). The resulting effective spectral energy distri-
bution is shown in Figure 61. Numerical integration of the effective spectral
energy distribution of Figure 61 results in a cathode current of

14

- - =AM~ amp
SK 1.75 x 10 x 10 v (cm)z (43)
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for 100% optical efficiency. Similarly, Figure 60 shows the spectral energy
distribution for a 070 visual magnitude class K5III star (Aldebaran class).
Numerica  integration of the effective spectral energy distribution of Pigure

61 results in a cathode curreat of

SK = 2,33 x 10'1“ X 10-'4Mv amp 2 (44)

for 1007 optical efficiency,

The reason that different values of cathode current result from stars
of the same visiral magnitude but different spectral class can be explained
by the facc that the combined spectral response of the visual photometric
system (V filter and 1P21 photomultiplier) does not match the spectral
respouse of the EMR-541N photomultiplier., The discrepancy is not particularly
troublesome to a SCADS sensor since star intensity data is not essential in
solviiig the attitude determination problem, Even if star intensity were of
importance, it would be possible to determine an instrument magnitude for
each star class by assigning a correction factor to the visual magnitude.

For instance, for a class M2 star the magnitude correction factor can be

5
determined by %4§§ = 10+'4Mc. Hence, the instrument magnitude for a class
M2 star would be

MI = MV + Mc v (45)

In order to more accurately determine the magnitude correction factor, the
spectral response of the lens system should be included in the star effective

spectral energy distribution,

The actual instrument response as a function of color class and star
magnitude is not particularly important except in performing the detailed star
availability search. For this task, it is necessary to give some considera-

tion to the instrument response to red stars in order to insure that three or
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more stars in the field of view, regardless of color class, exceed the
threshold limit, Adequate consideration to this problem is given by working
with star magnitudes which more closely match the actual instrument response.
As has been shown, visual magnitudes are not suitable since the instrument
response from a class M star is down by 1,68 magnitude from the instrument
response from a class A star having the same visual magnitude, However, it
can be shown that photographic magnitudes are suitable for performing the
star availability search,

Although the instrument is calibrated on the absolute spectral energy
distribution of the blue star Vega using its visual magnitude, the relative
and absolute instrument responses for photographic magnitudes can be readily

determined, The photographic star magnitudes can be obtained from the
transformationtloj

Mp = (MB - Mv) - W11 + Mv (46)
where MB = the blue magnitude of the star, and

MB - Mv = gtar color index,

Two specific stars will now be considered, one blue and the other red, For

the blue star Vega (class AO, Mv = +,04), its color index MB -M, = 0.0, so

MP = -0.07. For the red star Betelgeuse (class M2, MV = 0,7), its color index //
is MB - Mv = 1,86, so Mp = 2,44, So for photographic magnitudes, red stars

appear much dimmer than blue stars which have visual magnitudes comparable

to the red stars. This more nearly agrees with the relationship for the

instrument responses derived respectively for blue and red stars.

The instrument response to a class AO star of magnitude Mv has been
determined as

S, = 8.25 x 10714 < 107N, | (47)
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In terms of photographic magnitudes, the instrument response is given by

S, = 8.25 x 10714 x 1074 g < M) o A0, ¥ 1L (48)

Now for stars which are more red than the spectral class AO stars, the color
10

index MB - Mv > 0[ J,so for a given photographic magnitude the instrumert

response to red stars is always greater than is the instrument response to

class AO stars, Hence by calibrating the instrument on a class AO star

(color index M, - M,v = 0,0) and employing photographic magnitudes, it is

B
certain that for the limiting photographic magnitude, adequately detectable
signals will be received for almost all star classes since most stars are

more red than spectral class AOE 7 ]. Photographic magnitudes were used for

the detailed star avallability search performed in Section IIB.

3, Signal Filter

The next step in the design procedure requires determination of the
optical aperture, This requires analysis of the star signal detection
problem which must be preceded by an analysis of the signal filtering problem,

Figure 62 shows the photomultiplier output as a series of impulses where
each impulse corresponds to a single randomly emitted electron from the
photocathode, For very weak light intensities, the average phofrocathode
emission rate is relatively low so that star detection by electronic counting
of the individual emissions during a sliding time interval T; is practical, //
However, for a SCADS sensor, the stellar background plus bright star inten-
sities make star detection by counting individual photocathode emissions
impractical., Instead, time averaging of the photomultiplier output signal and
subsequent threshold level detection is more practical. Time averaging of
the star signal is performed with an electronic low pass filter., Because of
the random emissions of the photoelectrons from the cathode while the star

is in the slit, the time averaged star signal contains a random amplitude

noise component superimposed on its true average value, The random noise

amplitude component is commonly referred to as shot noise.
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The ability to detect star pulses from a photodetector in the presence
of shot noise caused by background and star radiation is greatly influenced
by the design parameters of the low pass electronic filter shown in Figure 62,
Analysis of the filtering prcoblem is complicated by the fact that the RMS
noise is dependent on the amplitude of the signal as described by the shot

noise cquation,

. X
Lows " LZe (1g + 1  + ID)Af] (49)

where 1

g = average current produced by star radiation striking the photo-

detector,

IB = average current produced by stellar background radiation striking
the photodetector,

Ip = average dark current of the photodetector,
Af = noise equivalent bandwidth of the electronic filter,

Because the noise is dependent upon the signal, the noise is non-stationary.
Consequently, to achieve optimum filtering, it is apparent that the parameters
of a linear filter must change with the amplitude of the signal, i.e. the
filter parameters must be time variant and be capable of adapting with the
magnitude of the pulse being filtered, It is inpractical to implement a time
variant linear filter, so to simplify matters, it will be assumed that the

RMS noise is not dependent upon the signal level, in which case, the noise is
considered stationary, Therefore, only linear time invariant filters will

be considered,

The objective in filtering star pulses in the presence of shot noise is
to minimize the attenuation of the signal while maximizing the attenuation
to the RMS noise. This is equivalent to maximizing the ratio of peak signal
to RMS noise., If the bandwidth of the filter passband is wide compared with
that occupied by the signal energy, extraneous noise is introduced by the
excess bandwidth and the output signal-to-noise ratio is lowered, On the

other hand, if the filter bandwidth®is narrower than the bandwidth occupied
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by the signal, the noise energy is reduced along with a considerable parc o.
the signal energy. The net result is again a lower signal-to-noise ratio.
Thus, for a given filter transfer function with a given input signal, there
is an optimum bandwidth at which the signal-toenoise ratio is a maximum, For
a given input signal, different filter transfer functions will yield differing
maximum signal~to-noise ratios at the respective optimum bandwidths., The
filter transfer function which yields the highest possible output signal-to-
noise ratio is called a matched filter., It can be shown that the impulse
response of the matchad filter is the reverse image of tiw input signal; that
is, it is the same as the input signal run backward in cimetll]. Therefore,
if the input signal is symmetrical in time, the impulse response of the
matched filter must also be symmetrical, The output signal from any filter
can be described by the convolution integral of the filter impulse response
and the input signal,

y@e) = [ £(r) + (e ~ 1) dr e

where £(t) = the input signal,

h(t) = the filter impulse response,
So if the input signal is symmetrical, then the output signal from a matched
filter is also symmetrical,

A matched filter may not be physically realizable depending upon the
form of the input signal it is required to match, If a matched filter is not
physically realizable, then the desired filter is a physically realizable
filter which has the highest output signal-to-noise ratio for the given input
signal, If one filter transfer function has a higher maximum signal-to-noise
ratie than another transfer function for a given input signal, then the filter
with the higher signal-to-noise ratio is closest to matching the signal, So
by calculating and comparing the maximum signal-to-noise ratios for two or
more filter transfer functions and a given input signal, the filter most
closely matching the input sigrial may be determined.
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The form of the star pulse from the photodetector of a scanning optical
system depends upon the energy density profile of the star image blur circle
and the relative size ot the rotating slit with respect to the blur circle.
1f the optical system produces a diffraction pattern that is iwo dimensional
Gaussian, the energy density in the focal plane is given byElz]

¢ A
I(x, y) = -2—°-§ exp [ - - ol +yh] (51)
\afe o)

where ¢, denotes the optical efficiency,
K. = gverage number of photons received from the star/unit time,
o = dispersion of the diffraction pattern on the focal plane,
and the slit width is chosen such that 80 percent of the star radiation
passes the slit when the blur circle is centered in the slit, If T. equals
the time it takes the center of the star image to cross the slit, then the
average photon arrival rate at the photomultiplier ts described bytlz]

£,(t) = ¢ M, G(t) (52)
where

(53)

(]
P
(a4
o’
]
e
/\
qle
+
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[ : ]
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]
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Q'.'-]
S’

and

g(t) = f R (54)

L
Vo %
Note that 80 percent of the star radiation passes through the slit when

T
-§ = 1,28 o, (55)

The function G(t) is graphed in Figure 63,
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The average value (envelope) of the photodetector output signal will be
deccribed by

£(t) = K G(t). (56)

The impulse response in Equation (50) can be obtained analytically by
finding the inverse Laplace transform of the filter transfer function, H(s).

In general, H(s) will contain terms of the form

2[a(® + a) + bB]
T 7

H, (s)=
: (§+a)+B

whose inverse transform is of the form
h (t) = 22w e Wt (o5 (But) + 2b w e™ Wt 5in (Bwt) . (58)

Equation (50) cannot be integrated in closed form after substitution of
Equations (56) and (58)., However, G(t) can be approximated by

f(t) = (.8) cos2 %E -%) for |t| < 2 Ko (59)
= 0 elsewhere,

where K is selected to '"minimize" the discrepancy between G(t) and f(t)., It

can be shown thattlz]
t
[ ey ae=1, . (60)
-0
Also,
+ko -
J‘ f(t) dt = ,8 Ko, (61)
=ko
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Now 1if G(t)/T8 and f(t)/.8 Ko are considered as probability density functions,

their second moments can be equated to determine K, It has been shown that

the second momentCIZJ
I 2 G(t 2 VRS
J.mt —LZTS dc-c[1+-5 = ] (62)

The second moment for f(t)/(.8 Ko) has been evaluated as

tmtko
2 0082 -g-g % 2 2 - 1,72 2
(.s)f e —Fh - ) 2 F - 1] = (x)?(. 1306880, (63)
t==ko

For Ts/2 = 1,28, K= 3,44, Hence,

£(t) = (.8) cos? At for | t] g% (64)
=0 elsewhere
where
- —r 6
A=c5g (65)

The function £(t) = (.8) cos2 At is shown graphed in Figure 63, By %
shifting the time axis of Figure 63, G(t) can be approximated by ?

£(t) = (.8) sin® At = (.8)/2 (1 - cos® At) for 0 < t < T/A 66)
f(t) =0 elsewhere,

Now Equation (50) can be integrated analytically after substitution of
Equations (58) and (66),

The optimum value for We is that value which maximizes the ratio

ypeak(t’ wc)

(67)
Trms :

3.
N
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where
© o 4o
2 _ N2 ! 2 N2 < 1 7 2 68
s =M | u@iae = £ 2 | |uG0l? ax (68)
0 L0
(137
= mean noise output power from the filter with white noise input.” -~
A
AN Bl (69)
c c
NR = input RMS noise per unit bandwidth
- . ¥ 70 |
[2e(1g + 15 + 1)] (70)

Comparing Equations (49) and (68) shows that the noise equivalent bandwidth
is given by

+
w
af = 2= [ 18GwI? ax 1)

Since the integral in Equation (68) evaluates to a constant, the value of

w which maximizes Equation (67) may be determined from

5 _ ylggak(t. w ) a2)
N /-—wc

If two or more filter transfer functions are to be compared, Equation (68)
must be evaluated and used to determine Equation (67) for each case. The |
transfer function which has the largest maximum value for Equation (67) - {

has the impulse response which most closely matches the given input signal.

By comparing the maximum value of Equation (67) for a two pole transfer
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function with' the maximum value of Equation (67) for the six pole case, it

is possible to compare the effectiveness of each filter.

Since a star transit time is most conveniently determined by averaging
the threshold crossing times, it is desirable that the filter output signal,
y(t), be symmetrical about its peak value. If the filter output signal
is asymmetric, then the transit time is dependent upon the threshold level
‘and the star intensity. With a symmetrical noise-free input signal the
noise-free filter output signal, y(t), will be symmetrical if the filter
impulse response, h(t), is symmetrical. This can be seen from the convolu-
tion integral. But it can be shown that the impulse response is symmetrical
if the transfer function H(jw) has a linear phase versus frequency charec-
teristic.tla]

The Fourier transform, H(jw), of the filter impulse response can always

be written as a modulus times its argument, i.e.,
-16 »
H(jw) = AQ) e ¥ @) (73)

But from the inverse Fourier transform
4

h(t) = 1 J1 Aw) e+j[wt-9(0))3 dw

: ’

o+
- %; .f Aﬁn){cos[wt - 9@”)]} dw (74)

Now if the phase is linear with frequency, 8 (w) = we _, 8o
(- -]
I
h (t) =2 | A@) coslw(t - t )] du (75)
0

and, therefore, ho(t) is maximum gbout t = to and is symmetrical about t = to.
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The two pole transfer function of a linear phase shift versus frequency
[15]
is given by

) — -k - -1 LJ-"LBZ 2} (76)
‘4<‘”c> +3‘”c +1 \“’c+a> +B

where b=1,51186
o = ,375
B = .331

The numerator of Equation (67) will be evaluated by writing the analytic
expression for y(t) and then numerically determining ypeak(t’ wc) with a
programmed digital computer. In order to determine y(t), the filter impulse
response must be known. The filter impulse response is

h(t) = 'Z' b we YWt sin(Bwt) for t> 0 an .

h(t) = 0 for t < 0.

The expression for y(t) is derived as follows:

y&) = [ £@) - h(e - 1) ar (78)
where
f('r)-sinzAT-%-c > AT forOf_TS_% (79)

£(T) = 0 elsewhere,

and, in general,
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- < Ww(t=-T)
h$£-i411 = ZL;_Z a, we i cos tBi w(e - T)}
i
< ,w(t=-T)
+2b we | sin 1B, w(t - 'r)}] (80)

Since the terms of y(t) are similar for a given value of subscript {,
the derivation will proceed for all terms having the same subscript. The
terms of y(t) for the remaining subscripts are then summed to give the final

result. For the remainder of the derivation let

a= ai w b= bi w
o = ai ) B = Bi w
y, (t) at . g
-lE-— = (2a cos Bt + 2b sin Bt) 55-—' J e cos BT dT
<t
+ (2a sin Bt - 2b cos Bt)'g-i- .f &7 sin BT dT
27
=" cos[(2A48)1] dT

<t
- (2a cos Bt + 2b sin Bt)gi- !

aT
\+f 33- cosl (2a-B)7] dr

e-at T
+ (-2a sin Bt + 2b cos Bt)-i—- 'f e cos 2AT sin Pt dr (81)

For 0 < t <

L =
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o _cosl (2A48)¢1+(2A48) sinl 2A48)¢]
ol + (2a49)°2
y,(t) f |
_ik_.. -%(a cos Bt + b sin Bt)
WMLMMM
al + (2A- B)

*‘l (a cos Bt b sin Bt) -at{

7 )

a2+ (2048)° +(2A -8)

o +2A)t] - (B+24) cosl B+24)¢] )

a2 + @ + 24)2
+ % (-a sin Bt + b cos Bt)! )
o - -(B8 - 0 =2A

@l + (B - 24)°

+ 1 (-a sin Bt + b cos Et)e I'JE;:fi ) * 2+(; 1)2 }
A o " “

+ w MJ cos at
a? +p2 o’ + g2
_ /
+ (Bt 0t e (82)

a® + B

For t>%-6.5-R

y, ()
k

oR
= (a cos Bt + b sin Bt)e ¢ {e (o CQE;gR +g sin BR) -« }

a +8

(equation continued)
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+ (a sin Bt - b cos Bt)e " {3-1@.'._'_*.“_25_'_9 cos BR)+ 9}
a +8

2

o .
. 'ZL(B cos Bt + b sin Bt)e’at e Lo cosl (2A+B)R |+(2A > sinl (2A
a” + (2A + B)

e Lo cosl (2A-B)R| + (2A- sinl (2A
+ 2 2
a” + (2A - B)
-g -a
+=3 2 * 732 3
o + (2A +B) o + (2A - B)

2

+-21-(-a sin Bt + b cos Bt)e'at eaR { o sinl (B+2A)R]| - (B+2A zcos +2A)R
a” + (B + 24)

unt;gg-ma] (B-28) cos( - _A_.)_Rl}

a +(B-2A)

""(-a sin Bt + b cos Bt) e F {-—@ +(: Ry 7 + Z(E(BZA))Z} (83)
a” + (B+2 o + 2A

Finally, y(t) = Zyi(t)
i

. The denominator of Equation (67) may be evaluated by finding the partial
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fraction expansion of the integrand of Equation (68)and then applying the
residue theorem for integrating about a closed contour.[16] The terms of
the partial fraction expansion whose poles are in the upper half of the

complex plane have been determined to be

(1.51186 - § 1,3333)  (-1,51186 - § 1.3333) (84)
(x + .3307 - § .375) ' (x - .3307 - § .375)

The complex number in each numerator is the residue of the integrand at the
pole in the denominator. Now, by applying the residue theorem to wvaluate
the contour integral along a contour enclosing the upper half of the

complex plane

+®
f lH(s) | ? dx = (.25)% 21 30-25(1.3333)] (85)

-®

So the noise equivalent bandwidth is
Of = .5236 fc (86)
and
N = N2 w_(.288675) (87)
Equation (67) has been numerically determined versus w = for an arbitrari-

ly chose: value of 0 = ,945 gecond in Equation (64) . The results are graphed
in Figure 64

The results show that for © = ,945 second, the maximum output signal-
to-noise ratio occurs for wc = 1.425. Hence, the product of Gwc at the

highest signal-to-noise ratio is
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s

ve = (.945)(1.425) = 1.3466 . (88)

This represents the condition for wliich the filter impulse response is most
closely matched to the input signal,

£Q) o1’ Fo= £, foroscse6.880, (89)

For the two pole transfer function, the maximum output signal-to-RMS
noise ratio corresponding to w, = 1.425 is 2.1659. Evaluation of
Equation (67) for a six pole linear phase versus frequency filter shows
that there is only a loss of 1.8 percent in the ratio of peak signal-to-
RMS noise for a two pole filter when compared to its six pole counterpart.
This result tends to indicate that a two pole linear phase filter is
adequate to smooth star pulses for applications where exceptional system

accuracies are not required.

Further analysis shows that Equation (88) may be rewritten in terms of
the slit transit time, T'. Since T' = 2,560

c T radians per second. (90)

But for a slit radial to the spin axis, T. is related to the scan period, T,
and slit width, 55, by

s " 21,600 seconds (91)

where
SW = slit width in arc minutes projected onto the celestial sphere, and
T = gcan period in seconds.
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So,

radians per second . (92)

Equation (92) gives the value of wc which matches the two pole filter
impulse response to the signal for a given scan period. A question of
particular interest concerns the change in the filter response if the scan
period varies while the filter parameter, w,, remains rixed. This question
may be reasonably answered by observing Figure 64, For rhis figurc, the
signal was fixed and wc was varied by almost a factor of two causing an
approximate change in peak signal-to-noise ratio of only 6.5 percent.
Therefore, it can be rcasonably concluded that the scan perioa can change
over a relatively broad range without causing intolerable or catastrophic
degradation in the performance of a fixed frequency filte:.

Figure 65 shows a plot of the noise-free input signal, £(t), and
the noise-free output signal,y(t), for w = 1.425 and @ = .945. As shown
in Figure 65 for w = 1.425, the noise-free input peak of unity is
reduced by the filter to an output peak equal to .7464. The peak of the
noise-free input signal corresponds to 80 percent of the star radiation
striking the photocathode. Since Is = the average current produced by 100
percent of the star radiation striking the photodetector, then the input
signal peak corresponds to .8 Is. Hence, the output signal peak corresponds /
to (.7464)(.8) Is = ,597 Is. Consequently, the peak output signal-to-RMS

noise ratio is expressed by

(.597)3
(1.26)[2e(.8 I + 1

ko
(]

(93)

X
g ¥ Ip of]
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T PRI T e e T e e e o

TIME (seconds)

Figure 65: Star pulse input signal to filter, £(t); filter
impulse response, h(t); and output signal, y(t).
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where §
£:.524) (1185
ap = L3200 (LIBSL) _ 6210 (94)
SW - T SW. T

and the drnominator factor of 1.26 accounts for noise introduced by the
photomultiplier dynode chain.2

If measurements of the star signal peaks were made at the filter
output for a given star, it would be expected that the RMS variation in
these measurements would be N - GT’ where GT is the photomultiplier tube
gain. If the variation of the intensity measurement, UI/I, is defined as
the ratio of the RMS variation in the signal peek to the average value
of the signal peak, then this ratio must be equivalent to the reciprocal
of the peak signal-to-RMS noise ratio. Hence:

o
L.
I

128 -

(95)
Figure 65 shows the filter impulse response, h(t), plotted for w = 1,425,

The second order transfer function of Equation (76) may be implemented ;
by the circuit shown in Figure 66 . The design procedure for obtaining é
the values of R and C involves matching the poles of the desired filter §
transfer function with the poles of the circuit transfer function. If ,///
K=1in Figure 66, then

-
C,C,R R, " (96)
[o]
and :
C.(R. +R,) = == (97) )
2 By TRy wcz

141




SCADS PARAMETER SELECTION

£, (8) K

O
-

7 ! —
E, (s) E C,CR\Ry + 3 {02R2 + G+ (1= K) “1“1} + n]

Figure 66: Practical circuit configuration with quadratic
transfer function for low pass active filter,.
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Now let R2 - R1 = R, so that

- — - —
¢, 2R w_ and C, =73 w R (98)

4. Optical Aperture

In order to determine the required optical aperture, it is first
necessary to analyze the problem of star signal detection. For the SCADS
sensor, star signal detection will be achieved by threshold detection of
the filtered analog signal. In this section, determination of the thres-
hold level for a permissible false detection rate will be based on results
derived by S. O. Rice.EI?J The required optical aperture diameter will
then be determined to detect a given magnitude star with a fixed detection
probability.

Rice has shown that a noise signal at the output of a low pass filter
having an amplitude probability density function which is normal will pass
through the threshold value IT with a positive slope an average number

of times per second equal to

2 ]
I, -1 i
Ng = (1.155) &% ( J;ﬂf—”) £, (99) g

IT = threshold value of current
IBD = gverage value of noise current
IRMS = RMS value of noise current

fb = noise equivalent bandwidth of low pass filter in cycles per second.

It has been shown above that the noise equivalent bandwidth for a
two pole linear phase shift filter is .
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6210
SW . T

cycles per second (100)

fb-
where

SW = rotational slit width in arc minutes,

T = scan period in seconds,

Hence, the average number of threshold crossings per scan period, Nf, equals

7166.95 -% | Ir - Imp|?
Nf » ————tZZ e I (101)
W RMS
So
[2 7166, 95J (1025

The values of IT’ IBD' and I are taken as current values at the output

RMS
of the photocathode. The value of I is obtained from the shot noise

RMS
equation with an additional factor included to account for photomultiplier
noise, The current levels at the photomultiplier output can be obtained
by multiplying all three values by a noise-free constant equal to the gain

of the dynode chain. So at the cathode, the RMS noise equals

Tos ™ 1.3[2e IBD'AfJ%’ (e = charge on an electrﬁn) (103)
where the factor of 1,3 is included to account for noise introduced by the
photomultiplier dynode chaintz]. In the preceding subsection it has been

shown that the noise equivalent bandwidth for the two pole filter may be
expressed as

of = £ = E%Z- cycles per second (104)

where TE = time required for the center of the star image blur circle to
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cross the slit.

Next, the following quantities may be introduced,

I. T
ny = ——% (105)
I T
B
nyp = (106)

where n denotes the average effective number of equally weighted photo-
cathode emissions occurring during a transit interval, Ts. After sub-
stitution of Equations (103), (104) , and (105), Equation (102) may be rewritten

as

%
Ny = (1.3936) LnBD 4n llﬁﬁfgz J + ngp (107)
Nf . SW

The limiting detectable star magnitude can be determined by considering
the value of 1 required in order to exceed the detection threshold IT a
specified fraction of the time referred to as the detection probability.
Consequently, the detection level must be ’///

< -
IT < IBD +1 -k IRMS (108)
where
I = the peak value of the star signal at the filter output,

IRMS = the RMS output noise generated by the average peak signal
level at the input to the low pass filter, and E

k = constant determined by the required detection probability, Pd.
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The constant k is determined from

kIpMs 2
Py = L. J expL-% EL'” ] dl . (109)
Vo Iges RMS

It was shown that the peak value of the star signal at the output of a
two pole linear phase filter is

I =.597 Ig (110)
where Is = the average photocathode current produced by 100 percent of the
star radiation striking the photocathode. Equation (110) assumes that
80 percent of the star radiation passes the slit when the blur circle is
centered in the slit., The RMS current in Equation (108) is given by

- | ’
Ios = 1.302e(.8 Ig+ I 9f ] (111)

Substitution of Equations(104) ,(105), and (107) into Equation (108)yields

(np = ngp - .597 ng)2 - {-k(l.3)[<.5746)(.8 n, + mBD)]”}2 (112)

Equation (112) can be written as a quadratic in ng ///

(.597 ns)z - n [1.194(ny = ng) + (1.3 K2 (.5746) (.8)]

+ (ap - 0% - (1.3 102 (.5746) nyp = 0 (113)

From a table of the error furction, k = 1,66 for a detection probability ;
of 0.95. So Equation (113)becomes *
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2 2 | - 14
(.3564)n7 = n [1.194(npengp) + 2.141) + (np-ng ) - 2,676 nyp = 0 (114)
The stellar magnitude, M, for a solidly detectable star (95 scans out of

100) can now be obtained by equating

ne
I ==2—uc § 1o'°“"‘%a2 (115)

¢ = efficiency of the optical system,

S, = sensitivity of the cathode to a zero magnitude star per unit
area of optical aperture,

a = {iameter of the optical aperture.

So

M=2,5 loglo[%'az 2 <, SK] . (116)

If a limiting magnitude is specified, then, Equation (116)mey be inverted
to find the optical aperture a in terms of this magnitude. However, a
detection probability of 0.95 for the system limiting magnitude ML would
result in an "over-designed" system. From the cumulative probability
distributions for the third and fourth brightest stars in the field of
view--see Figures 27, 41, and 45--it is seen that the fourth brightest star
is at least a half-magnitude brighter than ML for about 90 percent or more
of the possible scan axis directions., But, a detection probability of
0.5 (i.e., 50 percent) at M = ”& would insure that the fourth star would be
detected on at least half of the scarsin the worst case. This is adequate
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for operation of SCADS; it only lengthens the computer time required for

scan-to-scan transit correlation and star pattern identification, Further,

it has just been seen that the fourth brightest star will be much brighter

than ML most of the time.

Thus, the optical aperture will be found with an assumed value of

k = 0 (corresponding to P

= 0,5) in Equation(113),Then,

d
4M
S 2 n . e-%
4 10 8
e - J . (117)
o K 8

The optical aperture, a, can be determined if the following quantities

are known or assumed:

(a)
(b)

(c)

(d)
(e)
(f)
(g)
(h)
(1)
(1)

(k)
(1)

D
[

2)

-~ ® = =
U 0 w W

photocathode sensitivity,

angle between the field of view outer edge and the
scan axis,

angle between the field of view inner edge and
the scan axis,

rotational slit width,

number of radial slits,
equivalent stellar background,
efficiency of optical system,
dark current of the photocathode,
limiting detectable magnitude,

an average number of false star detections per
scan period,

scan period,

argument of the e.ror function at P, = 0.5 (k = 0).

Items (a) through (h) are required to determine
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P ot

- 118
Igp = I+ I (118)
wl.ere IB » ¢cathode current generated by stellar background radiation striking

the photocathode. The stellar background radiation, N, is comronly

B!
expressed in terms of tenth magnitude stars per square degree of slit area
projected onto the celestial sphere. The total slit area projected onto
the celestial sphere is

- cos ee)IT%Q (clegl.'ee)2 (119)

§W
S, = Ng o (cos 8,

where SW is expressed in erc minutes,

With SK expressed in terms of amperes per square centimeter and a in

centimeters, IB can be determined for a given a by

4m 2
= 4 » . - 12
I, ¢ Ng + S, sK x 107 - a (120)

The solution for a must be obtained by an iterative numerical method
since a cannot be expressed explicitly from Equations (107), (113), (117),
and 51?0) It is alsc necessary to assume specific values for ‘o’ NB’ NF’
and SW, These parameters cannot be solved for explicitly; however, /J/’
realistic values can be assigned for each based on either experience or a

worst case condition.

For instance, the true efficiency, co’ of an optical systep is a
complex function of multiple variables describing a lens system. Since
part of the design problem is to determine a SCADS lens system, it is
required that a realistic overall optical efficiency be assumed. Such a

realistic value is €&, " .5 = 50%. In general, this is somewhat below the
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efficiency of the actual lens; however, it represents s suitable assumption.

For the case of the stellar background, NB’ a worst case value will be
assumed based on total integrated starlight for stars of sixth magnitude
and weakerﬁlo] Over the celestial sphere, the background level varies
from 15 to 323 tenth magnitude (photographic) staers per square degree.

Hence, the stellar background is taken as N_ = 325 tenth magnitude stars

B
per square degree,

In the case of the false detection rate, Nf. the choice is somewhat
arbitrary. False detections are undesirable since they lengthen the computer
running time of the star identificetion procedure and contribute no infor-
mation in terms of attitude determination. 1In addition, the useful capacity
of data storage and telemetry transmission is reduced. For the SCADS design
procedure here, the average false detection rate is taken as Nf = one per

five scan periods,

Since the selection of the slit width critically affects the accuracy
of the attitude determination as well as the ability of SCADS to detect
stars, the choice of SW is discussed in the next section,
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C. Parameters Related tc ilcasurement Accuracy
Filtered star pulse signals are most conveniently detected by the
signal crossing of a predetermined threshold level, If a star pvlse crosses
the detection threshold then the transit time, tyo of the star is determined
from
(tl + Fnz

t W om——

. ; (121)
where L, = the threshold crossing of the star pulse leading edge,

t, = the threshold crossing of the star pulse trailing edge,

2
If the cross-section of the star image blur spot is symmetrical in the
direction of the slit scan and the filter output signal is noise free then

the star image blur spot is centered in the slit at exactly

(122)

where ts is some constant known delay introduced by the filter holding time
(memory) which can be accurately determined either analytically or measured,
However, the filter output signal is distorted by superimposed random noise

which causes variations in the successive measurements of tl and t hence

2’
an uncertainty orises in the value for tge This uncertainty is related in

a complex way to several factors, Included among these factors are

(1) the signal amplitude (star intensity),
(i1) the background signal level,

(iii) the scan period,

(iv) the slit width,

(v) the blur spot size.

The designer has varying amounts of control over these five factors, We will
qualitatively discuss how each of these factors tends to influence the trans-
it time uncertainty, We will assume in this discussion that a large
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percentage of the star image blur spot is initially containable in the slit
wid=h when the spot is centered in the slit to insure that limiting magnitude
stars are detected, In the discussion, we will further assume that the best

nossible match is realized between the filter impulse response and the signal,

For bright stars the energy density in a given blur spot size is greater
than for dimmer stars, consequently as the slit moves across the blur spot
the slopes of the star signal leading and trailing edges are greater than
for dim stars, Therefore, for a fixed threshold the uncertainties in the
threshold crossings for bright stars must be less than for dim stars., The
energy received from a particular star per unit area is, of course, fixed by
the stellar emission, but the available signal from that star may be in-
creased by enlarging the optical aperture, However, the SCADS lens accounts
for a significant portion of the weight of the total sensor and the lens
weight goes as the cube of the aperture a. Further, the volume of the bright
object shield also goes as (a3). Thus, there are strong physical limita-
tions imposed by the SCADS/spacecraft interface which dictate the use of a
small aperture; the detection criteria developed in the last section will be
used for the selection of a,

An increased background level with all other factors fixed will result
in greater uncertainties in the threshold crossing times due to the increased
RMS noise level, This background signal level can be partially controlled
by excluding bright-source radiation with careful shielding, However, the : //
stellar background of faint stars is an invariant characteristic of the
particular portion of the sky being scanned, Fortunately, regions with many
faint stars (the Milky Way) also tend to have proportionately more bright
stars which give strong signals,

1. Scan Period

As the scan period is increased for a given slit width, the filter
bandwidth must be decreased in order to realize the best possible match
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betwien the filter impulse response and the signal, This results in a

reduced RMS noise level so that the uncertainties in the threshold crossing ¥

times should also be decreased,

The scan period for a passive sensor in the spin-stabilized mode is
fixed by the spin rate, In the present application, this nominal period is

one second,

For the three~-axis-controlled mode, however, the slit reticle must be
driven so the scan period is subject to choice, Thus, the scan may be slowed
down to obtain a longer dwell time 'r8 on the star image in the slit, This
is particularly significant for the dual mode sensor where the scan period
is one second and the accuracy requirement is 0°1 in the spinning state
while the accuracy desired in the three-axis-controlled state is 0901, This
increase in accuracv can be obtained in part through a reduction of the scan
rate for the driven case, However, a separate filter is needed for each mode
if the transit pulse durations are widely different, Also, if the scan
period becomes exceptionally long, the motion of the vehicle may complicate
the pattern of transits, In the three-axis-controlled mode here, the vehicle
rotates at approximately 15° per hour or 15 arc-minutes per minute of time,

A scan period of 10 seconds is recommended for the driven mode, During this

period, the vehicle itself rotates through about 2,5 minutes-of-arc. The

pattern of transits will therefore be almost periodic and should be readily

recognizable with scan-to-scan correlation, //

2, Blur Spot Size and Slit Width ,
The joint selections of the allowed blur spot size and the rotational
slit width are probably the most difficult to make since they affect both

star detection and overall system accuracy. ?

The ideal slit is chosen in the form of a pie-shaped sector with its

apex on the scan axis. This geometry and its projection on the celestial %
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sphere are shown in Figure 67, Note that in this configuration, the time
requicred for the slit to sweep by any point on the celestial sphere is a
constant independent of the angle p from the scan axis to that point. Thus,
the integration or dwell time during which a star is in the slit is (at
least ideally) the same for all stars in the annular field; a single fi..er
matches all transits equally well,

Although the stars are essentially point sources at infinity, their
images in the SCADS image plane are blur spots of finite size, This blurring
of the image is caused primarily by the aberrations associated with geometric
optics--coma, astigmatism, etc,--and to a lesser extent by diffraction, The
computer print-out of representative blur spot diagrams generated by a very
powerful geometrical ray trace program are shown in Figure 68, It might be
noted that these diagrams correspond to the Super Farron lens which is used
in the SCADS-type instrument onboard ATS-3,

Observe here also that the blur spot distortions are symmetric about a
radial line from the optical axis. Since the slit also has radial symmetry,
threshold detection at a fixed level on the star pulse will give expected
ingress and egress times which lie at the same distance on either side of the
time when the star is centered in the slit, All of these times will, of
course, contain the constant delay ty due to the filter. The point, however,
is that the optical system should introduce no significant asymmetry error

in the measured transit times. This would not be the case if non~radial slits

were used,

As the blur spot size decreases for a given star, the focused light
energy becomes more concentrated, so it seems reasonable that the slopes of
both the leading and trailing edge of the star pulse should become steeper,
A steeper slope in the vicinity of the threshold crossing should then result
in reduced uncertainties in the threshold crossing times for a given noise

level; i.,e. for fixed slit width, scan period, and background signal level.
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Figure 67: Schematic rep~esentation of the rotational slit
width SW projected onto the celestial sphere.
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Figure 68: Blur Spot Diagrams generated by a digital computer ray trace
program. Lens: Super Farron optically stopped to £/1.3.
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Little is gained, however, by making the blur spot much smaller than the
slit width, 1In practice, even the problem of reducing the blur spot to
approximately the same size as the desired slit width taxes the optical
state-of-the-art for wide angle short focal length lenses, Thus, the re-
quirement that the blur spot match the size of the slit is a suitable but
sometimes difficult-to-achieve criterion,

The remaining parameter to be discussed in this section is the rotational
slit width §W. It is desirable to make the slit as wide as possible since
for a given scan period this causes a star to be in the slit longer and
therefore allows a longer integration (time averaging) of the star pulse,
It can be shown that for a given false detection rate and detection proba=-
bility, a wider slit allows a smaller optical aperture, However, widening
the slit reduces the accuracy with wlich the star can be located, So the
slit should be selected to be as wide as possible and still meet the system
accuracy requirement,

Experience in performing error analyses on the SCADS system of constraint
equations indicates that the accuracy goals specified for this study can be
met if individual transit measurements have a total RMS time error corres-
ponding to an azimuth measurement error of about one arc-minute., Further,
experience in operating experimental SCADS sensors from the earth (looking
through the atmosphere with the corresponding astronomical ''seeing" problems) /J/’
suggests that the azimuth of a solidly detectable star may be located to
accuracy of one-tenth to one-twentieth of the matched blur spot-slit width
for satellite-borne measurements., On this basis, a rotational slit width
SW = 12 arc-minutes is selected for the present application; interpolation
of the resulting star pulses to 'better than one part in twelve relative to
this slit width should present no major problems,

3. Time Measurement Resolution and Clock Stability
Encoding of the star transit time must be performed with sufficient
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precision so that the required system accuracy can be realized, In order to
achieve the required system accuracy, all sources of error must be considered,
with one of the sources being the transit time uncertainty introduced by the
encoding process, The encoding error contribution can be derived by con-
sideration of the uniform probability density function, The threshold

crnising for a star pulse is equally likely to occur at any instant during a
clock period resolution interval, So the probability density for the threshold
crossing time is a uniformly distributed random variable whose RMS value is

'Jé: where L is the length of the time interval. It will be assumed that the
12
trailing edge threshold crossing time is independent of the leading edge

threshold crossing, Since the star transit time is the average of the leading
edge and trailing edge threshold crossings, then the RMS transit time un-

certainty must be approximately y2 L. This quantity should correspond to

V12
an azimuth uncertainty of less than one arc minute; that is, to a relative

uncertainty of less than one part in 21600 per scan, Thus L/T < V6/21600 =
1.134 x 10"4 where T is the scan period. The closest simple binary power
which satisfies this inequality is 2-14. Hence, the clock should operate
with a resolution just sufficient to encode one scan with fourteen bits, For
a one second scan period the basic clock oscillator frequency must be 1,08

X 104 cps.

It is important that the clock used for encoding SCADS star transit data
be synchronized with Universal Time, or some equivalent, in order to determine ,//
spacecraft attitude as a function of time, Almost any synchronization method
should be sufficient, One reasonable method would be to have the period of
the clock be slightly greater than the orbital period and then to count the
number of orbitr, The number of stages required by the binary clock used for
SCADS transit time ercoding may be determined in order for the clock period
to be greater than the orbital period., The number of stages required depends
upon the clock resolution interval and the orbital period, For an earth
synchronous orbit, the clock must have thirty binary stages for a 24 hour

period with a 1,08 x 104 cps clock frequency,
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The clock resolution interval used for star transit time encoding re- §
quires stability for only a relatively short time interval, For SCADS the :
clock stability is most important for statistical averaging of attitude data
from successive scan periods in order to improve the accuracy of the atti-
tude estimate, It has been demonstrated that the accuracy of the attitude
determination can be significantly improved if averaging is performed over
10 or 15 successive scan periods., So in order to neglect the error contri-
butions due to the clock instability, the clock resolution interval should
not change (drift) by more than a small fraction of the nominal resolution
interval., Consequently, the clock resclution interval should not change by
more than 1/10 the nominal resolution interval over fifteen scan periods,

Since fifteen scan periods are comprised of approximately 1,6 x 105 resolu=-
tion intervals, the clock stability should be better than 1.6 parts in 106.
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IV, SCADS SENSOR DESIGNS

This section will discuss the optical and electronic design configura-
tions required to implement each of three operational modes for the SCADS
sensor, The first configuration to be considered is for attitude determina-
tion of the ATS vehicle only when the vehicle is spin stabilized., A
second sensor configuration is considered for attitude determination of the
ATS vehicle only when the vehicle attitude is three axis controlled. The
third sensor configuration must be capable of determining the vehicle
attitude for either the spin stabilized mode or the three axis controlled
mode, A fourth configuration to be considered is the modification of the
ATS-C SCADS design for the spin stabilized mode.

A, Spin Stabilized Mode
The specific sensor configuration for the spin mode SCADS sensor is

based on the general parameter criteria presented in Section III and

particularly on the parametric design curves of Section IIIA2,

1. Optical Sensor Head
The principal design curves for the spin mode sensor are presented
above in Figures 50, 51, 52, and 53, The plots in these figures correspond
to configurations in which the volume of the bright object shield has been
minimized first with respect to the shield shape factor (shield height versus :
shield diameter) at fixed effective field of view.@eff and cant angle I', i//
Then, a second level of optimization is performed by minimizing the shield f
volume with respect to ' at fixed ®eff° Figure 52 represents the results
of this second minimization. Finally, for each of these doubly minimum
configurations, the system limiting magnitude was determined by a detailed
star availability search over the range of possible pointing directions for
ATS F&G in the spin stabilized mode (see Figure 16). Note that this range
of potential scan axes was searched over a very fine grid containing in

excess of 9500 points; the relationship ML(®eff) is presented in Figure 53,
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Once the limiting magnitude and :he annular field angles are known,
the optical aperture required for the system may be determined from the
equations developed in Section IIIB4, The remaining parameters required in
these equations are also obtained in Section III, The optical aperture a
and the corresponding actual shield height h and shield diameter d are
given as a function of the effective field of view in Figure 69,

A third level of optimization may be achieved with proper selection of
®eff' A number of factors in addition to the volume of the bright object
shield enter at this point. The objective lens represents an appreciable
fraction of the total weight of the sensor and the lens weight is proportional
to 33. Thus, it is desirable to make the optical aperture small which in
turn suggests a large effective field of view @eff‘ On the other hand,
however, the optical field of view © should be made small to ease the lens
fabrication problem; this indicates a small value of Oeff (see Figure 52),

Also, a large amount of central blocking, 26, , is advantageous in the star

i!
identification process; this too suggests a small effective field of view.

From observations on Figures 52 and 69, it appears that ®eff e 60° is
a suitable compromise, Note particularly that this point corresponds to a
local minimum of the shield volume; thus, the minimum volume criterion is
carried over, at least partially, to the third level of design selection.
Also, the shield height and shield diameter at @eff = 60° are nearly equal; ‘//
this shape factor contributes to tlie structural rigidity of the shield,
The choice of a sixty degree effective field of view is therefore recommended
for the spin mode SCADS sensor. The corresponding values of other SCADS

parameters are listed in Table 1II.

The annular field of view for this design is then characterized by

9i = 6925 and Ge - 30?75; these are the values which are used in the lunar

interference and target availability studies of Section II.
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Figure 69: SCADS dimensions for optimal spin mode sensor designs,
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TABLE Il

PARAMETERS FOR RECOMMENDED SPIN MODE SCADS SENSOR CONFIGURATION

Effective field of view: geff = 60°

Optical field of view: © = 2495

Cant Angle: [ = 18%

Central blocking: 20, = 12%

Shield angle: £ = 38%
Rotational slit width: §E = 12 arc minutes
Optical aperture: a = 2 inches
Shield height: h = 9,2 inches
Shield diameter: d = 8,7 inches
Limiting stellar magnitude: ML = 3,84

1f possible, the focal length, FL, of the objective lens should be
selected so that (i) the radial size of the blur spot can be matched to
the slit width and (ii) the image of the full length of the slit will fall
within the sensitive area of the cathode of the photomultiplier. The
maximum off-axis angle for this system is ®/2 = 12925 so the length of the
slit in the focal plane will be 2(FL) tan (12925) = 0.434(FL). The sensi-
tive region of the photocathode for the EMR 541 type photomultiplier tube ﬂ///
has a diameter of 25 mm., or about one inch, The focal length matched to
this diameter would then be about 2.3 inches; this, in turn, gives a
required f/number of approximately 1.15 for the two inch optical aperture.

For the EMR 543 cype PMI, the photocathode diameter is 1.7 inches.
The matched focal length is then about four inches and the required
f/number increases to 2.0. At this latter value for the f/number, design
of a lens to meet the blur spot pequirements is well within the optical

state-of-the-art.
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R AR L e b o e

2, Electronic Signal Processor

For a spin stabilized vehicle, the slit reticle is fixed with respect
to the vehi<le and the slit scanning motion is obtained as the vehicle
rotates about its spin axis. The SCADS electronics for the spin stabilized
vehicle must include a photomultiplier, a signal filter, a threshold level
detector, and power supplies along with their associated voltage regulation
circuits. Also, digital circuits sre required for data transmission and
control. The basic electronic functions which the electronics must perform

may be stated as follows:

(a) filter the star signals from the photomultiplier output,

(b) digitally encode the slit transit time of each star whose
intensity exceeds the threshold level using as a time
base a binary digital clock,

(c) provide overload protection for the photomultiplier,

The basic electronic block diagram required to provide the above electronic
functioms is shown in Figure 70,

In order to achicve the required system accuracy, it is necessary to
design the analog electronics with special care, Since the uniform movement
of the sliL past a symmetrical cross section of the star image blur spot
causes a symmetrical input signal (assuming it is noise-free), the analog :
electronics must filter and process the signal so that no significant 1//
transit time errors are introduced by threshold crossings of an asymmetrical
signal. Consequently, the combined signal asymmetry caused by any
electronic energy storage elements and the low pass filter musgt cause

negligible errors in the transit time.

The analog electronics are shown in Figure 70 where two capacitive
elements are shown in addition to the low pass filter. One element results

from stray capacity, Cs, at the output of the photomultiplier tube. ;
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A realistic approximate value for the stray capacitance is 20 x 10"12

farads, The second capacitive element is necessary to remove (filter) the
slowly varying (almost DC) background signal from the total signal, which
includes the star signals. The slow variation in the background level is
caused by the continuous scanning of portions of the celestial sphere having
different background intensities. For example, the Milky Way background
intensity is greater than for areas outside the Milky Way.

The PMT anode terminal is a very high impedance current source shunted
by the stray capacity CB. It is convenient to convert the current signal to
a voltage signal by connecting a load resistor, RL, to the anode terminal,
The maximum value of the load resistor for a given input signal duration is
limited by the stray capacitance and the degree of signal symmetry required
to achieve system accuracy. A quantitative assessment of the maximum
value for RL can be obtained, The transfer function for the current to

voltage conversion is given by

—
n
]
[

123
(s) ¢ (5+ -1l (123)

A

and the impulse response is given by

R.Cs

h(t) - %- e (124)
8

2

Now, if £(t) = .8 sin ° At, 0< t < T/A

= 0 , elsewhere

_ 2.5248 x 10

SW T

A (125)
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Then for 0 < t < T/A,

vl(t) = £(™) h(t - 1) dT

o e

t t
4 {e W RL(eRLCS 1) . ——co8 24t _ 2A sin 2 At
- "ot 1
1 2
E; + 4A RLCs C8 Ricz + 4A2
il
C
+ fefRL ——} (126)
= RLC 4A
RL 8
For t 2 /A
t n (Ut n
s/ %G WS, % MWE
v.(t) = > {e s R e 5 .1 . ; :
' E; + 4A RLCs
- _t
C
e L s2 2 }' (127)

—+RLC 4A
RL s

If RL is made sufficiently small, then vl(t) = .8R1/2 (l-cos2At) + negligible
error terms. By numerical evaluation of the above equations for SW = 12 arc-
minutes and T = 1 second, it was determined that transit time errors due

to asymmetry are less than 10 arc-seconds if

168




SCADS SENSOR DESIGNS

Ts L _swT (128)
2,16 x 10°

In Figure 71waveforms illustrate why removal of the slowly varying
background is desirable., The top waveform shows how the filter output
waveform would appear if the slowly varying background level is not removed.
The bottom waveform shows the filter output waveform if the slowly varying
background level is removed, Setting the threshold level for the top
waveform having unfiltered background can result in missed star transit

pulses; this, in turn, cen result in the failure to compute the attitude,

Removal of the slowly varying background level can be accomplished
with a simple RC high pass filter as shown in Figure 70, However, it is
important that the RC time constant be sufficiently large so that the signal
asymmetry introduced is negligible. Analysis similar to that used to deter-
mine the limit for the product of RLCs can be used to determine the restric-
tion on the product of RC, For the simple RC high pass filter, the transfer
function is given by

VZ(B) sT

V(s) 1 + sT (129)

where the time constant is T = RC. Hence the impulse response for the simple
high pass RC filter is given by

h(e) = 6(t) -3 /T, (130)

Now if the input signal is £(t) as before, then from the convolution
integral, the output signal is given by

vz(t) = f(t) + error terms . (131)
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For 0 < t < 1/A,

-t/T b 24
v (t) = .8 sin? At - .4(1 - e /Ty + T, {2925-£-+ 2A sin 2A£} .

2

T
e-t/T

e el (132)
12 L4 42
)

For t 2 T/A,

4 e-t/T én/AT .ﬁgg:t/T .y

[1 +f4(AT;§5 T [1+ 4(an 2]

e-t/T (én/AT .

vz(t) = - 4 1) +

Note as T becomes large, the error terms tend to zero. By numerical evalua-
tion of the above equations for SW = 12 arc-minutes and T = 1 second, it
was determined that transit time errors less than 5 arc-seconds are intro-
duced by pulse asymmetry for threshold settings which range through four
magnitudes if T = RC < 500 Ts‘ Figure 72 shows a plot of vz(t) for

RC = 500 Ts.

As described in Section IIIB, the low pass filter trensfer function
must have a linear phase shift characteristic in order for the filter
impulse response to be symmetrical, With a symmetrical impulse response, the
filter output signal will be symmetrical if the input signal is symmetrical.
A filter with the ideal linear phase shift characteristic is not physically
realizable; however, this characteristic can be approximated as close as
desired. Section IIIB described a two pole linear phase shift filter.

However, as seen in Figure 65, the impulse response for a two pole filter
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[
is not highly symmetrical. A closer approximation to the ideal linear

(15]

phase shift filter is given by the four pole transfer function

H(s) =

w
Cc c C

Y Toe) T
8 L LI s,

2.42k‘”c) +2.62 sll7a( ) + 9 & 41

Analysis similar to that performed for the two pole case in Section IILiC

shows that the filter is matched to the input signal

f(t) = .8 sin? At for 0% ¢t <n/a (135)

= ) elsewhere

when

4

_ 4.8323 x 10

2: ) (136)
¢ SW . T

With the value of w, given for SW = 12 avc-minutes and T = 1 second, the

filter output signal y,(t), is shown in Figure 72, The output signal

(noise-free y3(t)) is symmetrical to within 30 arc-seconds for threshold |
settinge which vary by 3.6 magnitudes., ;//

It should be noted here that although the optical aperture was determined
assuming a two pole filter transfer function, almost identical apertures
would have been obtained if the above four pole transfer function had been
assumed. Consequently, the analysis leading to the determination of the
optical aperture using a two pole transfer function is not invalidated if

a four pole filter is implemented to improve pulse symmetry.

After the star pulse has been filtered, the star transit time must be
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encoded by the digital logic circuits. ‘The filtered star pulse drives one
of the two inputs of a level detector, The other level detector input is
driven by a voltage level supplied by a D/A converter which determines

the detection threshold. As the filtered star pulse rises above the
threshold level, the level detector output switches rapidly from a "0"
voltage level to a binary "1" voltage level. This instant of switching

is referred to as the star entry time, Similarly, when the star pulse falls
below the detection level, the level detector output rapidly switches from
the "1" voltage level to the "0" voltage level. The latter instant of
switching is referred to as the star exit time. The star transit time will
be defined as the average of the star entry time and the star exit time.
The primary purpose of the digital logic is to encode the transit time

for each star whose signal amplitude crosses the threshold level.

If the on-board spacecraft electronics exclusive of the SCADS system
does not include an accessible binary clock with sufficient stability and
resolution for encoding of star transit time data, then the binary clock
must be included within the SCADS electronics., Also, if the on-board
spacecraft electronics exclusive of the SCADS system does not include an
accessible data buffer, then a buffer memory must be supplied by the
SCADS electronics. The memory size required for the storage of SCADS transit
time data depends upon telemetry channel transmission data rate capacity
available, However, since these rates are not specified for the purposes ///

of this study, the memory size cannot be presently determined.

Assuming the availability of a spacecraft clock and buffer memcry, a
reasonable method of encoding the star transit time is presented in Figure 70.
The method is briefly described below.

At the leading edge (star entry time) of the level detector output,
the low order bits of the clock are gated into the transit time counter
and register. Also at this time a clock signal is gated into the transit
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SRR I R

time counter, This clock signal should be the second low order bit from
the clock so that the transit time counter is stepped at one-half the rate
of the clock's lowest order bit. This counting is continued until the
trailing edge (star exit time) of the level detector output occurs at
which time the counting is stopped. Counting at one-half the basic clock
frequency has the effect of arithmetically averaging star entry and star

exit times,

Immediately after the star exit time, a signal is sent to the buffer
memory informing it that star transit deta is available for storage. As
soon as the buffer memory is ready to receive data, it sends a Store Dats
signal to the control logic which gates the contents of the trensit time
counter to the buffer memory. Immediately after the transit data has been
stored in the buffer, the logic is reset to encode the next star transit,
While a star transit word is awaiting storage in the buffer, the logic is
inhibited from encoding end storing any star transits that occur during the

wait interval.

The highest order, or nth, bit from the clock that is gated into the
transit time counter should have a period which is somewhat greater than the
vehicle scan period to insure that two different star transits in a single
scan period do not have similar transit times, To further avoid transit
time ambiguity and also to allow determination of vehicle attitude as a
function of spacecraft time (or spacecraft orbital position), the remaining
upper order bits (above the nth) of the clock should be stored in the
th bit. This is shown in
Figure 70 for n = 13 where the n°" bit clear detector detects the beginning of
th pit. At this instant, the high order bits of the
clock are stored in the time clock register, After a short delay, a ready

buffer at the beginning of each period of the n
th

a new period for the n

signal is sent to the buffer memory to inform it that a word is ready for
storage. When the buffer is ready, a store signal is received from the
buffer which gates the time clock register contents into the buffer. Star
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transit data is inhibited from being encoded while the upper order bits of

the clock are being stored.

The number of stars scanned per spin period which are brighter than the
limiting detectable magnitude varies over a very broad range, typically
from about 4 to more than 40. Since detection of only four star per scan
period is required for star identification and attitude determination, it
is desirable to limit the number of transit detections to some intermediate
numier, This can be accomplished by sutomatically raising and lowering
the detection threshold depending upon the number of starsdetected per
period, The logic implementation shown in Figure 70 counts the number of
star detections per scan period. If the number of detections per scan
period is greater than eight, then another counter is stepped forward ~ausing
the D/A converter output to raise the threshold voltage at the level
detector input. If the number of detections per scan period is less than
four, then the counter is stepped backward which lowers the threshold
voltage to the level detector. A preset timer having the same approximate

time period as the scan period will reset the star transit counter,

It is required that the photomultiplier high voltage power supply be
capable of turning OFF and ON within a small fraction of the scun period in
order to prevent the formation of high current densities within the tube
when bright radiation sources are scanned., The EMR photomultipliers can //
be purchased from the manufacturer with an integrated high voltage power
supply wrapped around the tube envelope. However, the design of this
supply does not permit sufficiently rapid turn ON and turn OFF capability,
especially for relatively short scan periods. Consequently, it is necessary
to consider a specially designed high voltage supply which is capable
of switching OFF and ON in tens of milliseconds.

A block diagram for a high voltage power supply design which permits
fast switching is shown in Figure 73. The input voltage to a DC-AC inverter
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is regulated up or down inversely proportional to the voltage change at the
high voltage output from the Cockroft-Walton voltage multiplier. A high

gain feedback loop senses changes in the output voltage and causes the voltage
regulator to provide correcting input voltage changes to the inverter. The
tfollowing pareagraphs discuss voltage multiplication and the achievable
charging and decay time of the output voltage.

A common method of producing low current high voltage DC power from low
voltage AC sources is the voltage doubler shown in Figure 74 . One-half of

the AC cycle is used to charge capacitor C, to the peak of the input and

this capacitor charge in series with the other half cycle charges C2 to

twice the input peak voltage. This principle can be extended indefinitely

at least theoretically to provide a very high voltage which is conveniently
divided into equal steps. While this multi-step multiplier was originally
developed for powering charged particle accelerators with requirements in

the megavolt range; with the prop:r input voltage, it has voltage and

current capabil.ties closely matching photomultiplier requirements. In

Figure 74 it would be a simple matter to add & half wave rectifier to provide
the missing first step EP’ but then difficulty ensues when an arrangement for
3EP is wanted. A system for tripling is shown in Figure 75. It is the

same as Figure 74 with an added capacitor and diode and a different ground
reference point., From the characteristics of these two circuits it is

easy to deduce that a single multiplier will only produce odd or ev~2n multiples /
of the trans:ormer voltage but not both. Of course, the transformer secondary
could be designed for half the required voltage step, but this does not
produce the lowest possible supply output impedance, especially for the first
two stages which ideally could be positive and negative half wave rectifiers,
Multiple transformer windings produce unequal loading effects which are not

desirable with high frequency saturable core inverters.

It would be possible to connect both of these networks, mutually

extended to provide 14 voltage steps, to a siigle transformer for a
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photomultiplier tube power supply. A reduction in capacitor voltage
requirement and thus size is achieved by an interlacing or series connection
of the capacitor strings as shown in Figure 76, While the schematics in
Figures 74 and 75 are for positive output, the one in Figure 7% is reversed
to show the aétual negative output required for grounded photomultiplier
output operation. A positive half wave rectifier is added to the lower end
of the multiplier with the output grounded to provide two low impedence

stages,

In a saturable transformer inverter, leakage reactance spikes of various
amplitudeé can exist depending on loading. With this multiplier where
separate sections supply even and odd dynodes, it is possible for a spike
on one set to contribute .enough voltage to seriously upset interdynode voltages
under very light load conditions. It is thus necessary to load both sections
to insure the voltage is determined by actual square wave amplitude., A
voltage sensing divider across the supply for feedback regulator control
will only load one section, and it is most economical to connect a load

between the next highest even and odd voltages to load the other section,

For a given load and ripple tolerance, supply frequency and capacitor
size can be chosen., For a photomultiplier in a scanning system which must

be turned OFF during Sun, Earth, or Moon scan, cherge and discharge times

RUSAUVITP S S

are also important., Discharge time is simply related to load and //ﬂ
capacitor size by the equivalent exponential RC time constant. Charging
time is more difficult to determine but has been obtained for a 14 stage
multiplier (Figure 77) by computer simulation. For each half cycle it

iy S e Tl e el e g g

is possible to write equations at each stage for the voltage on each

capacitor as a function of the voltage on the two capacitors at the end of
the previous half cycle. The overall multiplication factor as a function %
of elapsed cycles is shown in Figure 78, With a 50 kilocycle input square

wave, the charging times are as follows:
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Figure 77: Cockroft-Walton multiplier for EMR 14 stage
photomultiplier tube.
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99 percent full output requires 6,61 milliseconds,
99.9 percent rull output requires 10.2 milliseconds.
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B. Three Axis Controlled Mode
In th? three-axis controlled mode, the spacecraft Z axis is directed

toward the earth and the vehicle rotates slowly about its Y or pitch axis
as the orbit is traversed. The rate of this rotation is approximately

15 degrees per hour so that the spacecraft orientation is very nearly fixed
in celestial space over short time intervals, As a consequence, a suitable
natural scan is not provided by the vehicle motion; the SCADS scan capa-
bility must therefore be supplied as an integral portion of the instrument,
New design considerations are therefore implied for the operation of SCADS
in the three axis mode; these requirements are described in the subsections
which follow,

1. Optical Sensor Head

Since the vehicle provides essentially no scen motion, the star field
available to SCADS is identical with the optical field of view, However,
not even this full field is aveilable; a region of central blocking must
be provided to assist the star identification procedure and assure adequate
precision for the transit azimuth meesurements. The size of the optical
field of view, ®, becomes the dor 'nant factor in this mode. To insure
adequate target availability, ® should be large (see Figure 15). However,
the practical problems of designing and making an objective lens with both
a very wide field of view and a small blur spot size over this entire field
are severe, Forty degrees is close to the limit of the optical state-of-
the-art; for angles beyond this, image quality deteriorates rapidly near the
edge of the field and the blur spot can no longer be matched to the required
slit width., Thus, ® = 40° is chosen here.

For this field, the centfﬁl blocking {s chosen as 10°. Thus, the slit
is 15° long and the annular scan pattern has 91 = 5° and Ge = 20°, Although
the central blocking represents a cone of fairly large anglg--sufficient
to allow accurate transit measurements--it subtracts relatively little

from the area of the celestial sphere available to the scan. The effective

™

4
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field of riew for this configuration is ®e££ - 3877,

From the star availability results presented in Section IIB4, it is
found that M, = 4,21 is the system limiting magnitude required for this
configuration, Since a relatively high accuracy (0?01 error in each axis)
is required for the three axis mode, it is advantageous to reduce the slit
width over that used in the spin mode, This is possible for a SCADS sensor
which is required to operate only in the three axis controlled mode because
the designer may choose the scan period--it is not fixed by the vehicle
motion, For this sensor, a rotational slit width SW of six arc minutes is
selected, From Section III, the scan period for the three axis or driven

mode is taken as ten seconds,

The optical aperture implied by these parameters is found from the equa-
tions developed in Section IIIB4 to be a = 0.6 inches, Closer examination of
the results, however, reveals that a limiting magnitude star would produce
only 25 photoevents at this small aperture, Such a small number of discrete
events in the signal invalidates the statistical smoothing used in the analysis
and detection becomes very uncertain. Thus, an aperture a=1 inch is chosen;
the detection probability at ML = 4,21 is then found to be 0,96, The para-

meters for this design are summarized in Table III,

TABLE III

PARAMETERS FOR RECOMMENDED THREE AXIS CONTROLLED MODE
SENSOR CONFIGURATION

Effective field of view: ®e£f m 3897
Optical field of view: ® = 40°
Central blocking: 20, = 10°

-

Rotational slit width: SW = 6 arc minutes |w o
Scan period: T = 10 seconds

Optical aperture: a = 1,0 inches |
Limiting stellar magnitude: ML = 4,21
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For a three-axis controlled vehicle, the scanning motion must be electro-
mechanically supplied by a synchronous motor which rotates the slit reticle,
In order to eliminate the need for a gear drive mechanism, it is recommended
that the synchronous motor be a Scanning Angle Sequential Incrementer (SASI)
motor which consists of a rr!ating disk that carries the reticle slit and
is supported by a jeweled buaring assembly, The disk rotates at a constant
RPM in synchronism with the clock pulses used for encoding ster transit
times. Motor drive circuits provide a properly timed sequence of pulses
to the motor mechanism. The motor torque is generated by magnetic field
forces between teeth positioned on the disk periphery and stationary

electromagnets positioned adjacent to the disk teeth.

An exploded schematic view of the motor is shown in Figure 79 . The
rotor disk shaft ends contain sapphire jewel bearings for low friction and
no metal-to-metal contact. Adjustable conical pivots in bushings bonded to
the optical glass wibs in the top and bottom plates support the rotor. The
stator assembly contains 32 (25) electromagnetic poles with a specific place-
ment that will be discussed later. A flange on the rotor fits into the gap
of the stator poles to complete the magnetic circuit. This rotor flange
contains 256 (28) narrow, equally spaced slots which provide discrete
poles with a width approximately equal to that of the stator poles,

The poles are positioned around the stator and energized in a sequence
such that each successive pulse rotates the rotor 1/32 of a rotor tooth
width, Thus it requires each of the 32 stator poles to be energized once
for the rotor to advance one tooth, and since there are 256 rotor teeth, a
total of 8,192 (213) pulses are required for one revolution, or a rotation
of 2,637 arc minutes from each pulse. The sequence of pulsing is back
and forth across the stator which minimizes the effects of mshining tolerances,
The "wrap-arbund" design of the individual stator poles also is beneficial

since it maintains a constant total air gap in spite of rotor eccentricity
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Figure 79: Exploded view of the Scanning Angle Sequential ‘
Incrementer (SASI) motor. 3
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The only power required from the motor is the small amount to uvvercome
the jewel bearing friction, The relatively large inertia of the rotor will
sustain the rotation with only a small amount of speed variation or cogging,

between pulses,

2, Electronic Signal Processor
The SCADS electronics for the three-axis controlled application must
include motor drive circuits in addition to the electronics required for

the spin stabilized mode (see Figure 70).

The logic required to drive the SASI motor is relatively simple as
shown in Figure 80. The basic clock resolution interval is first divided
into 32 time intervals. The subdivided clock frequency is then used to
drive sequencing logic which sequentially provides drive pulses to each
of the 32 magnet poles. The sequencing logic consists of a five stage
binary counter and a decoding matrix whose 32 outputs each drive one pole

winding.

In order to orient the position of t:re slit with respect to the
vehicle axis it is necessary to provide a zerco reference indication. When
the zern reference signal occurs for each revolution, the contents of the

clock must be stored in the buffer memory as part of the SCADS data.

The zero reference signal is generated by the passage of the zero
reference slit in the reticle, which may be narrower than the star detection
slit. A solid state gallium arsenide light source is located above the ”
reticle disk, and a solid state silicon diode detector is located in the E

base plate, Both these units consume low power and are extremely reliable. i

In addition, the GaAs source emits a very narrow bandwidth of light in
the infrared region that cannot be detected by the photomultiplier; it might
otherwise produce spurious pulses. The detector output is fed to a low

gain amplifier and then to a Schmitt trigger circuit to shape the signal.
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Finally, the Schmitt trigger output is used to gate the clock output into

the buffer, an operation analogous to the encoding of star transit data.
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c. Dual Mode

The dual mode SCADS sensor must operate during both the spin stabilized
and three axis controlled portions of the AIS F&G missions with emphasis
on reliability in the spinning mode. Thus, this twin-purpose sensor must
meet both the bright source constraints imposed during spin stabilized
operation and the optical field of view requirements of three axis controlled

operation.

l. Optical Sensor Head
The geometry of the key SCADS angles for the dual mode sensor is shown
above in Figurc 54, The fnstantaneous field of view is just the slit length

eslit' If the entire optical system were canted away from the scan

(negative spin) axis and the slit were positioned in the resultant scan

spinning r+e/2 - O 11t

and § =[ + ©/2 would be swept out due to the spin of the vehicle,
€ spinning

This would increase the effective field of view for the spinning mode over

axis-optical axis plane, then an annulus with §

that for the case in which the optical and scan axes coincide, However, from
Figure 55 in Section IIIA3 it 1» seen that the increase in @ _.)

eff’ spinning
with increasing " is rather slow.

An increase in ' also brings the optical axis of the wide field ©
somewhat closer to the bright sources over a portion of the spinning scan;
the shielding problem is made more difficult., From Figure 56 it is seen ///
that the normalized shield dimensions grow rather rapidly. For example,

o
© eff) spinning only from 38.7
to 60" while d/a increases from 4.0 to 7.4 and h/a increases from 2,3

an increase in I from 0° to 18° increases ©

to 6.2, Thus it appears that canting of the optical axis of the dual mode
sensor away from the negative spin axis is not advantageous; I = 0° is

recommended.

It may be observed at this point that the cant angle I' = 0°, which is

imposed by performance requirements in the spinning mode, will place the
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nominal scan axis in the equatorial plane during three axis controlled mode
operation. As a consequence, the sun will sweep very close to or through
the optical field of view on each synchronous orbit, However, the bright
object shielding needed for the spin mode will permit th: angle between

the (actual) scan axis and the sun line to be at least as small as 56%6
before solar interference forces shut-down of SCADS, Therefore, SCADS should
be operable (in the presence of the sun) over at least 68% of each synchro-
nous orbit, Since SCADS is to be used in the three axis mode to evaluate
the control system and to provide reference attitude data to calibrate other
sensors aboard the spacecraft, continuous operation is not required. The
limitation imposed here by the sun, then, appears to be acceptable for the

dual mode sensor :.oncept,

The optical field of view © is again determined primarily by the
practical limitations of lens design and fabrication. Although results are
given above in Figures 55 and 56 for parametric ©® values of 40°, 45°,
and 50°, the expected improvement in limiting magnitude in going from 40°
to 50° is quite small (see Figures 15 and 53), Thus, the optical complica-
tions of going to the wider fields are not justified by the modest increase
in target availability. An optical field of view ® = 40° is selected

as before. The choice of 10° of central blocking is also repeated.

The star availability results for the dual mode sensor with this con-
figuration (Gi = 5°, ee = 20%) are presented in Section IIIB3. From
Figure 41 of that section it is seen that the system limiting magnitude
required to insure the presence of four detectable stars in the spinning
mode 1is ML = 4,65, A rotational slit width SW = 12 arc-minutes is selected
as with the previous sensor design to operate only in the spinning mode,.

Also, the scan period is again fixed at T = 1 second by the spin motion.

The optical aperture implied by these parameters is then found to be

a = 2,7 inches, The recommended dual mode sensor design is then summarized
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in Table IV . The shield dimensions listed here are obtained'fxom the
normalized rs“ield data given in Figure 56 and the specific value for the

optical aperture,

Note that with the exception of the selection of the optical field @,
the design of this dual mode sensor is determined primarily by the require-
ments for reliable operation in the spin stabilized application. In particu-
lar, the rotational slit width SW was chosen to meet the target detection
problem in the spin mode rather than the accuracy problem in the three
axis controlled mode, The error problem introduced by the comparatively

wide slit is partially compensated by the selection of Td*iven = 10 seconds

TABLE IV

PARAMETERS FOR THE RECOMMENDED DUAL MODE SENSOR CONFIGURATION

Effective field of view: ®eff = 3897

Optical field of view: ® = 40°

Cant angle: [ = 0°

Central blocking: 291 - 10°

Shield angle: £ = 56%

Rotational slit width: SW = 12 arc minutes

Scan period: Tspin = 1 second
driven ™ 10 seconds

Optical aperture: a = 2,7 inches

Shield height: h = 6,2 inches

Shield diameter: d = 10.7 inches

Limiting stellar magnitude: M = 4,65
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for the scan period in the three axis mode. Lengthening the scan period
has two effects which tend to improve the accuracy. First, the signal at
the filter output for any given star transit is stronger fcr the slower

scan while the background remains eruentially constant--i.e,, the slit is
always open to the sky whether the scan is rapid or slow. Thus the signal-
to-noise ratio for the star pulse becomes larger and the threshold crossing
points become relatively less noise sensitive; star entry and exit points
are determined with less uncertainty. Second, the slower scan allows more
gstars to be detected which in turn provides grecater overdetermination in

the set of constraint equations from which attitude is determined. Since
these equations are solved with a least squares approach, additional
redundancy in the data will reduce the RMS errors., Further, if a sufficient
number of measurements is available, those few entries which contribute
large residuals in the least squares solution can simply be discarded. It
will be seen from the detailed error analysis below that the required three-
axis mode accuracy can be achieved with a 12 arc minute slit width if these

added factors are taken into Aaccount,

2, Electronic Signal Processor ;
The electronics for the dual mode sensor is almost identical to the .

electronics required for the three-axis controlled mode sensor (see

Figures 70 and 80) with the exception of some additional control circuits, ‘

During the transfer orbit the AIS vehicle is spin stabilized until it is 7

injected into the Earth synchronous orbit after which the vehicle stabiliza- //

tion is three axis controlled. During the spin stabilized mode, the slit

is fixed with respect to the vehicle and the scanning motion is obtained

28 the vehicle rotates about its spin axis. After injection into the

synchronous orbit and the vehicle is three axis controlled, the reticle

must be rotated by a synchronous motor. To achieve this dual operation

mode with a single sensor, the synchronous motor and slit reticle must be

initially latched into a fixed position in such & manner that both may be

automatically unlatched by telemetry command after the vehicle is injected
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into the synchronous orbit, So in addition to the electronics requirvd for
the threc-axis-controlled mode sensor, control circuits must be provided to
unlatch the slit reticle and to actuate the motor drive circuits after

three-axis-controlled vehicle stabilization has begun,

The latch mechanism could be a simple mechanical stop which holds the
slit reticle and motor drive shaft in a precisely known position and which
can be released by actuation of a solenoid, After its release by the
solenoid, the stop should mechanicaliy latch itself in the non-stopped
position so that power dissipation in the solenoid is not required to
maintain the non-stopped position, The latch release mechanism is required

to operate only once, hence it should prove to be reliable,

Note finally that two filters corresponding to the two recommended
scan periods should be provided. Proper filter matching is required if the
potential benefits of the longer scan period in the three-axis mode are to
be fully realized.

196




SCADS SENSOR DESIGNS

D, Spinning Mode; Possible Modifications of the ATS-C Design

A SCADS-type system has been built and {s currently In orbhit avosrd
the ATS-3 spacecraft (formerly the ATS-C program). At this writing, the
sensor has not yet been turned on so unfortunately no preliminary resulis
are available., However, data received from this sensor should be of con-
siderable assistance to arriving at u final detailed design for SCADS/ATS F&G,
In this section, the possibility of directly modifying the ATS-C SCADS

design for the present application is considered,

1. Optical Sensor Head

In order to assess the applicability of the SCADS/ATS-C design, its
goals must be compared and contrasted with those of SCADS/ATS F&G. The
SCADS-type equipment aboard ATS-3 is actually a composite instrument
designed to serve as the first step toward a self-contained navigation
system (SCNS)., In addition to the sensor head for acquiring star transit
pulses, the instrument package contains a set of three white spherical
projectiles about the size of tennis balls and the means of ejecting them
one at a time from the satellite, If a ball is released with a velocity
which is small with respect to the spacecraft, then the ball and the space-
craft will traverse orbits which have only slightly different parameters.
Thus, the ball will remain relatively close to the satellite and since it
is coated with a white diffusely-reflecting material, the ball will be
visible from the spacecraft due to the sun and earthlight it reflects, //
Each time it falls within the scanning field of the ATS-C SCADS-type
sensor, it will be detected as though it were a siar, By singling out the
apparent motion of the ball agaiust the background of fixed stars and by
taking a sufficient number of measurements, a solution for the orbital motions
of both the ball and the observing satellite in the earth's central force
field can be found. Thus, navigational capability in additinn to attitude

[P p—

determination is supplied,

For the work here, the important point is that the balls and their
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associated ¢jection mechenisms occupy a significant and integral part of the
instrument package. Thus, extensive structural redesign would be required
if the scnsor is to be used only for ster trensit de-ection., Further, the
SCNS instrument is designed to be used only as an experiment and only under
optimcl viewing conditions, Since the system is to be operated only in the
shadow of the earth, very minimal sun shielding has been supplied. Modifi-
cation for the precent application where operation is required in meny
different orientations and orbital positions would therefore require the
development of a carefully designed bright object shield.

In the SCNS/ATS~C optical head itself, a three-slit reticle configura-
tion is uscd (see Figure 57)., Since it has been concluded that a siigle
slit is appropriatz for the systems under discussion here¢, the SCNS reticle
is not deemed suitable, However, the objective lens in the ATS-C system
might find use in the present application. This lens is & ruggedized and
space-qualified version of the Super Farron which is purported to have a
30° field of view at approximately £/0.9 and an aperture of 3.5 inches.
However, the image qualirv is found to deteriorate rather rapidly for off-
axis angles greater than about 12?5; the fully useful field is then closer
to 25°, But this is just the field required for the recommended spin mode
sensor described in Section IVA, Further, the lers can be stopped down
from 3.5 inches to the suggested 2.0 inches (or slightly larger) with
additional gain in the image quality. The principal drawback of this
approach is the added weight from the unused portions of the lens., This /
is, however, offset considerably by the reduced cost and relisbility from
an item which is essentially off-the-shelf. Note finally that the spot
diagrams in Figure 68 correspond to geometrical ray traces on the Super

Farroti,

2, Electronic Signal Processor
The on-board SCADS electronics for ATS-C performs only limited data
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processing of the star transit signals, The ATS-C SCADS electronics provides
no on-board data storage or binary clock. Star transit data is sent directly
to a wide band telemetry link and transit times are encoded at the ground
station, In addition to a level detector output, a redundant amplifier-
filter combination is provided whose output is also transmitted via telemetry
to the ground station., If the signals from this second signal channel are
used for attitude determination both level detection and transit time
encoding must be performed at tne ground station. The ATS-C on-board
electronics also provides the capability to control via telemetry the

voltage (PMT gain) of the photomultiplier power supply and the analog signal
gain,

Clearly, the SCADS AT5-C electronics are not adequate for direct appli-
cation to ATS F&G since no on-board data processing is included. However,
part of the ATS-C SCADS electronics could be modified for ATS F&G application,
It would be possible to retain the ATS-C high voltage (photomultiplier)
power supply and the associated gain control circuits., Similarly, the
analog signal amplifiers/attenuators and the associated gain control circuits
could be retained along with the level detector (signal comparator). It
is recommended, however, that the ATS-C star signal filtei be modified for
application to SCADS/ATS F&G,

The present ATS-C filter consists of two identical cascaded stages with /;/’
the transfer function for each stage having a second order Butterworth ’

polynomial in the denominator. Hence, the signal filter for ATS-C has a

transier function

H(s) = 1 (137)

(PSSP
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.This filter transfer function does not approximate the iinear phase versus
frequency characteristic as diescussed in Section IIIB; hence, it is recommend-
ed that the ATS-C filter transfer function be modified to a linear phase
transfer function which {s matched to the input signal. With a four pole
linear phase transfer function, the filter output signal will have adequate

symmetry as des:ribed in Section IIIB,

In summary, the nature and requirements of the SCADS applications for
the ATS-C program and the ATS F&G program are sufficiently different so
that separate designs are recommended. As stated above, however, the experi=
ence which will be gained from ATS-C should provide valuable insights for
the detailed final design of SCADS/ATS F&G,
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E. Sensor Volume, Weight, and Power Estimates

The sensor volume, weight, and power estimates are somewhat dependent
upon the vehicle stabilization mode for which the SCADS instrument is required
to determine attitude, If the¢ SCADS instrument is required to determine .
attitude for a three axis controlled vehicle, a synchronous motor is required
to rotate the slit reticle. This, of course, adds weight and requires move
power than an equivalent sensor in which the slit motion is provided by
the vehicle spin, However, the scan period can be increased in a three-
axis-controlled mode sensor and the optical aperture can be reduced corre-
spondingly. Since the weight of the objective lens is proportional to the
aperture cubed, the added weight of the motor may be partly or completely
compensated by a reduction in the lens size. The dual mode sensor which
requires both a large aperture and the motor may be significantly larger and

heavier than either of the single mode sensors,

The volume of the SCADS sensor can be approximately estimated from
manufacturer's data sheets of components and by extrapolating from previous

1,2]

studie; relating to a SCADS-type sensor,
In the tables which follow the volume estimates have been based on
the dimensions of individual components. For example, the volume of a

lens system can be approximately determined from

V = aperture area x focal length

3

= %-az (af) = 2as (138)

A

where f is the f/number of the lens. A value £ = 2,0 has been assumed
here; reduction of f beyond this level while maintaining adequate blur spot

quality will require a major investment in optical design time.

The EMR-543 photomultigplier is approximately 7 inches long and 2 inches
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in diameter in its housing. For the remeaining electronics it is assumed
that the circuits require approximately 0,03 (inch)3 per integrated circuit
package including the printed circuit boards on which they are mounted.
Since the bright object shield is external to the remainder of the SCADS

sensor head, its volume is listed separately in the tables.

The weight estimates in the tables below have been based on individual
component weights and weights of similar existing subassgmblies. For
example, the lens weights have been scaled from an existing lens assembly
by multiplying its weight by the cube of the ratios of optical apertures.

(2]

The reference lens used was a Canon lens whose optical aperture is 2.1
inches and whose measured weight is 605 grams = 1,34 pounds. So the weight
of a lens with optical aperture a inches can be estimated by

3
w= 1.3 ( f-;) pounds. (139)

The manufacturer lists the potted weight for the EMR-543 photomultiplier
as 385 grams, The cathode particle shield is assumed to be aluminum whose
density is 2.7 grams/cm3. The weight of the electronics is estimated from
the volume where the density is taken as 1/16 pound per (inch)3. This
latter figure is based on the weight of the CDC 449 éomputer whose volume
is 4 x 4 x 4 = 64 (inch)3 and whose weig.t is four pounds.

The power consumption for the SCADS sensor has been estimated for
both the spin stabilized mode and the three-axis controlled mode. The power
estimate for the photomultiplier power supply was based on the design
employed in the occultation photometer experiment successfully flown on
the Gemini 10 flight. 18] The idle current (dynode load resistors dis-
connected) from 12 volts was measured as 7 milliamperes., This power was
largely consumed by the tape wound core. With the dynode load resistors
connected, the power consumption was approximately 300 milliwatts from a

12 volt supply. The digital circuits were assumed to be complementary 'N"
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and "P" channel MOS transistor gates whose power consumption per gate is
10'6 watt when switching at 1000 cycles per second.

1. Spinning Mode Sensor Estimates

TABLE V

ESTIMATED VOLUME OF SCADS SENSOR
SPIN STABILIZED MODE
(Excluding On-Board Data Buffer)

Subsystem Volume §Inch23

Lens System (a = 2.0 inches) 12.6
Photomultiplier (EMR-543) 28.0
Electronics

Analog Circuits 3.0

Digital Circuits including Clock 4,5

Overload Circuits .5

Power Supplies 2.0
TOTAL 50.6
Bright Object Shield (8.7 inch diameter,

9,2 inches high) 548

I —
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TABLE VI

ESTIMATED WEIGHT OF SCADS SENSOR
SPIN STABILIZED MODE

Subsystem Weight (Pounds)

Sun Shield .5
Lens System (D = 2 inches) 1.2
Photomultiplier (EMR-543, potted) .85
Electronics

Analog .19

Digital .40

Overload Circuits .03

Power Supplies .13
Sensor Housing .15
TOTAL 4,05

TABLE VII

ESTIMATED POWER REQUIRED FOR SCADS SENSOR
SPIN STABILIZED MODE

Subsystem Watts
PMI Power Supply .300
Analog Circuits .400
Digital Circuits .300
PMT Overload Circuits . 100
.800
Low Voltage Power Supply (80% efficient) _1.00
TOTAL 1.30
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2. Three Axis Controlled Mode Estimates

TABLE VIII

ESTIMATED VOLUME OF SCADS SENSOR
THREE AXIS CONTROLLED MODE

(Excluding On-Board Data Buffer)

Subsystem Volume (_Irnch)3
Lens System (a = 1,00 inches) 1.6
SASI Motor 5.0
Photomultiplier (EMR=~543) 28.0
Electronics
Analog Circuits 3.0
Digital Circuits Including Clock 4,5
Overload Circuits o5
Motor Drive Circuits 1.0
i Power Supplies _2.0
\ TOTAL 44,6
: Bright Object Shield (specific dimensions
dependent on final spacecraft boom
and solar panel configuration) 29%
83axis 3
* [Estimate based on(%———-:) Vdual where the ''dual” /4/’
subscript refers \ dual to the dual mode

sensor estimates below,
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TABLE XX

ESTIMATED WEIGHT OF SCADS SENSOR
THREE AXIS CONTROLLED MODE

Subsystem Weight(Pounds)

Sun Shield 2
Lens System .15
Photomultiplier (EMR-543) .85
SASI Motor N
Electronics

Analog Circuits .19

Digital Circuits .40

Overload Circuits .03

Motor Drive Circuits .10

Power Supplies .13
Sensor Housing )
TOTAL 3,20

TABLE X

ESTIMATED POWER REQUIRED FOR SCADS SENSOR
THREE AXIS CONTROLLED MODE

Subsystem Watts //

PMT Power Supply .300

Analog Circuits .400

Digital Circuits .300

PMT Overload Circuits .100

SASI Motor and 1.00

Drive Circuits
1.80

Low Voltage Power Supply (80% efficient) _2,25
TOTAL 2,55
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3. Dual Mode Estimates
TABLE X1

ESTIMATED VOLUME OF SCADS SENSOR
DUAL MODE

(Excluding On-Board Data Buffer)

Subsystem !glgmg_ﬁlgghli

Lens System (a = 2.7 inches) 39.4
SASI Motor 15.0
Photomultiplier (EMR-543) 28.0
Electronics

Analog Circuits 5.0

Digital Circuits including Clock 4.5

Overload Circuits 0.5

Motor Drive Circuits 1.0

Powcr Supplies 2.0
TOTAL 95.4
Bright Object Shield (10.7 inch diameter, 557.5

6.2 inches high)

Goes smmaes sty a e emoermsown oot oo oot
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TABLE XII
ESTIMATED WEIGHT OF SCADS SENSOR
DUAL MODE
Subsystem Weight(Po ]
Sun Shield -]
Lens System 2.9
Photomultiplier (EMR 543) 0.85
SASI Motor 0.8
Electronics
Analog Circuits .26
Digital Circuits .40
Overload Circuits .03
Motor Drive Circuits .10
Power Supplies .13
Sensor Housing 1.4
TOTAL 7.37
TABLE XIII
ESTIMATED POWER REQUIRED FOR SCADS SENSOR
DUAL MODE
Subsystem Power (watts) | P
PMT Power Supply .30 -
Analog Circuits .40
Digital Circuits .30
PMI Overload Circuits .10
SASI Motor and Drive Circuits 1,00
1.80
Low Voltage Power Supply (80% efficient) 2,25
TOTAL 2,55
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V.  SCADS PERFORMANCE ANALYSES

In this section, the specific SCADS designs developed above are
analyzed in terms of their expected performance in obtaining the star transit
data required for attitude determination, These analyses characterize
(1) the ability of SCADS to detect an adequate number of star transits,
(2) the distribution of attitude errors expected with SCADS, and (3) the
precaution required for the operation of SCADS in a radiation environment,
The section concludes with a brief commentary on the general reliability

of the instrumentation.

A, Star Transit Detection

Each of the SCADS designs presented here is based on a particular system
limiting magnitude ML‘ The value of ML for each case is determined by first
selecting the field of view configuration and then applying this field
specification in a detailed star availability search. The magnitude of the
faintest fourth-brightest star in the field of view for sll possible viewing
directions over the mission profile is then chosen as the system limit.
An optical aperture is then chosen so that the SCADS instrument can detect
a star of magnitude M, with some given detection probability g#ML); here
E(M,) = 0.5 for the spin stabilized case.

Once the optical apertur. and the other parameters of the SCADS derign
have been fixed, however, the equations in Section IIIB4 can be inverted
to find the detection probability associated with any stellar magnitude M,
The principal relations are given in Equations (112)and (115)above.
Equation (112)may be solved for k, the argument of the cumulative normal
probability distribution. Thus
.597 ng - (gz - nBQ_

k = 1
[.9711(.8n_ + n 1% (140)

BD)
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where the numbter of signal photo-cvents g the number of events characteriz-
ing the threshold Mo and the number of combincd background and dark

current emissions Pep remain as defined in Section IIIB4, Note that the
stellar magnitude M enters Equation (140) through Equation (115)in the form

ng " C(IO"AM)
parameters, the corresponding probability Pd can be found from a table of

. Once k has been evaluated for a particular set of sensor
the error function.

The detection probability is plotted as a function of the stellar
magnitude M for the recommended spin mode SCADS sensor in Figuve 8l, Similar
plots are given for the dual mode sensor in Figure 82 and for the three-axis
controlled mode sensor in Figure 83. Note that the curves given for the
dual mode sensor characterize both =pinning operation (szan period T

spinning
= ] second) and three-axis controlled operation (scan period T

driven

= 10 seconds). It is clear from Figure 872 that if the scan period is leng*th-
ened and the filter is modified accordingly but all other sensor parameters
are held tixed, then the detection capability of the sensor is significantly

enhanced.

It will be seen in the next section on attitude error analysis that the
ability to detect a large number of stars is an importent requisite for
obtaining the desired accuracy with the dual mode sensor in the three-axis

controlled state.

From Figure 81 it is seen that the spin mode sensor has a detection
probability of 0.% at the system limiting magnitude ML = 3,84 and that the
probability rises rapidly to 0.95 at M = 3,38, But, from the distribution
in Figure 27 of Section 1IB it is seen that the fourth brightest star
is &. least as bright as M = 3,38 in 93 percent of the possible scan axis
directions,

Similarly, from Figure 82 one observes that the dual mode sensor attains
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1.0
0 = 24°S
[ ' =18°5
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~ .
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Figure 81: Detection probability as a function of stellar magnitude for
the recommended spin mode SCADS sensor. Note: required
limiting magnitude ML = 3,84,
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DETECTION PROBABILITY

1.0
= 40°

= | inch

= 6arc minutes
10 seconds

49e°

0.5

O 40 50 5.6
STELLAR MAGNITUDE- M

Figure 83: Detection probability as a function of stellar magnitude

for the recommended three-axis-controlled mode SCADS
sensor. Note: required limiting magnitude M = 4,21,
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a detection probability of at least 0,95 in the spin stabilized state for
stars brighter than M = 4,16, From Figure 41 it is seen that the fourth
brightest star is at least as bright as M = 4,16 i{n 94 percent of the possible

scan axis directions,

Thus the target avaeilability and detecticn probability for the spinning
mode are distributed such that there are at least four solidly detectable
stars (95 scans or more out of 100) for 93% of the possible fields of view
in the ATS F&G mission, The SCADS configurations presented here, then,
do indeed solve the star transit detection problem. Further, the criterion
of a 0,5 detection probability for a true limiting magnitude star appears

to represent a sound design approach.
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o T DO SRRV SRR

B. Acttitude Determination Error Analysis
To gain some insight into the accuracy of the system, a somewhat

EEE L

simplified error analysis was performed. For this analysis we assume the

slit is spinning with a known rate about a fixed axis. Hence, this simplified

530 bt ANt S B L e

problem contains only three unknowns: the right ascension and declination
of the spin axis, and the direction of the reference zero azimuth, In
addition to the assumption of motion about & fixed axis, the following series
of conditions is assumed. First, for both modes, the effective instrument
field of view is an annularly-shaped region of the celestial sphere. The
scan axis is the axis of the annulus. The outer and inner radii for the

spin mode sensor are 30775 and 6?25, respectively. The corresponding radii

for both the dual mode and the controlled mode sensors are 20o and 50.

Second, the instrument field of view limits the available stars.
Moreover, only the brightest (in photographic magnitude'® three, four, five,
or six (four cases) stars in any given effective field of view are
utilizede Then in no case are any stars dimmer than 3,84 photographic
magnitude used for the spin mode sensor, while the corresponding magnitude

for both operational phases of the dual mode sensor is 4,65,

Finally, the only input errors of the system are errors in the measure-
ment of the transit time. These errors can be easily converted to an error
in measurement of the angle from the zero reference to the slit at the ;J,f

instant of a star trensit. Thus,

o (@) = 9-T(£)- (141)
where 0(8) = standard deviation of rotation error,

o(t) = standard deviation of transit time error,

T = scan period.

e
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1. Method of Determination of Errors
It may be shown that each transit of a star across a slit yields one

equation of the form
0=f(@, 5,B +8 tyo 31) (142)

where @ = right ascension of spin axis,
0 = declination of spin axis,
B = angle from north to reference direction,
B = spin rate,
t1 = transit time of ith star,
31 = unit vector to transitted star.

Hence, for small errors in the time of transit

0= f S + £, 656 + f3(66 + B ti) (143)

where fj = the partial of f with respect to its jth argument., So, Gti =a' X

S = - -
where a (fl, IZ’ f3)/3 f3
[T

X= [e6 . (144)

88 -

Hence, after many measurements are taken, we obtain a system of linear
equations for X which is of the form

8t = A X . (145)

If the columns of A are lineerly independent vectors, then the choice of

X which renders 6t' 8t a minimum is
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X = (a Al a S . (146)

Let us now assume each component of 8t is & random variable whose distribu-
tion has mean zero and standard deviation o(t). Also, assume each of the

distributions are independent. Hence, the covariance matrix of im is

oy | - 2 -
ER X)) = s2(t)a' &) = 9-T-§9)- @l (147)

Hence, even though the input errors are independent, errors in the output
quantities may be highly correlated. In any event, we will take as a measure

of the output error

L= Jéz(éa) +.02(66) + 02(63) . (148)

We will call £ the total attitude error. Note that £ is a linear function
of 9(t) or 9(8).

2, Spin Mode Sensor Errors

For the spin mode, the results presented will be those obtained from
data collected over one rotational period. However, if n rotational periods
of data are collected then the total attitude error will be divided by

Va .

In Figure 84, we plot the total attitude error for the spin mode as a
function of the right ascension of the spin axis., For this figure, the
declination of the spin axis was set equal to zero. Results are shown for
the brightest three, four, five, and six stars in the field of view. Note
that generally, there is a substantial reduction in the output error if
four instead of three stars are utilized. 1In this and ell succeeding graphs

pertinent to the spinning mode we assume for input error 0(8) = 1 minute
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of arc. This error is consistent with the proposed instrument design.
(See Section I1IC,) However, if 0(8) were % minute of arc, then the output

errors should simply be one-half those shown,

Instead of plotting the total attitude error as a function of the
position of the spin axis, in Figure 85 we plot the cumulative probability
distribution of the total attitude error. Recall that the declination of
the scan axis was such that -10° < §.30°, while the right ascension was
not confined. In order to obtain Figure 85, a larger number (648) of points
in the region to which the scan axis is confined were investigated. Again,
note the significant difference between the results produced by four instead
of three stars. Note also that the desired system accuracy for the spin
mode is 0°1 or six arc minutes., Thus it is seen in Figure 85 that accuracy
requirements are met with the three brightest stars in 85% of the cases and
with the four brightest stars in 97% of the cases.

3. Duel Mode Sensor Errors

In Figure 86, we plot the cumulative probability distribution for the
brightest three, four, five, and six stars in the field of view for the
dual mode sensor. These results apply to both the spinning mode and the
three-axis controlled mode. Again it is seen that the spin mode accuracy
requirements are adequately met. Note that & 5,0?1 in 84% of the instances
where the three brightest stars are employed and in 97% of the four star '///

cases,

The performance of the dual mode sensor does not meet the goal of 0%1
in each axis (or 09017 in T if equal errors are assigned to each axis) on
a single scan basis if only three or four stars are used. However, the :
detection capability of the dual mode sensor extends to much fainter stars g
when the reticle is driven at a ten second scan period (see Figure 83). 3
Thus, solid detection‘of six or more stars on each scan should present
little difficulty. From Figure 86 it is seen that £ < 0901 for 50%
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of the cases when six stars are used. Further, these error distributions
are based on a single scan of data. By using transits from the same stars
but from multiple scans, the errore can be reduced significantly. As was
noted above, complete data from n scans should reduce the single scan

errors by a factor of lAfE-; thus, use of information from four scans should
approximately halve the errors. On this basis, it is seen that four-scar
data would yi¢'* << 0.01 in 70% of the four-star cases and in 94% of those

in which six stars are used.

It should also be noted here that continuous attitude determination is
not required in the three-axis controlled mode. Thus, for any particular
pointing direction, star transits may be encoded and processed through the
star identification and attitude determination computer programs. An
error analysis of the type described here may then be carried out for the
actual pointing direction and with the actual stars obtained. 1f the result-
ing error estimates appear excessive, data can be acquired again when the
field of view encounters & more suitable configuration of stellar targets.
Observe further that {n addition to this a priori error analysis, the residuals
from the least squares attitude solution also represent a measure of the
errors.

4, Three-Axis Mode Sensor Errors
The error distributions of Figure 85 and 86 are nearly identical even
though the geometry of the respective fields of view were quite different,

It appears then that these curves may represent a form of "universal' error

plot for this SCADS aepplicaetion and this interpretation is used to estimate
the errors for the three-axis controlled or driven mode sensor.

The driven mode sensor is required to operate only in the mission
phase during which the vehicle is three-axis stabilized. Thus, the scan
is slowed down and star transit detection is much less of a problem than in

the rapidly spinning mode. Easing of the detection problem, in turn, allows
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the slit to be narrowed to half the width used in the spin sensors. As a
consequer.ce, the input errors 9(8) should also be approximately halved. In
Figure 86, the values of L along the abscissa should then also be halved.
The single scan error for the three axis mode is then £ < 0.01 for 70% of
the cases in which four stars are used and in 947 when six stars are employed.
The comments above about multiple scan data are also applicable here.

Thus, the three-axis attitude accuracy goals can be met.

A final form of presenting the error analysis results is given in
Figure 87. Here we plot the points st which it wa: found that the total
attitude error is excessive for the spin mode, If tihe brightest six stars

in the field of view are utilized, at no point is the error excessive.
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C. Radiation Susceptibility %

Since the SCADS instrument is a photosensitive system designed to detect i
very weak sources of light, it can be overloaded and made inoperable or §
it may even be damaged if it is subjected to strong sources of visible or

higher energy radiation. ;

1. Optically Bright Objects

The operation of SCADS in the presence of the sun, the earth, and the
moon was dincussed in detail in Section IIA, Care was taken in the SCADS
design co insure that these bright celestial sources would be well out of
the scanned field of view during the portions of the mission over which SCADS
operation is required, These investigations resulted in the choice of
appropriate launch conditions, selection of the angular relations of SCADS to
the spacecraft coordinate system, and consideration of the shielding problem
to avoid interference when the sun or earth come closer than 90° to the
optical axis, Over some portions of the mission, however, SCADS operation
is not required and the bright celestial sources may fall directly within the
field of view, Tue implications of this condition are discussed in the re-
mainder of this subsection,

&, Photomultiplier Overload Protection
In order to prevent degradation of the photomultiplier cathode and :
dynodes, it is necessary to limit the current emitted by these surfaces when é//
bright sources such as the sun, earth, or moon get into the optical system i
field of view, Since current flow does not occur when high voltage is re-
moved from the photomultiplier cathode and dynode chain, an obvious way of
limiting the emission currents is to reduce or remove the electron accelera-

tion voltages to the cathode-dynode chain whenever bright sources of radiation
enter the field of view,

In the spin stabilized phase, the sunlit earth will get into the field
of view for segments of each orbit (both on the transfer ellipse and on the

spinning orbit-correction phase of the synchronous orbit)., Further, the
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sun will enter the field of view of the dual mode sensor over a sector of
every orbit in the three-axis controlled mode, For these cases, it is certain
that the photomultiplier emission current limits will be exceeded if the
photomultiplier voltage is not reduced or removed when the bright source
enters the field of view, The full moon intensity can also cause excessive
emission currents, so it too must be considered as a bright source. However,
the moon is less of a problem than the earth or the sun because it is a factor
of only 10°% times as bright,

The logic block diagram in Figure 70 indicates ways of detecting an
overload or a potential overload condition., Both of these conditions must
provide logic signals which can temporarily reduce or remove the photomulti-
plier high voltage,

An actual overload condition can be detected at the photomultiplier out-
put by sensing when the output signal across Ra exceeds a threshold level
determined from the maximum average anode current rating. The output of a
level detector will automatically switch OFF the photomultiplier high voltage.
The photomultiplier high voltage must then be turned back ON by a telemetry
command from the ground station, provided no bright source is in the field of

view,

Alternatively, a potential overload condition could be detected with a /J/’
simple auxiliary sensor. This sensor might take the form of a subminiature
solid state photocell and a very simple lens, The optical field of view of
this auxiliary system would be slightly larger than the field of the SCADS
instrument itself and the two systems would have parallel optical axes. Then,
as a bright celestial source approached the SCADS field from any direction, !
it would be detected first by the auxiliary sensor and the resulting signal i
would automatically switch OFF the photomultiplier high voltage. The photo- g
multiplier voltage would remain OFF until the photocell output fell below

the threshold level at which time the photomultiplier voltage is automatically :
turned back ON. : i
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Because of the vast difference in the strength of the local bright
sources and the stars, there is no problem in selecting a photocell which
will respond only to the sun, earth, and moon., Note that the entire auxiliary

sensor system should require only a fraction of a cubic inch of volume,

b. Radiation Heating Protection

Removal of the photomultiplier high voltage will provide adequate protec-
tion for most bright source encounters, However, when the sun or earth falls
directly in the field of view, the SCADS optical system takes on the role of
an excellent "burning glass' and damage to the photocathode or slit reticle
could result, This is not expected to be a problem in the spinning mode
where the rapid motion of the vehicle sweeps the slit across the source ery
quickly; the dwell time is thus quite short.,

However, the dual mode sensor presents a particular problem in the
three~=axis controlled mode, The sun will gradually pass across the field
once in each orbit and its transit may take as long as two and one-half hours,
There are two factors which assist in meeting the resulting problem of direct
solar radiation, First, the SASI motor prevents the positioning of the
photomultiplier up against the slit reticle; that is, against the focal
plane, Thus, the sun's image is '"bloomed" after passing through the slit and
a concentrated point is not formed on the photocathode. Second, the SASI
motor may be left on while the sun is in the field of view. Thus, the slit

-'-~*\w:v«&mw&&m eink L,

will sweep across the sun's image in a short time in a manner analogous to
that found in the spinning mode, Note that the upper surface of the slit
reticle should be highly specularly reflecting to reduce spot heating of
this element,

One additional note should be made here, For the 'spinning mode, an
alternative approach is to employ a reticle shutter as shown in Figure 88.
The shutter can consist of a spring leaf reed which is pulled over the slit
opening when the solenoid is energized by either a photomultiplier overload
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protector circuit or a small solid-state detector, The shutter may be closed
or opened in six to eight milliseconds, Less than .5 watt of power is re-
quired to hold the shutter closed., Average power dissipation depends upon
the duty cycle determined by the presence of the sun and sunlit earth in the
field of view. Hence, average power dissipation is much less than .5 watt.
The shutter weight is approximately two ounces., Although the device does
utilize a moving part, it can be demonstrated that such a device could
withstand several hundred million operations at operation rates between 25

to 100 per second without failing.

The shutter mechanism shown in Figure 88 is mounted on a thin cylindrical
ring, The mechanism and mounting ring would then be sandwiched between two
additional rings which would comprise a one centimeter thick cathode particle
radiation shield, Particle radiation shielding requirements are discussed
in Part 2 of this section,

With a shutter mechanism such as this, the sensor could remain operational
even if the field sweeps through a bright source on each scan, However, a
sector of the scan annulus would be removed and the instrument itself would
be made more complex. Since a satisfactory solution appears to have been
found without this complication, the shutter is not recommended here. How-
ever, should subsequent spacecraft constraints eliminate the possibility of
looking out close to the negative spin axis (out the back of the vehicle),
this approach might be given more consideration.

2. High Energy Radiation

The overall problem of the hard radiation environment to be encountered
by SCADS and the general considerations for photomultiplier shielding to
cope with this radiation are discuesed in Appendix C. Also, the problem c¢f
shielding semiconductor circuits is discussed in Appendix D. In the following

subsections, these results are specialized to the particular requirements of
this application,
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a, Photocathode Shielding

1f we are satisfied that the photomultiplier can be shielded from the
radiation belts, and the work of the NASA group on OGO II£19] indicates that
it can be, the amount of shielding necessary to reduce the noise to a
tolerable level can be estimated straightforwardly.

We shall wish to detect stars of magnitude 3785 against the background
noise due to all sources,

From the work of Code[sj we can estimate the number, n,» of photons
incident on the earth's atmosphere from Vega. (Type A0, dTO) This is,

n, = 1,66 x 107/cm2 sec micron, at the center of the Johnson B filter
(4300 Angstroms),

Then the number of resulting photoelectrons from a sensor with optical
aperture, a, optical efficiency, € photomultiplier quantum efficiency E
and band pass A\, which views a star of magnitude M

q

B’ is about

2
a eo Eq AN (149)

- 04M
S = n, 10 B

&3

If the faint star background is N tenth magnitude stars per square degree

and A is the slit area in square degrees, the signal due to this source is //
N.=n N104Z2a% ¢ E A m (150)
B o 4" €0 "q ’

A reasonable aperture is about two inces. Choose €, " 3, Eq = 2,
A\ = .3 micron, MB = 3,85, N = 325, A = ,3 square degree,

Then § = 2,91 x 105/sec (151)
NB =.1,24 x 104/aec.
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In the absence of radiation noise the faint star background is the major
source of noise, even so the d.c., signal due to it is less than the star

signzl by a factor 17, It appears that we can neglect it altogether and we
do., !

The NASA group observed a dark current of 2,06 x 1010 electrons per
second, and were shielded for about an MeV, Above an MeV at the equator in
the inner Van Allen belt are about 108 electrons/sec cmz. If each fast
electron incident on the photocathode produced k photoevents,

10 2 8

2.06 x 10 Ng R k x 10°, (152)

Since R = 1,27, where R is the radius of the photocathode, k ~ 80 for the
EMR 541 PMT used in the 0GO work,

Consider the situation of Figure 89, Some random process f(t) acting

on the sensor causes an output,

I(t) = = % p(t-t,), (153)

k=ew

where p(t) describes the individual pulse shapes at the photomultiplier output
and ap their amplitude, Let a, be a random variable,

I(t) is fed to the input of a filter with impulse response h(t).

The filter output will be

el R i e s

1_(t) - 2 oy L p(t = 7 = £,) h(r) dr (154)

7
By Campbell's Theoremﬁl'] the variance of I_ will be
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2 ay gt J"m [ J p(r' = 1) h(?) dff dr?, (155)

4]

T

where v is the rate at which photoevents occur and a” is the second moment of

Bk.

Since the filter response will be much slower than the photomultiplier
we can as well take p(t) as the delta function, Then on integrating over r,

®

P - v?j h(ry dr'
=D
—— [« -]
-y azf w2 (£) df . (156)
r
Finally,
2
* =2 va® g, (157)
where
- -]
Af -f lueey|? at, (158)
0

is the filter noise bandwidth,

To proceed further knowledge of the distribution of the a, is needed,
Lacking this knowledge, we assume a normal distribution with mean a = k,
Then

a2 mk + K>~ K> . (159)

Then if particle radiation noise dominates and photoevents due to this

occur at a rate N per second of mean magnitude k, the peak signal to RMS
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noise is

s . : (160)
N Jags + k2N af

(Note that ‘2 = ] for signul photoelectrons)

Accurate location of a star position at a signal to noise ratio of five
is reasonable, Thus, take'% = 5, A twelve arc-minute slit rotating at 60 rpm
transits a star in a time,

- 161
T "% x 360 ° (161)

The optimum electrical bandwidth is about

1 162)
Af = == = 720 cps, (
31‘8

One can now solve for N from(160) with the result that

3 fast ealectrons
Na = 6,25 x 10 Too . (163)
The average projected area of the photocathode being half its total area,

the allowable Van Allen belt flux becomes
. 3 2
¢ = 3,22 x 10”/sec em”. (164)

A dotted horizontal line which corresponds to this flux has been drawn
in Figure C-7 of Appendix C, We see that unless we shield against at least
two MeV, operation with an end-on tri-alkali photocathode is not possible at
L=6,6, Since disturbed Sun conditions may increase the outer belt radia-
tion by factors of about 102 shielding the photocathode and first dynode
stages for three MeV seems indicated. This would require 1,5 gm/cm2 about the
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neck of the sensor and amounts to a ,55 cm. thickness of Al,

b, Protecti-n of the Optics

The usual optical glasses are known to suffer changes in refractive
index and transmission on electron and proton irradiation. To prevent this
a quartz shieid over the objective is necessary o= the first element of the

lens itself may be of quartz,

The 0GO-I Photo-Electric Camera which has the first two elements of its
optics of quartz has Eurvived a year in the radiation belts with no measurable
20]

change in performance « The interior elements of th2 lens are of CaF which
is quite susceptible to radiation damage.
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D, Reliability
It is essential that the SCADS system be operative during the spin

stabilized mode, The spin mode sensor represents the simplest and most
reliable design and thus provides the fundamental attitude detector when the
vehicle is spinning. If the SCADS system for ATS F & G is regarded as an
experimental program, then it will serve as a back-up to the sun sensor--

rf polarization measurement combination in the spinning mode. Under these
conditions, no redundancy in the SCADS system is required and much of the
electronics Lor the spin and three-axis operations may be common; this applies

whether the dual mode sensor or two separate sensor heads are selected,

However, if SCADS becomes the primary mode of attitude determination,
some redundancy is desirable, Should the power supply or detection electronics
fail in the spin mode sensor, a separate set of electronics for each system
would permit a remotely actuated switch to transfer the sensor output to the
detection electronics and power supply of the three-axis sensor, Note that
the filter for the driven mode would not be ideally matched to the spin period
but the match would be adequate for contingency use, Should the photomulti-
plier of the spin mode sensor fail, then the three-axis sensor head might be
used with the SASI motor turned off and the slit fixed in the scan axis-
optical axis plane., Operation in this condition, however, will depend on the
position of the sun relative to the optical axis. In any event, it may be
possible to operate the three-axis sensor as a partial back-up for the
spinning mode iIf it is used in the shadow of the earth, It is assumed that

the sun sensor--rf polarization combination would also serve as a back~up.

For operation in the three-axis mode, the electronics from tﬁe spin
sensor may serve as an alternate. However, if the motor drive fails, the
probability of obtaining a sufficient number of star transits of the fixed
slit in the slowly rotating (earth rate) vehicle is low. But if transits are
acquired from the fixed slits in both sensors, then for some star-rich portions

of the sky sufficient data may be obtained, *ote that very faint targets can
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be detected at the slow scan rate involved here. Thus, the target avail-

ability problem may be less stringent than it would appear at first glance,

i e 3 B e 2L
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CONDITIONS REQUIRED FOR OPTIMAL SCADS OPERATION

VIi. CONDITIONS REQUIRED FOR OPTIMAL SCADS )PERATION
In this section, the SCADS operational conditions and constraints are
briefly summarized,

A. Spacecraft and Mission Constraints

The only SCADS-imposed restrictions on the mission are represented by
the launch window constraints discussed in Section IIA2 and IIA3, These
restrictions are imposed primarily by the relative position of the sun; the
solar launch window is summarized in Figures 1l and 12 above, In addition,
possible lunar interference affects the allowed launch conditions; the
moon-imposed limitations are summarized in Table I .,

If the launch window or insertion requirements are met, then SCADS will
be operable in all of the possible orientations described in Section IB;
no spin axis pointing directions need be excluded from the mission profile
as presently planned, It should be noted, however, that the earth will
impinge on the field of view for a portion of each near-synchronous orbit in
the spinning mode, Nevertheless, the bright object shielding recommended
here should be sufficient to permit full SCADS operation over 63% of the
orbit; this should be more than adequate to perform the required orbit cor-

rection maneuvers,

In the three-axis controlled mode, the dual mode sensor will also en=-
counter the sun once per orbit. In this case, the recommended bright object
shield will allow full operation over the remaining 687% of the orbit, For

the three-axis sensor, no interference from the sun or earth is expected.
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B. Suggested Spacecraft Location of SCADS

Possible locations of SCADS on the spacecraft are limited by the required
scan geometry, Thus, the 2475 optical field of view of the recommended spin
mode sensor is to be canted at an angle of 18?5 with respect to the negative
spin or negative Z axis of the vehicle, Thus, if it is possible, it is de-
sirable to mount the spin mode sensor on the back face of the aft equipment
module with the bright object shield projecting out beyond the kick motor
heat shield plate, Note that the cylinder of the bright object shield should
be made of such a material that it also acts as a heat shield for the optical
aperture and the SCADS sensor head., Observe also that the specific location
of the sensor on the large area at the back of the module can be chosen for
structural convenience, It is only necessary that care be exerciscd to avoid
inclusion of the kick motor support structure within the critical angle of the
bright object shield,

The location requirements of the dual mode sensor are essentiaily
equivalent to those for the spin mode sensor except that no canting is
required, However, a potential problem exists when the kick motor and its
support structure are je’tisoned after the spin stabillzed phase is completed,
The possibility of sensor damage during this operation must be guarded
against, Note that this is not a problem with the spin mode sensor since

its application is completed at the end of the spinning phase.

Finally, the three-axis sensor may be mounted in either the aft or
forward modules in the Y-Z plane looking generally south, The optical axis
here must be canted away from the boom and solar panel which lie along the
spacecraft Y axis, For a forty degree field of view, this cant angle with
respect to the Y axis will lie between 20° and 38° to avoid interference from
both the sun at '6SUNImax - 23?4 and the spacecraft structure, The specific
angle will depend on the final detailed vehicle configuration., In any event,

the three-axis SCADS sensor should look out the side of the module in which
it is mounted.
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C. SCADS Information Bandwidth Requirements §
SCADS transit time data will be digitally encoded on board the satellite. ?

In general each scan in the spinning mode will be resolved into approximately
14
2

as long, the corresponding time resolution may be as great as 2

time intervals; since the scan period in the three-axis mode is ten times
17 intervals
per scan. Note that such additional resolution is advantageous here since

higher accuracy is required in the controlled mode.

A suitable scheme for handling time and transit data would proceed as
follows., A scan sequence would be initiated from the ground but the start
of the data gathering operation would be delayed until the eighteenth bit
(217) in the clock toggles from O to 1 or 1 to O, At this point, the high
order clock bits (17 through 30 - see Section IIIC3) would be transmitted as
a time refcrence word., Then, for each star transit following this reference
point, only the seventeen low order bits (29 through 216) of the transit time
are transmitted. A new time reference is obtained each time the eighteenth
bit is toggled, The total time characterization for a star transit is found
by forming a single thirty bit word from the seventeen bits in the transit
data and the high order bits from its time reference,

In the spin mode, the threshold is to be selected so that eight or fewer
stars are detected per scan. 7Thus, the bit rate for transit detections will ‘
be approximately 8 x 17 per scan or 136 bits per second since the scan period j///
is one second, A time reference word will occur only once every 8 to 10

seconds and requires only 14 bits,

Thus, the information rate or ''digital bandwidth" required of the data
handling system should be no more than 140 bits per second. Note that this
should also suffice for the three-axis mode; even though more star transits
will be acquired in one scan, the scan period in the driven mode is ten times
longer than that for the spinning mode. Observe also that a time reference

word will be ~ent approximately once per scan in the three axis controlled
mode,
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RECOMMENDED SCADS DESIGN

VI1I1. RECOMMENDED SCADS DESIGN

In the work presented above, three basic configurations--a spin mode
sensor, a three axis controlled mode sensor, and a dual mode sensor--have
been considered to collect the necessary star transit data for vehicle atti-
tude determination during the spinning transfer orbit, the stationary
synchronous orbit, or both,

Figure 90 illustrates the operation of the spin mode sensor scanning a
portion of the celestial sphere while the ATS F or G vehicle is in the trans-
fer orbit, Note that due to the cant angle of the sensor, the relatively
small optical field of view sweeps out an effective field of view of 60°
with the spin motion of the satellite, The inset shows the suggested mount-
ing position relationship in the aft section of the spacecraft,

The complementary three axis sensor which is recommended for use when
the vehicle is in synchronous orbit is pictorially shown in Figure 91, 1In
this case, as explained in the previous text, a rotating reticle provides
the scan of the star field which requires a large optical field of view,
but small aperture. The sensor is shown mounted in the aft module, but
could also be satisfactorily mounted in the forward module, In either
location the optical axis should be canted between 20 and 38 degrees from
the southerly end of the spacecraft Y axis toward the Z axis to avoid

interference from both the sun and the vehicle structure,

The combination, or dual mode, sensor operation is illustrated in
Figure 92, The scan motion is provided by vehicle spin with the slit reticle
fixed during the transfer orbit, and then in synchronous orbit the reticle
is rotated to providé the scan, For these conditions, the optical system
requires both a large field of view and a large aperture. Note that this
system is aligned parallel to the Z, or spin axis (0° cant angle), and must

operate both before and after kick rocket firing and stage separation,
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The preceding illustrations pictorially describe the recommended
sensors for use during the ATS F and G missions, In each of the three
systems, the designs were put through stages of optimization in order to
provide the best design for the particular requirements., These optimizations
were discussed in Section 1V, SCADS Sensor Designs, and resulted in establish-
ing the recommended system parameters for each of the configurations which
were presented in Tables 1I, III, and 1V,

On the basis of these parameters, the volume, weight, and power were
estimated and presented in Tables V, VI, and VII for the spin stabilized
mode sensor, Similar estimates made for the three axis controlled mode
sensor were presented in Tables VIII, IX, and X; and for the dual mode sensor
in Tables XI, XII, and XIII.

In Scction V, a performance analysis was done for each of the systems
to determine the probability of detection of the required numbeir of stars
on the basis of the minimum brightness, or limiting magnitude, of the stars
that can be detected with each system., From this information, an error
analysis was performed to give the probability of schieving the single-scan
accuracy required for the spin mode and for the three-axis mode for each of

the applicable sensor systems,

A complete system for the satellite to give the required attitude
information throughout the mission consists of a spin mode sensor plus a
three axis controlled mode sensor, or a single dual mode sensor. A compari-
son of the basic characteristics of these two system choices combining the
appropriate data from the above mentioned tables is now summarized in
Table XIV.

As seen from the entries in this table, the two configurations are

remarkably similar in gross physical characteristics. However, the dual
mode sensor has more difficult star detection requirements and its accuracy
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TABLE XIV

Comparison of the Spin Mode Sensor-Three Axis Sensor
Combination with the Dual Mode Sensox

Spin mode sensor
Characteristic Three-axis sensor Dual mode sensor
(combined characteristics)

Volume:

sun shields excluded 95,2 cu, in, 95.4 cu, in,

sun shields included 672 cu, in, 653 cu, in,
Weight: 7,25 lbs, 7.37 1bs,
Power: 2,55 watts 2.55 watts

(three-axis mode)

System Limiting Magnitude:
Spin mode 3.84 4,65
Three-axis mode 4,21 4,65

Single~-sca . ~ccuracy:
Spin mode (T < 0.1 97% of cases 97% of cases
with four stars)

Three-gxis mode 947 of cases 50% of cases
(£ < 0,01 with six
stars)
in the three-axis controlled state is marginal, Thus it does neither the ’/

detection task required in the spinning mode nor the precision measurement
task required in the three axis mode as well as the corresponding single

sensor counterpart.

A number of additional advantages accrue from tlie use of two sensors,
First, partial redundance can increase the total system reliability over that
found with the dual mode sensor, Second, the sun never intrudes into the

field of view in the three-axis mode, Thus, possible solar heating of the
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detector
chrmous
mounting
to avoid
the kick

In

is avoided and the instrument is operational over the full syn-
rbit; this is not true for the dusl mode sensor. Finally, the
location of the three-axis controlled mode sensor can be selected
the possibility of sensor damage at the time of separation between
motor and the satellite,

conclusion then, two separate SCADS sensors are recommended for the

two operational phases of the ATS F & G missions,
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GLOSSARY OF PRIMARY SCADS SYMBOLS

(Note: Symbols which are used only in specific sections of the report or in Q
intermediate steps of a derivation are defined where they are used,) i

a clear aperture diameter of the SCADS optical system

d overall diameter of the SCADS bright object shield

D normalized diameter (d/a) of the bright object shield

D71 integral number of elapsed days from midnight at the beginning of
1971 to midnight at the beginning of date (D71 + 1),

e the magnitude of the charge on the electron

f(t) star pulse input to the SCADS electronic filter

Af noise equivalent bandwidth of the electronic filter

h overall height of the SCADS bright object shield

H normalized height (h/a) of the bright object shield

H(s) frequency domain transfer function of the SCADS electronic filter

h(t) impulse response of the SCADS electronic filter

k argument of the error function to give a detection probability Pd

M stellar magnitude (photographic magnitude assumed unless subscripted)

ML limiting photographic stellar magnitude for the SCADS system :

n unit vector normal to the plane of the SCADS slit as projected on ]
the celestial sphere .

NB number of equivalent tenth magnitude stars characterizing the back- g
ground radiation :

Ban the average number of photocathode emissions in time T due to back- (/
ground radiation plus dark current !

NF the false detection rate characterizing the expected number of false %
star detections per scan period caused by random noise !

ng the average number of photocathode emissions in time T due to a é
star of given magnitude :

NS the number of .radial slits in the SCADS reticle

o the average number of photocathode emissions in time T required to
reach the detection threshold level

Pd detection probability (for a star of given magnitude)

lim parametric steliar magnitude limit for star availability--threshold

studies
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GLOSSARY OF PRIMARY SCADS SYMBOLS
(continued)

unit vector to a star of known position
sensitivity of the photomultiplier cathode to stellar radiation
rotational slit width

peak signal~to-RMS noise ratio at the output of the SCADS filter

scan period

time interval required for the center of the star image to traverse
the slit

fractional number of elapsed Julian days from Greenwich midnight at
the beginning of 1971 to the current time in orbit

star pulse output from the SCADS electronic filter
celestial right ascension

reference right ascension of the spin axis at synchronous insertion

cant angle of the SCADS optical axis with respect to the scan axis
celestial declination

reference declination of the spin axis at synchronous insertion
angular uncertainty in the direction of the scan axis relative to
its nominal direction

efficiency of the SCADS optical system

SCADS optical field of view

SCADS effective field of view in terms of the area scanned on the
celestial sphere

outer or exterior angular radius of the SCADS scan annulus on the
celestial sphere

inner angular radius of the SCADS scan annulus on the celestial
sphere

anguiar length of the SCADS radial slit projected on the celestial
sphere .

SCADS bright object shield angle: minimum angle between the optic~l
axis and the spacecraft-bright source line

standard deviation
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'GLOSSARY OF PRIMARY SCADS SYMBOLS
(continued)

RMS total three-axis error in the SCADS attitude determination
angle from the spacecraft spin axis to the sun line

angle from the SCADS scan axis to a bright celestial source
right ascension of the point of synchronous insertion

radian frequency parameter for the SCADS electronic filter
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APPENDIX A

ATTITUDE DETERMINATION FOR THE ATTITUDE CONTROLLED PHASE
OF THE ATS F&G MISSION

1l GENERAL METHOD OF SOLUTION

The general problem is to find the orientation as a function of time,

SR AR SR B B s e i -

t, of a system fixed in a satellite whose roll, pitch, and yaw are slowly
changing, This model may be applied to a satellite which is essentially
stabilized along local vertical. The basic measurements which must be used
to furnish this orientation are the times at which known stars lie in a
slit and the angular position of the slit at these times, The method of
attack of our problem used here is to derive a constraint equation of the

form
f(gis Bi’ r(ti)’ P(ti)o Y(ti)) =0 (£-1)

where
i " unit vector in direction of the ith star (known)

[
P, = measured angular position of the slit at the time of
transit (known)

A i H

ti = time of transit (known)

r(ti), p(ti), and y(ti) = roll, pitch, and yaw at t (unknown) .

Note that (A-1) is one equation in three unknowns, r(ti), P(ti)’ and y(ti). ] /

Hence, any number of equations of this form are useless in themselves, for

new unknowns are introduced with each new measurement. To overcome this
difficulty, we may assume that r(t), p(t), and y(t) are not randomly varying
functions of time. Two courses are available to establish a systematic

varistion in roll, pitch, and yaw:

il

(1) Derive the differential equations that govern the motion :
of r, p, and y. ;

(2) Assume some empirical formula for r, p, and y. %
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v will apply the second method here; in fact, we assume

r=r +rt
o

+.

p=p,+ Pt

y* ¥, + yt
where ¥ Por Yoo r, p, and y are constants to be found.

Equation (A-1) is an algebraic statement of the geometry of the problem.
This geometry is simply that the vector to the star, ;i’ and the slit
plane's normal are perpendicular at the instant of transit. To write this
equation then, we must express these two vectors in the same coordinate

system.

2. COORDINATE SYSTEM

Seven coordinate systems will now be introduced: Si’ i=1, 2, ..., 7.

S1 will be the celestial coordinate system. This system is most useful

in order to specify the position of the stars. S2 may be called the
satellite system, Roll, pitch, and yow wili be defined witch respect to
this system, S5 will then be a system fixed with respect to the satellite.
Firnally, S7 will be a system fixed in the slit (which rotates with respect

to the satellite).

Let us now define these coordinate systema. Let S1 be the celestial

1wit:h il in the direction of the
First Point of Aries, j1 in the equatorial plane, and k1 in the direction

of the north celestial pole.

system with associated unit vectors 11’ jl’ and k

Let S2 be a coordinate system which moves with the satellite (Figure A-1),
Let 1 have the direction from the satellite to the eart*': center; j2 per-

pendicular to 12, in the orbital plane, and such that the orbital motion is
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I IR

SATELLITE
v

PERIGEE

A
ka INTO PAPER LINE OF NODES

Figure A-1: The coordinate system S, 1
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L] A

L) " ~n
in the direction of 32' Finally, 12 X 32 - k2' Note that kz has the
direction of the negative orbital normal,

Now, let 85 be a system fixed in the satellite. S2 - S5 through three

rotations: roll, pitch, ond yaw (r, p, y). Thus,

&2 - §3 rotation r about 32 - 33
13 - j4 rotation p about k3 - ka
j4 - js rotation y about 14 - 15

The vectors 15, j;, and iS are parallel to the position yaw, roll and pitch
axes, respectively,

We now may write

12 11 15 12
.12 = A .11 ’ j5 = B jz
k2 kl kS k2

where

- cos 0 cos@ + V) +8inQ cos 1 sin(w + V)
A= - 8inQ cos@ + V) - cos 2 cos 1 sin(w + V)
- gin 1 sin( + V)

- cos {0 sin( + V) - 8in Q cos 1 cos(W + V)
- sin sin + V) + co8 Q cos 1 cos(w + V)
sin 1 cos(w + V)

- 8in Q sin 1
cos € sin 1

-cos 1
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cos p cof r sin p
B= |.cos ysinpcosr +sinysinr cos y cos p
sin y sin pcos r +cos y sinr -sin y cos p

- cos p sinr
cos y sinp sinr *+sinycosr
- sin y sin p sin r + cos y cos r

Here
= argument of ascending node (known)
argument of perigee (known)

= true anomaly (known)

= < E 9D
]

inclination (known)

The angles 2, w, v, and 1 can be calculated or are calculated as part

of the satellite ephemeris. The angles r, p, and y are to be found.

The only coordinate system remaining to be defined is that which locates

the slit plane with respect to S To this end, let

5.

~ ~

15 - 16 rotation Y about k5 = Lk

"

k6 - k7 rotation B about i

6

6" 17 (Figure A-2),

Thus,

=
= ¥ [ 4

- SR 4
~3
wn
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A
ks
ORBITAL NORMAL
A
o s
/ & \
Y.
/ |
STAR % |‘
.p “ \
\
\
/i\ ’i‘ ' INTERSECTION OF SLIT- PLANE
5 WITH UNIT SPHERE
o EARTH'S CENTER
Figure A-2:

The slit plane with respect to S
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where
cos Y sin 'y 0
C= |- sinyY cos B cos Y cos B sin B
cos ¥ sin B -cos Y sin B cos B

The physical interpretation of S, and the angles Y and B are as

follows: 17 will have the direction Zf the scan axis of the instrument;

Y will be a fixed measured angle which defines the position of this axis
in the yaw-pitch plane of the satellite; finally, the slit will be made to
rotate about the scan axis and B will be computed by measuring the time a
star trausits the slit and utilizing the known rate of rotation of the
slit about 17.

3. CONSTRAINT EQUATION

Now suppose a single slit as picture in Figure A-2 is utilized., Let

this slit rotate with respect to S5 with its axis of rotation coincident

with 17. As this slit rotates stars will transit the slit, and at the

instant of transit the rotational position of the slit, B (Figure A-2),
may be computed by utilizing the known rotat‘on rate of the slit., Thus,

at the instant a star appears in the slit we may write

s = cos | i, + sin T k7

where 7| = elevation of star with respect to S7 at the instant the
star transits (not measured).

But we may also write

s = cos § cosa i, + cos & sin« j; + sin 6 k

1 1
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where = declination of the star (known)

@ = right ascension of the star (known).
Thus, the instant the star appears in the slit, we may wri'e

cos 1|
0 =CBAS (A-2)

sin 7|

~

where s is expressed with components in S Since T is not measured, we

1.
choose to eliminate this parameter from (A-2). Hence,

o-c?_BAQ (A-3)

where Ci = ith row of C,
Equation (A-3) now represents one equation in the three unknowns, r, p,
y. These three angles are slowly varying functions of time. It appears

we may write

r=r <+ rt
o

+.

P=p, *opt

y =y, + yt (t measured) (A-4)

where ¥o» Py Voo t, p, and y are constants, Equation (A-4) is a good
approximation for time intervals on the order of five minutes. However,
(A-4) may have to be revised after more information on the stabilization
system is obtained. Thus, with this assumption, Equation (A-3) becomes one
equation in six unknowns., A minimum ‘f six transits of at least three stars
is necessary for a solution. If more than six transits are obtained, a

least squares solution may be sought,
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DATA SHEETS FOR EMR-541N AND EMR-543N PHOTOMULTIPLIERS
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APPENDIX B
MODEL 54IN-01-14
'PRELIMINARY SPEC
MARCH, 1966
! PHYSICAL CHARACTERISTICS
Number and type of dynodes: 14; venstian-blind; Ag-Mg
Maximum overall length (unpotted): 3.94 inch (100 mm)
Typical weight {unpotted): 71 grams
Window material: 7056 glass 2
Cathode sensitive area: 1 in. (25 mm) diameter, area = . 786 in
Cathode type: Semitransparent: bi-alkali
Note | Minimum| Typical | Maximum | Units
il PHOTOCATHODE CHARACT :am’(S'ﬂCSF !
Quanium efficiency (Q) at 4100 & 18 21.5 %
Cathode luminous sensitivity (Sy) 5% 72.0 pA/Im
Cathode peak radiant sensitivity (dj) ., 059 .07 AIW
Typical quantum efficiency See
Fig. |
"I, MULTIPLIER PHOTOTUBE
CHARACTERISTICS, DC 1
Voltage required for current See
amr lification (G) of: Fig. 2
1o: 1690 v
10 6 2280 \'4
10 2950 3400 \'2
Dark current (ip) at a current
amplification of:
108 1,2 2. 6x10°12 A
107 2.5%10"11] 1x10-10 A
10 2.5x10-10 A
Anode luminous sensitivity (S) a
a current amplification of 10 55 72.0 A/lm
Anode peak radiant sensitivity ( &)
at a current amplification of 10 59, 000 71,000 A/W
Equivalent anode dark current
input at current amplification
of 106 1
Luminous, (Ep) 3.5x10-13| 1, 8x10712 | 1m
Radiant at 4200 & €p 3.5x10°16| 1, 7x10°15 | w
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80X 44 « PRINCETON, NEW JERSEY 08540

i
#




APPENDIX B

-
MODEL 54IN.01-14
PRELIV™ARY SPEC
MARCH, 1966
Note | Minimum ﬁptcal Maximum | Units
Equivalent noise input at current
amplification of 10 1
Luminous, (EN) 3, 9x10° 141, ox10-13 | im
Radiant at 4100 &, (€p) 4.0x10"17) 1. 0x10"1%| w
Iv. MULTIPLIER PHOTOTUBE
CHARACTERISTICS, PULSE |
Dark cu-zw.t counts at a current
amplificution of 106 at 20°C 2,3 125 Pulses
/nec
Pulse hcifht resolution (FWHM)
for Cs137, Nal (T1) 4 8.0 %
MAXIMUM RATINGS 5
Supply voltage 3600 v
Arode current .3 mA
Ambient temperature 150 °c
1. ENVIRONMENTAL
Shock 100 g, 11 millisecond duration
Vibration 30 g, 20 to 3,000 cps
Temperature -559C to 150°C
‘I, PACKAGING
Potted weight (typical) 170 grams
Normally packaged ina 1-3/8" O.D. x
4-1/4" length fiberglass housing. /
'OTES: 1. All data at room temperature = 20°C,

2. Measured after dark current stabilisation.

3. Discriminator bias at 1/4 of the average single electron pulse height.

4. Harshaw scintillation crystal, Nal(T1) Type D, size: 1l in. x | in.,
S/N BY 591

5. Absolute maximum ratings, prolonged exposure at maximum ratings may
result in permanent deterioration of tube performance.

m PHOTOELECTAIC DIVISION

ELECTRO-MECHANICAL RESEAACH, INC.
80X 44 « PRINCETON. NEW JERSEY 08540
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MODEL 54IN-01-14
PRELIMINARY SPEC
MARCH, 1966

TYPICAL SPECTRAL RESPONSE CHARACTERISTICS

R T, LR T P
10
"
>
3]
z
R
2 x
™ A |
™ AV
W \
2
g A
’ l  §
4 :
.01
1000 2000 3000 4000 5000 6000 7000 8000 ‘.
WAVELENGTH - ANGSTROM  py_. 0

PHOTOELECTRIC DIVISION

ELECTRO-MECHANICAL RESEARCH, INC
80X 44 - PAINCETON, NEW JERSEY 08540
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MODEL 54IN-01-14
PRELIMINARY SPEC
MARCH, 1966

10 st
(R SU— N S
. JR—
J{L I
| f
xo‘
E
B 10 ——
// /
lo‘
1400 1800 2200 2600 3000 3400 3800
TOTAL VOLTAGE ACROSS PHOTOMULTIPLIER
Figure 2

m PHOTORLECTRIC DIVISION

ELECTRO-MECHANICAL RESEARCH. INC.
BOX &4 . PRINCETON, NEW JERSEY 08540
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MODEL 54IN-01-14
PRELIMINARY SPEC

MARCH, 1966
L
i 32
o 4: wb-Ame 6
| Approx
o 17 .1

; Do not clamp in
| / this area
%+. 000
- =.008%
\ 1. 375 Dia.
4

N+

- ——— —

]

\__ Epoxy Fiberglase

1 Effective Shell
Dia. Photocathode

—

NOTES:
1. Resistor values equal thru-out unit

—=e Signal (Red)

W= +HV (White)
-HV Black

Figure 3
PHOTOELECTAIC DIVISBION

ELECTRO-MECNANICAL RESEANCH, INC.
80X 44 « PAINCETON. NEW JERSEY 08840
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PRELIMINARY SPECIFICATLON DATA
MODEL 543IN-01-14 MULTIPLIER PHOTOTUBE

I. PHYSICAL CHARACTER1STICS

Number and type of dynodes: 14; venctian-blind; Ag-Mg

Maximum overall length (uapotted):  6.50 inch

Typicoi welpht (unpotted): 188 grame

Window material: 7056 gloss

Cathode sensitive arca: 1.7 i{n, diomcter (nreco = 2.5 nq. in.)
Cathode type: Semitranspareat: bl-alkall

I1. PHOTOCATHODE CHARACTERISTICS Note Minimum Typical Maximum Unite

1
Quantum efficiency (Q) .
at 4100 Angstroms 18.0 e
Quantum efficiency .
at 6300 Angstroms .89 e
Cathode luminous sensi-
tiviey (S,) 55.2 wA/lm
Cathode peak radiant
sensitivity (Uk) .060 A/W
Typical Multiplier Phototube See
Response and Quantum Fig.
Efficiency l
111, MULTIPLIER PHOTOTUBE
CHARACTERISTICS, DC 1l S
ce
Fig.
Voltage required for current 2
amplification (G) of: 10: 1418 Vv //
104 1951 M
10 2657 v
10 3313 v
Dark current (i) at a
current nmplif?cation
of : 162 1, 2 2.4x10:i% A
107 2.1x10_10 A
10 2.6x10 A
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Note Minimum Typical Maximum Units

Anode luminous sensitivity
(S) at a cyrrent amplifica-
tion of 10 55.2 A/lm

Anode peak radiant sensi-
tivity (0) at o curgont

amplification of 10 60,000 A/S

Equivalent anode dark current

input at current amplification

of 108 1l

-13

Luminous , (ED) 3.8x10 lm

Radiant at 4100 Angstroms -16

() 3.5x10 W

Equivalcnt noise input at

cugrent amplification of

10

-14

lLuminous, (EN) b.6x10 lm

Radiant at 4100 Angstroms, .17

(cD) 4.25x10 W
1v., MULTIPLIER PHOTOTUBE

CHARACTERISTICS, PULSE 1

Dark current count at a Pulses

current agplificltion of per

106 at 20°% 2, 3 200 sec. //

Pulse height is’olution

(FWHM) for Os*”?’, Nal(Tl) 4 7.80 %
v, MAXiMUM RATLINGS 5

Supply voltage 3600 v

Anode current 1.0 mA

Ambient temperature 150 %
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Note Minimum Typical Maximum Units

VI. ENVIRONMENTAL

Shock ' 50 g, 11 millisecond duration
Vibration 20 g, up to 3,000 cps
Temperature -55%¢ to 150

VIL. PACKAGING Normally packed in a 2" 0.D. x 7-3/16

length Fiberglass housing

Potted weight (typical): 385 grams

NOTES :

()
-

All data at room temperature = 20°c.
2. Mcasured after dark current stabilizstion.
3. Discriminator bias at 1/4 of the average singlc electron,

4. Harshaw scintilletion crystal, Nel (T1)
Type D, size: 2 in. x 2 in.x S/N 7PA6.

5. Absolute maximum ratings, prolonged exposure at meximum ratings
may result in permanent deterioration of tube performance.
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APPENDIX C
PHOTOMULTIPLIER NO1SE INDUCED BY EXPOSURE TO THE VAN ALLEN BELTS

Here we may be guided by NASA Goddard experience with the OGO Il air
glow photometers, The main body photometer used a EMR 541 E-O5M, a one
inch diametér end-on tube with a tri-alkali cathode on a sapphire window [c1].
The orbit was polar with apogee near 1500 kilometers and perigee near
400 kilometers,

The photocathode current in this photometer was observed to vary from
5 x 10710
near 1500 kilometers (L = 1.23), "It was not a simple increase in uark

to 3.3 x 10'9 amperes with the maximum occurring in low latitudes

current level, but consisted of a multitude of pulses and tended to persist

after the radiation levels had decreased."

Since L = 1,23 corresponds about to the maximum of the inner belt of
fast electrons from the 'starfish explosion' it is natural to attribute
the effects to these fast electrons., We thus examine some ‘of the possible

ways in which these could cause noise in the photomultiplier.

1. BREMSSTRAHLUNG

Bremsstrahlung (X-ravs) due to fast electrons cause photo-emissions by
the photoelectric effect (below .05 mc2 in carbon, .1l mc2 in aluminum), the
Compton effect and by pair production (important at about 10 mc2 in lead,
30 mc2 in aluminum), This could be very serious in that the resulting
X-rays are very penetrating and it could happen that attempts to shield

against the fast electronics would only increase the X-ray production,

Consequently, we next estimate the amount of Bremsstrahlung we might

expect from a given amount of shielding.
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a, X-ray Production by Bremsstrahlung in Aluminum

We' assume:

1) normally incident mono-energetic electrons of energy Eo
on an infinite slab of thickness X1 centimeters;

2) we can neglect all energy loss mechanisms except ioniza-
tion and excitation,

Number of photons which appear at X = x1 is

a EX XX
3 ‘ T (k) —dk__
n=N J J e bk Eo - dX (c-1)
0 Emin
where
dk 2
ﬁk Eo - }.L 4 (P' = mc )

is the cross section for emission of a photon in the range k, k + dk.

T (k) is the range for photons in aluminum. 7T (k) was actually taken

from the graphs of range given by Johnson (Satellite Environment Handbook)

[c2] and was approximated by

lng T(k) = .440 log k + 1.224

k> 5.5 x 10°2 MeV

= 2.760 log k + 4.126

k< 5.5 x 102 MeV (C-2)

To find E(X) recoirse was had to an empirical equation for range given

in the American Insiitute of Physics Handbook [C3].
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R = .412 E" gm/cm2
n=1,265- ,0954 {n E

.01 < E< 2,5 MeV (c-3)
R = .530 E - ,106 gm/cm2

2,5< E < 20 MeV

We take n = 1,181 in first approximation and define,

1

X >1.181

H(X) -(:;EE X< 1,219 gm/cm2

X + .106

2
530 X2 1,219 gm/cm (C-4)

Then
E(X) = H(X0 - X) (C-5)
where XO is the range of electrons of incident energy Eo'

Emin was taken as ,1 mc2 reasoning that photons of energy much less than

this would not excape. Finally,X2 was taken as the solution of ,/4//

2

and a was defined as

a = Min (xl, X)), (C-6)

which is just to say that an electron is followed until it either has energy

less than .1 mc2 or it passes through the slab,
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dk
ék E, -
mation and the extreme relativistic approximation with complete screening

was taken from Heitler [C4], The non-relotivistic approxi-

(Thomas-Fermi model) were used with the changeover at E = mcz. The calcu-

lations were repeated for total photon energy radiation putting kbk for ék.

The number, N, of Bremsstrahlung photons coming through an aluminum
shield of thickness Xl = ,25, .688, and 2.5 gms/cm2 per incident fast
electron is plotted in Figures C-1 through C-3 as is the energy radiated

per incident fast electron, both as a function of incident energy.

The average photon energy as a function of incident energy appears in
Figure C-4, 1t may be noted that the shielding is not very effective
against the X-rays, and the number of photons per incident electron as a
functiou of shielding thickness with incident energy as a parameter is
plotted in Figure C-5,

The results indicate that photon energies of about an MeV are typical
and that below 2,5 gms/cm2 of aluminum less than one photon per incident
electron is produced. There is a tendency for the number of photons to
increase with shielding thickness up to a certain thickness for electrons
of a given energy (i.e., thickness 1.6 gm/cm2 at Eo = 2 MeV) and to decrease

thereafter,

The nature of these results appears to rule out Bremsstrahlung as a
major contribution, particularly when we consider the results of the Van
de Graaff simulation of the OGO II environment by Reed et al. [c1]. on
bombardment of the photometer by 2.6 MeV electrons the dark current is
observed to decrease exponentially with the shielding thickness. (See
their Figure 8.) If Bremsstrahlung were the major contribution an initial
dark current increase would occur according to Figure C-5. Thus, fast electrons

and protons which penetrate the shielding are the likely cause of the
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Figure C-1: Number (N) of photons and gnergy (E) radiated Bremsstrahlung.
Data for Xl = 0,688 gms/cm",
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Figure C-2: Number (N) of photons and gnergy (E) radiated Bremsstrahlung.
Data for xl = 0.688 gms/cm®,
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Figure C-3: Number (N) of photons ln! energy (%) radiated Bremsstrahlung.
Data for x1 = 2,5 gms/cm®,
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Figure C-4: Average photon energy Bremsstrahlung.
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Figure C-5: Number of Bremsstrahlung protons as a function of shield thick-
«#ess of aluminum. Incident electron energy is parametric,
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observed noise.

2. CERENKOV RADIATION

A, T. Young [c5] has studied the noise due to Cerenkov pulses in an
end-on photomultiplier caused by the muon component of cosmic rays travers-
ing the face plate, He reports a minimum of about 50 photoelectrons for
each Cerenkov pulse., Thus, the Cerenkov radiation caused by fast electrons
in the face plate might have been a major factor in the photometer noise

observed in the OGO photometer,

Moreover, the experiments of the NASA group clearly established that
the photocathode and the first few dynodes were the sensitive element,
C. Wolff [C6] finds the radiation induced noise proportional to cathode
area and concludes that either the lens elements or the photocethcde was
the sensitive element. NASA experiments failed to detect luminescence

of the optics.

The rate of Cerenkov radiation per unit path length in the wavelength
band (W, w + dw) is given (e.g. Schiff [C7]) by

2
dE _ e L=l -
dx 2 (1 ) ) wdw (C-7)
¢ n~ B

where n = refraction index
w = angular frequency
B =v/c
v is electron velocity

¢ is light velocity

If n is the average number of photons produced at frequency w

an 1 g
ax ~ B dx (C-8)
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_ =27
where h = -6-"6"?—2'"’5—1'9—- erg sec,

Equations (C-7) and (C-8) given

d 2n % 1
33 == 1 -=53) Avlz photons/incident electron (C-9)
he n~ B
1 1
where OV, , = &= - =
124

and Al o i8 the wavelength at angular frequency, W) 5
» »

For a single electron incident on the photomultiplier window at energy

E , the total number of photons generated would be

E
om Av °
2 1 dx (E
et |-l 8B (c-10)
g n”~ B°(E)
min

Of course,

E
min 1
—— 1 + - 1 ’
mc2 \/ n2 1

a2 . £(e +2)

(t + 1)2

where t = E/mcz, and we have put ez/gb = 1/137.

In evaluating (C-10) the relatior. between x and the energy E(x) would

be the same as in the section on Bremsstrshlung.
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Then, to find the total number of Cerenkov photons produced in the Van
Allen belts it is necessary to average over the electron energy distribution

and overall photocathode window orientations.

The computation can be simplified soiiewhat, In Figure C-6 the factor

1 = l/nZB2 appearing in Equation (C-10) 1is plotted for sapphire (n2 = 1,796
at 5000 Angstroms), and noted to rise rapidly from zero at E inﬁw .204 mcz,

reaching almost its asymptotic value at E = 2mc (1 MeV). We therefore

approximate this factor as zero below E and constant thereafter. Then,

min
Equation (C-10) becomes,

2n Avlz )
NN I (1 - ;5 ) Lave’ (C-11)

where Lave must now be suitably chosen,

If the photocathode window thickness is 4 and its radius R, the thick-

ness (path length) averaged over all orientations is found to be,

L Q 2+1-c) 1+cz+c)
H
e ﬂV ¢+ cj -1+ c)Q/l + c -c)

here ¢ = 2%
where ¢ = —o .

(C-12)

IfLd =2 mm and R = % inch, L ve = .392 cm = 1,73 gm/cm2 (sapphire with
density 3,50 gms/cm ).

In the radiation belts electron energy distributions seem to fit a
relation like
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%% = g éo e'aE electrons/cmzsec MeV (C-13)

We are thus led to put for Lave in Equation (C-11) something like

e~ ®E X(E) dE

- -]

Emin
bave T (€1

J e-aE dE

Emin

X(E) is taken as in Equation (C-3) as,

1.181 gm/cmz, E < 2/5 MeV

X(E) = 412 E
= ,530 E - ,106 mg/cmz, otherwise (C-3a)

To Equation (C-3a) we further add the restriction that,

X(E) <4, o (C-15)

where Lave comes from Equation (C-12).

Then Equation (C-14) becomes

max ©
f e %€ %(E) d4E + f e ®E 4 4
ave
Emin Eggx (C-16)
ave ®
f e-aE dE
Emin

2
E x is found using Lave = 1,73 gm/cm” in (C-3a) as, E

ma max
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result which suggests that we can just as well use only the first of
Equation (C-3a) in (C-16) and obtain,

QY
‘ave {
+ _ave e'aEmax

~~8Emin

o j—in

where @ = 2,181 and Y(@, X) is an incomplete gamma function,

Vette [C8] has published a model for the inner and outer belt electrons,
From his Figure 36 (page 20), which we reproduced as Figure C-7, we find
that at the peak of the inner belt the integral omnidirectional flux is,

p(> E) = 2.8 x 108 e.l'OBSE/cm2 sec (C-18)

Thus, a = 1,035, and we find after evaluating the gamma functions,

L = 16.74 x 1072 gm/cm2
ave
2

= 4,784 x 10 cm ,
and the average path length is less than % millimeter.

The minimum amount of shielding around OGO II main body photometer was
about 60 mils or .4 gm/cm2 (cf. their Figure 3). Thus, from Figure C-8,
range of electrons in aluminum, they are shielded for about 1 MeV electrons.
From Figure C-7 (Vette's AE-2 environment) at L = 1,25 there are about
b = 108 electrons/cmzsec of energy greater than 1 MeV. If A is the

projected cathode area
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Figure C-7: Electron map AE2., Omnidirectional flux at the
geomagnetic equator (electrom/cmzsec).
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Figure C-8: Range of electrons and protons in aluminum
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The Cerenkov wave fronts travel in the electron direction. Thus, only
photons from electrons traveling toward the photocathode in the face plate

cause photo-events,

The quantum efficiency, Eq’ of the 541E-05M over the wavelength band
1500 to 5000 Angstroms is about 20%.* Then the number of expected photo-

electrons due to Cerenkov radiation in the inner belt would be,

2 2n v
-4 AR 12 L -
N éo 4 Eq 137 1 n2 Lave (C-19)
Taking Al = 1500 Angstroms, AZ = 5000 Angstroms we have with bo = 108,

R=1,27, E = .2, n= 1,796, L = ,0478
q ave

N =1.78 x 107/sec (C-20)

A photocathode current of 3.3 x 10-10 ampere or 2,06 x 1010 electrons

per second was observed. We conclude the Cerenkov radiation fails by about

a factor of 10 to explain the noise.

3. LUMINESCENCE
The NASA group [C1] tested the luminescence of various window materials ///
on irradiation with 50 KeV electrons from an electron microscope and by a
millicurie Srgo source. We will use the data from each experiment, in
turn testing whether luminescence of the cathode window material caused by

fast electrons can account for the 0GO II results,

According to Heitler [c4] in the region where the dominant loss mechanism i

for fast particles in matter is by collisions, the average energy loss is

* Figure C-9,
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Figure C-9: Spectral quantum efficiency (typical) of the EMR 541E-05M
photomultiplier tube.
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"very nearly proportional"” to the number of primary ion pairs formed. The
ratio of ionizations to excirations and the average energy transfer per ion
pair are nearly independent of primary encrgy. About one primary ion pair
is formed for cach 32 eV of energy loss practially independent of the
particle type. Of coursec primary ions (or electrons) subsequently produce

secondaries,

Mott and Gurney (c9] discuss the production of luminescence in solids.
In speaking of irradiation with & and B rays (presumably at moderate ener-
gies) they observe that most of the energy dissipation is by production of
electron-hole pairs which subsequently recombine at impurity centers,
Frenkel and Schottky defects, or at the surface where they either transfer
their energy to the lattice atoms or radiate on recombining. A discussion
of the mechanisms by which electrons and holes lose their excess energy is

given,

The assumption, which the preceding few paragraphs are used here to
justify, is that the radiance per incident particle is proportional to its

energy loss,

4, ELECTRON MICROSCOPE DATA

On irradiation of sapphire with 108

50 KeV electrons/cmzsec,

radiance of 10'4 ergs/sec cmz steradian was observed in the band 3500 to
4100 Angstroms, That 1is, per 50 KeV electron, an energy

E~ % x 10 4 ergs/Angstrom (c-21)
was radiated into 27 steradians in the visible and ultra-violet.
We assume that the main body photometer is shielded for 1 MeV and

that the energy distribution of electrons in the inner belt is given by
Equation (C-13) and the environment is Vettes' AE-2, This neglects belt

296




APPENDIX C

decay as indeed we have previously done,

The average energy above an MeV {s,

LMevaldo' . Mev
LgHeV = 147035 HMeV .
Of this on the average, an MeV is lost in the shielding so that the average

energy of electrons incident on the photometer cathode window was about

Eave #~ 1/1.035 MeV (C-22)

Over the wavelength band 1500 to 6000 Angstroms, the 541E-05M typically
has a quantum efficiency Eq of about 20%. Midband wavelength, Aave' is
3750 Angstroms and band width is 3500 Angstroms. The density of electrons

above an MeV is again taken as 108/sec cmz. Then the expected number of
photo-events is,

n =ZR%4 E _Cave E tave A | (C-23)
e 2 "o \5x1072) 9 MO

Using (C-21) and (C-22) in (C-23) with the data of the previous para-
graph,

2 10
npex 3 X 10" /sec . (C-24)

This is within a factor of 3 of the observed photocurrent.
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5. r’0 IRRADIATION

Here the NASA grOUp[01] placed a miLlicurieSrgo source % inch square in

contact with various samples of window material. Within the wavelength
band 1800 to 6300 Angstroms the radiance from the sapphire sample was
3.8 x 10'10 watts/cm2 steradian, Srgo with a % life of 25 years has a

daughter, Ygo, with a ¥ 1ife of 65 hours, Thus, the Srgo

with its daughter., The maximum P energy of the Sr90 is .545 MeV, that of the
Y90 is 2,26 MeV. There is also 1.74 MeV gamma radiation at a rate of
6 x 102/sec cm2 which will be neglected. There will be 2 x 3.71 x 107

decay events per second, but only half of these wuould result in B rays

is in equilibrium

through the sapphire.

In his discussion of B decay, Fermi Lci0] gives for the probability
that the emitted electron has momentum in p, p + dp,

——\ 2
P(p) dp = Const. (\/1+T1§ - «/1 +T12 ﬂz dn
where

o B o/ 2E
L mc 'J 2 ’
me

: /

max
-_
TlO mc

and

The average energy carried away by a P particle will be,

pmax 2

JO P(p) 5= dp

E = > ' (C-25)
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The integral in the denominator of (C-25) is given by Fermi (c10] in terms
of a function F(ﬂo).

3 / 2
1+
i - Ng 4. T

.. 2 -1 C-
FOQ=-72 "T2% % 4 sinh © T (C-26)

w

Defining,

U

o

2
ey - | (frend Sfien?) nban

0

) 8

]
aolo-:i
+
N i
Sl
+

sinh~} n, (C-27)

Py
o
wn

=

2 ECM)
mc 0 -
"~ T y (C-28)

(o)

*y

ave

Using (C-26) to (C-28) we find

E, (545 MeV) = 087 MeV

Eave(2.26 MeV) = ,675 MeV , (C-29)

There is a Cerenkov component in the radiance measured by the NASA
group. Most of this is from the Y90 decay. The amount of this will first
be estimated assuming a mono-energetic beam of energy given by (C-29).

This is equivalent to neglecting the energy dependence of B in Equation (C-7)

and the contribution of the Srgo.
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The Cerenkov radiation per electron will be from Equation (C-7)

c 2 ave
n 1M

EzZﬂzez R ) | i S 4 .(C-30,‘
A 2 2

Below .204 MeV the Cerenkov radiation in sapphire ceases. The range of

.2 MeV electrons is about .04 gms/cmz. That of .675 MeV electrons about

.250 gms/cmz. Thus, we will use an average path length for Ceirenkov radia-

tion of .210 gm/cm2 or (using a density of 3.5 gm/cm3)

Lave = ,06 cm (C-31)

Using (C-31), n = 1,796, A

X 10.10 e.8.uU,

" 1800 Angstroms, Kz = 6300 Angstroms, e = 4,803

Ec = 5,34 x 10-10 erg/electron (c-32)

The number of electrons emitted per square centimeter per second per

steradian is, ¥

_3.71 x 10’

ne 2
(Zjéi) x 4n

= 7,32 x 106/cm2 second steradian (C-33)

The product of (C-32) and (C-33) is the estimate of the amount of observed
light from the sapphire due to the Cerenkov component. This is,
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Ic = 3,9] x 10”3 erg/sec cm2 steradian, (C-34)
an amount sufficient in itself to account for the NASA observation.

Nonetheless, some of the observed light must have been due to scintilla-
tion. Let us use the electron microscope data to estimate this component,
There we had that an amount of energy,

T 1019
Eev =13 X 10 ergs/Angstrom ev , (C-35)

was due to luminescence. Therefore, with .675 MeV electrons in the wave-
length band 1800 to 6300 Angstroms we would have
19 3 6

E, - —— x 10°17 x 3.5 x 10° x .675 x 10

1.5 (C-36)

- 4.95 x 10710 ergs/electron .

This is almost the same as the Cerenkov component of Equation (C-32)., Let
us assume that the relative amounts of Cerenkov radiation and luminescence
occurring in the Sr90 experiment are given by (C-32) and (C-36). There

we had that,

3.71 x 107/(2.54742 . 675 MeV electrons

2
cm sec

.675.27?087 X Toh sy % 3.8 x 107 erge/en’sec

= 417 x

Where we use only the Y90 B particles in the computation, the energy radiated
in luminescence is about
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10

Ee = 2,21 x 10 " ergs/.675 MeV electron .

The expected number of photo-events due to luminescence of the NASA

photometer cathode window in the AE-2 environment would be,

A
n =4 153 E Eave E ave
pe 2 e \.675 q hce

Using R = 1.27 cm., Eq = .2, Kave = 4050 Angstroms, Eave = 1/1.035 MeV,

and ‘o = 108/cm29ec,

o 9
npe'~ 3.27 x 107 /sec. (C-37)

This is within a factor of six of the observed rate.

Using the electron microscope data we came within a factor three of the
observed rate, and Cerenkov radiation came within a factor eleven. Considering
the crudity of the calculations, we perhaps nave no right to expect better
agreement. Nonetheless, none of these mechanisms has really accounted for
all the observed noise. And since the belt decay was neglected, the

discrepancy is even more.

It is likely that luminescence from the tube walls near the photo-
cathode and scintillation of the tri-alkali itself are needed to fully explain
all the noise, but it seems likely that fast electrons penetrating the shield-
ing can account for most of the dark current increase observed on the 0GO II

main body airglow photometer.

The proton component has not been included. Shielding for MeV electrons
also shields for 15 MeV protons (cf., Figure C-8). Above 15 MeV Vette's
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HP 1-4 [C11] environment gives about 3 x 104 protons/cmzsec at 1.3 to 1.4
Earth radii. This is orders of magnitude less than the electron density at

the same place.
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APPENDIX D

1, Bulk Damage to Circuits
Damage to the semiconductor devices due to hard radiation will come about

a3’ a result of atomic displacement (bulk damage), formation of surface states,

and ionization resulting in perturbation of the electronic band structure,

The common transistors and diodes are affected largely by bulk damage
and this is considered first., Bulk damage occurs when a lattice atom is
displaced by an incident particle into an interstitial site forming a vacancy
and an interstitial atom,

For protons 5'100 Mev and electrons ~ 50 Kev (non-relativistic range)
the maximum energy, Em’ which can be transferred to a lattice atom by an
elastic collision is,

4E Mm
)

o™ + m)2

Em =

’ (D-1)

where Eo i¢ the energy of the incident particle, m is the mass of the incident
particle, and M is the mass of the lattice atom. For Si and Ge the minimum
energy to displace a lattice atom is 13 ev (electron volts)[D-lj. Thus,
Equation (0-1) predicts that incident protons of 98 ev or more can cause bulk
damage in Si,

If we use Equation(D-1} for electrons on Si we find Eo = ,167 Mev; hence
these electrons are relativistic and (D-1) does not apply. The appropriate re-
lativisticzform for electrons with the restrictions E° << Mcz (usually true;
for Si, Mc = 26.1 Bev) is,

m 0
Em = ZE Eo("‘-z + 2) . (D-Z)
mc

From Equation (D-2) an incident electron with energy of .145 Mev will just
displace a Si atom, .324 Mev will just displace a Ge atom.
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Both Equation (D-1) and (D=-2) indicate that materials of larger atomic
weights generally are less susceptible to radiation damage. However, since
Si is the more common device material we shall confine ourselves to it and,

consequently, need consider only electron energies above about ,145 Mev,

Rosenzwieg [D-2] has discussed radiation damage in discrete Si components,
The diffusion length of the minority carriers is the device parameter most
easily effected by radiation, In Figure D-1 we display Rosenzwieg's data
(for one ohm cm, Si) on the effect of mono-energetic electrons on the diffu-
sion length, A flux of 1013 electrons per square centimeter at 1 Mev appears

necessary to make an appreciable change.

The data may be fitted to the theoretical relation,

+ K¢ (D-3)

ool

.
)

where L.o is the initial diffusion length, L is the diffusion length after

irradiation with a total flux ¢ of electrons of energy E, and K is a parameter

called the "damage coefficient', which depends on E and the material, More
generally, K will also depend on the type of bombarding particle. Rosenzwieg

asserts that p type Silicon has a damage coefficient 1/72 that for n type

silicon, Thus, we consider only p on n devices, -///

It is to be expected that the damage will have a dependence on the energy
of the incident particles, In Figures D-2 and D-3 we display the energy
dependence of the damage coefficient for one ohm cm, n and p type silicon under
electron and proton bombardment, respectively, It is also noted that neither

n or p type material really follows the theoretical curve of displacement
density variation with energy.

Following Rosenzwieg we shall use the concept of an "equivalent" amount
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of 1 Mev electron flux as being that flux consisting of electrons of energy

E which produces the same change in diffusion length, The data of Figure D-1l
gives a damage coefficient for 1 Mev electrons as 1.9 x 10-10. At a flux of
1.9 x 1013 per square centimeter, 1 Mev electrona, the diffusion length has
dropped to 80 percent of its initial value, Let this be the allowable chlange

in diffusion length.

In the region 10 to 50 Mev (FigureD-3) the damage coefficient for protons
in p type material (which we assume) is 8 x 10.7. For an 80 percent change
in diffusion length, we find using @=3) that the allowable 10 to 50 Mev proton
flux would be ép = 4,5 x 109 per square centimeter, However, the data of
FigureD-3is for carrier densities of 1010 per cubic centimeter, whereas
transistors usually operate at 1016 to 1017 per cubic centimeter and so the
damage coefficients are about a factor 4 to 10 times lower(D-2], We can take
the larger factor. Presumably the transistors can be selected for radiation
resistance, Then the allowable 10 to 50 Mev proton flux would be

ap = 4,5 x lolo/cmz. (D=4)

FigureD=-2 shows the damage coefficient for electron bombardment of p type
silicon as increasing by about a factor 7 in the range 1 to 3 Mev, At 3 Mev
the curve has fairiy well leveled off, Though the data cuts off at 3 Mev
we will assume that it is flat thereafter and take as a damage coefficient for
an electron energy of 3 Mev and greater,

K= 1.26 x 10™°

Thus, using the 80 percent criteria for deterioration of diffusion

length the allowable dose of 3 Mev and greater energy electrons is,

de = 3,2 x 1012/cm2. (D-5)
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2, Damage to Mectal-Oxide-Semiconductor (MOS) Devices
MOS integrated circuits with their associated size and power consumption

advantages are attractive for space applications, Unfortunately, the common
MOS devices are also an order of magnitude more susceptible to radiation
effects usually ascribed to ionization and surface effects [D-3], MNS devices

have higher damage thresholds but are not readily available,

Gordon and Wannemaker [D-4] have studied the effect of Co60y radiation
2 Mev electrons and 22 Mev protons on MOS FET devices, They irradiated these
devices with 2 Mev electrons and 22 Mev protons with various gate biases and
measured the change in gate threshold voltage as a function of total dose,

Figures D-4 and D=5 are a composite of their results,

In interpreting these results we shall assume, as do Gordon and Wanne-
macker, that the effects do not depend on the energy of the incident radiation
and that a 30 percent change in the gate threshold voltage is allowed, 1If
one-half of the change is allotted to electrons and one-half to protons the

allowable electron flux is,
de = 2 x loll/cm2 (D-6)
and that due to protons is,
b= 4.3 x 10%0/em?, (D-7)
We must shield for 4,7 Mev electrons and 45 Mev protons, We summarize

the derived allowable fluxes for botli discrete p type silicon devices and
MOS FET in Table D-I,
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TABLE D-I
p type Si MOS FET
Electron flux 3.2 x 1012 2 x 10!
Proton flux 4.5 x 1010 4,3 % 1010

Total Allowable Flux
Discrete and Integrated Circuits,

’

Units of cm-z
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