A “ 1 !
,& ~ 7 - - : ~‘ 7 \ \ ' N A M ~ ~
. ’ N N : s - I v T .o
,l\ - ‘ ) :\ / ‘ B ’ . ) ' : ‘/' ) ™ \‘
- . S ’ S Y o
_\ - OPTICAL FILTERING FOR STAR TRACKERS . - =~ -
. A \:\ y R . ' o . ,
N - \ 4 ~ N \
PN N , \ - f L v \

- Flnal Report for NASA Grant 19-008 -009 - . g S

- s - - “ N
K ,ne . N o - \ ’ 2
A _ . - -, o R \ i
: ‘\ \; - \ i ' - N =
B . 4 s CV ‘ , .
- - . \ - o~ ' P
. . . L ~ Nl N
- 2 . Iy ¢ \ :
- - Pl . ~ Vsl Lo~ S N : R
. . .
e - N IRe . i 1 \ ,
N N ' S c ~ R . Nt // s, ~ 4 »o~
. R L jl - ~ . ~ \ z . N - - // ,
. i - A - / S e ‘ .
o _J/ , o~ / 7\ U N =
- 4 oo ;7 ! -~ ~
- ' = [ \ ot - o r (, B
- N - : N - - a o, - .
o N I - -y ’ v oA NN s \

oo ) ‘. RobertE Wllson = '," .;/“'_; ' B

' T - %

AR Department ofAstronomy ',~’ S ; AR T

‘ " R . - re A i e
. A P \ / . , 3 / L \\\‘/ v - ST ) ) [ \\ -
A B : N
ST A Umvers1ty of South Florlda = N
i, . IR . >, o Ty T RS Sy s -
: ) taleo [P - N i . ‘ {
) | . A .- - . ’ A // A
A L J . . 4 ~ . N B
v o > . v Nos ’ ' . r i.
e . - -, [ S - - R4
. Lo = ¥ < ’

CA%E ~FELE
e%famw;_copv FEt

/ \ - e -
V] o, T
N, N | o BRI
L S Y , G e
Y ;0 ‘ R ! / B ; ; ‘/ N Yo~ P .
’ ") ) e / i . L e S~
. o e AT ~ o TS
SO GODDARD SPACE’«FLIGHT CENTER . B IV U S
o T T ' - ‘ oo
) T - N ' ’ ’ S R - N ’// - oty
- R S Greenbelt Maryland T L N
o J . T 7o 1 . ’ \ ~ 7. Tiayo.L L
L 7 ~J ' _ . o o F . .
NN IRy ‘- - /_‘ ’ -,» s e . ‘. . - ) /' . e . 0
oo ) - . ;o e a5 ’ i N / Lo
. . ! . LT - ~ { -7
L‘\\ \ < P y; - ¢' ; N — i /A ’ , .

Lo ' ¢ - - - -
Z . \ { Al N / _ , J
i Vo Yoo ) 3 [ \{ 1, o
7/ < 7
. N ,
™~ ’ R . - A C~ s g oA
’ _ \ - A
N . -~ / . ' . '
‘ Vo + . ~ . . .
3 .. [ ¢ ! 4 [ -
\ 7 r .
¢ . . / P L



OPTICAL FILTERING FOR STAR TRACKERS

Final Report for NASA Grant 10-008-009

I. INTRODUCTION

In seeking parameters which are well suited to automatic identification of
stars, one is naturally led to considerations involving optical filters. Therefore
the central problem toward whose solution this grant work has been directed is
the optimization of optical filtering for star trackers. Since light gathering power
is low for the optics used in most star trackers, it has been common practice
to dispense with optical filters so as to use all available light., However; this
procedure introduces two further difficulties: 1. the anode current of a tracker
now becomes strongly dependent on the spectral response of its particular photo-
cathode* (i.e. no two trackers will respond alike to a sequence of stars having
various spectral energy distributions) and, 2. the extensive lists of star magni-
tudes, published over the years by astronomers, cannot be used since astronomers
do not make ohservations without filters.

When only a few of the very brightest stars in the sky need be tracked, it is
possible to identify them by coarse pointing and rough brightness measures, but
eventually it may be necessary to track much fainter stars, perhaps down to the
fifth magnitude, This is because the first and second magnitude stars are not

sufficiently numerous nor uniformly distributed to provide guide stars wherever

*We consider here only trackers which employ photoemissive detectors.



they may be needed. When dealing with these fainter stars. however, it will be
necessary to recognize them by accurately measured magnitudes (or possibly
even magnitudes and color indices). Thus it appears that optical filters may
become necessities as increased performance is demanded of star trackers.
Given that optical filters are to be used, we next ask what the optimum specifica~
tions are for such filters, recognizing that these specifications may depend to
some extent on particular mission requirements. The characteristics of a filter
may be approximately described by three quantities: a) the wavelength of maxi-
mum transmission, A___, b) the width of the transmission curve at half trans-
mission, and c) the percent transmission at A . Unless we use very narrow
filters, c) is not a strong variable and is usually in the range of 80 to 90 percent.
For practical purposes, therefore, optimizing filter characteristics reduces to
answering the following two questions: A. What is the most favorable effective
wavelength for observing the desired guide stars? B. What bandwidth is

most desirable at this effective wavelength? Optimization criteria for points

A and B will be discussed in the following sections.

In order to become intimately familiar with the operation of a typical star
tracker, and to test empirically conclusions reached from mathematical models,
an all-electronic tracker utilizing a star-tracking photomultiplier was constructed.
This was tested on a simulated second magnitude star, on loan from the Systems
Division of Goddard Space Flight Center, This tracker is described in Section

IV. Experience with the tracker is described in Section VI.



An additional program involved production of tables of ocutside atmosphere
sky brightness for the use of persons selecting guide stars. A rather large
sample of skv is measured unavoidably along with each guide star, and in certain
unfavorable cases this sky light might become comparable to that of the star. It
is important, therefore, to insure that sky brightness is not objectionably great
in the vicinity of each star. Finding the brightness at a particular point on the
celestial sphere is complicated, however, by the fact that the Zodiacal light moves
with respect to the stars (in particular, with respect to the Milky Way) throughout
the year. The computations are further complicated by the multiplicity of co-
ordinate systems in use. Normally the user will want the answer in equatorial
coordinates, but the Zodiacal light is given in ecliptic coordinates and the Galac-
tic light in Galactic coordinates. The present tables give the sum of Zodiacal
and Galactic light in equatorial coordinates for the beginning of each mouth. They
have been printed separately as Goddard Space Flight Center Publication
X-732-69-96 (Convenience Tables of Outside Atmosphere Sky Brightness) and
are also printed here as Appendix 1.

Time did not permit completion of one project, the computation of an improved
spectral energy distribution for integrated Galactic light. However the spectral
energy distributions for certain types of galaxies have recently been computed
by Grewing, Demoulin and Burbidge (1968), and we recommend use of their
tables to replace those by Quasuis and McCanless (1966). The latter authors

have grossly overestimated the amount of blue and ultraviolet radiation present



in Galactic light because they have overestimated the abundance of high tempera-
ture stars by a large factor. It is possible to compute a spectral energy distri-
bution for Galactic light which is more suitable for tracking problems than those
available from Grewing, Demoulin and Burbidge, since their galaxies were of a
different type than the Milky Way. However, we recommend their results for

present use.



II. FILTER OPTIMIZATION FOR PRE-SELECTED GUIDE STARS

Choice of the effective wavelength and bandwidth for trackers divides natu-
rally into two separate cases. The first case, which we consider in this section,
is that in which a set of guide stars has been pre-selected. An example of such
a set is the list of 34 guide stars for the Orhiting Astronomical Observatory
(OAO), which are given in Table 1. In the second case we are limited only by
the availability of stars in the sky. That is, the guide stars are to be selected
along with the filters. This problem is considered in Section IIL

Two fundamental aspects are common to both of the above mentioned cases.
One is the requirement for a compromise between a small bandwidth for reliable
stellar magnitude determinations, and a large bandwidth to pass greater signals.
The other is the selection of the wavelength at which we have maximum available
signal to noise ratio (S/N). When the set of guide stars is pre-determined, this
becomes particularly straightforward. That is, we first find the wavelength at
which we have maximum S/N for our faintest guide stars, and then choose a filter
at this effective wavelength having the narrowest bandwidth which gives sufficient
S/N (with, perhaps, a safety factor) to insure reliable operation of the tracker.

In outside atmosphere photometry, we maximize the signal to noise ratio if
we maximize the signal. It is well known that Johnson noise (thermal noise from
resistive elements) is negligible compared to shot noise (arrival fluctuations
for photoelectrons) for photomultiplier detectors. Also atmospheric scintillation

noise will be absent and shot noise due to dark current and sky current, even if



not completely negligible, will usually be quite small. Therefore the only
important primary source of noise is shot noise in the star current, and since
this is proportional to the square root of the signal, S/N will grow as the square
root of the signal. Our problem now reduces to maximizing the arriving signal
strength or, more specifically, to choosing the wavelength at which the faintest
guide star on the list has the maximum signal. The star signal in which we are
most directly interested is not the energy flux or even the photon number flux
but rather the number flux of cathode photoelectrons, At a fixed wavelength,

of course, the number of cathode electrons is directly proportional to the photon
flux (their ratio, @ s 18 the quantum efficiency) but the constant of proportion-
ality changes with wavelength., Obviously, a large quantity of starlight coming
at a wavelength to which the detector is not sensitive does not increase our
signal, so we want to study the variation of expected cathode electron flux with
wavelength for the 34 OAO guide stars. This has been done separately for S-4,
S-11. and S-20 cathodes as well as for direct photon fluxes, and the results are
shown graphically in Figures 1-3. In these black and white reproductions, the
separation of individual stars is somewhat more difficult than in the originals,
where stars are differentiated mainly by colors. However separate color prints
of the originals will be submitted with the report. The vertical scale requires
some explanation., A logarithmic scale of some kind is required to preserve a
common form of SED for bright and faint stars. Furthermore, since we are

dealing with stars, it seems appropriate to use a stellar magnitude scale.



Therefore, the vertical scale is -2.5 times the common logarithm of the quantity
(cathode electron flux for the given star divided by cathode electron flux for

a Lyrae at A 5438), That is, all cathode electron fluxes are normalized to that
for « Lyrae at 5438, and we then plot minus 2.5 times the logarithm of this
quantity,

Sources for the data of Figures 1-3 were necessarily quite varied, and the
original formats and units required considerable processing before direct
comparison became possible. With the recent interest in absolute photoelectric
spectrophotometry of stars, this situation is rapidly improving, but the present
results had to be taken from four different sources (Bahner, 1963; Oke, 19G0;
Willstrop, 1965; and Barbier and Chalonge, 1941). In general, the units,
normalization factors, and tabulation intervals were different in all of these
sources, so the preparation of Figures 1-3 was considerably more troublesome
than one might suspect. Now that we can compare all 34 stars on a common
basis, however, an interesting feature is apparent. If we neglect the star a

Tau for the moment, we see that the lower envelope of the SED's for the other

33 stars is very well defined. That is, there is a large density of points just
above the envelope, but there are no points below it, Therefore the highest
point reached by this lower envelope provides a very satisfactory solution to
our problem of maximizing the signal from the faintest OAO guide star. This
maximum occurs not far from A 4000, and for an S-20 cathode we see that the

faintest OAO stars have about 3.5 times more signal at this wavelength than at



» 5500, which corresponds approximately to visual observations. We also see
tﬁat the SED of a Tau crosses the lower envelope at about 4800 and falls far
below at shorter wavelengths. Therefore a Tau should be replaced on this list
by a bluer star if our filter recommendation (next paragraph) is adopted.

The optimum value of * eff, based on this information, depends somewhat
on the bandwidth employed because the envelope falls off much more steeply
toward short wavelengths than toward long wavelengths, With a very narrow
filter we would prefer a value of ~eff just short of A4000 (perhaps ~3900), but
with a broader filter of, say, 1000 K half-width, =4200 would be better, At this
point it should be mentioned that one further consideration has some importance,
as follows. The Balmer discontinuity and the general decline in received signal
due to the confluence of the Balmer lines of neutral hydrogen between X 3647
and A4000 have been shown to have an undesirable effect on magnitude and
color transformations. Johnson (1952) has pointed out that it is not always
possible to predict magnitudes on one system from magnitudes on another when
one or both of these systems have significant response shortward of A 3800,
For this reason it would be best to exclude this region from tracker filters,
which would probably mean shifting the wavelength of peak transmission to

A 4300 or A4400.

The effective wavelength of the astronomical B system (the blue magnitude

of the U, B, V photometric system, Johnson and Morgan, 1953), is about 14350

to 24400, so this magnitude system seems especially well suited to the present



problem. A further advantage to using filters similar to those of the B system
would be the availabhility of measured magnitudes for all stars sufficiently
bright to be considered as guide stars within the forseeable future.

We now are to choose the most favorable bandwidth for our blue filter.
Defining, as usual, the bandwidth of the filter as the full width at half-
transmission (commonly called half-width) we find this to be about 950 A for the
standard B filter of U, B, V, against about 2200, 2300, and 2800 R for S-4, S-11,
and S-20 photocathodes, respectively. Persons making tradeoff analyses
between wide and narrow bandwidths will now be interested in the loss of signal
for various bandwidths. Computations have been carried out to illustrate this,
and are given in graphical form in figure 4. Since the B filter appears so well
suited to our problem, the computations on which Figure 4 is based have been
limited to this particular filter. Some discussion of the B filter is now in order.
The nominal specifications for the filter have been published in several places
(eg. Johnson, 1955). It consists of Corning 5040 blue glass, standard optical
thickness, in combination with 2 millimeters of Schott GG13. '"Standard optical
thickness' means that the thickness has been adjusted, for a particular melt, to
give a filter whose absolute spectral transmission agrees well with the catalog
transmission curve for that type of glass, Corning 5040 glass has appreciable
transmission below A 3800, the region of difficulty with regard to magnitude
transformations, so the Schott GG13 ultraviolet absorbing glass has been added

to provide a short wavelength cutoff.



Our present choices are not limited to the extremes, i.e. the standard B
filter or no filter at all. We may also choose a filter generally similar to the
5040-GG13 standard combination, but with greater transmission gained by the
use of less than standard optical thickness. In our computer calculations we
have retained the standard 2 mm of Schott GG13 but varied the thickness of the
Corning 5040 to 0.50, 0.75, 1.25, 1.50, and 2.00 times standard. The computations
were performed as follows: The percent transmission, T), at a given wave-

length, A\, is given by

T, = e kA* Ty, (GG13) Ry (1)

Here k, is the monochromatic absorption coefficient for Corning 5040 glass,

X is the thickness of the 5040 glass, T, (GG13) is the percent transmission of

2 mm of GG13 glass (given in Table 2), and R\Af‘ is the total reduction by re-
flection losses at the four surfaces. R }\4 was assumed constant with wavelength

and equal to 0.815. Equation (1) now reduces to

Ty = constant (e” k) 2)

If we take standard optical thickness as our unit of length, equation (2) takes

the simple form

T, = constant (e™kN) (3)

10



and since T, is provided by the Corning catalog, the computer can solve for

k, at representative values of A (here every 100 1&). We can now substitute

X = 0.50, 0.75, etc, into equation (1) and find the overall absolute transmission
of modified B filters of various thicknesses. Thus, if it is not desirable to use
a standard B filter with the accompanying signal loss, one can select from
Figure 4 a filter thickness to effect a reasonable compromise. Since the
computations are rather simple, they have been done for many combinations of
filter thickness and cathode response (i.e. S-4, S-11, and S-20).

To use this information. we first decide how many stellar magnitudes can
be sacrificed to the filter losses. That is, we find the difference in magnitude
bhetween the faintest star that can be tracked without a filter and the faintest
star we desire to track. For example, a given system may be capable of track-
ing stars to magnitude 4.0 but, for a given application, it is only necessary to
track stars of magnitude 2.5. We can afford the loss of 1.5 magnitudes, or a
factor of about four in signal, in order to recognize stars with greater
reliability. Figure 4 now tells us the filter thickness corresponding to 175 of
filter losses, and this is the narrowest usable filter for our particular mission.

In summary, we have the following recommendations for observing the stars
of the OAO list with filtered tracker optics.

1. For maximum S/N, use a filter whose effective wavelength falls in the
range A3900 to A\4500.

2. To eliminate difficulties with the Balmer discontinuity and Balmer lines,

11



exclude light shortward of *3800.

3. There should be a compromise between large bandwidth to increase
signals and small bandwidth to improve recognition capability, as discussed
above,

4. The B filter of the U, B, V system is well suited to this problem on all
counts. Figure 4 may be used to adjust the filter characteristics to meet
particular requirements.

5. The star o Tau should be replaced by a bluer star or simply eliminated

if the present filter recommendations are adopted.
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III. FILTER OPTIMIZATION FOR AVAILABILITY LIMITED GUIDE STARS
A problem of more general interest than that of Section II is that of
selecting optimum filter specifications when any stars at all may be used as
guide stars. As before, choice of the acceptable filter losses will involve a
compromise between large bandwidth for small losses and small bandwidth for
easy star recognition, but we now have an additional degree of freedom since the
optimum effective wavelength may depend to a considerable degree on the
particular guide stars selected., To illustrate this point, suppose a different
set of 34 stars were on the OAO guide star list, and suppose the lower envelope
of their composite SED graph peaked at A 6000 instead of approximately A 4000,
Obviously our filter recommendations at the end of Section II would have been
quite different. Of course we could not really change to a completely different
set of OAO guide stars because a sufficient number of bright stars does not
exist, but when we deal with fainter stars we have a much greater selection,
At first sight it might seem that we could simply repeat the process of Section
11 for third, fourth, and fifth magnitude stars, but there are two difficulties with
this idea. The first is that the number of stars to be graphed becomes almost
prohibitive, both from the standpoint of producing and also of using the graphs,
Even if we are willing to accept this practical difficulty, however, we see that
this approach does not produce a unique answer to the problem, for we would
have to decide whether to include stars to the fifth B magnitude, fifth V

magnitude, fifth S-4 magnitude, etc. Naturally, when we do have an answer as

13



to the most desirable wavelength at which to observe, we would not like it to
depend on such an arbitrary matter as the choice of a particular system for
expressing magnitudes. If we are to specify characteristics so as to optimize
a passband for some application, we must begin with a clear idea of what

would constitute optimum performance. We cannot simply decide to tailor the
filter for maximum signal for a particular kind of star, hecause we do not know
at this stage what kind of star will be tracked. That is, the optimum filter
effective wavelength will depend on the SED of the available stars but, even if
we can select guide stars from the entire sky, we cannot say which stars will
be available until we know the limiting magnitude of the system. Moreover, we
would have to express this limiting magnitude on some particular magnitude
system which, to be strictly logical, should have the same effective wavelength
as the tracker response, but we do not yet know the effective wavelength because
that is the quantity we set out to optimize.

This shows that we cannot develop a straightforward scheme to maximize
the signal for the faintest guide stars when we do not know in advance which
stars are to be tracked. The wavelength of maximum signal depends on which
stars are to be tracked, but which stars are to be tracked depends on the
wavelength of maximum signal, so we have a circular argument. We can,
however, proceed in an entirely straightforward manner if we agree to

maximize a different quantity. We shall maximize the number of stars above

a specified signal level. This is certainly a reasonable criterion because the

14



only fundamental limitation we have is the availability of real stars in the sky.
Accepting, as before, the time averaged number of cathoue photoelectrons as
our signal, we proceed by specifying this number and then listing the number of
stars which exceed this signal level as a function of wavelength.

In doing this, we encounter several practical difficulties. We would like to
do this down to, say, the fifth magnitude, but spectrophotometric observations
are lacking for most stars in this brightness range. Also, since the number of
stars will be large, data handling problems would be prohibitive even if such
spectrophotometry did exist. However, since we do not need extreme accuracy
for this problem, a simple alternate approach is provided by the large body of
B, V photometry which exists for bright stars. The SED's of most stars can be
represented to excellent accuracy. in the .visible region of the spectrum, by a

Wien approximation. i.e.

Wy = <y /AT 4)

Ny = c AT K.,/ (5)
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The observed B and V magnitudes of a star provide two points on its SED, thus
giving an exact solution for our two constants, K, and K,. With K, and K,
known, we can use equation (5) to compute the numbers of photons at other
wavelengths, and if we multiply these numbers by Q;, the quantum efficiency of
the cathode, we obtain the number of cathode photoelectrons as a function of
wavelength, These calculations are well suited to computer processing, and
have been carried out so as to give the number of stars above a fixed signal
level as a function of wavelength and for many signal levels. The computations
were for S~4, S-11, and S-20 cathodes as well as for direct photon fluxes (i.e.
Q}\s 1). The faintest stars are about fifth visual magnitude. All known
variable and visual binary stars have been edited from our list of prospective
guide stars. The results, in tabular form, are given in Appendix II and also in
GSFC Publication X-732-70-125. In these tables we see for typical values of

min

the threshold signal, (N_" ") abroad maximum which peaks between A 4000 and
» 4500. For some values of N, min the curve is still rising at 24000 but, for
the reasons given earlier, we do not recommend use of these wavelengths. The
most obvious information provided by these curves is that the choice of wave-
length is not critical as long as it is in the blue or blue-green region. As a
general rule, the nﬁmber of available guide stars will be reduced by a factor of

two, compared to the peak wavelength, at about A 5200. It then drops quite

rapidly for longer wavelengths.
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IV. LABORATORY OPERATIONS

The next and final specification we must make for the optical passband is
the half-width. As pointed out earlier, decisions on this parameter depend on
the signal-strength requirements of the instrument because, for the trackers we
are considering, maximization of the signal will minimize the relative noise.
It appears that all-electronic, as opposed to part-mechanical, trackers
have the most potential for future applications. Therefore, following a block
diagram, including block transfer functions, for a particular all-electronic design
supplied by NASA (which we understand is typical of present day designs), we
constructed a bench model version of an image dissector type star tracker. This
was considered necessary in order to gain general familiarity with the operation
of one such device. Our tracker has two-channel operation (pitch and yaw), is
constructed largely from integrated circuits, and reproduces, as accurately, as
can be discerned, the overall transfer function of the NASA tracker. At the time
of expiration of the grant we were at work on the acquisition mode circuitry, and
it is a shortcoming of this report that a theory of the effects of noise on the
acquisition mode, based on experiments, cannot be given. However we feel that
we were fortunate to construct and test the track mode circuitry within the two-
year grant period. Of course the partially completed acquisition mode circuits
are in storage, and it may prove possible to continue work on this phase in the
future. Figure 5 shows the completed instrument, from several views, in the
test situation. Figure 6 is a view of the fully constructed and mounted circuit

boards.
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The basic design of the NASA tracker can be inferred from Figure 7. A
3200 hz multivibrator provides the internal clock signals through which all
functions of the tracker are synchronized. This 3200 hz square wave is divided
by a series of flip flops to 1600, 800, and 400 hz square waves which are used to
construct the driving current for the pitch and yaw deflection coils of the star
tracking photomultiplier and for activating switches in the subsequent logic cir-
cuits. The Miller integrator provides the triangular waveform which is also
needed in forming the coil current.

Figure 7 illustrates only the yaw channel, and a dummy pitch coil, for con-
stant deflection, is shown. However the actual pitch channel is identical in
operation to the yaw channel, After amplification, the right-left information in
the photomultiplier anode current is converted to plus-minus information by
the indicated gates and polarity inverter. It is then smoothed by the low pass
filter and averaged over many cycles by the tracking integrator and summer.
The mean value is then applied to the (vaw) coil current so as to correct any
deviation of the star image from a pre-assigned spot on the photomultiplier
cathode. In a complete tracker, this spot would have been assigned by the
acquisition mode circuitry.

Figure 8 shows what takes place in the star tracking photomultiplier. In the
focal plane for electron star images is a plate perforated with a small hole.
Proper initial dc bias currents in the deflection coils bring the electron image

of a particular star to the center of this opening. Upon transfer from the
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acquisition to the track mode, the scan pattern shown in the figure is begun.
The star thus exits to the right, returns, exits to the left, returns, exits at the
top, returns, exits at the bottom, and returns, during one complete scan. Each
of these excursions is equal to twice the radius of the opening, and the tracker
extracts position information by comparing the intervals spent in and out of the
aperture on the right swing as opposed to the left swing (or up and down swings
in the pitch channel). Below the scan pattern (Figure 8b) is shown the idealized
photomultiplier output for a diametral crossing of the aperture. It is not rectan-
gular because the electron image of the star is not sufficiently sharp to produce
a rectangular profile, but it is converted to a rectangular profile by the video
amplifier and inverter (Figure 7). We shall see that this must be recognized in
developing a theory for the dependence of output noise on star brightness
(Section V). Figure 8c shows the schematic waveforms produced in this step.
Most of the internal waveforms of interest are shown in the timing diagram of
Figure 9.

The block diagram of Figure 10 shows the transfer functions of the various
logical subunits of the tracker. By adjusting the constants K, through K it
proved possible to reproduce quite faithfully the response to a step input for the
original tracker. The theoretical response is shown in Figure 11 and the response
actually realized in Figure 12, Figure 12 also shows the mechanical rig used to
produce a step input in the star position, A slide containing a relatively large

hole is moved along a track so as to simultaneously cover one pinhole (artificial
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star) and uncover another a short distance to the side. The separation of the
pinholes is somewhat exaggerated in the diagram, Their actual separation was
such that, with one just covered, the other was just uncovered so that a small
motion of the slide caused one to appear at essentially the same instant as the
other disappeared.

We have found that the track mode operates reliably in the presence of a
great deal of noise, and we shall see that this favorable characteristic may be
attributed to its general principles of operation. The device will track artificial
eighth magnitude stars reliably and ninth magnitude stars marginally using only a
two-inch aperture collecting lens. A ninth magnitude star is about one-sixteenth
as bright as the faintest stars visible to the naked eye. The photomultiplier
anode current for such faint stars shows so much noise that it is entirely impos-
sible to see the bell-shaped profile of Figure 8b when this signal is displayed on
an oscilloscope. Figure 13 shows the anode waveform one actually sees for a
much brighter star (about first magnitude).

In order to investigate the capability of the tracker for following moving
sources, we attached a pinhole light source to the pen movement of a potenti-
ometer strip chart recorder and applied the output error signal from the tracker
yaw channel as the input to the recorder. Mechanical motion of the entire
recorder then simulated a moving light source. The tracker responded by chang-
ing the error output to keep the pen in a constant position regardless of mechanical

motions of the recorder casing. We intended to study the angular rates at which
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the instrument could track stars of various magnitudes, but unfortunately, time
did not permit this. Again, this is a point which could be taken up in the future.

In summary, our bench model star tracker shows that, insofar as the track
mode operation is concerned, its design is far more than adequate for applications
to rather faint stars., Of course for most uses the limiting magnitude would be
set by the acquisition mode, but since it proved impossible to complete work on
that part of the tracker within the grant period, we have applied our attention to
experimental and mathematical descriptions of the track mode peformance, as

described in the following section.
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V. DEPENDENCE OF OUTPUT ERRORS ON STAR BRIGHTNESS

Our star tracker is a null device so that, in order to follow the standard
procedure of describing its signal to noise ratio, it is necessary to specify
some particular input signal. For example, we might specify that the signal to
noise ratio should be evaluated at ten seconds of arc from null (the signal),
Since in a star tracker the noise is not a strong function of the angular distance
from null, we view this as an artificial procedure, We shall, therefore, concern
ourselves only with the noise output at null and the way in which this varies with
star brightness.

There are two hasic internal time constants which concern us in developing
an understanding of the operation ot the tracker. The first is a short time
constant, 7, which is the interval during a particular sweep of the basic cycle
within which the tracker smooths the photomultiplier anode current, A lower
limit to = is set by the photomultiplier itself through the internal dispefsion in
transit time for electrons traversing the tube's dynode structure. The oscil-
loscope traces in Figure 13 show that 7 is sufficiently short so that individual
pulses are at least partially separated. The longer time constant, 7°, is the
number of complete cycles (each of which lasts 0.005 seconds) over which the
tracker averages the internal error waveforms. That is, 7' is the overall
response time of the tracker. The particular numerical values of 7 and 7’ for
our tracker are not of central interest in the remaining discussion as long as

their orders of magnitude are established. To this end we note that 7 is of the
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order of 1077 to 1078 seconds, while 7' is of the order of 107! seconds.
In the general transfer equation of the device, using O for the output

transform and I for the (noise) input,

0(w)

T(w) = T() (6)
we assume that

I(&) = I'(x)A(m). (7)

That is, the noise input is some function of stellar magnitude times I’ (%), the
noise input for a star of some particular magnitude, We therefore assume that
the frequency dependence of the input noise is independent of the brightness of
the star, which should certainly be the case since it is due to the shot effect.
Thus

O(w) = T(w)A(m)I'(w) (8)
and

IO(w) do = A(m) J T(w) I'(w) de (9)

@w w

The left side is the noise integrated over all frequencies, which is the quantity
we wish to investigate. The integral on the right is a constant for a particular

tracker, which we shall not treat further because of the general nature of our
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discussion. We now have

Total noise = constant X A(m) (10)

and our problem becomes one of finding the functional form of A(m).

The input angle, £, is measured by the time integral of ¢(t) which is wave-
form I of Figure 9. Let us consider P(t), the probability of being in the wrong
switching state (i.e. indicating that the electron image of the star is out of the
aperture when itis actually in, or vice versa.) P(t) naturally reaches a maximum
value of 0.5 at the switching points and falls rapidly to small values at points
well away from the switching points. We now divide one cycle of the basic wave-
form, ¢&(t), into bins of length 7. 7~ may now be interpreted as the time constant
for independent decisions or switching. In each bin, occurring at time t (which we
understand to be reinitialized to zero at the start of each cycle, and is therefore
a phase), P(t)is a function of the number of arriving anode pulses. Assuming

Poisson statistics for these anode pulses,

>\k
P(t) = Z et (11)
k

if we are below the nominal switching point, and

switch ]
A,
—_— ..}\

P(t) = (12)

=
[¢]
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if we are above the nominal switching point.

\

Here ~

np where

the number of trials in time interval = (taken fairly large)

=]
I

k = the number of successful trials (get a photon)
P = the probability of getting a photon in our small time increment of
length 7/n,

Also N(t) = (thg number of trials per large time constant, =') X P(t)
N(t) is thus an average value for the number of times the tracker is in the wrong
switching state at phase t per large time constant (7' ), In its normal operation,
the tracker repeats this experiment for each time increment, ‘. Of course,
N(t) is a smooth function, so we must also consider the values, N'(t), actually
realized at each time increment, 7' . N'(t)will then be a statistical quantity,
and the distribution of its values in a large number of trials should also be

Poisson, i.e.

¥ [ )\'k -
P'(k"), = “pgre” (13)

where now k' is the number of times the tracker was in the wrong state and
»' = n'P(t) where
n' = the number of repetitions of the basic experiment (stepping in time),
P(t) = N(t) /total number of trials
note: this is therefore the same P(t) used in the previous step
{Equations (11) and (12)).
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We are interested in the standard deviation of N’(t), which is given by

o, = VFI\_J'(—t) . (14)
Finally we want to find the rms value of o, averaged over ~';i.e. we want

Ny
Ttotal m T (15)

fon
total

measures the total noise in € due to photon statistics.

We thﬁs see that the total noise in the output error signal is proportional
to the square root of £ N'(t) where the summation is over the time interval +°,
and therefore 2 N'(t) is the average number of times the tracker is in the wrong
switching state per long time constant. N’(t) itself is basically found from the
earlier statistical formulas (11) and (12), but it is not obvious that we can use a
simple square root law here because P(t) in (11) and (12) is measured by the
areas under the tails of a Poisson distribution rather than hy the width of the
distribution. However we can adopt the working hypothesis that a square root
law will be an adequate representation, and consider the consequences. If these
theoretical consequences disagree with our experimental findings, the problem
can then be looked at more closely. With this assumption, we see that the total
noise in the output error signal should decrease with the fourth root of the photon

arrival rate because it was proportional to Y2N'(t), but N(t) is inversely
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proportional to the square root of the expected number of photons in time

constant 7, through Equations (11) and (12) and the accompanying definitions.

Letting

A(m) = const./;/;

where F is the photon flux, and remembering that

m = = 2.5 1log F
we have
F = 107 4m
and
4
A = Const./le"‘4m
or
A(m) = const. X 10%-1Im
or
log A(m) < 0.1 m + constant

which we next attempt to verify by experiment.
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VI. EXPERIMENTAL NOISE MEASURES

In the interest of rapid and impersonal noise measurement, a noise meter
was constructed. This device measures the integrated noise above approx-
imately one hz and was used to find the experimental relation between tracker
noise (in the output error signal) and star magnitude. Stars in a range of
brightness from about first to about ninth magnitude were simulated by placing
a star simulator, on loan from the Systems Division of Goddard Space Flight
Center, at two distances corresponding to a magnitude difference of 1."00, and
interposing various thicknesses of calibrated neutral filters. The results are
given in Figure 14, We see that on the log-log scale of Figure 14 the empirical
points fall on a curved relation having a ""mean slope' about the same as that of
the theoretical relation, which is given by the straight line. It is somewhat
disturbing that the empirical relation is curved, since one normally expects a
linear log-log relation in measurements of this kind, We are unable to specify
the direct cause for this curvature, except to say that it must be due to the
partial breakdown of one or more assumptions used in our mathematical model.
It seems that it cannot be due to improper procedﬁres in the noise measures, as
these have been checked thoroughly. However we note that, inasmuch as the
general trend of the experimental points is the same as that of the theoretical
line, the theory does explain the correct increase of noise over a fairly large
range of star brightness, That is, since the theory predicts a fourth root law for

the noise vs. star brightness relation, a second magnitude star should produce
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a
five times less noise than a ninth magnitude star (5~ vy 631), which we find is
just about the case. We conclude that the present analysis may provide a

useful intermediary understanding of the dependence of tracker noise on star

brightness,
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Table 1

OAO-A2 Guide Star List

Star No. Name | B.S. No. vV Star No. Name | B.S. No. \Y
1 a CMa | 2491 -1.45 18 g Tau 1791 1.66
2 a Car 2326 -0.71 19 B CMa | 2294 1.98
3 a Lyr 7001 0 20 a Cru | 4730/1 0.81
4 g Ori 1713 0.15 21 B Car 3685 1.67
5 a Eri 472 0.49 22 n UMa | 5191 1.86
6 g Cen 5267 0.61 23 Y Vel 3207 1.82
7 a Cen 5459/6 -0.26 24 € Sgr 6879 1.84
8 a Aur 1708 0.06 25 a Pav 7790 1.93
9 a Vir 5056 0.96 26 K Ori 2004 2.06
10 a CMi 2943 0.35 27 vy Gem | 2421 1.91
11 a Aql 7557 0.74 28 o Sgr 7121 2,09
12 a Leo 3982 1.35 29 a Gru 8425 1.73
13 € CMa | 2618 1.50 30 a And 15 2,06
14 a Cyg 7924 1.25 31 a Boo 5340 -0.06
15 vy Ori 1790 1.63 32 a Psa 8728 1.15
16 a Gem | 2890/1 1.58 33 B Cru | 4853 1.24
17 e UMa | 4905 1.78 34 a Tau 1457 0.86
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Table 2

Transmission of 2 mm Schott GG13 UV-absorbing Glass

A T,
3500 A 0.000
36004 0.001
37004 0.04
3800 A 0.27
3900 A 0.60
40004 0.80
4100 & 0.90
4200 A 0.93
4300 A 0.955
4400 & 0.966
45004 0.973
4600 A 0.977
4700 A 0.980
4800 A 0.980
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APPENDIX I
CONVENIENCE TABLES OF OQUTSIDE ATMOSFHERE SKY BRIGHTNESS
Allen G. Bender and Robert E. Wilson

Department of Astronomy
University of South Florida
Tampa, Florida

These tables give the sum of Zodiacal light and Galactic background
light over the entire sky at intervals of five degrees in declination and
twenty minutes in right ascension. The epoch for the equatorial coordi-
nates is 1967.0. Since the Zodiacal light moves with the sun, the tables
are given for twelve dates throughout the year; specifically the first day
of each month. They are primarily intended for the convenience of persons
selecting navigational stars for celestial tracking systems. For Zodiacal
light the source of observations was ''The Absolute Photometry of the Zodi-
acal Light" (Smith, Roach, and Owen, 1965) while for Galactic light it was
"Integrated Starlight over the Sky' (Roach and Megill, 1961)., In this
latter source, stars brighter than magnitude 6 have been excluded. The
empirical correction factor of 1.26, recommended by Roach and Smith (1964),
has been applied to the Roach and Megill observations. The Zodiacal light
observations have been smoothed somewhat by the use of approximation formu-
las of the form:

L
D=a+ bx?+cx + dx3/?

where B is brightness, x = exp. L0.02277(90—$)] and a, b, ¢, and d are con-
stants adjusted by least squares for each elongation. P, of course, is
celestial latitude. The unit of brightness is the number of 10th visual
magnitude stars per square degree, which is the same unit used in Smith,
Roach, and Owen, and in Roach and Megill. The sky brightness in the imme-
diate vicinity of the sun is large, but is not accurately known. For this
and other reasons it is not likely that stars near the sun would be selected
as guide stars, so the vicinity of the sun is marked by zeros wherever it
occurs in the tables.

This work was done as part of NASA grant NGR 10-008-009. The computa-
tions were performed on the U.S.F. IBM 1410 Computer.

References:
Roach, F.E. and Megill, L.R., Astrophs, Journ. 133, 228, 1961.
Roach, F.E. and Smith, L.L., N.B.S. Tech. Note 214, 1964.

Smith, L.L., Roach, F.E., and Owen, R.W., Planet. Space Sci. 13, 207, 1965.
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APPENDIX I
TABLES OF AVAILABLE GUIDE STARS

Use of the Tables to Select Optimum Filter Characteristics

1. The numbers of cathode electrons per second (N, - Column 2) pertain to
" a telescope aperture of lem?, a peak filter transmission of 100 percent,
and an optical bandwidth of 1 micron (10,000 A). Find the multiplying
factor which will convert these to the optical system in question. For

example, for an objective lens of 10 square centimeters area, peak
filter transmission of 80 percent, and an optical bandbwidth of 2000 A
(between the half-response points) we would multiply these numbers by
(10) (0.8) (0.2) = 1.6. For a simple photometer with a one-second time
constant, S/N will be given by the square roots of these numbers* (i.e.,
for the above example/ 1.6 N;), neglecting dynode multiplication noise.
For a star tracker, the relation between these numbers and noise in the
error signal output will in general be more complicated, but in most
cases should be proportional to the square root of the number of cathode
electrons, with the constant of proportionality being determined by ex-
periment for each tracker.

2. Determine, from experiment, the smallest cathode electron flow for
which the tracker will perform satisfactorily. If desired, a safety
margin may be added. By comparing this with column 2, as modified
in step 1, we may now relate this to a particular row of the appropriate
Table (S-4, S-11, or S-20).

3. Scanning along this row, we find the wavelength at which the largest
number of potential guide stars is available. This is the optimum ef-
fective wavelength for a filter with the bandwidth and peak transmission
specified in Step 1.
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*For a two-second time constant, S/N is given by the square root of twice this number, etc.

o-1



€ 9 é YL 6T IS 9L 80U L 4Ll 91T (92 9lE T9E €Iy 8Ly LES 885 vH9 mmo 8L 8¥L WL 0€L €L LOL | Ol XEB'L{00°S
[4 14 8 €L 61 66 B L L0l Pl 991 00T OET 0/Z LIE ISE 1OF 1Sk L6V 6ZS £95 €09 £LT9 1S9 099 199 | 01 X02°Z|SL°¥
L € 9 6 YL 22 ¥ 8 /L €Ol EEL OSL VLl YO TET 99T 66T BIE ¥9E T6E YTV 6V Ly 90§ 6TS S | LOLX06°Z|0§°Y
l A € 8 I St 6T & SS UL ¥6 0Tl SEL SSL Ll L61 E€TT YT 94T T VIE ¥VE T9E I8 S6E €TV | 01 X S9'E|ST°V
l L € 9 6 a4 e v ¥Ss 0/ v8  vYOL 0L 1€l €51 691 04l ZOZ 0ZZ OFPZ 9¥ZT (9T B8Z 90 OZE | Ol X6S'¥% |00V
0 l 4 € 8 I ¥l 4l 62 T T8 §9 8L 06 0l 8LL 1€l #vL 961 Ll 8Ll 96l V¥0T 1T 8ZT 6ET | Ol XBL°G|GL°€
0 t t € 9 é et vl 8t £z 8 4 L5 §9 T 16 S0L €Il 02l ZEL SEL OSt 09t 491 L 98l | 0L X/Z2°L|0S°E
0 0 1 [4 € L OO ZL sl 8l ¥T ¥ O 05 09 0L 08 /8 6 10l 90L &1l €21 ZzZL &1 OVl | ,OLX9L°6|GZ°E
o 0 L t € ¥ 8 i 2t S 4 T, £ 9% W 6y L5 99 WU 6L 68 EB6 L6 vOL UMl ¥U | OLXSLL(00°E
0 0 0 { [4 € S 8 i1ty 9t 02 vz 6 ¥e ¥ 8 € T9 69 €L LL ¥8 68 T | 0lxSpr|sLT
0 0 0 1 L 4 € 9 I4 L izt 91 41 € 9 1€ SE ¥ &y 8 S§ I9 v9 8 L | OlXE8'1|06°Z
0 0 0 0 1 [4 kA € 9 L 8 ot I vl 91 02 %2 92 e & ¥ € & & ¥S 09 | 0lx02°Z(SZ°T
0 0 0 0 l 1 4 4 € S L 8 [ 6 i e ¥ 8 I ¥ G 08 L 6€ 9 8 | 0LX06°Z|00°2
0 0 0 0 0 1 L [A z € S 9 8 8 6 6 W et st 8 0 ¥ ¥ L& 6T TE |0lxc9'e|6LL
0 0 0 0 0 1 1 4 4 [4 [4 S S 8 8 8 6 0l izt st 9t 6l 1Z €% ¥ | 0l>x65°v|05°1
0 0 0 0 0 0 L 1 A [4 ,N 4 14 14 9 8 8 8 6 0Ot oL oL zZt st 91 8l |[g01x86|6T L
0 0 0 0 0 ] 0 1 L 4 4 4 4 € ¥ 4 9 4 L L L 8 6 6 Lzl | g0 %2200 L
0 0 0 0 0 0 0 0 L l 1 4 A A 4 14 14 S 9 9 9 J4 I4 I 8 8 0L X9L°6(5L°

0 0 0 0 0 0 0 0 t l L L l [4 4 [4 < L4 L4 S 9 9 9 9 9 9 Ol XS L|08"

0 0 0 0 0 0 0 0 0 l l l L l 4 4 A A 4 14 4 14 S 9 9 9 o0l X S¥° [6Z°

0 0 0 0 0 0 0 0 0 0 0 L { 1 l z [4 4 14 A l [4 14 14 S 9 o0l X €8°1 {00°

0059 00v9 OOE9 00Z9 0019 0009 0085 008S 00/S 0095 00SS OOPS OOES 00ZS OOLS 000S 006k 008F 00ZF 009y 00S¥ OOVY OOEY 00Z¥ 00L¥ 000F N g

-8
T A'TdV.L

-2



.n S L 6L 1y T9 101 ¥¥L VL1 vIZ ¥ BIE BLE T €V [ ELS ¥T9 (99 :u. hL BYL 9€L YIL 00L 989 | 0l XST'T[00°S
4 14 8 (B 24 ow € 0L €L 991 €0T +¥¥Z IBC 9TE BSE 1OV Ik 98y 1IG €SS 08S €09 609 619 TT9 €19 |0l X€B8°Z|SL'Y
i € 8 ZL 81 88 /S SL 00l OfL ¥SL €8l ¥IZ 6ET £9T TOE GIE ISE 18 b ZEV &bv €9¥ Ty /8% 06V | 0L X9S'E 0S¥
1 z v 6 €L & Oy 4§ L €6 1Tl Ovl €9l 9L 10T ST ¥¥T SLT /8T BOE I ¥PE IGE  [SE o.mn 1€ | , Ol X 8¥°¥|ST°¥
0 { € 8 L SIL 9T e ¥ &9 88 ZLL 9ZL 6E1 8SL L9t GBL 00T EIT LZT E¥T 9¥T 6ST S9T 9LT TOL | LOLXH9°S|00°Y
0 L € S 6 Il L 62 Oy IS /9 6L €6 8Ol 8Ll L ¥l IGL €9l 9Ll 8L 961 00T OIT €1 T |01 x0l°L[SLE
0 0 4 £ 8 Il €L Ll L& 68 Ly &S 69 €8 T6  vOL 60l 8Ll 6ZL 8EL €L 051 ISL 451 191 S9L [0l XP6°8|0S°€E
0 0 | € 9 6 ZL €t ZL ¥T vE v €S 09 L9 08 S8 96 66 L0l 601 6lL 61t TTL €TL OEl | OLXEL°L|GT°E
0 0 L [4 € I oL Zt L 9L T 6T L W Ly 6 VY9 9L 08 I8 68 € 6 96 10l 90U |0l XZ¥'L|00°€E
0 0 0 1 € € L It €1 9L O v 6 SE O Sy IS LS 99 0L € 9 18 18 98 | 01%X8L1|6L°T
0 0 0 l A € S L OL Ll €1 vl 41 T¢ ST 8 €€ 6 €& 8 B S& 09 €9 ¥9 €S9 | 01*XGT°T|05°T
0 0 0 l l z € S 9 6 to1eostoa 6t €T ST 8 1E TE SE 6 ¥ E¥ ¥ 9 [0l XEBZ(STT
0 0 0 0 t [4 [4 € S 9 8 6 6 e vl 91 1T L v 8 0E e & e 9 | OLX9EE[00°Z
0 0 0 0 i l z z € S 9 8 6 6 6 i €L ¥t 91 8 T ¥ ¥ ST 9T 8 | 0L%X8rP|SLL
0 0 0 0 0 l 1 [4 [4 [4 S 9 8 8 8 6 6 oL L vl 9L 9 61 O 0 T [O1x¥9GlosTt
0 0 0 0 0 1 1 { z [4 4 14 S 4 8 8 8 6 6 oL oL oL L €1 ¥ SI |gotxotTZsTt
0 0 0 0 0 0 t L l [4 4 [4 € 14 14 S L L L J4 L 8 6 6 6 6 g0l X ¥6°8|00°1
0 0 0 0 0 0 0 L 1 L 4 4 [4 z 14 14 14 S 9 9 9 L L L 9 I'4 Ol XEL"L|6L”

0 0 0 0 0 0 0 0 l l t [A z [A [4 [4 14 14 14 S 9 9 9 9 9 9 0L XT¥L|05”

0 0 0 0 0 0 0 0 0 l L t z 4 [4 z 4 4 4 14 14 14 S 9 9 9 o0l X 8L°1[ST*

0 0 0 0 0 0 0 0 0 0 L t t t [4 [4 [4 [4 [4 4 [4 [4 14 14 14 14 901 X 6T°T|00°

0059 00¥9 00£9 00Z9 0019 0009 0065 008G 00ZS 0095 00SS OOFS OOES 00ZS 00LS 000S- 006P 008F 00Zv 009y 00SY OOvy OOEy 00Z¥ 00LY 0OOF °N 8

T1-S
¢ H'IdV.L




