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! Chapter I

Feasibility of CIS Operation

During Daylight Hours




1. Introduction to Chapter I

The compensated imaging system being built by Itek has been

designed for night time operation. Nonetheless, the possibility
exists that the system will be able to operate during daylight hours,

if the target is bright enough. In the first order examination of this

T —— " ——

problem, which we conduct in this chapter, the feasibility of daylight op-
eration hinges on the excess shot noise produced by the greater back-
ground brightness and whether or not this is large enough to overwhelm
the target signal. Eventually there has to be consideration of more
subtle matters, such as whether the background photon flux rate would

be so high as to saturate the photon detection/counting system, or
whether it will be possible to adjust/hold the field-of-view stop setting
with sufficient precision that the background chopping noise will not signi-
ficantly affect the measured phase of the chopped target signal. However,
such, more subtle matter will not be considered here. Instead we shall
restrict our attention to the dominant question of whether or not there is
sufficient signal-to-noise ratio available with the daylight background
present, to allow meaaingful system operation even if everything is other-

wise adequately sized.

The basic compensated imaging system, as developed for night-
time operation derives its noise limit from the photon shot-noise in-
herent in the target signal, It is therefore sufficient for our purpose to
simply concern curselves with the ratio of the daylight sky background
photons to the target photons. So long as the sky background photon flux
rate is the smaller there will be no significant degradation of system

performance. However, to the extent that it is larger, the signal-to-noise

ratio situation will be degraded and system performance will be reduced. |

One rather surprising implication of the situation with daylight

background operation pertains to the dependence on target size. We know

S
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that for night time operation, so long as the target is resolvable, system

performance does not depend on target size. Performance iz determined

W

by brightness per resolution element, and is otherwise independent of

total target brightness ( which is a function of brightness per resolution

element and of target size ). However, when the system is operating
in the daytime we need to ask about the ratio of the background flux to
the target signal photon flux, and this ratio does depend on target size,
i.e., on total brightness and not just on brightness per resoluticn element.

When the noise is due to the target signal flux, i.e., for night time op-

eration, increasing the target size and the total photon flux, only increases
the useful signal amplitude as much as it increases the rms noise, so
that making the target larger does not improve the effective signal-to-
noise ratio. On the other hand, for daytime operation, when the sky
background is producing a greater photon flux than the target, then in-
creasing the target size will increase the useful signal amplitude, but will
have onlyanegligible effect on the total photon flux, and thus only a
negligible effect on the rms noise. Thus increasing the target size will,

1 for daytime operation, improve the effective signal-to-noise ratio and the

compensated imaging system's performance,

To put the matter of daytime operation of the compensated imaging
system on a quantitative basis, in the next section we shall develop some
ratios for targct-to-sky background photon flux. In the section after that

we shall develop some scaling laws for the effect of various ratio values on

the performance of the compensated imaging system. u

IR~




1.2 Photon Flux Ratios

In this section we shall be cuncerned with the task of developing an
expression for the ratio, R , of the daytime sky background flux, B , to the

target flux, I ,

X =8/ . (1)

For convenience, because our starting data is basically available in
luminance units (i. ¢., lumens/m® and lumens/m?®-ster), we shall calculate
B and X in luminance units. To the extent that the compensated imaging
system's adaptive optics sensors have a responsivity curve like that of the
eye, use of luminosity units will provide a valid basis for comparison, and
R, as defined by Eq. (1) will be a directly meaningful number. Because

of the difference between the spectral distribution of sky brightness as
shown in Fig. 1, and that of the target brightness (corresponding to that

of the incident solar spectrum), which is shown in Fig. 2, we may expect
that a comparison of luminosity values will not exactly represent the situ-
ation if the sensor's responsivity is not exactly proportional to luminosity.
For the purposes of this analysis, however, it is reasonable to expect that
such an effect will be sufficiently minor that we can ignore it here—and

accordingly, will carry out our calculations in luminosity units.

The sky background flux, 8 , measured in lumens, can be

written as

B = BO (48.5% 1076) A (2)

where B is the sky brightness (in units of lumens/m®-ster), 6 is the width of the

sensor field-of-view (in units of radians), 48.5 x 107® radians is the nom-
inal length of the sensor field-of-view (corresponding to ten arc-seconds),

and A is the telescope's effective aperture area. The magnitude of the sky
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brightness, B, depends on the zenith angle of the line-of-sight and on the

position relative to the sun.

In Table 1 we show some sample values of B,

Resiricting attention to zenith angles of 60° or less, and avoiding the region

of sky within 45” of the sun, the relevant range of values of B run from about

1000 lumens/m?2-ster to about 6000 Lu.mens/mz-ster, il.e.,

1000 < B <6000

lumens/m®-ster .

(3)

The value of § , the width of the field-of-view will be larger than the target's

angular diameter, 8, , and recognizing isoplanatism problems need never

be any greater than 48.3 x 10™° radians (i.e., ten arc seconds).

Can write

6y < 8 < 48.5x 107% radians

Thus, we

(4)
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Table 1. Model clear sky luminance distribution (cd/mP)¥ for

a solar elevation m/4 rads, azimuth 0 rads,

. <
From Overington®.

Flevauon (rad)

Azimuth (rud)' 1] m/12 n/6 4 n/3

0 16 580 13840 15980 2000 5890
n/4. Tn/4 9250 6990 5824 S070 3940
n/2, 3r/2 S 000 3238 2418 2107 2035
3n/4, Sn/4 4 38§ 2597 1 658 1357 1364
n 4728 2665 1569 1213 1179

——
Sn/12 n/2
—_—
3 347 2145

2994 -
2151 -
1597 -
1466 -

The target signal flux, ¥, depends on the target brightness,

measured in stellar magnitudes per resolution element, mg; , where a

resolution element is the solid angle subtense, SRe

circle of angular diameter equal to 2.44 A /D

Qpe = 21 (2.44 A/D)°

associated with a

(5)

A target with a circular cross-section of angular diameter 8; subtends

a solid angle of
Qp =gme?®

Since a zero-magnitude star produces a flux density

lumens/m?® then the total target signal flux will be

T = 2,65x% 1078 x 10-(m"5/2'5) A (G /e )

Assuming that the system spectral band may be considered to be centered

atA =0,55X%X 10 m , and taking note of the fact that the system's aperture

diameter is D = 1.6 m, we get from Eq. (5)

(6)

of® 2,65 % 10~®

(7)

* Luminance brightness unit: cd/m?2 = lumens/m? - steradian,

-6




Qpe = 5.525x 1071% ster . (8)

It is convenient to write

Qr /e (6;/(2.44 A/D)]?

it

33,4 (8,/4.85 x 1076)% | (9)
Substituting Eq. (9) into Eq. (7) we get

< 2 -
T = 8.86x 107 \Z'é%&ﬁ'*) 1o (Mre/2:5) (10)

When we substitute Eq.'s (2) and (10) into Eq. (1) we obtain for the ratio

of the sky background flux to the target signal flux

/ 81 VT2 (myg /2.5)
e ————
0. 5518 (T ioau®, ¢

3B
1]

’ 0 N By et (mnE/z'S)
B \Z 85x10-%/)\7.85x10-5 1O ?

2,66 x 107° (11)

which quantity we wish to evaluate for various target sizes and brightness,
over the range of background brightness defined in Eq. (3) . Sample re-
sults are listed in Table 2. As can be seen the value of ® is greater than
unity for all cases where the target brightness is as faint or fainter than
m,; equal 9™ magnitude per resolution element for the lower background
sky brightness, i.e., B = 1000 cd/m®. For the higher sky brightness,
i.e., B = 6000 cd/m®, the value of R is greater than unity for all cases

where the target brightness is as faint or fainter than 7" magnitude per

resolution element.
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In general we may say that a value of Ras great as unity significantly

degrades sysiem performance relative to what it might be in the absence of

the daytime sky background—anrd that larger values result in larger degra-
dations. In the next section we will develop quantitative estimates of the

extent of the degradation,

sy
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1.3 System Performance Degradation

If the wavefront sensor of the compensated imaging system is per-
fectly aligned, which we shall assume to be the case, then the only funda-
mental problem produced by the presence of the daytime sky background is
the introduction of additional shot noise in the detector output. It is easy
to see that with a ratio of background flux to target flux of & , the rms
noise level from the detector will be increased by a factor of (R + 1)¥2,
and the achievable signal-to-noise ratio will be reduced by a factor of
(R + 172, To take proper account of the effect of background on system
performance it is (at least nominally) necessary to recall that in practice
the compensated imaging system's operation is adjusted to achieve, to
the extent possible, a balance between wavefront fitting error, time lag
induced error, and shot noise induced error. These last two errors are

both dependent on the servo bandwidth, which is adjustable. As the servo

bandwidth is increased the time lag error is reduced, but the shot-noise

error is increased, and vice versa. Nominally the servo bandwidth is
chosen based on the target brightness, measured in steilar magnitudes
per resolution element, as it is this together with bandwidth that deter-

mines the achieved signal-to-noise ratio. Extensive calculations of the

Wﬂ’ rm —

trade-off's involved have been performed by Itek, to provide curves of

achievable performance as a function of target brightness for various |
engagement conditions (i.e., for various atmospheric turbulence dis-

tributions and target angular velocities).4 It is obvious from consider-

ation of data such as this that the dependence of system performance |

on target brightness (for night sky background) is quite complex.

- B s

I
l Fortunately, to take full account of the effect of daylight sky bright-
ness on system performance it is not actually necessary to repeat all of
the trade-off optimization work with each combination of background and tar-

get fluxes. Instead, we can make use of the existing results for nighttime

=ii=
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operation by defining the concept of an equivalent target brightness. For
each combination of background and target fluxes there is some constant
which relates the measurement/servo bandwidth to a shot-noise limited
signal-to-noise ratio or rather to the shout-noise limited rms wavefront
measurement error. This same constant also applies to the night sky case
for some particular target brightness. This is the equivalent target bright-
ness. We may equate the combination of actual target brightness, me
target size, O, field-ot-view width, 8, and sky background brightness, B,
with this equivalent brightness, M, . We can then look up the system per-
formance for the equivalent target brightness under nighttime sky backgrouad
conditions, and apply what we find to the corresponding daytime sky back-

ground situation.

Considering that the shot-noise limited performance in the presence
of sky background is degraded by a factor of (R + 1)™¥2, and since the
shot-noise limited performance against a nighttime sky varies, as a func-
tion of target brightness, as 10-(m"5/5), then it follows that the equiva-
lent brightness, Mg, is related to the actual target brightness, mg , by

the equation

10'(’?’“5/5) = (R +1)7V2 107(M%e/5) . (12)

Solving for the equivalent brightness, we get

Mg = mg +2.5 logy R+ 1) . (13)

In Table 3 we show the values of the equivalent target brightness for the
same set of conditions of actual target brightness, target size, field-of-
view widths and sky brightness as were treated in Table 2. Accordingly,
as we take the useful night sky performance cut-off to occur at 10™, 12",
or 14™ magnitude per resolution element, the daytime sky cut-off can be

seen to occur at smaller but often still interes'ing levels of actual target

brightness.
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Chapter 11

Configuration and Analysis
for an

UpLink Experiment/Demonstration

-16-




e

=

*

o

analyzing various performance considerations for the experiment(s).

AR | Introduction to Chapter 11

Evaluation and demonstration of the technology associated with
an UpLink adaptive optics transmitter is a critical requirement of the
SLC program as well as of several other programs of potential interest
to various user communities, ln this chapter we shall be interested in
the definition and evaluation of an experimental program that will allow
this assessment and demonstration to be accomplished —and which will,
of course, force the necessary degree of advancement of the technology.
I'he ultimate objective of the program will be to obtain assurance that we
know how to build an UpLink adaptive optics transmitter, capable of nearly
diffraction limited performance. In defining the prograni we have taken
the following positions. 1) That the experiment design should be such as
to minimize the cost for experimental aspects that are not part of the
adaptive optics transmitter per se. 2) That the adaptive optics trans-
mitter must be large enough to not only challenge the device fabrication
technology, but also to provide a significant improvement in antenna gain
relative to what could be achieved without adaptive optics. However, it
need not be as large as the transmitter that would be used with an oper-
ational UpLink system. 3) That an experimental program consisting of
several parts, each designed to explore diffierent aspects of the UpLink
adaptive optics technology would be acceptable if (a) taken together the
sum of the experiments provide coverage of all of the tcchnical questions,
and if (b) the division of the program into several par:s provides a logical

and cost effective approach.

In the next section we shall offer some specific comments concern-
ing the driving aspects of the design of the experiment(s), and will try to
develop some general guidance for the design. The section after that will

present a suggested experiment package. This will be followed by sections

i




.

2.2 General Considerations

The key to an evaluation of the performance of an UpLink adaptive
optics transmitter is a measurement of the transmitter antenna gain. The
S1.C system1 will have a very large diamecter relay mirror in a synchronous
orbit position which will reflect the incident laser energy back toward the
earth.  Assuming, that the relay mirror has associated with it a suitably
positioned and sufficiently intense beacon, then a well designed adaptive
optics Upliink laser transmitler should be able to achieve nearly diffraction
limited performance in delivering power to the relay mirror. We would like
to carry out an experiment using a full size UpLink transmitter and a suit-
ably sized relay mirror, which would demonstrate the ability of the UplLink
transmitter to do this by monitoring the laser energy returned to the ground
via the relay mirror. Not only would such a system allow full validation of
the technology involved, but with only a "modest" power laser source it could

provide a reduced but none-the-less useful level of channel capacity for SLC.

Unfortumtely this type of experiment is more complex and more ex-
pensive than we should consider undertaking in a near term, initial eval-
uation/demonstration of UpLink adaptive optics laser transmitter technology.

Fortunately, it is not necessary to go to anything like this level of system

- ——— Tl . gy "

verisimilitude to evaluate/demonstrate the UpLink transmitter technology.

First of all it is not necessary to have a large diameter relay mirror satellite
ir orbit. All we want to do is confirm that the antenna gain of the UpLink
adaptive optics laser transmitter is as large as expected —and to do this it
is sufficient that we have some small diameter unit which will allow us to
determine the power density at the orbital position. Strictly speaking, itis
not even necessary that this sensor be located in a synchronous orbit, or

even at a similar range.

Moreover, itis not required that all aspects of the propagation prob-

lem be exercised in one experiment. W hat is necessary is that in some

form each aspect of the problem be exercised during a set of experiments and

-18-
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that we be able to compare experimental results with theory. This will
allow us to develop the conclusion that we understand all relevant aspects
of the problem and that as far as the UpLink portion of the SLC concept is

concerned we need not worry about any surprises at a fundamental

(propagation phenomenology) level. If, in addition the experimental adaptive
optics laser transmitier has a reasonably large aperature i.e., D/r, is

large enough, say ten or greater, so that the adaptive optics hardware

represents a nontrivial correction capability, then we could conclude from a

successful set of experiments that we are '"on top' of the situation.

The possibility of factoring the experimental problem into a set
of distinct tests offers us some very useful options. We are particularly
concerned with the cost/complexity associated with the isoplanatism problem
and the corresponding difficulty of station-keeping to maintain the proper
distance between the beacon satellite and the satellite that will fly in the
position of the relay inirror, (which latter satellite will provide the basis for
measurement of the UpLink laser transmitter's antenna gain. ) In fact, we
feel that the station-keeping requirement gets us into a set of cost constraints
that must be avoided. We shall outline in the next section an experimental
concept with no distinct beacon satellite— this experiment being based on a
single very simple (low cost?) satellite. This means that we will not only
have an isoplanatism problem, but that we will not be able to vary the station-
keeping zrror so that we can see how the anisoplanatism effect varies with

; station-keeping error. But the satellite should be low cost.

To augment this experiment and allow all aspects of the propagation
problem to be exercised we would alsc run an experiment utilizing an air-
craft in place of the satellite at the far end of the UpLink beam. The air-
craft experiment will not involve ug with the problem of sending a colli-

mated beam all the way up through the atmosphere—but we will get a handle

on that part of the propagation phenomenology in the satellite experiment.
What we will get {rom the aircraft experiment that we cannot afford to try

to get from the satellite experiment will be the ability to change the angular
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Sc¢paration between the beacon and the real aim-point of the UpLink trans-
mitter, and the ability to work at various zenith angles and ranges. From
the first experiment we will get data that will allow us to confirm that we

do understand how anisoplanatism will effect the antenna gain of the UpLink
transmitter. From the second we will get the ability to ¢xperimentally verify

our theoretical understanding of how servo bandwidth and the size of rp effects

the antenna gain of the UpLink transmitter. Also, we will be able to detlerinine

from this the validity of our undcrstanding of beacon intensity scintillation

on antenna gain.

In general our philosophy in configuring both a satellite experiment
and an aircraft experiment is that the aircraft experiment will be versatile
and allow us to test al] aspects of the theory that are of interest to us. The
satellite experiment on the other hand will not be particularly versatile. It
will be constrained by cosi conside rations, and will have as virtually its
only objectives the need to Previde assurance that sending a collimated beam
all the way through the upper atmosphere, (which the aircraft experiment
does not probe), and then into deep space does not introduce any great sur-
prises. The satellite experiment ‘will also, of course, provide z kind of
""cap stone, demonstration that the UpLink adaptive optics laser transmitter
can indeed transmit to a relay mirror satellite jn deep space with the theoret-

ically expected antenna gain.

The section after this will take up the description of the aircraft and
satellite experiments. Analytical considerations for experiment design are

presented in the section after that.
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2.3 Experiment Description

It will be convenient to first describe the aircraft experiment and
then turn our attention to the task of describing the satellite version of the
| UpLink experiment. This will allow us to apply our attention to a rather

straight forward experiment first, and only later take up a consideration

| of the "machination'" we have to go through to have a suitable beacon with
| a low cost spacecraft. In the following two subsections we discuss first the

aircraft experiment and then the satellite experiment.

iy

S20=




2.3.1 Aircraft Experiment

For the aircraft experiment we would utilize the Compensated
Imaging System adaptive optics installed in the 1. 6 m diameter tele-
scope at the DARPA AMOS facility, as the laser beam transmitter. An
aircraft mounted beacon and laser power detector would be used to pro-
vide a refercnce source for the adaptive optics and to evaluate the
effective antenna gain of the laser transmitter. The aircraft would fly at
some constant altitude in a circular path, centered about the AMOS facility.
Depending on the choice of aircraft, the flight altitude could be anywhere
from say 2.5 km up to 10 km, or possibly up to 15 km, or even 20 km. The
radius of the circular path will be somewhere between 5.0 km and 30 kmn de~
pending on the desired propagation effects, and the aircraft velocity will, at

least nominally, be V=200 m/sec.

A pod, under two meters in length will be carried by the aircraft
It would be mounted so that the length of the pod can be viewed from the
AMOS facility as the aircraft flies its' circular pattern. A relatively low
power discharge lamp, mounted near the front end of the pod will radiate
isotropica ly (or at least hemispherically). For a suitable choice oflamp,
the lamp will appear as a point source, i.e., unresolved at the tele scopes
diffraction limit at all ranges of interest, and will be brighter than a zero-
magnitude star even at the maximum range of interest. Nominally we con-
sider a high pressure mercury lamp which, with a 200 W input can provide
1000 lumens/ster, virtually isotropic, from a source area of about 2. 2 mm X
0. 6 mm. This means that the discharge lamp will provide a more than ade-
quate beacon for use by the laser transmitter's adaptive optics wavefront
distortion sensor. We shall examine this in more detail later ——for the
moment it is sufficient to note that the Compensated Imaging Systems!'
adaptive optics can work quite well with an unresolved target whose bright-
ness is 6th magnitude. In fact, we may have to attenuate such a bright bea-

con to keep it from saturating the adaptive optics sensor.
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Also mounted on the pod will be a single detector about lmm X 1 mm
in size, with a moderately narrow band optical filter. Except for the
optica!l filter the detector will have no optics. The field-of-view of both
the beacon and the detector will be large since neither will have optics and thus,
will be able to radiate into/collect radiation from any direction within
2 hemisphere. The large field-of-view of both the beacon and the de-
tector insure that no special stabilization of the pod is required. The
detector will be mounted on a track with an electrically controlled drive
arrangement so that its distance behind the beacon can be remotely controlled.

Varying this distance will result in a variation in the anisoplanatism effort.

In addition to the beacon and the detector, the pod will have an rf
transmitter which will provide a data link to the AMOS facility. The in-
tensity of the signal developed by the detector will be reported to the
facility, where it can be used for pointing control purposes and also will
be recorded for the subsequent data analysis. This data link will period-
ically report the position of the detector but most of the time will be re-
porting the intensity of the transmitted laser beam falling on the detector.
The transmitted laser beam will be sent as a chopped éignal (to facilitate

‘ distinguishing the laser signal from the background flux), and electronics
within the pod will demodulate the chopped signal and develop an estimate
of the intensity of the laser signal. It is that intensity estimate that will.

be transmitted.

In operation, the aircraft would fly a circular path at the desired
altitude and range, oriented so that the pod can be seen from the AMOS
facility. The beacon will be turned on and should be clearly visable at
the observatory. * The 1. 6 m telescope will be pointed toward the air-
craft and be driven to nominally track the aircraft. Once the adaptive
optics system has detected the beacon and locked on to it, the shearing

interferometer signals would be used to drive the telescope so that it

* The brightness of the beacon should be great enough that daytime as well
as nighttime operation will be possible. °
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(in conjunction with the fast steering mirror) precisely tracks the beacon.
The adaptive optics control electronics will be modified so as to allow op-
eration in any of the following three modes: 1} normal adaptive optics

control, 2) operation with the deformable mirror drive disabled, and 3)

operation with the deformable mirror drive disabled and the fast steering

mirror drive operating at a reduced bandwidth.

; To boresight the system, i.e., to get the transmitted laser beam
"lined-up'" with the wavefront sensor, a pointing bias control voltage will
be added to the fast steering mirror signal. This bias contro! will be varied
So as to scan the transmitted beam over the area on the pod in the vicinity
r of the beacon. By monitoring the telemetry signal from the pod, it will be
possible to adjust the bias so as to center the laser beam on the detector.
The servo bandwidth for this centering process will deliberately be kept
low enough that it only compensates for the boresight error and does not
correct for the zero-mean high speed pointing errors induced by atmospheric

'H turbulence.

With the laser transmitter ope rating, with the beacon being tracked,

and with the boresight error compensated, measurements will be made of

L1

the average laser power density on the detector for each of the three modes
of operation of the adaptive optics control. The laser transmitter will in

addition have the ability, by inserting special optics directly in front of the

aa']

laser, to underfill the telescope aperature so that only a 0.03 m diarneter
circular region is illuminated, with all of the laser power passing through this
small region. Measurements of laser power density on the detector will

j also be made with this underfilied aperature. Based on these measurements

the laser transmitter antenna gain will be calculated for each of the three

conditions of no adaptive optics, fast tracking correction only, and full
1 adaptive optics. (The antenna gain results will have a meaningful absolute value
l based on the fact that for the underfilled aperature the antenna gain will have

very nearly its diffraction limited value, as ry will be significantly larger
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than 0. 03 m.) By varying the pointing bias in a slow scan raster pattern
it will be possible to evaluate not only the absolute antenna gain but also

the average antenna gain side lobe pattern.

Experiments will be run with the following variations:

1) Aircraft range and altitude,

2) Time of day,

3) Distance on the pod between the beacon and the detector,

4) Adaptive optics servo bandwidth,

In Fig's 3-6 we show the implications of various choices at aircraft range
ind altitude for several propagation related parameters. By suitable choice
of range and altitude the aircraft experiment will be able to explore the im-
plications of various combinations of these parameter values. The time of
day variations will let us examine how turbulence strength varies with time.
The variation of the separation between the beacon and the detector will pro-
vide us with a direct assessment of the cffect of anisoplanatism, while the
variability of the servo bandwidth will allow an evaluation of the dependence

on that quantity of the antenna gain.

The key thing about the aircraft experiments is that it will allow an
extensive set of tests of theory against experiment, providing assurance that
we do indeed understand the things that affect the performance of an adaptive
optics system. But equally unportant is the fact that it will allow a demon*
stration that a large aperature adaptive optics laser transmitter can achieve
a nearly diffraction limited antenna gain when operating over a substantial
atmospheric path. What it will leave undone is to establish the fact that there
" are not surprises lurking in the problem of sending a nearly collimated laser
beam through the upper atmosphere. This one matter will be addressed in the

satellite experiment discussed in the next section.

Before leaving the subject of the aircraft experiment it is worth de-

voting some space to a consideration of the implerr ..ation and schedule
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aspects of this experiment. We assume that the adaptive optics system
that is now being prepared for installation in the 1. 6 m diameter AMOS
telescope as part of the Compensated Imaging System will be available

for this aircraft target/laser transmitter experiment, as well as the 1. 6 m
diameter AMOS telescope itself. The adaptive optics system would require
only the very minor modification of replacing * the caxnerg with a lo»gcr
power visable laser source— about one milliwatt at 5000 A or 6000 A,
with intensity modulation (chopping) at several kilohertz. The laser source
would require some special (though quite simple) optics to couple it into
the optical train of the adaptive optics system. These special optics would
have to have the ability to fill the full 1. 6 m diameter telescope aperature
with the laser beam, and on command, by a change of element position, fi)
only a 0. 03 m diameter portion of the telescope aperature. The design,
assembly, and installation of the laser and its special optics onto the Com-

pensated Irnaging System is a small effort which should be accomplishable

within six months.

Tn conjunction with the installation of the laser it will be necessary
to modify the Compensated Imaging System so as to prevent scattered light
from the laser from ''blinding' the wavefront distortion sensor. This can be
accomplished by installing narrow band blocking filters in the portion of the
optical path used only for the wavefront sensor, i.e., the portion between
the presently installed beamsplitter and the photo multipliers. This too
should represent a rather minor hardware modification, with a rather short

time required for its accomplishment.

Probably the largest change that will have to be made to the Com-
pensated Imaging System to turn it into an adaptive optics laser transmitter

for the aircraft experiment is modification of the system software. It is

% With a dichroic beamsplitter, it should not even oe necessary to remove
the camera. The laser could possibly be installed along s‘de the camera
and through the dichroic heamsplitter share with the camera the optical
path through the adaptive optics train.
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difficult to scope the size of that effort without a much more detailed
examination of the problem than we are prepared to carry out here.
None-the-less, we feel fairly confident that the necessary software
development, installation, and debugging can be accomplished in less
than 18 months. It therefore, appears to us to be the case that the
Compensated Imaging Systern once operating in the mode it was originally
designed for, could be converted into an adaptive optics laser transmitter
for the aircraft experiment within a year and a half of the time from when

such a conversion effort was started.

The design and fabrication of the beacon/detector pod to go on the
aircraft poses virtually no electro-optical challenges. There are no
critical alignments, the beacon power will be modest (commercial sources
at the required brightness and flux level are common), and the required de-
tector sensitivity is negligible. The principal difficulties will be those asso-
ciated with assuring aircraft safety and atmospheric pressured Accordingly,
it would appear that pod could be designed, built, installed on the aircraft
and checked out within 12 to 18 months of the start of an effort to accomplish

this. *

Based on the above listed considerations we believe that the aircraft
experiment could be producing useful data within two years. This two year
schedule allows six months for preliminary data taking, analysis, and such

revision of the test plans as may be found necessary. Key to thisis, of

* We have not examined what is involved but assume that ihere will be no
difficulty in establishing the required rf data line between the aircraft
(pod) and the AMOS facility.

t From consideration of the data in Fig's 3-6 there does not appear to be
any special reason to require operation of the aircraft above 10 km
(30,000 ft. ). Accordingly the aircraft used for this experiment need not
be particularly exotic.

2=




A p——— - - T —

cour se, the availability of the Compensated Imaging System, installed and
operational on the AMOS 1. 6 m diameter telescope-—and of course, the

availability of the AMOS 1. 6 m telescope facility, and of a suitable aircraft.
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2.3.2  Satellite Experiment

The objective of the satellite experiment is to provide assurance
that nothing unexpected happens when we send a collimated beam through
the upper atmosphere. All other aspects of the adaptive optics laser
transmitter performance will have been explored in the aircraft experiment
and diffraction limnited transmitter performance demonstrated there, for the
satellite experiment we have only one thing to test. We wish to do that as
cxpeditiously and cost-effectively as possible. We do not wish to run a
simulation/demonstration and will accept simplifications so long as they
#llow the basic test data to be obtained. We will do this even though the
simplifications are features that accentuate the fact that this is not a simulation
of an SLC system, but just a test of one aspect of the UpLink portion of an

SLC system!

The basic problem we are concerned with in defining the satellite
experiment is the cost, complexity, and developmet schedule for the satellite
per se. We don't want to have to invest in a major satellite development effort
just to test the ground based laser transmitter. There are two things that
tend to make the satellite very expensive. These are 1) the fine pointing
required of the beacon (which of course, means amongst other things that the
satellite must be very well stabilized in orientation, and 2) the need to main-
tain a well define separation between the beacon satellite unit and the laser
receiver satellite unit. (At synchronows altitude this separation is of the
order of 800 m.) The cost for a satellite system like this would be several
ten's of millions of dollars, which is entirely out of line with the objectives
of the satellite experiment. We shall define a much simpler satellite which
should cost orders of magnitude le ss, and which will be only just sufficient

to allow the basic objectives of the satellite experiment to be achieved.

We first of all abandon the concept of separate locations for the beacon

and the laser detector. The station keeping requirements to keep two space

B9




craft properly separated* leads to high cost. If we back away from that
requirement and accept collocation of the beacon and detector the system
will experience anisoplanatism losses in the antenna gain of the adaptive
optics laser transmitter. With a synchronous equitorial orbit satellite
positioned near the zenith, and with a 1. 6 m diameter laser transmitter
telescope operating at a iaser wavelength of 5000 ;, we estimate that the
ratio of the turbulence limited antenna gain, to the anisoplanatism limited
antenna gain, to the diffraction limited antenna gain is as 1:120. 5:589. 7.
The effect of anisoplanatism would be to reduce the antenna gain relative
to the diffraction limit by a factor of 4. 9— which is a significant amount,
but not so much that a meaningful experiment couldn't be performed. We
use the term "turbulence limited" to imply that there is no adaptive optics

or high speed pointing correction involved in the transmitter operation, and

that the telescope diameter is large compared to rg.

If we wished to be able to work even closer to the diffraction limit
the laser transmitter could be operated at about 10, 000 Z. In this case the
ratio of the turbulence limited antenna gain, to the anisoplanatism limited
antenna gain, to the diffraction limited antenna gain will be as 1:74.2:111. 7.

Here the effect of anisoplanatism is to reduce the antenna gain relative to

the diffraction limited by a factor of only 1. 5-—which is so near to unity

that we can virtually consider the anisoplanatism effect to be nonexistent.
Needing to choose a wavelength different from the SLC operational

wavelength is of little consequence. What we want to accomplish with this
experiment is to confirm the absence of surprises and the closer the ex-
pected perforrance is to diffraction limited the more certainly we can con-

clude that no surprises were encountered.

* For a synchronous orbit the required separation is about 800 m, while
for a rather low orbit, namely 300 km altitude, the required separation
is about 15 m. In either case a physical link to maintain the separation
appears to be impractical-—certainly it does not suggest a low cost for
the satellite.
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Co-locating the beacon and the laser detector eliminates one of
the two things that made the satellite system so expensive, i.e., it re-
moves the station keeping requirement. But the beacon itself can impose
a very severe cost penalty. Beacon pointing precision has to be of the
order of a fraction of an arc second rms if the beacon is to be able to use
the type of antenna gain that is needed to project sufficient power density
from a synchronous equitorial orbit to the adaptive optics' wavefront dis-
tortion sensor on the ground. To eliminate the requirement for very fine
pointing precision and for a stabilized spacecrait we have considered use
of a corner reflectcr spacecraft with a ground based illuminator. An
assembly of eight corner reflectors will provide a high gain return with virtually
no cross-section variability with orientation.* This will allow use of a
totally unstabilized satellite as far as the beacon function is concerned. In
order to allow for the velocity aberration effect (which is what produces the
so called point ahead requirement at the laser transmitter) it will be necessary
to position the ground based illuminator for the corner reflectors "downstream"
from the adaptive optics laser transmitter, so that the beacon return from the
corner reflector will fall on the adaptive optics laser transmitter. The down-
stream distance would be the same as the nominally required station keeping

distance between beacon and laser detector satellites, as discussed previously.

The same corner reflector arrangement could also serve to return a
sample of the laser beam sent by the adaptive optics laser transmitter back
to the ground. The intensity of this return would be directly proportional
to the achieved adaptive optics antenna gain, so that no receiver /detector

capability is required on the satellite. This allows us to entirely eliminate

% We assume that the corner reflectors are hollow, three front surface
mirror assemblies. If the corner reflectors are of the prism type then
there can be simultaneous return from two corner reflectors, and orien-
tationdependent interferences which can make the cross-section variable.
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the need for spacecraft stabilization and assures us of a low cost satellite,
simple enough to be designed, fabricated. and tested in a short time. The

schedule for deployment into space may, however, be a much longer term

] matter.

In examining the concept of this type of beacon we have noticed a
potential problemn with beacon signal strength. For a corner reflector
satellite in a synchronous equitorial orbit if we used a 0. 05 m diameter
ground based illuminator operating at 5000 1:, illumination wavelength,
so that the illuminator operation would be nearly ideal, i.e. diffraction
limited, despite turbulence cffects, then with a 0.3 m diameter corner
reflector the illuminator power would have to be about 100 watts to provide
sufficient beacon power to the adaptive optics' wavefront distortion sensor.

While not impossible, the size of the diffraction limited corner reflectors

o and the power at the illuminator are both inconveniently large. Moreover,

the beacon illuminator would have to be located about 800 m downstream
{rom the adaptive optics laser transmitter unit-—an inconvenient operational
consideration. We believe that the concept we have just described could be
used as the basis for an experiment to verify that there are no surprises
introduced into the performance of a high gain adaptive optics laser trans-

3 mitter by the need to project a nearly collimated beamn through the upper
atmosphere. However, while this configuration certainly appears to be con-
siderably cheaper to deploy than the two satellite concepts we originally

described we have also considered a low orbit version of the corner reflector

satellite as an even simpler and cheaper option. As a sample of a low orbit

system we consider a corner reflector satellite in a 1000 km altitude cir- 'I

TSI TSR,

cular orbit. Periodically this satellite will pass almost directly cverhead
of the adaptive optics laser transmitter, and for a period of up to 80 seconds
that it can spend within 15° of the ~enith, the laser transmitter experiment can

l be performed. At this altitude we can get sufficient beacon power to the
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adaptive optics wavefront distortion sensor with the illuminator power re-
duced to about one watt and with corner reflectors of about 0. 025 m dia-
meter. TIn this case the satellite is trivially simple, the ground based
illuminater is a rather modest unit, and the downstream displacement of
the illuminator relative to the adaptive optics laser transmitter is only

about 50 m, which operationally is a conveniently small distance. %

The one serjous objection to the use of a satellite at this low altitude
is that because of its lower altitude, it has a greater velocity, and consequent-
ly the point ahead angle will be greater. In this case it is nearly 50 prad,

compared to about 20 yrad for a synchronous equitorial orbit. As a con-

sequence the anisoplanatisin effect will be much more severe., For operation
)

at 5000 A, laser wavelength the 1. 6 m diameter laser transmitter would
have a ratio of the turbulence limit to the anisoplanatism limit to the dif-
fraction limit for the antenna gain of 1:10.5:590 . Clearly in this case
anisoplanatism so limits the antenna gain that very little could te proven
about how well adaptive optics performs in sending a nearly collimated

beam up through the atmosphere. If, however, we consider operating the
laser transmitter at 10, 000 2 wavelength then the ratio of turbulence limited
to anisoplanatism limited to diffraction limited antenna gain is as 1:30. 7:112.
In this case the effect of anisoplanatism is to only reduce the antenna gain

by a fa~tor of 3. 6 relative to its diffraction limited value. Operating the
adaptive optics transmitter at a laser wavelength cf 10, 000 .: we should be
able to develop fairly conclusive evidence that there are no surprises intro-
duced by the need to transmit a nearly collimated beam through the upper

atmosphere.

* If the satellite altitude were 500 km rather than a 1000 km then the down-
stream displacement would be only 25 m, but for this altitude the time
spent within 15° of the zenith would be only about 40 <t conds.
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Since the corner reflector will serve as both the beacon and the
laser detector equipment in space, and since with an array of eight corner
reflectors the unit will operate quite satisfactorily no matter what its
orientation, we are potentially dealing with the simpiest kind of satellite,
unstabilized and entirely passive. This does however, leave open the ques-
tion of how to acquire the satellite in the first place. To allow for satellite
acquisition without giving up the simplicity of an unstabilized passive u at
we suggest a satellite design based on a "sheet metal' a: ray of eight large
radar corner reflectors, each corner perhaps one meter in diameter. ¥
No maiter what the orientation the radar cross-section would be very iarge
so that there would be no problem achieving radar acquisition. To facilitate
handover to an optical tracker the ''sheet metal' would be painted diffuse white
so that the satellite would have a large scatlered sunshine signature. The
positicning of the optical corner reflectors in the satellite would be quite
simple. To avoid any shadowing of the optical corner reflectors by the radar
corner reflector, the eight optical corner reflectors would be located, one

at the bottom (1. ¢. . the vertex) of each of the eight radar corner reflectors. t

With the satellite concept thus defined we are now ready to provide
some numerical analysis results. This is taken up in the next section for

both the satellite experiment and the aircraft experiment.

* For a satellite positioned in a synchronous equitorial orbit it might be de-
sirable to make the size of the radar corner reflectors several meters in
diameter. Exact size would depend on an examination of the capabilities
of the available acquisition radars.

t The possibility that this satellite could be shared with another DARPA pro-
gram should be explored.
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2.4 Numerical_gogiigi:{_a_tions

In the preceding discussion we have at various points made allusion
to practical quantitative constraints. In this section we shall present the
analysis and calculations defining the magnitude of these constraints.

For convenience, we shall divide our presentation into four subsections
treating propagation effects, point-ahead geometry, signal-to-noise ratio
considerations for the aircraft experiment, and signal-to-noise ratio con-

siderations for the satellite experiment.

2.4.1 Propagation Effects

The theory governing optical propagation through atmospheric
turbulence is quite well established and accordingly, it will be sufficient
for us to simply quote the relevant results here. We are potentially
interested in four quantities. These are the effective coherence diame-
ter, r, , the Greenwood frequency, f, , the isoplantic patch size, J; ,
and the log-amplitude variance, of . The physical significance of the
effective coherence diameter, r, , is quite well known. It governs the
size of the adaptive optics elements in as much as it results in a loss
in antenna gain if the element size is much greater than r, . The loss

in antenna gain due to element size, d , is approximately as

)5/3] , (1)

where o is a constant with a value between unity and 3.4, the exact value

= ex ( g
Tes = Pl: @ o

of which depends on the interelement influence function for the adaptive
optics corrector. While the diffraction limited antenna gain for an

aperture of diameter D operating at wavelength A is given by the expression

Gy, = :W (D) (2)
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the corresponding turbulence limited antenna gain (in the absence of any

adaptive optics correction, and assuming a very large physical diameter

for the aperture) is given by the expression

G, = = ]
L= il ), (3)
The value of the effective coherence diameter, Iy, is given by the
expression
? 2 - 38/ 8
r,= {0,423k Tdasc (slz)s/s) , (4)
PATH
th the

for propagation of a point source over a path of total length £, wi

point source located at s=0 and the valve of rj evaluated at s=£, This

value of r_ applies for a laser transmitter located at s=£ transmitting

a beamn focused at s=0. The quantity k denotes the optical wave number, i.e.,

k = 21‘1’/\ » (5)

where ) is the wavelength of interest. The notation Cy? denotes the re-

fractive-index structure constant, a geophysical quantity defining the op-

tical strength of atmospheric turbulence, a quantity whose value can vary

along the propagation path. Using the estimated value for C,? as given in

Eq. (6), i.e.,

F 8.4 X 10" (h/18.5) 7, 18.5<h < 110
2.5 %10 %, 110 <h < 1500
CNQW 8.87 X 10738 (h/1000)™° , 1500 <h < 7000
6.34 % 10-38 (h/1000)" % , 7000 <h < 20500
0, 20500 < h, , (6)

as applying to the AMOS site, where h is altitude above the facility, we have

{uv various

carried out calculations of the cffective coherence diameter, Ty
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aircraft heights, M, and ground ranges, R. The slant path, which is the
propagation path length, £, is given by the expression

2 > > (7)
dz (R +H')”' 8

The point source was assumed to be located on the aircraft, Accordingly,
the variable of integration, s, has zero value at the aircraft altitude, H, and
15 equal to the path length, #, at the AMOS facility altitude, zero. This means
that at the position along the propagation path defined by s, the altitude above

the AMOS facility is given by the expression

n=n[1-(s2) | . (8)
=7
Our results for the value of ry, for a wavelength 4= 5,0 x 10 m,
are shown in Fig, 3 for aircraft altitudes from 2.5 km to 20.0 Xan above
the AMOS facility altitude, for ground ranges out to 30 km, It is apparent
from these results that we can explore the effect of different values of r,
in the range of 0,15 m to 0.05 m by working at an altitude of H=2, 5 km
above the AMOS facility, at ground ranges from zero to about 15 km,
Though if we wish, and other considerations do not prevent it, we can work
at any of the other altitudes and ranges up to 30 ki except that at 5 km altitude

we almost certainly would not want to work at a ground range beyand 20 km.

The Greenwood frequency, fo » pProvides a basis for estimation of the
servo bandw. 'th that the adaptive optics control system must have, If the
servo bandwidth is actually f, then the rms residual wavefront error

associated with servo lag in the adaptive optics system will be

o 2=, /1,)%/° L

and so long as the servo lag is not too great then the antenna gain of the

adaptive optics will be reduced by the servo lag efficiency factor

e =exP('°sv.=) s

=] =
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Results are shown for a 5.0 x 107 m wavelength point source
atan altitude H. The value of the effective coherence diameter, o
1s deterrnined at the ground end of the propagation path,

The Greenwood frequency, fy, for a point source can be evaluated using
the equation

2 2 53 6/3 a/fs
fo={o0102k [dscC, V (s/2) ) , (11)

PATH
where the propagation integral involves the same dependencies here as in
Eq. (4). The point source is considered to be located at the s=0 end of the
propagation path while the » laptive optics aperture for which the Greenwood
frequency applies is located at the other end, where s=2£ The quantity V ='
in Eq. (11) denotes the perpendicular component of the velocity of the air

relative to the propagation path. It can be written as

Vu (£-5)+V, » (12)
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where V, is the ambient wind velocity  and can be approximated by the

expression

[1.03 - 3.47 x10° (h + 3000)], h < 9600,
|- 103.97 +4.87 x 107" (h +3000)]|, h > 9600. (13)

The quantity @ in Eq. (12) denotes the angular rate of the line-of-sight so
that w (£-s) defines the velocity with which the line-of-sight is "dragged"
through the atmosphere. This angular rate is determined by the aircraft

velocity, Va» according to the equation
w= V,/2 : (14)

Using an assumed aircraft velocity of V, =200 m/sec we have evaluated
the Greenwood frequency, f,, for the same range of conditions as previously

considered for the evaluation of r, . These results are shown Fig. 4, and are

1800 —l T Ty 1"~r-lﬂ1 VYT 7']"! TE YT T“I—r

(Hz>

fo

GREENWOOD FREQUENCY,

e

160 B el TR B | el I J--J._L.I...I-—l—L—IJ—J-
'] IE4 2E4 3L4

GROUND RANGE, R (md

Figure 4. Grecowoud Frequuency.

Results shown here correspond to the same range of

conditions apply to Fig, 3.

* We make the worst case assumption that the arnbient wind direction is
perpendicular to the propagation path.
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to be understood as defining the required servo bandwidth for an adaptive
Optics system at the AMOS facility transmitting a laser beam focused at
the aircraft. Actually, of course, the required Servo bandwidth will be
greater than the Greenwood frequency by a factor of three to five. This

1s required so that the servo lag induced los s in antenna gain will be small,
i.e., of the order of a few percent. Examining Fig. 4 it is obvious that

for all cases of interest a8 servo bandwith of the order of fg = 1500 Hz

should be more than adequate for all aircraft experiments.

The isoplanatic patch size, 9;, defines the field-of-view size for the
adaptive optics transmitter beyond which the required wavefront corrections
are significantly different. For the transmitted laser beam focused on the

aircraft the isoplanatic patch size js given by the expression

Po = 10423 %% [ds C\® (s/)% (2.5)5/3)-375 (15)

£ 99. This quantity is plotted in Fig. 6. As can be seen from Fig.6 the
linear extent of the isoplanatic patch is in al] cases less than about 1. 5 m,
and generally less than |. 0 m. This means that if the aircraft mounted pod
is tung enough to allow the separation between the beacon and the detector
to be varied over a 2.0 m range, then we will have the ability to explore the

full range of anisoplanatism effects.

The last of the propagation effects of concern to us relates to intensity
fluctuations/random apodization. This matter which principally concerns
the need for random apodization "correction" of the adaptive optics trans-

mitter is perhaps best measured in terms of the log-amplitude variance,

2
% » to be associated with the beacon radiation as observed at the adaptive

optics transmitter aperture, assuming that the beacon wavelength is the

-41-
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same as that of the laser transmitter. In this case the value of the log-

: . 2 . . .
amplitude variance, g,%, is given by the expression

£

0, =0.56k7/® [ds C,? (s/)¥® (£-5)57° . (16)

L

The fundamental effect of the log-amplitude variance, ¢ °, upon the per-

£
formance of the adaptive optics laser transmitter is to reduce the antenna
gain by a factor of
Tra“exp ( —012) R (17)
due to a lack of a random apodization capability in the adaptive mechanism.
As a practical matter this effect will be just barely perceptable unless the

log-amplitude variance is grcater than 0.1 nepers=.

In Fig. 7 we show values for the log-amplitude variance calculated
for the same laser wavelength, ) = 5000 Z, and set of aircraft altitudes
and ground ranges treated in Fig. 3, As can be seen from an inspection
of Fig. 3, itis possible to find combinations of aircraft altitude and ground
range for which the log-amplitude variances will be significantly greater
than 0.1 nepers®. However, on refering to Fig. 3 we can sce that these
conditions imply values of the effective coherence diameter, ry, whicl
are much less than 0. 07 m. Thus it appears that the largest value of c;
that can be achieved will be about 0.1 nepers®. This implies that we will

just barely, if at all, be able to observe the effect of random apodization

on adaptive optics laser transmitter antenna gain.

For transmission to a satellite in a synchronous equitorial orbit
or in a circular orbit at 1000 km altitude essentially the same propagation
equations apply, except that Eq. (14) for the apparent angular velocity, w,

has to be revised. For the synchronous equitorial orbit

=2 =
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Results shown here correspond to the same range of
conditions 4pplying to Fig. 3.

®w =0 rad/sec, (synchronous orbit) , (14a)
while for the 1000 km altitude orbit
w =6.91 x107° rad/sec, (1000 km altitude orbit) . (14b)

Using these values together with the pPreceeding equations we have cal-

o
culated that for gperation at a laser wavelength of 5000 A

0.1007 m (1000 km altitude orbit)

Ty 2
0.1006 m (synchronous orbit) 2 (18)
122. 6 Hz (1000 km altitude orbit)

fO =
60.2 Hz (synchronous orbit) L
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0. 0297 nepers ? (1000 kun altitude orbit)

0. 0298 nepers? (synchronous orbit) ; (20)

)
For operation at a laser wavelength of 10,000 A the corresponding

results are

0.231 m (1000 km altitude orbit)

g =
0.231 m (synchronous orbit) i (21)
53.4 Hz (1000 km altitude orbit)

fO =
26.2 Hz (synchronous orbit) . (22)
0.0132 nepers?® (1000 km altitude orbit)

0;=
0.0133 ncpers?® (synchronous orbit) , (23)

The calculation of anisoplanatism effects for finite aperture sizes which
is the matter of real interest to us here is considerably more complicated
than is implied by the simplicity of Eq. (15). The value of the isoplanatic

o]
patch size for operation at a laser wavelength of 5000 A is

¥ =10.35yrad , (24)

)
and for a 10,000 A laser wavelength it is

% =23.8 yrad : (25)
While for very large aperture diameters the effect of anisoplanatism with a

point-ahead angle of ¢ is to reduce the antenna gain by a factor of

cxp[—(ﬁ/&o)sh’] » for a more modest sized antenna the actual effect of aniso-

planatism on antenna gain is too complex in its derivation to be presented here.

The theory for this, along with sample values, is developed in our inte-nal

.
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report, TR-249%, We find that for modest sized antenna diameters point-
ahead angles as great or greater than #, can be tolerated. It is these results
rather than the value of d, per se that governed our thinking in formulating

the satellite experiment,

This completes our quantitative consideration of atmospheric tur-
bulence propagation effects. In the next section we shall consider matters

related to point-ahead geometry,

% D.L. Fried, "Isoplanatism Dependence of a Ground-to~Space Laser

Transmitter with Adaptive Optics, " the Optical Sciences Company
Report No. TR-249, March 1977,
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2.4.2 Point Ahead

The basic point-ahead problem is that as measured in an inertial

frame of reference, by the time the light fromn a laser transmitter reaches

the vicinity of what was the location of the beacon at the time the beacon

sent out the photons the detection of which is being used to control the

TR R T T ——

transmitter's orientation—by that time the beacon has moved to a new

position. Thus if the transmitted laser radiation is to reach the beacon,
the transmitter must not be pointed at where the beacon appears to be,
i.e., at where it was, but must be pointed ahead of where the beacon appears

to be, i.e., to where it will be. This is the point ahead requirement.

The one-way time of flight of the light is
T=R/C
where R is the range and C = 3 x 10® m/sec is the speed of light. If the
velocity of the beacon relative to the transmitter, as measured in an
inertial frame of reference® is V then in a round-trip time, 2+, the beacon
will have moved a distance 27V. It is this distance that the point ahead :
angle, ¢, must accommodate. We can write
J 9= 21V/R , (27)
from which it follows that

9 =2V/c c (28)

For the aircraft experiment the beacons' relative velocity is

|

*# It is important to recall that the rotating earth does not constitute an
' inertial frame of reference. Hence, a satellite in an synchronous
equitorial orbit, though it seems to have no relative velocity, actually
has a significant relative velocity in an inertial frame of referenca.

v
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nominally V = 200 m/sec so that the required point-ahead angie
$ =1.33x 1078 rad. This is small enough that we can consider it
to be virtually negligable.* For a satellite in a circular orbit at

altitude H the velocity is
Ve =1.996 x 107 (R¢ + HY"Y/2 | (29)

where Ry = 6.378 x 10° m is the (nominal) radius of the earth. The
velocity of a ground station at the AMOCS facility (du *o rotation of

the earth) is approximately V,,0s = 4.337 x 102 m/sec. Consequently
the relative velocity between the AMOsS Facility and a satellite at an

altitude of H = 1.0 X 10° m will be
V=Vs £ V,yuos , (30)

where Vg = 7. 348 X 10 and the plus or the minus sign is used accordingly

as the satellite moves about the earth contrary to or in the same sense as
the earth's rotation. Assuming that the two velocities are in the same sense,
so that the minus sign applies, then the relative velocity will be V = 6.914 x
10® m/sec for a satellite in a 1000 km altitude circular orbit. In this case

the point ahead angle is & = 46.1 X 10 rad, and the point ahead linear dis-
tance is HY = 46.1 m.
For a satellite in a synchronous equitorial orbit, for which

R, + Ha 4 x 107 m, satellite velocity is V; = 3.157 X 102 mn/sec. In this
£ Yy s

case the relative velocity will be V = 2. 72 X 102 m/sec, and the point-

* It is perhaps interesting to note that if the laser transmitter had absolute
boresight control, with A/D =5 x10""/1.6 = 3.125 x10~7 rad, the laser
beam main lobe would miss the beacon by almost 4 bearn wjdths unless
point-ahead were allowed for. But without absvrlute boresight control,
and using a round-trip adaptive boresight adjustment we will not even
be able to ebserve this small a point-ahead requirement
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ahead angle will be ¥ = 18.15 x 1078 _.4. The point-ahead linear dis-

tance will be HY = 610 m.

A particularly significant feature of the point-ahead phenomena
concerns the behavior of a corner reflector returned beam. If we insist
on it, we could consider the corner reflector in the satellite to be mov-
ing relative to the ground facility and then calculate the Fitzgerald con-
traction (special relativity) induced "distortion" of the corner reflector,
and accordingly calculate where the "retro directed" beam will actually
go. It is, however, considerably simpler and equally valid (since all
inertial frames are equivalent) to consider the corner reflector to be
standing still and the ground to be moving with respect to it. Viewed
in this manner and recognizing that the corner reflector will return the
laser illurninator in the direction it came from, i.e., back to where the
illuminator was when it sent out the laser radiation——but in the period
of the round-trip transit time the illurninators velocity relative to the
corner reflector will have caused it to move one point-ahead distance.

The corner reflector return will entirely miss the illuminator position,
and if it is to be incident on the adaptive optics laser transmitter's aper-
ture the laser illuminator must be displaced relative to the transmitter

by one point-ahead length. This is just the quantity H& evaluated above.
For a corner reflector in a synchronous equitorial orbit its value is 610 m,
and this is the distance that would have to exist between the beacon illu-
minator and the laser transmitter. Moreover, if the corner reflector return
of the adaptive optics laser transmission is to be monitored for antenna
gain evaluation, the receiver for that would have to be located 610 m on the
other side of the adaptive optics laser transmitter. For the corner re-
flector satellite in a 1000 km altitude circular orbit the same situation
applies, i.e., the beacon illuminator on one side of and the antenna gain

monitoring receiver on the other side of the adaptive optics laser trans-

mitter, but in this case the separations on each side would be only ‘6 m.
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2.4,3 Beacon Fower

In assessing the adequacy of the beacon as a reference that the
adaptive optics wavefront distortion sensor can use we can use either of
two criteria. We can simply determine the apparent stellar magnitude
of the beacon as seen by the wavefront sensor, or we can ask how many
photons the beacon delivers to an ro sized region of the transmitter aper-
tur= during a servo control bandwidth period. For the aircraft experiment

it will be more convenient to use the former as a basis for evaluation.

For the aircraft experiment we contemplate use of a 200 W super
high pressure mercury lamp. * This lamp produces about 10% lumens, with
an intensity I = 10 lumens/steradian in all directions except those "blocked"
by the pole pieces. The major dimension of the arc is £=2.2 X 10~2 m. At

a range of R = 20 ki = 2 x 10%* m the lamp will produce a flux density of

E =1/R?
= 10/ (2 x 10%)2
=2.5x 107% lux ; (31)

The corresponding stellar magnitude is

g

E
&4 15%0e (2.65 X 10“6)

=006 (32)

or essentially a zero magnitude. We further note that at this range the
D = 1.6 m diameter telescope operating at a nominal wavelength of

A = 0.55 x 107® m will have a resolution spot size of

* USHIO Corp., Lamp type USH-200D, or equivalent

A49=
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R ()/D)
2 x 10% (0.55x 107® /1, 6)

6.88 x 107® m : (33)

This means that the telescope can not resolve the beacon, so that we can
consider the beacon to constitute a single resolution element.  Accordingly,
we can classify the beacon as having a brightness equivalent to zero mag-
nitude per resolution element* at a range of 20 km. Going out to 30 km
the brightness will fall about one stellar magnitude. At 10 km range the
beacon will remain unresolved and its apparent brightness will increase by

about 1. 5 stellar magnitudes.

Apparently there will be little or no difficulty in getting a sufficiently
bright beacon for the aircraft c¢xperiment, since the Compensated Imaging
System can work adequately with a ninth magnitude per resolution element
reference and can work very well with a sixth magnitude per resolution
clement reference. Accordingly, a zero magnitude per resolution element
beacon should provide a more than adequate 1 reference source for control

of the adaptive optics in the aircraft experiment.

We start our analysis of the satellite experiment by considering the
case {rejected in our experiment planning because of implementation pro-
blems) of a laser transmitter onboard the satcllite. For a beacon laser
wavelength, ), and an onboard transmitter diameter, d, if the transmitted

power is, P, then at range, R, the beacon power density would be

=P [3n(d/))? JR"? : (34)

* This does not make any allowance for atmospheric transmission losses,
which may cost us several stellar rmagnitudes.

T With 100:1 attenuation through the atmosphere this would still be 4 fifth
magnitude per resolution element reference.
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For an adaptive optics subelem

N = lnr® en1/6,

photons detected, where

hc/a ;
2 x 1072/ ,

57
il

1§

is the energy per photon.

SNRy, available to control the adapt

SNR, = N1/?2

Resonable values f

- 6.33x 107" m

X_.
d=0.1m
P=1.0%10"°W
| R=4.0x10" m
so that

i‘x
o=1.225x 107° w/m? |,

and
4 & =3.160 x 107 J/photon .
With
r=0.1m
7=0.1
r=1.0x 1072 sec.

a photodetection quantum, T, during a tim

or the various parametérs are as foll

ent (ccntcr-to-ccnter) spacing , T, with

e Tthere will be

(35)
(36)
The effective signal-to-noise voltage ratio,
ive optics is
(37

QW S?
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we get

N = 3. 04 x 10* detections, (40)

and

SNRy =1.74 x 102 (41)

This is a more than adequate signal-to-noise ratio.

Unfortunately, for practical reasons we had to drop the concept

of a beacon laser transmitter and turn to consideration of a corner re-
flector in the satellite and a ground based illuminator. If the lluminator

has a diameter d; and transmits a power P, then the power density of the

satellite will be

& =P, [In(d, /A)2IR"® . (42)

If the corner reflector has an effective diameter dcy then the power it

will collect will be

Peg =i‘”dcn2 &, . (43)

The power density projected back to the adaptive optics by the diffraction

limited spread of the corner reflector will be
¢ =Py, [-}TT (deg /A)?] R2

Eq.'s (35)and (37) then apply just as written.
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For the synchronous orbit satellite we consider the following

set of parametric values;

A=50x10"7 m
d;=0.03 m
R=40x10"m
dgy = 0.3 m
P, =100 W
" so that
' §=4.0x10*° J/photon, (45)
! 8 =1.767x10°% W/m? , (46)
l
! P, =1.249 x107° W, (47) |
d
!' and
£=2.21 x107° W/m. (48)
Just as before using the wavefront distortion sensor parameter values of
:
b - r=0.1m |
4 |
'_- n=0.1 :
~ A
- 3 t=1.0x107° sec.
we get |
N =4.33 x10® d.tections , (49)
and
SNR, = 65.8 d (50)
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This is clearly also a quite adequate signal-to-noise ratio. In fact, it

is sufficiently large that we might be able t-o reduce the illuminator power
from 100 watts to 10 watts ( thereby reducing the signal-to-noise voltage
ratio to SNR, = 20. 8), or reduce the corner reflector diameter from 30 cm
to about 16. 5 crm (thereby reducing the signal-to-noise voltage ratio to
SNRy =19.9). Either reduction might be tolerated but not both, and in

fact with either our design margin is getting rather slim.

When we consider the 1000 km altitude circular orbit then the

relevant propagation parameters are as follows:

A=50x10"7"m
d, = 0.03 m
R=1.0x10®m
dey = 0. 025 m

P, =l.0W
so that
§=4.0x10"'° J/photon , (51)
6, =2.827x10"% W/m?, (52)
P.,=1.388x10"°% w , (53)
and
@=2.725x10"° w/m? . (54)
=54 =
= ——




Here again we use the wavefront distortion sensor parameters of

r=0.1m
n=0.1

T=1.0x 1072 sec

W —

so that we get

N =5.35x 102 detections (55)

and

SNR, = 73.2 (56)

us nuijte adaquate design margin, with some rather non stressing design

Parameters.

i
This is a clearly an entirely adequate signal-to-noise ratio and allows
We have concluded that this represents a preferred de sign

approach for the beacon.
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2.5 Conclusions and Summary for Chapter Il

The preceding sections have reviewed the various considerations
associated with an UpLink transmitter demonstration, and have presented
sample designs (in an overview sense) , along with some supporting analysis.
Subject to the constraint of a short term relatively low cost program we have
configured a two part demonstration/experiment utilizing an adaptation of
the Compensated Imaging System on the AMOS 1. 6 m diameter tele scope
as the adaptive optics laser transmitter. The first part of the experiment ,
which will allow testing of al! aspects of the UpLink adaptive optics theory
except for the propagation of a nearly collimated beam through the upper
atmosphere relies on an aircraft carrying a becacon and laser detector. A
simple arrangement for measuring antenna gain, by switching {ransmitter
diameter and observing the effect of the laser detector has been described.
A high pressure, 200 watt, mercury lamp is shown to provide an adequately
bright beacon reference at 20 to 30 km range, with no pointing requirement
—— so that the special aircraft cquipment for the experiment should be
remarkably simple. It appears reasonable to expect the aircraft experiment

to start producing results within 18 to 24 months.

The second part of the experiment would address only the additional
cffects that might be encountered when we send a nearly collimated laser
beam through the upper atmosphere. It is based on a very simple, un-
stablized and entirely passive satellite, in a nominally 1000 km altitude
circular orbit. The satellite would consist of sct of eight large (i. e.,
about one meter diameter) radar corner reflectors assembled so as to
cover all the octants of the sphere, and painted white so as to have a
reasonably sized reflected sunlight signature. Eight optical (mirror)
corner reflectors, each one inch in diameter would be placed in the satellite,
one at the vertex of each of the cight radar corner reflectors. A one watt,

‘ )

three centimeter diameter, 5000 A laser wavelength ground based {llu-

minator would be located 46 meters from the AMCS telescope, It wouid

-5¢-
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illuminate the satellite so that the corner reflector return would be avail-
able at the telescope as th. = beacon reference. A small telescope located
46 meters on the other side of the AMOS telescope would collect the
UpLink laser transmission intercepted and returned by the corner reflector.
From the measurement results provided by this small telescope it would

be possible to determine the adaptive optics antenna gain.

In the aircraft experiment the adaptive optics laser transmitter
would send a laser beam whose wavelength was near 5000 ?\, i.e., in the
blue-green. However, for the satellite experiment, to keep the aniso-
planatism cffect to a tolerable level, the wavelength of the laser beam trans-

)
mitted by the adaptive optics would be near 10,000 A.

We believe that the corabination of the aircraft experiment with the satellite
experiment will allow us to demonstrate the basic Upl.ink technology, and
will allow us to address all of the questions relevant to our understanding
of the operation of Upliink adaptive optics. Moreover, we believe that a

program configured along these lines Wwould be relatively inexpensive and

could be producing results within a relatively short time,
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