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OPTICAL TECHNOLOGY FOR EXPERIMENTS AND APPLICATIONS 

IN CISLUNAR SPACE 

L ~ f  the space program. They incltlde applications i n  astronomical, meteorological, 

and geophysical s a t e i i i t e s ,  as well as uses of lasers for  space tracking and 
*. I 

communication. Indeed, the range i s  so wide t h a t  only a few can be mentioned 

here i n  subs tan t ia l  de t a i l ,  but they w i l l  be suggestive of the challenging task  

of applying the new op t i ca l  technology in  space. We w i l l  a lso attempt t o  

out l ine b r i e f l y  how NASA is  approaching the  solut ion t o  some of these requirements, 

without r e s t r i c t i n g  i n  any way the f i e lds  i n  which Industry's  ingenuity and 

technical  know-how are still urgently sought. 
b 

Space Astronomy 
- 

An obvious and in te res t ing  question which one asks of an astronaut o r  

instrument sent in to  space i s ,  "What do you see?" Astronomers, especial ly ,  are 

anxious t o  be freed from t h i s  sh i f t i ng  and concealing fog we c a l l  our atmosphege, 

and orbi t ing  astronomical observatories promise t o  yield some of the most exci t ing 

s c i e n t i f i c  r e su l t s  of the space program. From the ear th ,  s t e l l a r  radiat ion at  

wavelengths t o  each s ide of the v is ib le  spectrum, i . e .  most of the infra-red out 

t o  the submillimeter and microwave region, and most of the u l t r av io l e t ,  out  t o  

the gamma-ray region -- cannot be detected because of atmospheric absorption. 

Even a t  wavelengths for  which the atmosphere i s  transparent,  i t s  turbulence 

b lu r s  images, hides d e t a i l s  of galact ic  s t ruc ture  and multiple star systems, 

and prevents study of high resolut ion spectra. The hope of correcting these 
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w f e c t s  of earth-bound astronomy has inspired plans f o r  Orbiting Astronomical 

Jbservatories,  Manned Orbiting Telescopes, Manned Orbiting Research Laboratories, 

Apollo Telescope Mounts, Lunar Observatories, e t c .  

l imited large-aperture re f lec t ing  telescopes. 

A l l  of them ask fo r  d i f f rac t ion-  

'. ' 

Since the degrading e f f ec t  of the atmosphere i s  not present i n  space, 

op t i ca l  performance w i l l  be l imited only by the diameter of the mirror,  which 

determines minimum, d i f f r ac t ion  image size,  by the accuracy with which the 

mirror surfaces conform t o  t h e i r  t r u e  theore t ica l  shape, by the degree t o  which 

the detector  remain# i n  the foca l  plane, and by the steadiness with which the 

instrwnent'is pointed tt the t a rge t  and the  image is kept s t i l l  on the photo- 

' 

f 

graphic p l a t e  o r  spectroscope s l i t ,  while the exposure is  being made. Our 

.- goal i s  t o  place a 3-meter diameter astronomical telescope i n  o r b i t .  The i d e a  
I -7 

image would thus have an angular size (at 5000d) of 4 x 10 

of a rc .  

diameter mirror surface within .5 micro-inches of a t rue  parabola, and the 

point ing axis within 0.01 arc  seconds of the  t a r g e t  s t a r ,  while the spacecraft  

radians,  o r  0.08 seconds 

Corresponding mechanical tolerances would require keeping the 120-inch 
1 

has t o  cope with thermal e f f ec t s  of sunshine, earthshine,  and cold space, and the 

dynamical per turbat ions of gravi ty  gradients, so l a r  wind, micrometeoroids, and 

possibly an astronaut pu t te r ing  around on-board. 

required only i n  space, hopefully soluble i n  space. 

Formidable specif icat ions:  

Several  s tud ies  a re  ser ious ly  devoted t o  these problems, with encouraging 
I progress on paper and i n  -the' iaboratQry, We can't l e u c h  a sol id,  perfec t ,  .. a' 

. *  
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3-meter telescope, and expect it t o  maintain specif icat ions i n  o r b i t .  

c a n ' t ,  even make and test, one; on earth. 

whose op t i ca l  f igure is adjustable i n  minute increments, invent a sensor 

which can s u t m a t i c s l l y  diagnose its devigtions fron! =er fec t im,  m d  provide 

an act ive servo control t o  keep the image d i f f rac t ion  l imited.  One rea l iza t ion  

of such a scheme is  shown i n  Figure 1. The 3-meter mirror would be composed of 

seven smaller hexagonal mirrors, each, perhaps, an off-axis  parabolic section 

(We 

We m u s t  develop R lnrgc! f.el~sr?o_ne 

I 1 made of "egg-crate" fuzed quartz. (We can make smaller d i f f rac t ion  l imited - 
mirrors.)  

a l a s e r  b e d  directed a$ it from i t s  center of curvature w i l l  be re f lec ted  back 

i n  phase from a l l  portions of the mirror. An interferometer is  formed, sensors 

monitor the interference fringes,  an on-board analyzer then in s t ruc t s  actuators 

t o  adjust  the  mirror sections u n t i l  the correct interference pa t te rn  is  formed, 

and the mirror i s  e f fec t ive ly  "perfect". 

deforming a th in  mirror, or by introducing judicious thermal gradients by means 

of imbedded heaters,  t o  control the mir ror  f igure.  

example of an ac t ive ly  controlled mirror has already been shown t o  maintain 

i ts  optimum qual i ty  under a wide range of perturbing influences, using the above 

The d i a a o s t i c  t o o l  i s  a helium-neon l a se r .  If the mirror is  per fec t ,  

! 1 ' 

' I  

I 
k 

- 

> Similar r e s u l t s  could be obtained by 

An 18-inch, 3-segment 

technique, as shown i n  Figures 2 and 3. 

The problems of pointing the telescope are  not new, even though more severe 

The Orbiting Astronomical Observatory has already been designed t o  t i an  before. 
I poin t  t o  0.1 arc  seconds, and the Gtratoscope ii $-inch bai_?.oon-supported 
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telescope successrully locked onto a 9 t h  magnitude t a rge t  and tracked t o  

x i th in  .016 arc  seconds. It seems sensible t o  correct  the pointfng of  the 

main telescope and s a t e l l i t e ,  by means of a f ine  adjustment t ransfer  lens  

which can comFensate f o r  perturbations a t  r a t e s  up t o  100 Hz, instead of t rying 
1 . 

t o  slew the en t i r e  spacecraft t o  compensate f o r  small drifts  and perturbations.  

The Role of Man 

We expect some of these perturbations would be due t o  the presence of a 

man, whose dut ies  w i l l  be v i t a l  t o  such a complex spacecraft which must continue 

t o  operate for  many years. 

start and efraluate i t s  operation, and then v i s i t  it per iodical ly  f o r  repairs ,  

as i n  Figure 4. 

He must assemble the equipment i n i t i a l l y  i n  space, 

A n  astronaut could change mirror elements, perform re-coating 1 
I1 I 

m operations,  and replace experiments and detectors.  There w i l l  a l so  be very 

- i n t e re s t ing  technological questions fo r  him t o  answer. For instance, "What 

i s  the sca t te r ing  environment i n  the immediate v i c in i ty  of the spacecraft ,  due 

t o  debris and vapors t rave l l ing  along with the ship?" O f  course, we w i l l  have 
1 

t o  t r ace  and correct  any such degrading influence. 

The Growing Imp ortance of Lasers i n  Cislunar Space 
I: 

The propert ies  of lasers :  t h e i r  very high in tens i ty  and spec t ra l  pur i ty ,  

l our ab i l i t y  t o  focus them in to  narrow beams, t o  modulate them and detect  s ingle  
, 

photons, have suggested important applications i n  the space program. "he most 

~ dramatic of these i s  not within the scope of t h i s  discussion, i . e .  t h e i r  use i n  

I 
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However, lasers are already being used t o  very good advantage and are  being con- 

tempbt.ed by NASA for  other purposes. We s h a l l  see t ha t ,  by developing the 

technology for these more immediate applications, valuable i n  themselves, we are 

sLx?iLtaneously laying the necessary groundwork f o r  the deep-Jpace op t i ca l  l i n k .  

Pulsed Laser S a t e l l i t e  Ranging 

In  October, 1964, NASA launched the f i r s t  of the s a t e l l i t e s  with arrays 

of fuzed-quartz cube corner re t roref lectors  t o  a c t  as cooperative t a rge t s  f o r  

laser radar s ta t ions  (Figure 5 ) .  

the incident l ight  back toward the transmitter.  

the  techniq'he and achieved ranging precision of about 1 meter, using the  ground 

s t a t i o n  i n  Figure 6. There are now f ive such s a t e l l i t e s  orb i t ing  the  ear th:  

three launched by the  U.S.  (Explorers 22, 27, and 29)  and two by France (D1C 

and DD). 

Char1 ever before, locat ion of tracking s ta t ions  on a global scale ,  studying the 
> 

shape of the  ear th ,  detecting continental d r i f t ,  and ca l ibra t ing  other tracking 

systems. 

In t e re s t  i n  using t h i s  type of l a s e r  tracking as a standard geodetic t oo l  i s  

now growing fast:  the Smithsonian Astrophysical Observatory, the A i r  Force, 

Coast and Geodetic Survey, the  French, and NASA are a l l  considering making them 

permanent pa r t s  of t h e i r  tracking and mapping networks. 

experiments require accurate posi t ion information can easi ly .add re t roref lec tors  

t o  t h e i r  SmfaCe, because yney are cheep, ligh$#:ei&ht, ~?nmpletely passive, and 

The quartz prisms r e f l e c t  3 maximum amount of 

Shortly thereaf te r ,  we demonstrated 

Such precise  tracking permits b e t t e r  determination of s a t e l l i t e  o rb i t s  

Figures 7 and 8 i l l u s t r a t e  the qua l i ty  of data  being obtained regularly.  

S a t e l l i t e s  whose 

last i nde f in i t e ly  . 
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Ftgure 9 i s  a block diagram of Goddard's tracking s ta t ion .  In  addition I 

1 

, 

t o  some of the elements of a rudimentary radar s ta t ion ,  there are  some features 

t h a t  are per t inent  t o  our discussion o f  opt ical  technology. 

is 

I 

The l a s e r  i t s e l f  

a 0-switched ruby l a se r ,  which can s t i l l  benef i t  from .improvement. Typical . i  
i 

~ 

present l a s e r  performance may be transmission of one joule of energy a t  

I 
I 

6943 Angstroms i n  a burst  20 nanoseconds long, in to  a beam about 1/4 degree 

wide, and then t h i s  i s  further narrowed down t o  one mil l i radian by our trans- 

mit t ing antenna opt ics .  
I 

We hope t o  improve our range resolution by another 

I factor  of 10, so we would l i k e  sharp, single-pulse outputs, with r i s e  times I 

' ,  
of 1 nanosecand. 

brightness and permit our technique t o  be used wi th  smaller s a t e l l i t e s  and/or t o  

Higher power and narrower divergence should give us higher 
0 

I - greater  ranges. Suitable materials for  components such as beam s p l i t t e r s ,  

transmitt ing antenna lenses,  and mirrors must be found which w i l l  withstand 

radiat ion in t ens i t i e s  as high as 500 megawatts/cm without damage. Photomultiplier 
1 

response and electron transit-t ime spread a re  introducing s igni f icant  l imi ta t ions  

2 

t o  our range measurement resolution, and time in te rva l  counter s t a b i l i t y  and 

clock precis ion are  a l so  becoming c r i t i c a l .  

In  order t o  point our l a se r  beam a t  the s a t e l l i t e ,  the mount i s  controlled by 

a computer which continuously compares shaf t  angle encoder values with a programmed 

tape prepared previously from the predicted s a t e l l i t e  t ra jec tory .  The computer, 

incidental ly ,  a lso operates a "range gate", r e s t r i c t i n g  the  detector  effectiveness 

to a short time in te rva l  during which t h e  echo IS z x ~ e ~ t e d .  This ,  t ~ g e t h e r  with 

9 narrow pass-band color f i l t e r ,  gives us considerable discrimination and allows 
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u s  t o  operate i n  high ambient backgrounds. I f  the predictions were correct ,  

and the servo control accurate, the s a t e l l i t e  would always be iiiuminated by 

t h e  l a se r  beam, which now has a spread of about one mill iradian. (We f i r e  it 

at  a r a t e  of once per second.) 

and night,  without having t o  "see" the s a t e l l i t e .  

We would then be able t o  operate bDth day 

Actually, we cannot y e t  

I r e ly  on the programmer accuracy, so we l i m i t  our operations t o  twi l igh t ,  and 

I use an observer a t  a boresighted telescope t o  correct the program drive and 

keep the v i s ib l e  s a t e l l i t e  i n  the l a s e r  beam. Here i s  an obvious area of 

needed improvement. 

upon our more accurate tracking data; we should be able t o  autotrack on the 

We should be able t o  generate bette.r predict ions,  based 
* 

ref lected l a s e r  radiat ion once we have acquired and h i t  the s a t e l l i t e .  

of these improvements w i l l  soon be incorporated. 

Both 
i 

.. Continuous Laser S a t e l l i t e  Tracking. An Earth Laser Beacon 

In  the  near future ,  we may thus expect regular pulsed l a s e r  s a t e l l i t e  1 

ranging, w i t h  precision of about 15 cm, a t  data r a t e s  up t o  5 measurements per second. 

What then? The next s tep  i s  t o  t rack  these same passive r e f l ec t ing  s a t e l l i t e s  

, with continuous l a se r s .  A ground s ta t ion  similar t o  t h a t  already described i s  

being b u i l t  around the Ionized Argon laser .  Four watts of power a t  4880 Angstroms ' 

w i l l  be in t ens i ty  modulated with a tone of 136 Mhz and beamed a t  the s a t e l l i t e .  

In  the r e f l ec t ed  l i g h t ,  the  modulation tone w i l l  be doppler sh i f ted ,  giving us 
I 

a measure of radial velocity.  
I 

A measurement of range r a t e ,  such as t h i s ,  i s  cer ta in ly  very valuable for 

o r b i t  determination, and j u s t i f i e s  the necessary development of field-worthy 



-8- 

transmitters,  modulators, detectors and tracking electronics .  However, as we 

c f - f e a  ~ a r 7 i - ~  d-evelopm~nt of t h i s  capabi l i ty  also goes a long way toward 
I t  

v v u  " V U  -- ---- 

p;wviding techniques t h a t  w i l l  be needed l a t e r  for deep space op t i ca l  communication. 

5-1 t h i s  case, the A q p r .  laser d i rec%ed  toward a s a t e l l i t e  represents prec ise ly  

the "up-link" prescribed i n  most versions of ground-to-spacecraft l a s e r  telemetry 

l inks .  It provides a beacon, t o  which we expect the planetary probe w i l l  have 

t o  d i r ec t  i t s  very narrow op t i ca l  or  infrared beam, with i ts  high data r a t e  

information. The Argon radiat ion from the ear th  can also carry commands and 

', 

information t o  the s a t e l l i t e .  The Argon l a s e r  was chosen as the bes t  avai lable  

fo r  t h i s  pubose ,  but  it requires considerable improvement i n  l i fe t ime,  s t a b i l i t y ,  

and power output. 

I 
I 

I 1  

a It is  important a lso t o  study the e f f ec t  of the atmosphere upon such l a s e r  

radiat ion,  i f  we are  contemplating the use of ground s ta t ions  i n  o p t i c a l  

communication with spacecraft .  I n  addition t o  several  experimental s tudies  of 

p i v p g a t i o n  across horizontal  t e s t  paths, t he  pro jec ts  using passive s a t e l l i t e  

r e f l ec to r s ,  described above, give us an opportunity t o  measure per turbat ion 

due t o  the en t i r e  atmosphere, without requiring an active t ransmit ter  i n  the 

spacecraf t .  

d i rec t ion ,  and time delay of the pulsed l a s e r  re f lec t ions  from the Explorer 

s a t e l l i t e s .  On GEOS-B, which is now being b u i l t ,  we w i l l  go fur ther .  

only w i l l  there be an ar ray  of re t roref lec t ing  prisms, but also a photomultiplier 

detector  (Figure 10) which will measure the in t ens i ty  of Argon l a s e r  raGiation 

- 

1 

We have already been studying the f luctuat ions i n  in tens i ty ,  

Not 
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reaching the s a t e l l i t e ,  and transmit t h e  data t o  ear th  v i a  i t s  radio telemetry 

system. We should then be able t o  analyze and compare the modulation depths 

and frequencies i n  the up-link, and i n  the round t r i p ,  as a function of atmospheric 

cnnditinns and beam aperture. '* 

communication applications.  

Infrared Laser Experiments 

Such information w i l l  be important f o r  the op t i ca l  

I 

The e f f ec t s  of the atmosphere may be even more serious when we t r y  t o  

use coherent receiving techniques on radiation a r r iv ing  from space. The most 

a t t r a c t i v e  l a se r  source fo r  spaceborne t ransmit ters ,  i n  terms of eff ic iency,  

power outpvft, and s tabiTi ty ,  i s  now Carbon-Dioxide, which rad ia tes  a t  10.6 microns. 

Corresponding detectbrs a re  well on the way t o  being developed, bu t  it appears 

t h a t  i n  order t o  overcome i n t r i n s i c  background noise, 

heterodyne receivers,  w i t h  strong loca l  o sc i l l a to r s .  

tieam passing through the atmosphere must conserve i t s  

we s h a l l  have t o  use 

This means t h a t  the 

phase across the aperture 
1 

of the receiving telescope. S a t e l l i t e  experiments are  being prepared t o  t e s t  the 

extent t o  which t h i s  i s  t rue .  

Figure 11 is  a block diagram of an infrared transceiver t o  be used w i t h  

passive r e f l ec t ing  s a t e l l i t e s .  Unfortunately, the spec ia l  r e f l ec t ing  arrays 

already i n  o r b i t  w i l l  not be ' su i tab le ,  because quartz does not trarkrnit 10.6 micron 

rad ia t ion .  

, 

However, the high power radiated by C02 l a s e r s  permits us t o  obtain 

usable re f lec t ions  from one of the Echo balloons. Later, we would l i k e  t o  

f o r  these experiments. The figure i l l u s t r a t e s  some of the technological problems 
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i t t t t  must be solved i n  any ground s t a t ion  used fo r  t h i s  purpose. A carbon- 

aioxide l a s e r  here a c t s  both as t r ansmi t t e r  tmd l o z d  occ i l la tor .  Vi.sible 

i i g h t  from the s a t e l l i t e  t a rge t  i s  used by a s ta r - t racker  t o  a i m  our 24-inch 

*.ttlc%scope, but t o  make sure t h a t  the received signai is  accurately supx5mposed 

wi +h the l o c a l  o s c i l l a t o r  on the mixer/detector surface,  an addi t ional  image- 

no: :on compensator w i l l  correct  for  any remaining deviation o:P the  incoming 

*. 

r a d i a t i o n  from the o p t i c a l  axis. In  t h i s  experiment, we w i l l  study the phase I 

coherence of the s igna l  and learn  t o  cope with doppler s h i f t s  greater  than I 

l c@ob lhz ,  changing a t  r a t e s  of many Mhz per second. I *  

, ' i  I 
Ot'ner Laser Experiments 4 n  Cislunar Space 

2 

I ; 'I[ 

I 'I; 

1 I ,  

I 
As indicators  t o  future  technological developments, we have discussed 

a c t i v i t i e s  i n  tracking s a t e l l i t e s  w i t h  pulsed and continuous l a se r s ,  s tud ies  

o f  atnospheric propert ies ,  and experiments preparing the way t o  op t i ca l  space 

7 

.. 

1 coaminications. 

t o  NASA pro jec t s .  

There a re  many other prop,osed valuable applications of l a s e r s  

Some of these deserve t o  be mentioned, a t  l e a s t  b r i e f l y ,  i n  

a summary of t h i s  type. 

NASA's achievements i n  photographing the  ear th ,  moon, and Mars, from the 

vantage po in t  of space, demonstrate the excellence of our equipment and techniques 

i n  t h a t  area. 

l i n e a r  dimension must be prec ise ly  known. 

However, i n  order t o  add an accurate scale  t o  such photographs, some 

A pulsed ruby l a s e r  radar system on 

the s a t e l l i t e ,  boresighted with the camera, can determine i t s  a l t i t u d e  above the 

surface with a prec is ion  of two meters, giving t h a t  necessary information. With . 



I 

~.;c?'??ci, 2eight.s f r o m  above: par t i c l e  density and s ize ,  perhaps even clear  air 

turbulence. 

k, exci t ing s c i e n t i f i c  experiment i n  which there is  now a great  deal  of 

i n t e re s t ,  i s  the precise  measurement of the moon's motion by means of pulsed 

l a s e r  ranging. It is  now en t i r e ly  feasible t o  s e t  up a passive r e f l ec to r  on 

the moon, and t o  measure i ts  range from a ground s t a t i o n ,  w i t h  a precis ion of 

10 t o  15 cm. 

of the lunar  o rb i t ,  l i b ra t ion ,  precession, and changes i n  period, w i t h  accuracies 

far greater  'than ever beFore. A wealth of information concerning the s t ruc ture  

of the moon's i n t e r io r ,  the g rav i t a t iond  f i e l d s  of the ear th  and moon, and the 

I 

I 
Thus, over long periods of time, we can study the in t r i cac i e s  

~ 

i + theories  o f r e l a t i v i t y  and gravi ta t ion can ul t imately be derived from such an 

-11- 

some refinement of t h i s  equipment, a spaceborne l a s e r  could also measure 

e xp e r i:ne n t . 
Optical Ground Stations 

I 

Most of the l a s e r  programs t h a t  have been described i n  t h i s  a r t i c l e  require 

a new brand of ground s t a t ion .  Superficially,  the equipment may look similar 

tc t h a t  a t  an astronomical observing s i t e .  For instance, the lunar experiment 

and s a t e l l i t e  communication experiments must u t i l i z e  telescopes la rger  than 

60 inches i n  diameter. However, the manner i n  which such a telescope i s  t o  

be used imposes design specif icat ions which a re  not normally required i n  

as trommy . 
Since bulky l a s e r  transmitters and receivers must be attached tz it, we 

m u s t  henceforth r e s t r i c t  the design t o  Coude o r  Coelostat type s t ruc tures ,  
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In which the focal  point remains stationary.  The narrow l a se r  beams and 

iietector f i e l d s  of'view, several  seconds of a r c  i n  diameter, a i s t  be aLmd 

very accurately from the ground, even when the t a rge t  i s  not v i s ib l e .  This 

implies r i g i d  s t ruc tures ,  precise angle encoders, coqputer-controlled servo 

systems, and sophisticated scanning and acquis i t ion rout ines .  Some of the 

s a t e l l i t e  experiments even require receivers t o  be displaced from the 

'. 

t ransmit ter ,  and accurately slaved together. 

Figure 12 i s  gn experimental 24-inch aperture telescope a t  Goddard, 

which is being used t o  explore the technology of the new op t i ca l  ground 

s ta t ions .  

which has the most c r i t i c a l  pointing requirement so f a r .  

c l ea r  t h a t  a new f a c i l i t y  is  required, i n  an area of good "seeing", t o  r&a?ize 

the po ten t i a l s  of the new op t i ca l  technology. 

It w i U .  be used for  the 10.6 micron experiment described previously, 

However, it i s  very 
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