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COOPERATIVE LASER RANGING RESEARCH PROGRAM

FINAL REPORT

Contrac t No. F19628-73-C-0089

1 . INTRODUCT ION

Under th i s contract , the Smi thson ian Astrophysical Observatory (SAO) assisted

the Australian Division of National Mapping (NATMAP) in the establishment and

ope ration of a laser facil ity for ran gin g to d istant or bi tin g an d lunar tar gets .
A lunar laser ran ging (LLR) system was obtained from the Air Force Geophys i cs

Laboratory (AFGL) and installed at On-oral Valley , Aus tral i a , under the direct i on
of Dr . Peter Mor gan , Senior Surve yor , NATMAP . Modifi cations were made to the

equipment to enhance its capability to range to lunar reflectors and distant

s atell i tes and to ob tain data for geode t i c an d geo physical res earch . Lunar
ran gi ng has been un derw ay sin ce late 1976 w i th some apparent success . A re qular
schedule of measureme nts to lunar reflectors has been esta b l ished , a l t hou gh
several problems must be overcome before the system is operational. No definitive

s tatement of returns can be ma de; how ever , some p romi s i ng pat tern s h ave emer ged .
The equipment , w hi ch ha d been obtaine d under Contrac t No . Fl9628-73-C-O089 with
AFGL , was transferred to the Smithsonian Institution on 6 December 1976.
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2. TI lL LUNAR LASER RANGING FACILITY

2. 1 E l ~~~ment_ of ~ t h e j d j j~~

2 .1.1 ~~~is of cooperation

Tho coo te rdt ive laser rangin g research program began in 1972 when the AFGL

closed its laser ranging facility at Mt. Lemmon , near  Tucson , Arizona. Discussions

among AFGL , the National Aeronautics and Space Administration (NASA), SAO , and NAT-

MAP were held to explore the feasibility of using this equipment to establish and

operate a laser facility in Australia to range to distant orbiting and lunar tar-

gets to gather data for geodeti c and geophys i cal research .

In early 1973 , discussions resulted in a series of cooperative agreements for

the acquisition and operation of the equipment — notably amono AFGL and SAO , SAO
and NASA , and SJ\O and NATMAP .* The LLR system was obtained by SAO from AFGL ‘in
November 1972 as government -furnished equi pment under AF [SD Contract No. F19628-

73-C-O089 to perform cooperative laser ranging research ; the system was dismantled
an d s hipp ed to Austra l ia , where i t arri ve d i n March 1973 .

2.1.2 Site selection

Wh i le these ne gotia ti ons were i n p ro g ress , NATMAP evalua ted a number of local
Can berra si tes for su it ab i l i t y and log ist ics feasibi l ity . Amon g the sites investi-

gated were Mt . Stromlo Observa tor y, Mt. McDonal d , the Orr oral Val ley coll imation
tower area , the Honeysuckle Creek collimation tower area, and Kowen Forest. The

Orrora l Val le y col l imat i on tower area , part of the NASA Satellite Tracking and

Data Acquisition Network (STADAN ) facility at Orroral Valley, was selected . Its

*
To facilitate the establishment of a suitable observatory , SAO received NASA
Grant NGR 09—015—208 for $24,995 for support of the lunar laser ranging system
in Australi a . This grant was effective 1 January 1973 and terminated 30 Sept-
ember 1976.

2
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meteorolo gical characteristics are neither more nor less favorable for optical work

than those at Mt . Stromlo , but it offers the fol l owing advantages :

A . The possibility of building a complex astroqeodetic site.

B . Dark skies and better optical extinction.

C. Freedom from city lig h t pollut i on.

D. Support for logistical cervices .

A fter i nvest ig atin g the area ’s geology and the possibility of electromagnetic

radiation interfering with the STPDAN facility , conduc ting furt her seein g tes ts , and
completing an envi ronmental impact statement , s i te select i on was made i n May 1973.
F i nal app roval was received that Septenter , and work on clear i ng the s i te and r’e-
p ar i n g the founda t ion  are a commence d i mmed i a te l y.

2.1 .3 Site const ruct ion

*Figure 1 gives a general vi ew of the site and building; geodeti c survey pillars

are visible on each side of the building .

Wor k on drilling and blasting the foundation rock continued throughout October

1973; in the following month , bi ds were let for building constrl! ,.tion an d an order

was placed for the Ash dome.

Bl asting and preparations of the building area were completed in February 1974,
- t t  which time a contract for the erection of the LLR system was let with a specified

completion date of early June.

* 

To comp lement the laser act iv i ty and provi de sufficient data to se para te local
crus tal movement from general tectonic movement , a fi rst-order geodimeter network
wa s es tab li s hed ; i t i s centere d on Orroral Val le y and extends over 40 km i n all
directions . S i mul taneously , a first-order leveling survey over 250 km was com-
pleted for vertical -movement studies . It is hoped that these measurements will be
repeate d i n late 1977 to gain some i dea regar di ng the local strain pattern in the
area . T he surve y has also interconnected , to the hi ghest possible p recision , the
SAO laser facility in Orroral Valley , the Jet Propuls i on La boratory ’s Deep Space
Net antennas at Honeysuckle Creek and Tid b inbilla , and the classical PZT at Mt.
~tromlo.

3
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In July  197~ , the telescope , which had been undergoing te~tin q at the Australian
‘~iti o nal Univers i ty , was dismantled and packed for transfe r to Orrora l Valley . The

~a in f r r~it was placed in positi on late in the month , and the Ash dome was i mme’diatel~
i ns ta l l ed  to waterproof t he  h ii i ldi nq. From August th ro ‘ot h N e v p , ’t t o  r , ef for ts  we re

ncentr ated on providing the new huildinri wi th  serv ices ; r I w a r l c y  W I S  achieved la t e
t h a t  Nove r itbe r .

2 .1. 4 Equipment installation

Equi ~~~uert t reassembly and ins ta l la t ion proceeded i r ’o fa r  as possible throughout
the period of construction . Reassembly of system components commenced in the spring

of 1973 and continued in phases ; use was made of the facilities of the Orroral Valley

STADAN sta tion , where the laser was reassembled and test. fired , and the workshops of

tee School of Earth Sciences of the Austr a ’
~ian National University , where the tele-

scope , minus the primary and seconda ry mi rrors , was refui-hi shed and test-asse mbled.

Near the end of October 1974, specifications for the mini computer to contro l
¶ 1 system were made final , and progress continue d ‘in assembling the laser and

el ctronics; this work benefited front a visit of Mr. J. D. Williams , w h o was pre-
vi~~sly in charge of the equipment at Mt . Lernion. Work temporarily ceased on this

part of the system when the STADAN station was no longer able to provi de work
acilities . The laser and electronics were disassembled and packed for storage .

Reassembly of the telescope in the workshops at the Australian National Unive r-

~~~ continued until 1 July 1974, when its main frame was installed in the newly
constructed LLR building.

In 1975 , the 60—inch telescope was refurbished and all stored equipment was

sen t to Orrora l Valley . Installation of the telescope took much longer than ant ici—
pated because of unexpected difficulties with the gears and drive assemblies.

Pro b lems in handlin g lar ge and heavy items in and aroun d the telesco pe were also
ex perience d. The primary mi rror was installed in May 1975.

.
~~~~~~ 
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General ~y t ei development work , including cablin o , systeni contro l , and

computer interaction , toqcther with problems of telescope ali gnme nt , dominated

the  t-et ’ i i nder of 1976 .

Early in February 1976 , the telescope was hrouqht j ntn final al iqnm ent both

internally and relative to the refracted pole; good imaci s resulted. The laser

was then mounted on the telescope and fired successfully. Work continued on

bote the laser transmitter and the receiver segments , with the latter finally

t~ aching the telescope by May .

(I number of problems appeared during regular test firing of the laser , and

considerable effort was expen ded in modifications . The firs t attempts to acquire

the target w i t h  th e refurbished system took place in July 1976. The LLR has been

onerated on a scheduled basis since mid -1976 with some apparent success . Atten ti on
is still being g i ven to a number of operational an~ hardware problems .

Fi gure 2 shows a genera l view of the observing floor , wherein the mai n

north pier and the guidance rack for pointing are seen. Thr lightweight mi rror

desi rn is readily visible .

2.2 SAO Activities

Throughout this period , SAO acted as the principal United States interface

at nn j the various cooperatin g agencies and provided NATMAP with advice , recommen d-
ution s , and coordinati on services in such areas as site development , systems
engin eering, and overall facilities integration.

SAO procured and sent to NATMAP vari ous i tems and pieces of hardware not

ava i la b le i n Aus tral i a and p rovi ded cont i nual lo g is t ics su pport .

SAO was particularly active during peri ods of initial reassembly and testing

of t he laser an d elec t ron i cs an d duri n q com puter insta l la t ion an d telesco pe ali gn-
ment. NATMAP rel ied on the su pp ly ch annels of SAO for electronics and laser
supplies , as American standards were maintained on the equipment.

6
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Fi gure 3. General view of the 60-inch reflecting telescope at
the LLR ins tal lat i on.



SAO w ill continue to maintain a close relationship with NATMAP when the LLR

becc’nes fully operational and will remain interested in field observational

ac ti vit i es , i n c l u d i ng eq ui pment modi f i ca t ion  and ma in tenance , parts procurement

and trans port ati on an d other lo gi st ic an d administra t ive matte rs .
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3. THE LLR SY STEM

o p ’lnr u l h i p i u n t  if  I h l U l i i t u i e I i t  from the Unit ed St ~~te  Co n ° 1 S t ° d  O~ t h e

~ul1ti ’ 1ir , 5~~ 
c , . . . :  a f i p_ i n s u i Enq l ish _ y oke _ i o , ioted tC leS . rIpe , a rut , lri ’ e r ,

t i  i~ - 1 f l J  c i rc u i t  u~~l o i l  l i - l i e s , and a co~’ -~nd modul e . T h i s ( q U i u l n t  wa s
n i c t i nj ~ 1; obt ii nod y ~ Pfl I ,o’- ’~f GL i qovern inent—furnished e o uip’ l’ nt  hr

c r t r ic t  ~~O. F ~628—73-I)u :t); i Mu n t a b i  ii t y  for the sys te m was t ran sfer r i d to
Smith o nilo I ft ti t u t i r n  as a inver n i ,i’nt agency on 6 December l°76.

< e,p ral “ d~ f ic ut  ions i’Jero ma P- t ( ; sys ter  components to enhance i t;  nw c. - —

t ion i l ca pabi l i t  i II SI  u r e  di’ scus ’ ,erl separately bel ow . 
-

1 T i e  ~~h l l .~~cup e

‘ fit h _ i n C h  , , f i i n t i i  rIni. rnrl’ c r eal telescope was installed in a classical
— 

~~ i ~~ . “dju t r ent t i -  lati ti P .a ri a finn betoenri ~~ L~~ tnon and Orrora l ‘.a l le-
ni- dim e  wi~ s~ 

j o ~ Ad j uy -  nt , to the inclination o~ the vo~e necessit ated

~~~109 tt ie ln . a iori ~ t h i -  6—i rnh ~‘ 
ir r ic t i n: telescope , used as a finder on t~ 1

n -  a ~luc ’ ~oh no t k i t ress es. Al thmcu ,h thi s alte ration did not Unit t I e

decl i nati un I - n - :  of t u e  telescoe e , i t  inc~~~nt e d  the eyepie ce frcm beind used . A
s t i nd i r d  v id icon ca mera ,y s t  or was t hiu ,  ef~~t - e f it terl to the telescope.. Exper ienc-

- :- 
with Ui in ,yster s t o w ; that fi fth- ruarni t i P ’  s tars can be detected for nenera l Svn t

wur~ . HO /over , the greatest gain is in t he  g uali t v of the lunar i nraoe , which eeti er_

a l l y has letter nnr,trast than the standard main field optical train and reduces t m e
t i e  spent searching for lunar—targe t areas and guide craters .

The tracker unit of the telescope required considerable modification to prr~~de
it with the reverse -drive capability necessary f~s1 the Sou the rn Hemis pher e. At tho

rror w~r t , both t b ’  polar axis and the de clination axis are variable to a few parts in

50,000 of the period of a standard pulse (50 msec) . T hi s mo d i fi cat i cn -_ with i ts
update capacity , which enables the basi c rate of the telescope to be matched to the

luna r’ rdte and not to the sidereal rate — has improved tracking and reduced the
dependence on the supp lied feedback loop generated via the imane dissector tube.
This latter facility is not yet fully conve rted .

10
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I qenerul view of the 60 inch telescope is reproduced in Fiqure 3.

3.2 The R u b y Laser Transmit ter

It has been difficult to maintain the laser in an operational state. Although

the current configuration is similar to the ori gi nal one at Mt. Lemmon , many concepts

have been changed. Some of the more important differences are as follows :

A. The ba sic method of 0-switchin g the cavity has been changed front a rotating

pris m to a saturable dye. This will shortl y be converted to a Pockels cell in order

to i ’trove stability and eliminate the alignment modifications that are currently

necessary when the dye cell is removed for refilling.

P . Many opti cal comp onents have been relocate d w it h i n t he lase r  box , which was

found to be susceptible to flexure i nduced by different telescope aspects .

C . The laser fi re control was redes i gned and rebuilt by using integrated cir-

cuits and computer control logic rather than fixed digital logic.

As of the date of this report , the laser st i ll h as rel ia b il i ty p ro b lems . It
needs constant adjustment to maintain the required pulse characteristics of better

than 1 joule into the telescope with a half-power pulse width of 15 nsec. A num be r
of upgr adings are being carried out; amonq these are the transformation of the

nresent dye-cell oscillator cavity into a Pockels-cell—switched cavity and the

lengthening of the laser oscillator . Computations indicate that a pulse width of

20 nsec should be obtainable with power levels a t 40 Mw us i ng a Pockels cell for
th e Q _ sm h i tch  Len gth en i ng t he osci l lator  w i l l  ma ke al ig nment sim p ler , w i l l  reduc e
the mode structure , an d wi l l  i ncrease the effi c i enc y o f the pulse.

Fi gure 4 s hows the lunar box at tache d to t he decl i nat i on cu be o f the telesco pe.

3.3 T imi~~ C i rcui ts an d Elec t ron i cs

The timing and electronics circuits have been modified extensively to accept the

application of computer control instead of hard-w i red control , much of which was OIL

technology .

11
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In m .l q t i n g  the system to computer con trol , the time-interval counter was

1 0 t 0 r 1 1 C i o t h e  minicomputer , where a series of messages identifyin o various

phi e - - of the ranging process originates; this has allowed use of the same counte r

Chann el ~n r  both start and stop pulses. The photo m ultip lier—tu h e electronics and

f e 0  ar ;i li f i r  - mere a l so modi fied for computer contro l , tIre pr i nc i  ~a 1 changes he inn

t~~~l ‘ c~~~n - t  ion uf f a c i l i t i e s  for g lf i ly i n g  the h i t  v n l t i n  j u s t  b ef o r  the

Op~~ni ’1-: o~ ‘ ‘  w i n d o w  and the in s e rt i r r n of a variable -iin do r abo l the expected

3. he - : - i t i l M o d u l e (Cq~p~ te~~~ y~~~~nj

The hard-wired command module has been full y replaced by the wl e t t—Packard
21NI X m ini computer and associated software . The m inicom p ut er enables the system

to be controlled dynamically with a far greater range than normally achieved wi t tm -

hard-wired logi c. In add i t ion , the electronics in the command module could no

longer be readily supported because of changes in the electronics industry . Finure 5

gives a view of the Hewlett Packard 21MX computer and timin ri electronics .

13
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4. OPERATION S

1 — c r - H r - : Pr - : - ‘I - S

Tb I ,‘ - - t  ran u int  at i r I s  were -r a e  in July U/P . Fu r ther attempts h ave
taken pl ace luring a ll lunations since then , with a rr~~l j r l  b u i l di p in sys tem

reli ah i l i t v . Although t h e r e  h a v e been nut ’w ’- eii f i i luc ’ . in t to ’  —~s t e m  - - - prin ci-

pall y in the la - 1er are a - - each passin g lunation bri ngs on n i g h t s  spent t rack in g
and few-i c spent buildinq and refurbishing the system .

A regul ar operating chedule ha been established , and an operational

summ a ry is issued r o u t  I ~~l y, a recent  example of which is attached as Appendix A.

To date , the rang ing, with one exception , has been limi ted to that peri od of
the moon where its phase is greater than 0.20 and less than 0.80. This limitation

has provided not only the best part of the m oon for ranging but also a su itable

amount of time between lunations to enable modifi cations and improvements to he

made on the system. When the systerti produce s identifiable ranges , this limit a ti ~ n
will be elimin ated.

Arran gements have been successfull y established for transmitting data froic-
Australia to the United States. Transfe r is done via computer to the Univers i ty
of Texas a t Aus t i n , where filtering and other testing are performed. Verifi ed

range data wil l be available from both the Univers i ty of Texas and NATMAP .

As yet , no def i n it ive statement  of returns can be ma de , al though some promising
pattern s have emerged .

.

4.2 Con tributing Scientists , Engineers and Support Staff

In add i ti on to the Contract Monitor , Dr. Donal d Eck har d t of the Terres trial
Sciences Division , AFGL , the followin g scientists and eng i neers have made si gni-
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ficant contributions to the c o o pe r a t i v e  l a - e r  ranqin q ro earct p r o -m i: , C~d r c i r i s —
t r i tf ye and log istics d I g i t  r- oquired for  the pt rfor a,o - of t i i re n t  r i  was

or ’r r v i i1 J by those list - i t br’l s..: and other’ it NATMAP . NIPi , ed -
~~ u - n i l  uni i c ’

in t i  Orroral Va l liy n-e r .

4 .2.1 Sc ien t is ts

tm r . ~et ’r Mo r l i n NATMAP

P r .  Mr (fidel R . ioar l c a , i  SAC)
Pr E ric - i ‘ ndrerg MrI)onald Observatory , H i v i t S i  tv of Tex as

4.2.2 r i - m i n i i ’

- 
‘ 1 ) 1  in Pnctmra r i NATMAP

~‘1r. ~, 1 1  1 r r~~1i SAC)

Mr. J. 0. ~- i 1 T i a m s  Un i vers i ty of Hawa ii
“s i . Jak o b W ohn SAC)

A .2.3 Support staff (administrative and logistics)

Ms . l Iar - t a ro t  Bu sh SAO
Mr. Preston P. Clark SAO

— 
—*



5 . FU TURE PROGRAM

Dr. Mi chael P. Pearlr tian , SAO Principal Investi gator for the cooperative LLR

program , visited the Orroral Valley site in February 1977; he inspected the facility

and held operational and technical discussions with Dr. Morgan.

The system is operating, although some problems rem ain concerning the reliability

of the laser transmitter and the susceptibility of the 60—inch telescope photo—

receiver to noise , parti cularly when rang i n g on the i l l u m i nate d moon . Re desi gn
consi derat i ons a re un de r rev i ew to i nc rease system rel i ab i l i t y , to put the o p t i cs
in a more stable confi guration , and to enable the system to operate in the short-

pulse mode . Poss ib le solu ti ons of the telesco pe p ro b lem center on the i ns tal lat ion
of a narrow-band filter to reduce the noise level. Currently, the telesco pe opt ics
are being cleaned and rea luminized at Siding Springs , Aus tral i a , i n p re p ara tion for
a future lunar tracking campaign.

General discussions have also been held to conside r adapting the LLR system

for rang ing to the Lageos satelli te ; this would entail modifyin g the declination

dri ve of the telescope to give a larger continuous adjustment. This project is

under consideration for the 1978 or 1979 time frame.

It is expected that system developmen t will advance , increased reliability

will be achieved , an d future p ro g ram p lans w i ll evolve as the coo pera ti ng agenc ies
co nti nue to pursue the i r resear ch objec ti ves us i ng the tec hni ques of laser ran g in g

to distant orbiting and lunar targets for furthering geodetic and geophysical

knowledge .

SAC) will maintain an active interest in the program and will continue to act

as the princip al United States interface among the cooperating agencies in the

operat i on an d main tenance of the fac i l i t y.
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APPENDIX A

LLR FACILITY , ORRORAL VALLEY , AUSTRALIA

OPERAT IONAL SUMMARY

February 4-18, 1977

T imation
P11 Plates Passes Moon Phase Ran g in g

Friday 0 2 1 .0 Nil no scheduled shift
4.2 . 77

Saturday 0 2 1 .0 Nil no scheduled shi ft
5.2.77

Sunday 0 1 0.97 Ni l no sc heduled shi ft
6.2.77

Monday 0 2 0.9 3 N i l no sc he dule d shif t
7.2 .77

Tuesday 0 1 0.85 Nil shi ft chan ged to t ake
8.2.77 out mi rror

We dnes day 0 0 0.76 Nil
9.2.77

Thursday 0 1 0.66 Nil
10. 2. 77

Friday 0 1 0.54 Nil mi rro r taken ou t
11 .2 .77 of telesco pe

Satur day 0 1 0.42 N i l
12. 2. 77

Sunday U 0 0.31 Nil
13.2. 77

Monday 0 2 0.21 Nil
14 .2 .77

Tuesday 0 1 0.12 Nil
1 5 . 2 . 7 7

Wednesda y 0 1 0.06 Nil
16.2 . 77

Thurs day 0 0 0.02 Nil
18 .2. 77
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