
SECOND GENERATION TIMING SYSTEM FOR 
RANGING EXPERIMENT APOLLO LUNAR LASER " 

Douglas G .  Currie, Charles Stegerda ,  John Rayner, and Albert Ruennagel 
Ll~partrrzevrt o f '  Ph,ysic.r and Astrnrzom.y 

Uni~~cr~sity  oj Marylurzd 

The following is a brief descriptioxl of the c ~ l r r c ~ l t  status of the timing clectronic~ for the 
new Lunar Laser Ranging Statioll o n  Mt. Halcakala, 011 the island of Maui in Hawail. Thc 
general aim of the Lunar Laser Ranging Expcrimcnt is t o  measure, with high accuracy, the 
distance from a fixed point on the earth, the observatory. to a retrorcflector array which 
was placed on the lunar surface. In practice, we use three such arrays, placed on the surfacc 
during the flights of Apollo-1 1 , -1  4 and -1  5. Mcasurernents t o  thesc fixed fiducial xtiarks 
permit an accurate analysis t o  be performed, in which the various parameters which affect 
the range may be separated. 

The present operating procedurc is to direct a short laser pulse through a telescope to the 
rctroreflector on the surface of the moon. This retrorellector then returns thc light in the 
direction from which i t  originated. The signal is receivcd in the telescope, and the round 
trip travel time is measured. At present, this time interval is nlcasured wit11 an accuracy ot 
the order of one nanosecond. This is achieved by averaging over abaut  150 laser shots or  

, 8  about ten received photoelectrons. Ranging uttcmpts t o  tllc several reflectors arc scheduled 
three times during each lunar day. 

The general method of data analysis is t o  compare the rangcs obtained over a long period 01' 
time t o  the predictions derived from integration of the lunar motion and fror-n data on the 
earth rotation. The initial scientific objective of  the experinlent is the production of tin 

improved lunar ephemeris. Following this, a study of thc rotations of the moon about its 
center of mass call improve the values for the nlorne~lts of' inertia of the moon. This data 
addresses the question of a lunar core and the chemical differentiation of the moon. I n  
addition, since the rotation of the cdrth produces a significant alteration to  the range, one 
may extract informati011 on the motion of the spin axis of the earth, variations in tlze ratc 
of rotation of the carth, colltinental drift, and other silnilar pllenornena. 1 will not  go into 
the details o f  these questions, sil~cc they have bemi discussed elscwherc. Fin;~lly, the gravi- 
tation theory which dcscribes how the moon travels aboirt the carth niay be tested to the 
level of being able t o  dist ing~~ish effects clue t o  the Brans-Llicke theory and effccts caused 
by thc gravitational efl'ect ol'gravitational self-energy of the e;trth. 

*The NASA Lunar Laser Ran3i.1~ Lxpcrimcnt tcam ha.: the general responsibility for this work. The tcarn consists 
of C. 0. Allcy, Universjty of Maryland; P. L. Uendcr. Joint Institute Tor 1,ahoratory Astrophysics; U. (;. Curric, Uni- 
versity of Maryland; R. H. D~cke .  Princeton Univcrsity; J.  E. I;alltlr, Joir~t  Institute f o r  Laboratory Astrophysics; W. M. 
Kaula, Clniversity of Califorriia/Lns Ange1t.s; (;. J .  I:. MacDonald, L)artn~uuth Collcge: J. D. Mulholland, llnivcrsity of 
Tcxas; H. H. Plotkin, Goddnrd Space ~~I igI i t  C'cnter: 1.:. (3. Silvcrber:, McDonald Ob=rvatory; D. T. Wilkinson. Princc- 
ton Univcrsity; and 1. C .  Willianls. Je t  Propulsion I.nboratory. ?'his wvrk was supported in part by NASA grant 
number NC;R 21-002-267. 



At present, measurements with the full accuracy of 15 cm are accomplished on over about 
50 percent of the attempts on the above mentioned schedule. The studies of short periods 
of data give results which arc consistent with the 15-cm accuracy. The long-term fitting of 
the lunar orbit has an rlns agreement of better than ten meters. This is believed to be due 
primarily to  the difficulty in the libration theory of the rnoon. Adjustments are made in 
this long tern1 fit t o  the fifteen parameters, which include reflector locations, earth station 
locations as well as initial conditions of the orbit. The primary effort at present, on the 
theoretical side, is the process of extracting, fro111 the differences between the rncasured 
ranges and the numerically ilitegrated orbit, the Inore in tercsting lunar orbit parameters, 
initial conditons for the integration, and so on. Due to  correlations between certain of 
these parameters, some of these numbers arc less accurate than thc ten mcter residuals of 
the long term fit. 

The currently used timing equipment, developed by the University of Maryland for use at 
the McDonald Observatory, has a potential accuracy of I /  10 nanosecond. This is signifi- 
cantly better than the limit of about one nanosecond which is imposed by the length of thc 
presently used laser pulse which is threc to four nanoseconds. In order to ob tairi this 
accuracy, which is of the order o l  a part in 10". tlir dcternlination is split into two separate 
parts. A start vernier measures the timc interval from the timc of dclection of thc outgoing 
laser p~llsc to tl-ic next pulse in a 2GMITz train of pulses. A digital counter then measures 
Ihc interval in u~ii ts  01' 50 nanoseconds. A stop vernicr measures the time interval from tlic 
detectiori of ttlc single photoclectro~i return, returning from the moon, to the ncxt count 
of the 2 0 - M I I L  counter. Thc return pllotoclectron also stops the counter, t l i ~ ~ s  yielding the 
three components required t o  determinr the accurate tirile interval. There are tlie sttend- 
'~n t  requireinents in the Mcllor~ald System For epoch lo an accuracy of about 50 micro- 
seconds and a lcilowledge of the Frequcncy to tllc orclcr of a part in 10' '. Both 01' these 
requirements are significantly more stringent than the ~niriimum rcquirclnent to produce 
an uncertainty equal to  that which results from averaging over a few returns. At Mcllonald 
we are operatirig once every three seconds so that we hate a nicc leis~~rcly capability of 
firing off a pulse to  the nlooli and sitting and waiting for it to cornc back before sending 
r~uothcr. The statc of the lascr art a t  tlie time of station conslructiol~ dictated a pulsc width 
of tllree to four nanoseconds, which defir~cd the accuracy of about one  isn no second. This 
IS acliievcd by averaging over thc pulse width since with less than one photoclectrcjn por 
shot wc are s;unplolg the whole pulse width rather tha11 thc leading cdge. 

In th:: n rw  Haleskala Station whic7h is being coordinated by thc In5tilutc for Asironomy 
of the Ul~iversity o i  i lawaii, a new ty  pc of lascr with a pulsc width of I 1 ;  0 nal luse~cnd 
i ~ i l l  he 11srati. i t  \$ill liavc a f~r ing  rate of a few shots pcr second and I& c~irrunlly hr~rlls, dc- 
vclopvii inlelei tl;e diicctiori of  Dr. Plofkirr a t  the C;otldarci Spacc I'iight Center, U.;. 
F,lllt;r., formerly uf'We~lcyan Ilniversity and tlow with the S o ~ n t  Instlt~itt. fox Llihuratory 
i%strophysics, 1s f';lbricati~ig a syec~alizcd llzultieicnlent telcscopc to rcceive lllc light Iron1 
the nloon. Our g r o ~ ~ p  at tile Univcrsity of Maryland 1s constructing the tinling electronics 
and timekeeping sq'stem. 
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"laiches," that IS.  I L  !.iolds the val t l~~s wtui.il tllc p~rlsc. co t i~ l f t~ l .  Ji,q)lapud ;I[ t11~: tiiric c)i tllc 
(:vent. At tiic sanic tirile the vcrnicr c ~ r ~ ~ l i t  st,i:.ts t o  C/<ti'rn~i~lc t l ~ ~  tillic ill t ~ r v i l l  ~ C ~ W C L ~ , I J  
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griituri based 011 ari t:C;C; &sign. Wji~l! 1111 i ' v t ' l ~ t  <L:II:L\S, ;I c , ;~ l>a~. i l -~r  :;t:ll-ts cli;irgi~rg :I[ a 
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MI-Iz c.c!c~iltcr ic sated on il~irin;! ttrc t irl~r tl:c c~tpacitor disc11,ilgtl:i I-)a~,ii Le rt.:i.o. 'Ill;. I-ate of 
clisi:harge i s  ~ u c h  1 hat i.h~,rc is o~lct colrll  t per ! :' I0  :~:lnosc.~or~d 

Since thc Mcllontlld hystci-n goes ~ i z a d  ;lfii.i' tllv f'irst pulse ~n a prcdetcrmined gate interval 
is ~ncasurzd, a noisc pulse Frurii t 1 . 1 ~  su~llit  tnooll can lnask a pt loto!~ rc51~irliing frrrn-i the retro- 
array. For this reasurl the large l?;~ckgrc)iiric.i iioisr ratc. which otVcurs beuausc o f  t l ~ c  high 
transmission and co1lt~ctin.g arca of th; rc,;civlry: (,:l:tii:s, i~l;llic\ ; I  ~llultislop sy>tt:ii; ciesiraI:)Ie. 
Our new equiprnt:!lt :,upplies tl1i.i t )y L I S ~ I I ~  f o u r  itc.r~~;c.rs ;~i ld  fOti l .  co~i~:tcr--l;~tc*lrc~.: whjc l~  2 1 . ~  

cor~lhineci to pt:rrnit four successiv~> pulst~s t'rcjm ;: pl!,>~c'~):+;i!iplir.r.-di!~crimin:itor to  kc 
mcasure r i .  Wllerl a particul:lr. ~i.r!;icr--latill LinlL r ;  21. :l;;.i~;i b) a l i  incnti,lit~p pi!l..;c, il rnnbles 
the next unit in t-hi. ~:hairl ~tnd i t  igr~or.t.:, 211 : :[~bsequcr~t ! ~ ~ i i > ; ~ s .  With this c~c.~i:i'iguratior~, the 
pu1s::s car] the11 be fcct in parall1.l tu hig11 i~::pt~lcncc ill;)tiIs o n  each rrn~t  : ~ r i t f  Iht3 i!icomirlg 
pulses do not havc to bc su.itcl~<.d ']'his t=linli~ratt:s thc prob1ur-n ,7f cic1:iys ir! t t i t  rn~.lti~li,: 
c ~ T c L I ~ ~ : ~ .  This system call measure ]:lulse> v ith separations dowrl i : )  81i il;~r~o;i,:.onds. which 
is less than the dead time for  orrr photcimi~ltiplicr discrim!nstor. 

Thc sequencing and activdtion of tile t i~ning t:lec,trunjcs is contrullcd by a rnjlir-cornputcr, 
it also calculates prcdictcd raligcs for usc i n  t 1 ~ 0  t~'rilpori11 gati~?g of' t l i ~  tclurl:s. For this  t;~sk 



thc original McDonald systcm read precalculated ranges frorn a magnetic tape supplied 
by J.D. Mulholland of JI'L. But with niany 1:lscr shots per second, this 1s not  feasible; both 
in terms of  the amount of magnetic tape needed and the computer time necessary to  prc- 
calculate the ranges for all possiblc opcrattng times. The computer also reads the outputs of 
the latches and verniers, storus this data for real time processilig, and records the. data on 
rnagnctic tape. I'hc cotnputer timc necessary could bc rcciuced somewhat by an interpola- 
tion yclie~nc hut it is morc efficient t o  ca1cul;rtc tlic raligcs directly frorll a 'l'sclicbyscheff 
polynorninal fit. Tliis procedure will work to  at lcast ten shots pcr second, but faster rates 
will recluirc itltcrpolation. 

It is also desirable to have real-time operator fccdback yielding the prclirniriary results of 
tllc ranging operation. This allows tl-ic crew to  move on to the next rcflcctor when sufficient 
returns have been accu~ili~latcd and it indicates possible malfunction when no  rcturns arc 
received. In the McDonald System, this is accomplished by printing, for each received 
photoclcctron, the residual (or d i f f  rencc) bctwccr~ the observed round trip travel time and 
the predicted round-trip travel tinic. Most of thcse will bc 11oisc. However, the laser rcturns 
appear bunched in oric close time interval of s few nanoseconds. This Tilay be displaced 
from the prcdiction for a variety of reasons. A monitoring prograrn in the computer riotcs 
whcn a residual is within a few rianoscconcis ol' a p rcv io~~s  rcsidual and produces an audible 
indication to  pcrrnit real-time feedback to thc  person guiding thc telescope. The higher 
data rate on the new station precludes printing the results I'or each shot so a histogram will 
be displayed by the computer on a C'K'1" Monitor. The scale and oflset of the histogram 
can be varied to  allow a detailed cxanrination of a small portion of the display. Dne to the 
high background, small bins will bc t~ccdcd t o  distinguish the buildup due to real returns. 
Drafts in the prcdiction could then cause rcal returns to [all into scvcral adjacent bins. T o  
compcrlsate for this, provision wiil he rriadc to  subtract a linear drift from the residual 
ranges before they are I~istograr-n~-netl. 

The computer will also be uscd for the collection of data on the general operating pararn- 
eters uf the system (temperature arid so on), spccific data on the run (seeing, number of 
shots), and on the operation state of the housekeeping subsystem. The computer has a self- 
controlled crystal oscillator that is used to create an internal clock time-base which, though 
not very accurate, can serve to  indicate grow malfuiictions in the station block. The com- 
puter uses its internal clock to  provide a digital display of the current time (operator 
reference) on the CKT monitor. 

The tnain station clock consists of a stable crystal oscillator and a specially built counter t o  
indicate the epoch. The station clock will be compared t o  Loran-C' and perhaps a rubidium 
atomic standard. In  order t o  match the uver;dl distance measurement accuracy the station 
frequency m~rs t  be maintained with a long-tcrrrr accuracy of four parts in 10' ' . It  seems 
feasible to increase this t o  about four parts in 10' and thus remove it as a source of error. 
This same free-running crystal oscillator is also used t o  provide the time base for the 2-112 
second averaging times typical of thc lunar range. The frequency changes tlue t o  aging are 
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! i l l . i I O r : l \ >  WC, II : IVV s ~ i ~ d i c d  and this r1111\t hu corltrul!ed wiih ~ a r c f u l  filtering. Crystal I'ilters 
wtv .r tk  I.! , l ; i l l ~ ~ !  O I I  I t ~ v  t ~ c w  \ tation osr.ill:~t(.)r t ha t  lead lo ;I jittcr reduction of irss than 0.1 
I I 1 ' 1 1 ~  cpoc11 01' the ~~ieasurclncu t rllt~si be r ~ ~ a i n  tairied t o  50 pscc in order to 
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t i i i s  t i ~ ! r t : .  7'111. prcv~c)usly mentioned cu~l-!parisc~~i to Loran--(', a lol~g with periodical frc- 
,i..;r:,-:, ::.$j,,::;trnu~lt.  lain tall1 t l ~  pr-(.)pc's epoch.  'rile ~ .poc l l  ot' the crystal wi th  respect to 

(...l-;iti ! '  , I <  t i  ,I). I \ I  otlicr s tandards  s u c l ~  as V L F  o r  tile ruhitlium standard, is monitored 
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,%L prcscnt, tilt, ~it 'w ~ ~ l i r i p ~ i i ~ ' r i t  is in the t'illal tcst stages. i t  will be r u n  in parallel with thc 
prcvi(,~\rr;!!: corrslr~tuted t:quipment a t  M i D o ~ ~ u l d  i n  early February of the conling year. 
I n s t a l l a ~ i o ~ ~  a t  Ilaleakala sho~rld t;lke ~ I ; I C C  this S L I I ~ I I ~ C I " ,  




