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ABSTRACT 

Co1r1l-7;lriscrn of tllc new Efratom trrlits wi:h cc\iurn bc;l~-r~ and irydrogcn m,l*:.r htunciascl; rl" 

tho  C.S. Yav31 OFrs~rvaior~, showed stabilitlr of' --3 X lo-" ovcr two-wcek. pcriu;li, i ! ~  i: .TIO~.-- 

m a !  iahor-arory r,llvj:r:i;r!lncr::. I . ~ ~ J ~ c ~ ~ : ~ I I L Y  ;>f ~:~L!<.]LI~~Ic- : -  :.ir)oli [:!-,I? ? i ? \ f i : C ~ j ~  :TL~:I-~ f:: i ; . ) ~ J T : ~ ! I I < : ~ ~ . T F  
. .. < 

0i' pl'tSsUIC,, m?Ag;lcTIC Ir~lCl, ~ ' ~ ~ l i ~ ~ : : i ~ ~ t i l r ' t - ' .  .cn!rpl~' l'i,i!:lf: k{ili~ ~ i : L ~ : l ? ~ , ~ ~ l ~ l ~ !  x\J:: . i -  !13:;;i:~:Y'<:(~ 

pachagc of' three :ii?i~s wrft-I ;i..i~.(:>!~?:~ti~.: phsr;: c3,>r;~yrarii40:; and r::r.~:-dirlg itr:;ii dr.sigi,,d A:::; 

i:onstructed lo allow :I 3ncas~irr.mcnt ol relativistic cf fec>~s O:I ~ i m e  w i t h  higlx .~cci:r~c! ci11 t he  
Apollo- 1 7 iiirrar mission. !!il!i~ough NASA managemznt clccliricd to fly tllc cxp::r-im,~n~. 
some aspects of t h r  design ancl t j ~ c  relativistjc eff'euts to havt> bcen expcctcti arc presentee!. 
lhr: technirluc. has al?plicatiorxs for ground-based PTTl activities as well as lor  f~ulurc space 
flights. 

L t has bcen very grat.ibing to the first author arid otllcrs who worked on thc original con- 
~ c p i  of' i u  bidium optically p ~ ~ r n p e i i  I'reilucncy stantlards in the  1 950s after Lhcv wert. 
ir:vc~it:.d by Proi'essor Kohrr t  11. Dicke i:f Pri~lceton t o  sti. tlrc zscrllcr?: cngincci-ing e x -  
7 - t:~hl-ted in the new l;frs;o~i~ ~ltritr;,. \Yilc:~ ~vt: loukcd ;a! 11:r roonr 1'1111 (3f i:cluiplncnt 1.1clrr1 ir; 
the I'ir-st csper~i~~ri:~zts. \va joki!-~gl~, s;li11 t h d i  i :~~ : l i t~~ i i l l y  i t  i(7l!lci hi-' !--educed tcj the sri:~? (31 n 
nlatc-l~btrx. E-rust Jecl~art  ;ind C;ei-l~a~.d ji11Ihr:cr a :  Err-atom liavc almost sui.ca:cled i:i p:.rsduz- 
11.19 a packilgc: approaching a liitchen-size tn;ntcllbox! 

Dirncnsions 10 ~ m - b y -  10 cm-by- 10 cnn 
Weight: 1.3 kilograms 
Puwer-: 13 w;~ t t ?  

71'llis s r ~ ~ n l l  s i x  allowed us ro t h i n k  rc:llisticsIIy o f  :~sscm bling v package of thrcc atomic 
 lock-s which could I-)e llown rt! iht. iiioor~ 2nd rct~uricd in lllc cur-nmand rnodule of' tllc 
Apollo-17 r~ission, to mt-as~rr-c ihc  gr;jvil:tlional poten1i:il cffccl. ;)i'gurlcrnl relalivity with 
increased accuracy and to  pr(~vi~1t. a highly convincing cien~otistr:ltion of' thc rcality of thc 
relativistic cf'fects on time. 

'The largc tlrne diffcrcncc (about 300 microseconds) to br cxpcctt.d frorn relat i~i \ t ic  cffecLq 
had been recogriizcd during llic first rnanncd c~rcumnavigatior~ ol' tllc rnonn by t l ~ c  Apnl l~l-8  



astronauts in December, 1968.' 1;or the longcr Apollo-I 7 Iliglit, the cxpectcd time 
differer~ce was about 700 microseconds, of which 5 perccrit was due to  the velocity 
aacl 95 percent was caused by thc gl-;iv~tational ~)otent ial  ciiffercace. 

13y ~nuasuring ;ind recording the tllree i-clativc plzusr cfiffeseucss arnong thc three fre- 
cpency stiludards i t  ~cclrieci 17oss1blc to rlleasiirc tlw elal~seci tlnle \$it11 rill i ~ l ~ i ~ r t ; l i ~ ~ t y  
of about 200 nsr~ostlconds ovcr the 2C)O-llour flight. I t  Ir to bc e m p l ~ a \ l ~ c d  th,rt Ihc 
changes of individunl clock rates can be rccordcd ir: tills w,~v ,  srnw such ili,lnges do 
n o 1  occur d t  t l i ~  c , i l ~ ) ~  t l ~ n e  Tor eacll i'rccllrency sl,lndard. E7E:ls t ~ c l ~ ~ ~ r c l ~ ~ c .  13 vrry old nnci 
is regularly u\c.rl ;lr tllr U.S Fd;lv:rl Ohwrvatory to Inrproc i. stih\tantrally i h ~  Liczuracy 
obtainable lro111 5tr;llgllf ~f;~fistic;~I a\cragrug !I: !rr?n>cd L171c trLisi\ fur  t l i ~  ~.o~~ncl-tllc- 
world clock cxperrnlrn t ol Hnfclc- '~lld I*<C;I 1 i 11~ , , '  TNII I C ~ I  ' ~ C C I ~  r lo .it':~lolist mtc i IXC 
vxistcnce of tlic rclativistrc el'fcct.; with thr. Hcvvirtl-PschcrxLi w\riiiii-hc,ljir rccordilig 
clocks whli,h they cal-riud. (T'lzc. accuracy ol' t l ? ? \  c l ~ f l l ~ l ~ s t r , i t i ~ i ~  uas xloL lllgli sirlct: L ~ L  

effects werc srnnll and thetc was rliSficulty iil Itnowirlg nccur~tcly thy vclo~-ily arid posl- 
tion of thc ctrmmercial amra f t  nsc-ci.) For the \xcE!-lrackzd Apolio-17 I:lgl~t ,irr accusac.y 
of 0.03 prrccnt sccnleci adl~ev:ll\le w ~ t h  a pack,i,oc of three Ffratoin a~nll\  and intcr- 
comparison rlectronics. 'I hc hest existing meac~rremcnt of tlit. g r a ~ i t a t l o n ~ ~ l  potentiLll 
el'l.ect, the Mossbaucr Eflect incasurcturnts of g:i1iim:1-rny i'rct\ui>ncy ch,ingrs by I'ound, 
Rebka, and ~ n r d c r , ~  has an accuracy ol' 1 perccr~t. Tilc ytr*,irblt. opportunity to  il-riprovc 
this act:rrracy by 3 factox ol' 30, by ij cornplett-ly rlillerc~jl nlcthtrd using retutncd 
rvcortlirxg clocks (about  which thcre I \  still ctr!itlnratng ~'onLr.nvr:ny), in 3 very credible 
expcrinient lrsiug available coniinesc~al cclulprllcnt. \rlgge\tcd :ill all-out rf'fc~rt 10 prodilcc 
tlw experiment hnrdwarc and to  a t tc l~ ip t  t o  pcrsuade the  katronal Aaronarltrcs .lnd 
Space Administration lo rncludc the cxperinrcn r on Apollo- 1 7. A Ith.rrrgll tile Apollo- 17 
rxieasurcnient woilld have an ;jcrul-acy les5 lry a factor o f  len tlran tlrat cl ,~~rned for the 
fu t ~ r r e  rocket-probc Iiy drogcn-rt~ascr uxpcrimell t bcmg clevclopc0 i ~ y  ~ c s s o t , ~  it Ilad t hc 
virtucs of rc~lundancy, recovcrq of open,~ting clocks. untl i i~~uli.cl~:~cy. ;is wcIl as the  
dramatic elcmcnt itlvolvrng the ,~stronauts, which would bc of el-cat v:ilLir for est,iblishlng 
thc rvallty ol' thc relativr5tic ef'fects on time in the publ~c  CC)*ISCIOLISIII'\~. Tlicrc was 
initial cncourdgrrnent Sron~ NASA and a fnrmul propos,lI was s i ~ b ~ n i t t ~ d  fro111 thc Uni- 
vcrsi ty  of Maryland. The Office of K av:il Kcscarcf~ provrdcd 1 i:lax~ci:~l support to begin 
thc construction 01' a flight-qualified package in car14 Alrgust lg72.  'I'hc s~ientilic; 
conimunlty gavc vrry stl-ong ondorscrnent t o  the experiment. In interaction with Apollv 
spacecraft engit~ccrs a t  tllc Houston Manned Spacecraft Center anii at North A~~xerican 
Rockwell i t  was dctcrrnineci that space, welght, and power wcrc all avrtilablc, and a 
coppcrlwa tcr-vapor heat-pipe solution to  the Ircat-transfcr problem was idcntilied. 
Clock intercotnparrson electronics was dcsigncd 2nd constructed ilsi11g iiltejiratcd circuits, 
and a hermetically sealcd box to housc thc clocks 2nd electronics was built to fit the 
space wailablc in the command module. Ncverthclcss, it was finally decided in early 
October by thc NASA Administrator, upon the recomxncndation of the Apollo Program 
managers, that  the short tirnc before the laundi  (scheduled for December 6) and limited 



I'lnancial resources would result in risks to  thc mission if tlic atomic. clock rclaiivity 
experirncnt were carricd, and thc proposal was rlcclineci. 

I t  is tlic purpose of this paper to  ~.r.c,ord the pcrformarict characteristics of' the  Lfratom 
frequency standards which wc mcasurttcl in preparing ttic cxperimcnt and to give somc 
r i~rther  detail.; about thc ph ;~sc  intcrcomparison electronics and packaging. It  is cxpcctcd 
that a self-contained c n s r ~ i ~ h l e  of ~ntcrcompared clock? will bc of value for time 
synchroni7ation trips and uther PTTI applications, as well as in I l~ turc  spacc relativity 
cxpcrimen ts. 

MEASURED PERFORMANCE OF EFRATOM FREQUENCY STANDARDS 

The desirable properties of s~riall weight, small volume, and low power consumption of 
these new units, wtlicli becamc nv;~ilablc to iis !'or tests only in July 1972, arc further 
enhanced when associated with a frequency stability si~perior t o  that of most optically 
p i~mped standards and comparable over pcriods of hours with thosc of the typical 
cesium atomic beam standards* Data in support of this performance are displ:ryed in 
Figures 1 and 2. The pcrformance is much better than the manufacturer's specification 
of an upper bound for the frequency stability, < I  0-' pcr month,  which was deliber- 
ately made conservative. Thc figurcs are portions of strip charts on which the phasc of 
the output  signal frequency (dividcd by two to yirld fivc MHz) is compared with thc 
phase o f  the USNO hydrogen maser. For  rcady comparison the phase of the signal frorn 
Hewlett-Packard Model 506 1 ccsium-beam clocks is displayed sirnultanrously. In Figure 
2 thc hydrogen maser rcfcrence frequency for tlic rubidium unit is progressively shifted 
in phase by an electronic "phase rnicrosteppcr" so that rate changes of 1 0 . ' ~  can be 
identified. The finc performance of the rubidium unit is apparent. Similar perforrn- 
anocs have been seen in the other units tested, altl~ough two of the seven examined llave 
exhibited a somewhat rnore noisy short-term perforrnancc. 

The data which originally convinced 11s of the quality of the Efratorn rubidium units 
are summarized in Figures 3 and 4. The changes of phase of Efratom unit No .  1 1  1 
with respect t o  one of the cesium-beam mastcr atomic clocks of  the USNO for the 
period July 14 t o  August 1 ,  1972 arc clrsplayed in f:igure 2. Thcre was no environ- 
mental control other than air conditioning. It bcuame clear that changes of barolrletric 
pressure were influencing the frequency whcn thc  ratcs were calculated and plotted as a 
function of time along with thc barometric pressure for thc same period. as shown in 
Figure 4. Subsequent measurements of the pressure dependence of frequency were 
made by placing the unit in an aluminurn prcssurc chamber yielding n prcssurc co- 
efficient of 1.4 X 10.' per millibar change from standard atmospheric pressure. 
Apart frorn the slow chnngcs produccd by barometric pressure changcs, rate changes of 
a few parts in 10' d o  sometimes occur, separated by rnany hours of operation in which 
the rate is constant to within a few parts in 10' 3 .  
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COMPARISON OF EFRATOM 
FLIGHT UNITS WITH STANDARD 
HP 16" CESIUM UNITS 

Figure 1. Plot of results of comparison of Efratom 
and cesium-beam frequency standards. 

Other environmental effects on frequency have also bccn measured for Efratom unit 
No. 1 11. These include the dependence on external magnetic fields, temperature, and 
supply voltage. The magnetic field dependence was rneasured with 40-inch-diameter 
Helmholtz coils arranged to give a field in the direction of the local earth field, with a 
uniformity of 1 percent over the volunie of' the frequcncy standard. With the directio~ 
of the field in the plane of the cooling Pins and 30" from the vertical, the coefficient 
for small changes about the earth field value was found to  be about +8 X lom1 per 
gauss. This relatively large cocfficient even in the presence of the two mu-metal shields 
included in the commercial unit suggested the packaging of the unit in two additional 
mo-permalloy nested boxes having a wall thickness of 50 mils and separated from each 
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Figure 2. Plot of results of comparison of Eftatom and 
cesium-beam frequency standards (contmued) .  

other and from t17c mu-metal case of the frccluc~~cy standard by about 118 inch. Tests 
with such shielding showed n o  dtscern~hlc changc in f'requcncy (with resolution of 
2 X 10"13) for changes in the  tnagnetlc field cqlial to the value of the earth's field 
(- 0.3 gauss) which would be rxperienccd on a tliglit lo the moon. The initial rough 
measurements on t empcra t~~re  dependcllce f o r  i~rlit No. 1 1  I ytclded a coefficient of - +7 X 10' ' per degrcc centigrade for thc range 20°C to 4 0 ' ~ .  Tests on the supply 
voltage dependence showed a coefftcterlt of +9 X 1013 per volt for variations of a few 
volts about 28 volts. 
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Figure 3. Phase of Efraton~ unit No. 11 1 versus USNO master 
clock, from July 14 to August 1, 1972. 

The dependence of rate on the magnitude of acceleration was studied using the 
centrifuge a t  the Naval Research Laboratory. It showed a linear change of 8 X 10-I 
in going by steps from zero to ten g along the optical pumping axis of the clock. No 
loss of phase lock was observed and recovery to the origynal rate was observed within 
the resolution available at that tirne for the field test (- 10-I 2 ) .  Other tests have been 
carned out on the changes of rate produced by turning the unit upside down in the 
earth's gravity field. For unit No. 1 1 1, a change of 2 g along the pumping axis pro- 
duced a change of - 2 X 10-I l ,  consistcnt with the centrifuge results, with recovery to 
the original rate within a resolution of - 2 X lom1 3 .  Smaller changes were observed 
for rotations about axes perpendicular to the pumping axis. It is clear that the accuracy 
of measurement of the relativistic effects in space flight will depend on our ability to 
predict from tests of this sort the cffect of the transition from one g to zcro g in free 
fa1 1. 
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Figure 4. Effect of barometric p resure  on Efratorrl unit No.  I I 1 frequency rate. 
(top) rate obtairlcd by plotting slope of phase graph (Figure 3); (bottom) baro- 
lrictric pressure over the u m c  period - the polnts are d i l y  rneans. 

Vibration tests have not yet been conducted. Three units ruggedized for vibration were 
received from Germany on October 6. The ruggcdization was ~ccornplishcd by bonding 
certain electronic components to the circuit boards. The plans t o  conduct the vibration 
tests of these units before the Apollo flight-readiness test on October 15 had to  be cur- 
tailed after the negative decision by NASA, since financial resources did not permit the 
round-the-clock work by large numbers of personnel which was required. 

Three additional units have been examined for their frequency stability. They were 
found to  perform as well on long term as Unit No. 1 I I and the three ruggedi~ed units, 
although two units showed slightly rnorc short- tenn noise. 

'To simulate the condition of n o  convectjve coolitig which occurs in a free-fall environ- 
ment, unit No. 1 1  1 was operatcd in its magnetic shields i n  a chamber evacuated to a 
pressure of 300 microns for a period of seven hours. Heat conduction was provided by 
fastening the inner mo-permalloy shield to the heat-transfer plate of thc unit and pro- 
viding a l/&inch copper plate between the inner and outer shiclds on the heat-transfer 
side of the nested boxes. This side of the package restcd on the ]/?-inch aluminurn 
bottom plate of the vacuum charnbcr. The temperature of the mu-metal case of the 
commercial unit was monitored using a thcmlistor. 'I'he tenrperature changed only from 
44°C t o  45.7"C, showing that a rnajor part of thc heat transfer is by conduction. The 
frequency was measirred and showed no changc within 2 X 10"" during thc vacuum 
operation except that change expected frorri the reduction of the pressure (a  higher 
precision measurement was not attempted). 





ELECTRONIC CIRCUITS 

The, rncasurcrnent ( s t '  tt~s r~'1dlivc rates between pars  of clocks in thc flight package 1s 

tnnde poss~blc by rnodtlrn integrated circuit tcchn~ques rcquirlng relatively little power 
*itid ~ i ) l i~rn t . .  I t  1'. (ll<;o po\%ible to messurc cr~tical envi~onrnental purarncttkrs nt selcctcd 
IITPIC: ,  :ind f~coi-11 I ~ c ' I ~  values in storage reglqtcrr C'ircuits t o  perform thcse functions 
tiavc ht.t:n des~gt~ecl and constructed by John G ~ g a n t ~  and the tllrctronics Shop a t  thc 
Ilniverscry of Msrylanci I h u y  will bt. only br~efly descr~hrd here, but detailed c i rcu~t  
<!I 3wrl!$'r : i r~viv.~l! ,~~)lc !lpotl ~ C ' C I L I C ~ ~  p ~ l l r  7-tly- l 0-i11ch pslilted C I ~ C L I ~  t boards were 
hullt 1 0  per filrrn tunc\t~ons of counting, phase, cornpanson, housckeep~ng, and 
progl :rninllng 

TU cxlnverr :I J r r ~ r l r l o ~ ~ r ~ '  star~dur-d r t~ to  s clot k .  count-down circuits are needed. Thc 
i e i l  hj Jlr tlcrltt3:nl:~ : row rach 01 the thrcc Etratnin untts 1s counted by dividing down 
3 6  ijir Ic.c~.: ot' J pulse pcr second. 'I hi5 pulw I \  synchronous with the Input frcqi~ency 
,111d IS ohtnlllccl !ly opcnlng a gate after '1 scr~es of ripplc counting circuits tu Ict through 
a shaped ~ : L I ~ s ~  of 5-ns rrse obtained from tlie o r ~ g i ~ ~ a l  tcn-MHz sinc wavc. In order t o  
prov~dc : id( i~!~o~ta l  certainty lhat 110 counts have heerl lost, the total number of 0.1 
sccond ~ntel-vals 1s stored 1x1 each channrl for latcr readout. Outputs through buff~ ' r  
amplifiers are providcd at  5 MHz,  at 1 MH7,  and ,it 1 MHz with phase rcversal each 
~ e c o n d ,  as well a5 the 1-HL pulses. A cornpos~te output is ,llso provided with seconds 
plilscs from clocks A,  13, ant1 C'. Each ucuntcr can be \topped by applying a +I@volt 
signal through a light-emitting diode connection so thdt the scconds tick can be adjustcd 
in epoch To distinguish the throe clocks. the seconds pulses from clocks A, B, and C 
have widths of 1 ,  2, and 3 mtcrosccnnds, respect~vcly, on this composite line. 

Direct phase comparison at ten MHz, is accomplished using hot carrier diodc balanced 
rnixers t o  compare A with B, R with C, and C: with A, both directly arid in quadrature. 
The sine and cosine outputs for each pair are quantized with an analog-to-digital con- 
verter in nine bits each (equivalent t o  0.2 ns) and stored in a niagnetic core memory 
having 4096 words of 18-bit length. This core rnernory was a back-up unit for the most 
recent Orbiting Astronomical Observatory and was loancd by the OAO Project Manager 
at Goddard Space Flight Center. For the Apollo flight of 300 hours, it was planncd to 
sarnplc once every 1500 seconds. 

A separate board has been devoted to the programrntng of the phase measurements and 
to the routing of the infonnation to the core mernclry. 'The sampling rate can be 
readily varied. For example, the packiige can be used to traiisl'er time with high accuracy 
by carrying i t  to other points on thc earth. During these trips, a sampling interval of 
100 seconds might be convenient. 

Another separate board has been devoted to "housekeeping" functions, which are de- 
fined as the monitoring of various environmental para~iieters. These include the pressure 
within the sealed box, and the temperature, supply voltage, a ~ l d  crystal-oscillator feed- 
back voltage for each frequency standard. A total of  twelve input voltages can be 



sampled and these voltages quantized and stored in a shift register memory having 
capacity, for the Apollo- 17, of sampling once every thrcc hours. 

Power conditioning is accomplished by use of a switching regulator t o  provide a 
constant 22.5 volt source fur the frequency standards as the buss voltage varies away 
from 28 volts. I t  is also designed t o  accept power from two 28-volt silver-zinc 
batteries which were designed and space-qualified for the Apollo Lunar Communications 
Receiving Unit (LCKU) in the event of loss of  power from the buss. Two power- 
converter units are fcd from the switching regulator and these provide thc voltages 
needed for the electronic circuits and core memory. The total power requirement is 
56 watts. 

MECHANICAL PACKAGE 

Much attention was given to the problern of  heat transfer from the frequency standards 
to  the aluminum box in which they :Ire housed. The temperature of thc standards 
can not rise above 65OC because the optical pumping cell and cavity are thermostated 
at  72°C and some tempcrature differential is needed. Therefore vibration and shock 
isolators which provide some thermal conductivity were chosen. These are made by 
the Aeroflex Company and consist of spirals of stainless stcel rope. Three isolators 
are irsed per unit, attaching the outer mo-permalloy magnetic shield t o  the floor and 
one wall of the box. It  was necessary t o  add flexible straps of coppcr braid between 
each unit and thc box for additional heat conduction to  maintain a temperature 
differential of about 20°C when conducting 12 watts. 

MAGNITUDE OF RELATIVISTIC EFFECTS FOR AM APOLLO MISSION 

T o  first order, the fractional frequency offset of the Apollo clocks relative to the 
earth clocks as a function of velocity and gravitational potential is given by 

A numerical evaluation using a computer was carried out  by A. Buennagel of the 
University of Maryland for the actual Apollo-15 trajectory data and the result is plotted 
in Figure s . ~  The oscillation due t o  the vector composition of velocity during the lunar 
orbits is interesting. It  was planned to  observe these changes by morlitoring the trans- 
mitted I-MHz frequency over the television data link while simultaneously measuring 
the range rate and range of the spacecraft using the unified S-band tracking system. 



The :]dvnntages of using a n  ansemblc of iiocks which arc regularly intcrcornparcd havc 

bcun recogni~t.il a t  lrast sincc t l : ~  time ol'C'ap.i;iin C'otrk's cxploi-ntory voyages to thc 
South Scns. Hc:: .arrii.cl ;i s r ?  of fcr:.;l- i.!.,roi~,~~nc.ters to i1s1;7 in cst;ibIi~lling 1a11gii1.1dc. I t  
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