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An Atonic Standard of Frequency c..nd Ti:ne 

A basicc.ll~y now, :p:rirnry standard of frequency and tir .. e, invariant w th 

nge, h s been developed at the Nationnl Bureau of St ndards; nn atonic clock 

based on a constnnt nnturnl frequency cssocietcd with the vibrnticn of the 

o.tons in the Ul11_jOnio. L10lccule . .Ba s ··d on a principle developed by nr~ Herold 

Lyons of the Bureo.u' s ricrowave reaenrch laborc.tory, the new clock prnnises to 

surpass by one or two nrders of ITngnitunc the accuracy of the precent primnrJ 

etnndo.rd , the r ot a inrr earth. Dr. Lyons wns assisted in the dcsibn nnd 

construction of the clock by B. F. Husten E. D. Heberling, and other neLbers of 

( his stuff . 

This is the first atortic clock ever built o.nd is controlled by a constant 

frequency derived from a nicrowuve aboorption line of a.nnonia gus , providing e. 

tine constancy of one rart in ten Billion. Thecreticnl considerations indicate 

a potential accuracy of one rurt in a billion or even t~n billi n , depending on 

the ty:ge of atonic oysten and s:;;;estrun line usod. 

TLe preGent crm.rding of the radio frequency BI>cctrun lm.s rnposed severe 

lioitntions, both nationally and international~- , on the expanding use of radio 

for industry and cor..r.;:unicc.tions. The e.tomic clock nay be expected to benefit 

·greatly the cor,:nunications industrle:e and. the uilitnry services, for it will, 

in effect , provide ndditionnl roon in the rndio frequency range for nore 

conrrunicntion stc.tionG of o.ll tyros. The preoont ''ro.~io spc.ce" allows for 

o. drifting of each station 's frequency, so that n broad "rndio s:r:a.ce" is required. 

if interference vrith other stations iG to be n7oided. The rrucir.un utilization 

of available space in the ro.dio spectruo depends on the accuracy with which 



- 2 -

h - fr qu ncy of an individual station e -n b~ . controlled, especially at he 

hi her fr quencies where quartz crystals cann~t b used as frequ ncy con roll'ng 

1m nts . These frequenci e, used by rad r, t lerieion relays, and microwave 

qu. r 1 nt in n .ral, could be controlled by atomic elem·nts. S ch contrnl 

would also rr.ake p seible the rermanent stablishiL nt of radio channels on 

1 .h an exact basis that tuning could be n:ndc as automatic as the di ling of a 

t 1 1 h ne number. 

The imp ovemente in frequency and time m as r ment offered by th at mic 

cl cl';: are also of fundamental importance in rr.any fields of scienc • An absolutf.; 

time standard will be of s:pecigl import nee in astronomy, where present time 

stanuards leave much to be desired. The atomic clock and the method r present 

( important tools of research and development in ever; technical field where 

precise rr£asuremonts of time and frequency arc crucial--for example , in long­

range radio no.yig t'on systems, 1n the upper range of the microwave region 

where atomic sys~ s can servo as electronic com~ nents, and in basic research 

in micrv1· av s:pe t.roscopy Rr d r1o lccuJ .a~ stl'ucturc. 

Tbe rr ·e nt t · . ar..d ::'rcr;ve:1 .y s t a:.Ld. rd s aro bused on astronomi a l 

det.ei'1ninations f t he period of roto.ti n of the earth. However, the enrth is 

very gradually slowing down in response to tho forc8e of tidnl friction in 

shallow seas . In addition, there are irregular variations--some of them 

rather sudden--in the period of r ota ion , the rensons for which are unknown. 

These two cau s nre responsible for change s in mean solo.r time and therefore 

in tho fro~u ncy of anJ periodic or vibrating eystems measured in terrnB of 

such tirr~ standards . 

In recent years, vibrations of atoma in mol cules--or what are more 

.sp c 'fica lly termed sp ctrum lines originating in transitions between energy 
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1 v ls of th · -~ atomic systelil.B--have hccn found in the microwave re ·on f th 

r d.i s:p trum. It has be n possible t o r:nke very precioe rr~Gn ur€men s of 

th lines by radio ~ethcdo using all-electr nic ~quip~cnt of unpr cedented 

i vity end r esolution . When it bocnrr£ evid nt that such sp ctrum lines 

mi t erentual.l:, pr virie new pr JiJ l ry frcq · ncy stan c rd , s ci .ntists at the 

National Buren of Stendards ~egun seeking a means of utilizi~g one of these 

lines to control nn oscillator which in urn could be used t o drive a clock. 

Becnus th - resulting e_quip:cent, the t omic clock, is control ed by the 

invnrinble ~ 1 cular systEm of amwonin ga s, it indep ·ndent o.t' as ron mica 

d ·t rninations f time. 

The Nati nul Bureau of Standards atomic clo k cons i sts e ssentially of a 

c17 stnl oscil1 t or, a frequ ncy multiplier, a frequency di scr~nat r, and a 

frequency divid r, all housed in two v rtical-type cabinet rncks, on the top 

of which arc mounted a special 50-cycle clock nd a w vcguide absorption cell. 

Ammonie. g s under a pressure of 10 r 15 micrC)ns is n·.c. • ntnined in this cell, 
\ 

a rectangular 1/2 x 1/4-inch ccp-p r tube w.Jund in. a conpact 30-foot spiral 

about t.he c.locJ: . 

The n .. vr developm.ent usE·s e n ol·sorpt i n fr q 'ncy of UIJL'lonin to h ld a 

mi yro {nvo s ignal fixed. If th n i crownve s i Lal output of a generator differs 

in frequency from the n~1onin absorption line, th ·n the control circui ts 

generate an "err ~ r sienal" whi~h brings the r~1icrowo.ve signal back t o the 

fre~uency of the spectrun line. The osc ·lint or g · nero.t ing the :microwo:ve s ign.o.l 

is thus c ntrol1ed, nnd the setting of the cl ck wbich it drives can be comparer 

with an notronon icnl clock. 

Tho microwave signal is initiated by a 100-kilocycle qunrtz-cryotal 

oscilln t r r any ther oscill t or which, f r purposes of convenience and 

accuracy, is designed for n high degree of stability. By mcane of v cuum-t be 
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eire its nnd silicon-crystc. l diodes, this frequency io nultiplied to provi e 

p1 t ignnls throughout the tlicrowc..ve runge . Th oe signals oro camp red 

with tho frequ ncy of a t1icrownvo spectrum line, in this ens of Ol:'il"r.onin g 1 

by s d t able c ntrc•l circuits, c1fton cnlled frequcn y discri:u innt r c r " scrv " 

circu i ts. If the . qunrtz-cryst 1 oecill t or drifts after the n icr wnve eign 1 

nt the upper end of the rriultiplier cha in hcs been exactly tur..ed to tho frequenc; 

of t he spectrun line, the discrininntor circuit generates nn cut_put oignnl 

which, through the pr per control circuits, c n be applied t o the oscillator 

ct the bottom of the multiplier chain to bring it beck to tho proper frequency. 

By means of n frequency divider, tho 100 kilocycles ~y be reduced to any 

desired frequency f · r driving u cl0ck; e.g. one thousa nd cycle r 50 cycles. 

Principles nnd Opernti _n1/ 

Frequency-discrininator c•r servc· -r,echanisn control circuits f0r ntonic 

cl cks .light be d.evc l cred in Lnny d:1 fferent. f rr_s . Tho electronic control 

c i rcui lj in he :pre sent u.t ordc clock is one s -...-;.cce~sful f oro_ of several being 

J. velcpod - J ~ ., 

. • u.l f It is n~w.being refined to 

gi vc ovcn e;r euter tine -keep ing nccu:•" '"' cy . 

The fundnrr.ent'll fr qucnc._) oignn l gen r a ted by the 100-kil cycle 

oscillator is f i r t:J t nultipliecl up t - 270 t le7o.cycleo per second (abbreviated 

Me) by a frequcn ;y-n1lt ipl,ying chn in uo ing otnnc .. c rd l Jw-frcquency tubes. In 

the n xt step, t ho _tultirlying cha in is ccnt i nued up t o 2970 He by r.eans of n 

frequency-r~ltip~- ing klyotr n, which ic leo ~adulated by o.n FM oscillator 

gonernting n aignc l c t 13.8 ! e.12 Me. This makes the frequency-modulated 

output f th - klystr ,n 2)8).8 : 0.12 Me. After fu~ther unplification, the 

frequency-tiudulateri signo.l is t'lultiplied in a silic n crystal re tifier to 
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23,870 .4 ~ 0.?6 Me, nnd fed to tho ru~onin nboorptian cell. As the frequency 

f this nodul ted c ntr 1 signnl sweers ncr the absorption line frequency 
.. 

f the nr- .1 nin vn:p r, the signal reaching the oilicon crys old teet ,rat the 

end f the nbs c. rpti n cell dipc bcco.uae -r the nbs r:pt 

tive utput pulac.~/ 

n, thus giving n 

n 

A second puloc is genero.ted when the output of the frequency- dulnted 

cscill t or at 13.8 t ').12 Me is fed too. miXer ( _r radio receiver) int which 

is also fed o. 12 .5-1v1c signnl frciJl the quartz-cry tal nult ·plying chain. When 

the signal sweeps ocr . ss the proper frequency t o be tuned in (12.5 Me plus 

the 1.39 Me int rnediute frcq_ucnc; of the r coivor, r 13.89 Me), nn output 

pulse . is genernted. The tiue interval betwe n tho t1·1o pulses--that fr r1 the 

absorption cell , caused by the absorpticn line, and that fr n the r eceiver or 

mixer--is o. rr..ensure f the degree t o which the frcquency-nultirlying chain ie 

tuned to th8 nbs rption line. Tho t,.,o p 1lses cnn therefore be r.nde to control 

a. discriminnt. ~)r circuit vrhich wilJ g:ve z ro ' utput vh ·n the tine intorro.l is 

richt ( -im.t io > when the c-L.c,lit i o tu~ed ·o t he nbs rpti n li;1e) nnd will 

gel r nta n con t~ol s:Lgne1J. ;.:hen ~ ~·1e tir.J.e iut.ervr.l ls v.-rong, If the quartz-

cr"' rctnl o illo.tor drifts in fr q ·en y t o hi er values , the tir.le interval 

between the tw pulses incrcn~ .. s; f rJr frequencies which nre t o l ow, the 

intcrr 1 deer - ses. The contr. 1 s ign .ls thuo genernted nrc f ed t o n reactance 

tube , which then f 0rces the qunrtz-crystnl circuit t scillnte nt t he correct 

fr qu ncy t o t 'me t the obsorpti c-n line. Tho qunrtz-crystnl oscillator is thus 

l ocked t o the nrr1cnin line. Frequency di7lders then divide the precise 100-

kilocycle sikllfll dcv.~ to 50 cycles t o drive nn ordincry synchrcnous not or clock, 

nnd also dcwn to 1000 cycles t o drive o. spocinl synchronous -x;lotor clock, which 

is deoignc d f or e.w.ct adjustment and con:pnrison with astronomical time to within 
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5/1 0 fa e -cond. 

Control of the quartz-crystal circuit depends on the r elative duration of 

the p 'tiv and negative portiono of a square-wave signal generated by the 

d · ocr h . nator. · In the diecrininator, the two pulses between which th time 

int rval is to be easured turn a trigg ·r eire it or square-wave generator on 

and off. Wh n the ti~e interval is correct, the on-off cycle generates no outpu 

s ignal f om the positive and negative p ak detect rs driven by the square-wave 

o 'GQal. The detectors or r ectifiers draw curr nt on the positive and negative 

peaks of the square-wave, but when the positive and negative portions of the 

s q 1are wave arc of equal duration, they balance and give no direct current. outpu4 

H wever, if the t ine interval between the two input driving pulses gets longer 

or shorter, the relative duration of the positive and negative rarts of the 

square-wave changes oo that a r e sultant direct-current output is generated. 

T11is outp 1t is po~itive or ne6ative, depending on t he change in the t ime interve 

'l1hus, no control voltage is generated when the quartz-crJ stal oscillator is on 

t he pro:;:er frequency to a&ee , 'throueh the froqu ncy- ultiplying chain, with the 

a1 oni.:t l :!_ne j b t 1. r~s t:i ·e o~ ne6P..t iYe coat rol v ltage is produced for correct 

ing t.he o c illator c · rcui t when i t (_rifts ono way or t he c)thcr from its proper 

value . 

One great advantage of this rarticular clock circuit lies in the inherent 

short-t1r:.e st'lbility of th .. quartz-cryotal oocillntor, which :r:akeo it uL­

necesrary for the diocriLinator circuito to apply correcting control signals 

to the oscillator at a 7ury rarid rate. The crJstal and ~ultiplier circuits 

bri ds e the gap between the fre1uency of the clock and that of the abscrption 

l i ne. 

Recording equipnent and a freq ency meter arc used in checking the accurac; 

of the clock. For this purpose, the frequency of the clock's crystal 
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Be llat r io compared to the frequency of the Bureau's pri~ary frequ ncy 

st , n ar s, a group of precision, 100-kilocycle quartz- ryotal oscillatoro 

colibrated in terms of thoU. S. Naval Observatory tim signals. The oe osc 11-

ut ors rraintain constant frequency with reNp0ct to each other to an accuracy of 

one r nrt in a billion for intervals up to 10 hours nd bett er than one part in 

l 1 million p r d..ay. They can theref rEJ bEl u s ed to t :oasure the constancy of t he 

ntomic clock to this accurc.cy. Thia ie done by beating the si30als fron the two 

scurces together at a frequency of 12.5 Me to obtain greater rr.easurement sensi­

tj_v i ty . A chango of one cycle :per second in the froqucnc~r of the beat note, as 

recorded on the frequency r.~et er or en an automatic recorder, indicates a frcquenc; 

variation of one :part in 12.5 million . In recent tests the clock t1Binte.-ined a 

ccnotancy of one part in ten million for several h urs. These tests show tlmt 

the clock W'ill lock accurately to the o.r-monin line evon when a :rerturbing signal 

i 8 applied to the reactance tube in th ) attenpt to force tho clock to c:r..ange its 

rate . 

Ult i _ _ate 1\ccu:ca y 

Tho ult i uate a :.cu ·e cy of a-.1 at ic c l eek de r ends on r.any fact oro, of which 

the _ 1ost in;or a~t are those covcr ~l.iEg the wiclth of the cpectrun line. SJ?ectrum 

l i nes are not infinitely nnrrow but ha7e a f i n i te width covering a cons iderable 

freq_uen ·y ran e , 8 nee atons or r.1olecules do not e ... it or e.bsorb radiation at 

only on - frequoncy out ruther over n narrow b nd of frequencies. The ratio of 

a line frequ -n y to ito width at the half-:powC'r roint s is called the Q of the 

line , in nnalo · to the Q (qunlity) factor of r esonant circuits used in standard 

radio technique . The Q is n Eeacure of the starpnccc of the line and therefore 

det erDines its us fu1ness as nn accurate frequency nnd tir.:e standard. 

In the caoe of nLmonia, the natural line width d t mined by the uncertainty 

pr nciple of quantun mechanics gives a Q of nbout 1018 (a billion oill1on). If a 
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1 1ro ·vir. h w ro d tormined only by the natura.l ifo tirJ:.p, of o.n xci ed state in 

,Jtf1 n _· ule, iving a Q of 1018, fro _u ncy and t ir.e could be d t mined 

.o tt r then ne part in a billion b lJ.ion (l,OOO,OOO,OOO ,OO ,000,00 ) • 

JJ \·l OV r, he lin is broadened by nther factors which lower the Q to a v luc of 

fro .. 1 5 00 to r:. o,n ~ o , d p ndin on the t n:p r ut re and pressu e of the gas. 

This y be co Q values of rou5hly 50,000 for n good cavity r esonator 

in n n cr w ve circuit and values of 1, 0,00 or so for the best q nrtz crystals 

T1 e r . oni spectrun line thus has o. Q. nppro.xi 1nt ing that of the best qunrt z 

crystals, thou ·h nuch norc constcnt and stabl · . 

The nr.nonia L1olecules in the ubsor:rtion a 11 arc noving rapidly in rnndon 

tler.nal notion at o.n a;erage speed of a~ost 20 0 feet per second at roon 

t cmperat re. When a gns 11olcculo in an absorption cell is approaching or recedin 

froi. tho source of on electror. gnetic wo.ye because of its heat ration, its 

absorption frequency is different fron that which it would have if it were 

standing still.. This gives rise to a ''I:oppler brco.dcning" of the absorption line 

analogous to the chnnge in pitch of B'JU:ld a s its source approaches, passes, &nd 

l oave s n observ Gr. Thus, t1e lin9 wi t can be reduced slightly by lowering 

the t,en ·. rntur ' of t lw f;ns (or by unjnt_S a hen vier nolccnle). Doppler eroadening 

1 wers the Q of the er.nonio. line to bout 33 ,o 0 at roon tonperatures . 

Mole<3ular collisions also broad n the absorption line. This broadening 

occurs because the collisions abruptly t minc.te tho absorption process, causing 

the nolecules t o absorb ~ave trains whose lengths vnry in a rnndon wny deter.oined 

by the distributi n of ti:c.e intervale bet,.recn calli "ions. A frequency nna.lysia 

of these wave trains shows a corresponding randon distribution of absorbed 

frequencies, all centering about n neon value deterrunod by the nuober of coL~ 

l isions per second. In amonia gas at a pressure of 10 r .. icrons there nro o.bout 

collisions p~r second, giving an experinentally neusurea Q of 45,000 for 
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h · b o . :rt n line u d. (This is the line 1m wn to opcctroocopi to o.s the 

, J i n , f or w 11 tho quontu:1 nunbcrs J nd K nro c .ch cq_ o.l to 3 ~) 

Actu lly, th re nre nore ccllisione effoc ·vcly interrupting th ubsorpt n 

pr ... c ln or.r , nia th n the kin& tic tl eory of t; es woul indicate. Further 

br rl. ning of the lino rusults fror. collisions of h8 Llolccules with the W'all , 

nrl. · v n ne r r.1 s E b tween r.:olccules ccuec lntcro.cti n trong enough to interrupt 

nbs rpti n. The nur.ber of collisions per second, ond thus the ccllioion broad n­

in :, , c n b reduced by lowering the gne :pressure. This process, if r:ot curried 

t oo f~ r, does not reduce absorption in the gas, bccn1oo tho decrea se inn ber of 

nolecules absorbing energy is offset by tho incr nso i absorption per ~olecule 

re llt i ng fran the increase in Q. Howeyer, wh0n the prceoure is reduced too 

n•n ..,h, a phenomenon known as sc.turo.t ion f tl e line sots in, caused by nn excess 

f radiation. Too few molecules nre then l eft in t he pr per energy states to 

absorb the microwav r diation co;..rin5 in o the cell. Many nolecules, which 

nor v lly would be i n the :proper one r cJ· stnte tc o.bsorb the inconing radiation, 

ar e in o.n excited ·t c.te ns o. r su ,_t . . f r v as a.b o r ;t i n. Eventually these 

rr.ol ,J.le s will r. i t the qv.aut J. v.·1:11 h t . c: 1 nvo .. bsor bed , r eturning to the norral 

1 vol vrhe:re nb ,-.r i on is 0.13 in pcoe i'hl iJ . [ y.v:;vcr, " o tl, i s :process ia slow , the 

nol 'cule usuc.lly r turns to th ground l ·vol in a. c, llision with another noleculc, 

convertin the absorb 'd r <- dinticn l nt l ent. As the gus pressure io lowered, the 

nunber of collisions is greatly r cucod, nd nut en uc;h nolccules return to ground 

levels. The excessiv · inco.:J.ng r c:.die.ti 'Jn then weo.kens and broc.dens the absorption 

line through so.turati on. The brondenin r ec-ults b ccuse sa.turntion occurs enrlier 

at the peek of the line thnn out rt its win -s . 

Saturation cnn bo eliminated. by r · ducing the strenGth of the incoming 

~adi~tion. However, as the gas pressure und r Gdiation intensity are both lowered, 

a cond·tion will finally be met f r which the signnl otrength will be down in the 
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n '!. tr .1 e l . tric 1 noise l evel of the circuits used to d t - ct the siGUnl. 

i r it noi o -' t t -n ects tho ultir~nto liwitnti ·-n on the r edu ct i on of coll· on 

nd sQtureti n br dcning. It io e st imat d thct n Q of 3CO, OOO t 40 ,000 c n 

bo nttnined nt pre sures of nbout one ~icron--st ill a l cng wcy fr t c Q' of 

tho nnturnl line width. As ouning thc.t cffoctivc Q vc.lucs of 400,000 can he 

obtninod with o.rr.onin, c.n ~ccuro.~y of one r lrl in 100 nillicz:. or bett r s 1Jd 

be p ssible since n nensure1: ·nt of tlo center of tho nbsorrti n line to within 

1/250 of the width ?f the l i no could b e rode. 

Applicn.ti )US ·.nd ("! .,nificc.ncc 

Iraprovot lont f the nccurr..cy f the aton ic cloclt wi ll t ::.ake it useful in 

several fields of pure nd c.pplied ociGnco. The l cnt;ths of the mee.n solnr d<- y 1 

used in nstrcnonicc.l r:1ea.suron·ents, fluctuate ns r.ruch c.s one :po.rt in 20 to 30 

milli,Jn 1 becc.us (.: of vnrintions in the rL~te f rotnt i ~ n cf th'J nrth on its axis. 

The va.rinti >n in present tir.:e f"t a.nd. r C.. , due to th se fluctutrvions, causeo 

crroro in the l ocntion of h 'nvcnly b di ! fi [~nd in studi s of their orbits o.nd 

:m tio C! , The c.t onic clock f fc1 s hu prJP- sibili ty of o.n invc.ric..nt oostor clock 

n n5_ns t wri c'h the vc.t> :! f;. ~ ~- i.1 i n. t h . 8[J.rt r} · s t .i ~c -kc:: eping could be rr.e o.sured. 

Pu"l c.b 8 ·:-p ···i t;)u cell on en nt ~·ric cl "k could, f r s ne I UrJ?oseo, t ake the place 

of o.n nstr U (.1r.i cnl observo. · ~ ry . 

Broadca sts of Bt['.ndc r d frc "1 L C r arc ~ i up _rtnnco in keeping o.ll kinds of 

ro.dio, r ndnr, and electrcr if: 0 '1 ui _r .cTJ.t. pr ... • r ly t 1nod throue;hont the world. 

This service is rcCluircd in i ·ck '~-"n .ti 1. n~l Lr::: rwp :tnt ion and connunications so 

that, f or exo.nple 1 on n i rr: l ane with rr~dio n:J."'! GO. t i onnl equi:pr.ent will be using 

the right frequ ncy whcr ve r :L t io in the w0rld o.e.d who.tcver airport it is 

usin • At present, the Nntional Bureau of Stc.ndnrds Stntion, ~V, broadcasts 

sto.nda d fre quency nnd ti~e sigr~ls n e ver~l trnn ~tter frequencies to all 
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the worl • Th Navy De:plrtment also uses q .e.rtz -crystal clocks to broadcast time 

s' nals f r navi ~ntional purposes. These quartz-cryctal clocks drift slightly 

in frequency and hnve to be adjusted to ke p them in a31~ ement with the basic 

astr nouical time siGnals. Clocks of this +y~ oul1 be kept constant a to· 

rr~atically hy rr.ee.ns of absorption lines. 

Mnintennnc of transmitter frequency to within close limits is al o necessary 

t o utilize the available radio npectr~~ efficiently. The use of 1 ~g-distance 

st ndnrd frequency broadcasts is c mplicated by a l arge reducti n ~n accuracy due 

to i onospheric effects. A 1 ng distance, short-wa--re signal travels around the 

earth by reflecti n from the uprer i on·zcd reGions of the atmosphere, known as the 

i onosphere. EYPry morning at ounriee the i n0sphere m.:;ves downward, and every 

evening at sunset it rises . Thi s dail~ v&riati0n in heibht cause~ a Doppl r 

shi ft of the frcqu n y of the reflected wave und, t ot;ether vrith other as yet 

uruarrown causes, i s responsi~le for n reduction by a factor cf 25 or oore in the 

accuracy of the fr quency of the r ce::.. V8d sigJ.1£.l. Thus, the Bureau's standard 

frequency broatlcaa+, n{;rees wj_t,h ar:r' r ~ L. mic .l ti;ne s · gn· J.s to one part in one 

, f 
• . c '· be L only one part in f our 

mill ' n f t e1· t rc·:1 rr ·. s E i cn 0 , ~r· 1 )! g :i. · J . o. ~ t ·"'2 · ~ Thi s J. ifficulty can be partly 

6vorcome in se7ero.l ,.,ays. One is tl e y , vici ,:n of a loca_, precise frequency 

standard calibr t ~ by means Lf r c ived stnndnr1 tit~ sign ls also transmitted 

by radio . However, this :r:rrx ·edc , , . .J i ch :rcq ir G a doy or mere, c mplicntes the 

equipment pr blen and intr• :iuccs a .. iiti0n 1 Ej:-r r.·ro, 1 ~.c.k ir..g impractical the uoe 9f 

stnndo..rd frequency brr- dcc. ~rGG f ·: r instcntan-9CUS or c r· Ltinuoua frequency cali-

brations of the hi gr.~.e st precls i ~ n. 

At the la~t In ernuti nal Rn io C0nfercncc he~ 'n Atlantic City in 1947, 

plans vrerc f lmul t.:..ted to pr ovide otc.ndc.ru frcq_ ency and time broadcasts from macy 

atntiono 1 cated t o r ender good s ervice thrcu0~ ut the world. These services may 
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pr v r i lifiod by menno of t coic cl cks and requ ncy stand rds . 

h cl ck cou l CC'ntrol the stc.ndnrd frequency 1a.iosions f t he v -ri us sto.ti na 

'" th nt ch king and m0nitcrinG by c.c:tr: nonic~.l time signc..lo. The D0p:pl r 

fr q tenc~ shifto could then be eljJ i ,~.n.t ' d by lin i tinc trnnrmissi n d iet nces to 

oh, rt r . ngeo . Als , og_uipr.1 nt CD.JYTlLr o in the worl c .tud 'he cheek ~ nin t nn 

bs r pti n 1·ne with t h cert o.int~· f obto.ining 1J. precision calibr tion a ninot n 

b G 1 te stnn r nd with ut dependin n ~. st ndo.r · requenc~y brvodeast . 

ne udvnnto.ge f the r oto..tinc; c rth o.o the bnsic t inc-k -cpc r is thc.t it never 

stops r ot uting or breaks dovm. 1ikewis , cny w n-~cde clock milst not brenk down 

b t must be kept running f oreYer if it i t o lreep trc..ck of tirr.e from s rae arb i trary 

inGt nt chos en ns a startinG pr int. With tl~e pr sent qunrtz-cryota l clocks, this 

difficulty is net by using c. l ur5o nut:b r of cimilnr cl c:cs e nst ntly inter­

c ompared s o tha t brea kdown f one d:Jes net mec.n a l oe s f time-keeping records. 

While this :proc dure c uld els·_ be used wit h t ·...~nic cl cks, it wculd not be 

neces sary f r use f tbe cl~c~ s ~ :reqt n y st~nd rd or fer defining a standard 

f ti11e -int orv ls since thes · [ I- -;>L:. c - t :t ·Jns d not r qul re continuous operation of 

the at cmj_c c ."'..o lr . 

The o.t ~Jmic c .l_ock sh-:.JUl ·_ r:; : r ~u_ -l~ ~-: . J! !. ' er..r"nt .:.n c..e t.r n cn ical time st nda rds in 

a vm.y i mpossibl with c l oct ·r:- ic - ·on ,__,_ Lt.::J ,_r qu rtz -cr- ·si{nl cloclcs . It thus opens 

the possibility of inrrcving t h8 J:- t'Ccisicn f 1:n :>1-rl Gde:;c c f the l ength of the year, 

thnt is, the tine it tnkec t he c :-~ ;_ : t o rc-:rolvo once in its orbit ar und the sun. 

This is independ nt c f the t j_:::'-3 it ·"'ak G tho oc.rth t o ru~nte cncc e n its axis-­

t he mean sc l nr d y . 'Je nsu r L_ en,-s c _ uld then doten:J.ino wl: etl er the IT~enn s ideral 

yea.r is more con star_._t than the nenn S8l c.r drry , as s ono nstrcn oners believe rro.y 

be the case . 

Although tll~ use of a t ~. li e tine pr sents ad.ve..ntages in ~ny fields of 

science , it will al -1c.ys be necessary f or s ._ e purp ses t h ve astrononic tine 
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st nclnrde. This is because the puinting of e. tel scoJ;:O depends on the 

ri ntati n of the earth nt the inst nt of oboorv tion, in other words , on 

netr n r1ica.l tiDe nensuronenta which derive fr cm th r.oti n f th rth. 

The NBS Progr n and M orowo.ve S:pectr sc py 

The atonic clock prngroLl is beinG carried on at the National Bureau of 

Stnndnrds along severnl different lines. An n thee€ is a pr j ect being dev lop · 

with the coopero.ti n of the atonic benn lab ro.tory of Colunbin Univ reity which 

n~y r esult in greatly inproved accura. y. In this nethod 1 quantun transitions 

in beans of atone such ns cosiuu will be used to establish frequency and ti~e 

stnndnrds. Tho broadening of the lines by collisions and Doppler effect is 

largely el~linated in this net~od s o that the potential aocurncy is increased by 

a. fact r of lC> t o 100 oro nore ,::·: Calculat ions show that an ultiJ::nte nee a cy of 

one part in ten billion r..cy be rea.ch d. The o.tonic bean is again used in 

conjuncti n with a quartz-crystal oscillnt r and frequ ncy lti:plier syeten, 

just as in the present neth d using an abe rption cell. 

The chemical anaJ.ysis -:f r:nny heavy nolecul e s by t1cnns of o. v..icrowave 

spectroscope hna been cnrried out by ~any investigators. This ~akes it highly 

desirable to place frequency standards n nn atonic basis at an early date in 

order that better precision cnn be obtained in the neo.sure.ment of nolecular 

constants. More o.nd ~Dre cherucnls will be nnalyzed as the technique is pushed 

to higher and hi her frequencies in tho nicr0wave region. Spectroscopic analysis 

hne hithert been dependent on infrared, optical, and ultraviolet nethode, which 

f or the ~ost :part are lioited .to work on ator~ and the siopler noleculea. Row­

ever, a 1 rge pnrt f nedicnl and industrial chetlistry requires o.nnlysie of 

large, complicated noleculee . The heavy molecules, r otating nt slower rat a, 

usually hnve epectrun linea in the microwave r gion ao that the recent advanc s 
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n .1 · c owo.ve r:: 'o.surcncnt technique now provide highly nee ate ncthod f or the 

st dy f r.Y:lccul , r constitution. Such l a r ge l.;iole ulcs o.rc :princ ·:pally involved 

in tho fi e lds f high p lyrera, plaotics, rubber, textiles, oil, f ods, drugs, 

nnd b ol g ·c 1 chen ica ls such as vitn~uns. 

St able i otopes which are nn.w nvo.ilable fron tho AtoDic Energy C ~1ission, 

nrc b ing widely applied in industry c.nd r. cdicinc 1 and it is beconing in.P rtant tc 

have quick, accurate instrur~nts f or noasure~ents of the kind end quantity of 

io t epee pr sent in a SD.l\ I)le. Isot opic identification is not possible by ordinary 

chcn ica l nethods, which dee.l nly with the ute1 .. pnrt of un a ton or nol ecule 

and not with the nucleus. The ~icrownve upectror~tcr, having a resolution up to 

1 ,000 ti~nes greater than an 1nfrar6d spectroscope, will be able t o n~ke 

measur rents on ninute isot cpic oanples, and it can bo built to do this quickly 

and cctrrately with autoratic, nll-electr nic c Lpononts. 

One of the nost inportnnt upplico.ti ns f qu · rtz Cr'JSt'"'.ls is t o the 

frequency-ccntrol of trnnsnitters and filters used in radio equipncnt--b th 

nilitary o.nd civilio.n. If these tro.nsLittcrs v ried in frequency, radio and 

television sets would c nstantly have t be ret ned, und r1uch interference 

ootvccn adjacent channel tro.nGDi t.ters "\-rould also result. Telephone conpnnies 

operate carrier telephcne circuits in which l&rge nuriliprs of sioultaneous 

nesanges nre trnn~Dittcd over the sur~ cable and are sopnro.ted by neo.ns of 

crystal filters. Sin ilcr needs ere wet in r1icr wuve relay networks used f or 

siriUltnneous co:onunicaticns, televisi :m, nnd FM br o.dco.sting. At the highor 

frequencies, which o.re inaccessible t o crystal uscillnt rs r r filters, the need 

f or frequency-contr0l equipnent is urgent. Here o.t rrlc oscillators and spectruo 

lines used as filters would give the necessary frequency control and stability. 

A filt er wculd consist of n cell filled with o. gas that would nbeorb oany 

d 'ffcrent frequ ncies. A band-puss ruther then a band-st p filter cnn a so 

r. de by neans of additional nicrcrwo:ve 0 nponenta called 
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r~ · ic s . h filt ero c ,uld be ele ctrically tun d by nuking us e of the S a rk 

cff c t, i n which nn f'.ppliod ele ctric fi e l d c'"'n f or co a nol e cule to chc.nge its 

f r qucncy . 

ct bl .scill t crs f r ccntr~llinG hi&~-frequcncy trcn n i t t or s ca n be n de by 

u · nD n r_ · thcd ir.:ila r t o th t i n tho pre s ent at :-:.r ic clc cl'" . Here o. di s crinina t or 

r s · r vo e ire i locl~G the tr na· i tt or t o o. opoctrun line throu h n contr ol 

BiLJTI 1 goner -d y the s ervo whenever tho fre quency drift s . H~. wever, it would be 

ndvnntn - s t o e li i no.te the s ervo r discr ir.inc.t ,..,r c.nd deve l op an a t onic 

os c i ll t cr in which the nbc r:t_:Jti ~1n line w uld. d :!.ro ctly dotcrr.u ne the fre quency 

f t he s c i llc.t r or trnnsnit.ter. This wo ' l d be o.Il['locous t o n 1 w-froq, ncy 

q c.rtz-crystal s cill t or c.nd rJo.ko p c o 1, lo .nny n · -rr uppl ·' cntic,n s t o 11icr ownve 

r ad i syEt e. ·_s . 

Dr . Ho.r ld Ly cn s , i n r e cent W'Jrk nt t he N. t i onc.l Bureau c f St ndc.r ds, has 

dosit;necl c i rcui t s f t hi s t yre f ~r ne-e in t r c:. .n ::li .. t ·r ccnt r , 1 o.nd f er raking an 

ate 1ic clock n f roQu ncy s t c.nd r -r: i hcut , oin -r , i ucr ir.lin t or c i rcuits. In this 

mothcd , t he nt orai c- ~"~ cillc.t -r freq· a n y is r oc c d ·y Genns (_,f fre quency div iders , 

but no qtu::.rt ~ "J C' nJ. - dri·r n fr .::.- , n c ~ - .• u:.t .LpJ- in chn in i s used , us in the 

pre '"'ont clC' ck , n .__r i o ~ ny SC I:'"/(~· circu ·_t r c: t:_uii:'Or . T he c i rcu jt is that f a 

fo cdbnck c. ci l l nt or in which fccdbc.cl~ i o obt ained f -r the m: ; lif i or t hr ugh n I;:llgic 

t ee nl:,' a t the nbS') r pt ion l i ne fre quency . The t ee is bc.l o.ncod at other 

f r equencies , but tho e.bs r r ti ;:)n ;CCUrrin .J c t tho r e o _,no.nce f r equency Of t he line 

unbu l o.nce s 1 t awl c.llcws t he s i ; ·nal t o be rnsaeu_ tr~ough c- o t ho.t the nnplifier 

oscilla t e s . This c i r cu it r e q ~i re s o. n icrcn.ruv e nr.plifier c.t t he frequency of the 

nbs r ption l i ne . Such c.mplifie r s hc.vc been built , but a re n ot y t c o!=x:ercia.ll.y 

nyailnble , a t 24 , 000 Me wher e t he nr~nnia lines are f ound . 

Mec:.nwhil , nn exa ct e q_uiva.l ont of this c i rcuit hns been set u:p c.t 3,000 Me , 

where nnplifiers are now o.vn ilnble.. This circui t uses o. resonant ce.vi ty in nn 
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eq livo. l ent circuit 1f the nos rpticn line. As tho oscillnt or ho.s fun ti 'Jnoi 

snti s f nctorily, nn ntte~pt is beinG Ende t 0 f ind auitnblo nboor~ ti n 1 ne o in 

the 3,000-Mc r egi n . This inv , lvcs n search f or the lines of dcu crated nco n1a 1 

in w·h i ch o r:e ~f the hyclroc; n nt r:ns in the c..1. Knic n clcculos hnv be n repl ced 

by lL vy hy .r e b n ( dcutcriun) c.t .. ~s. The hen v ier deutoro.tcd o.r:nonio. will iv 

lines nt 1 ·-='w r frequencies thnn or d.innry m nin . For exnnple, wh--·n nil three 

hydr ) n o.tcns hnve deuteriur.1 nt ,-;ns eubotitutcd f or t her:, tho frog_ucncy will 

go d wn t o npproxiwately 1,200 Me . The Nationa l Bure~u of Stc n nr 1s plnns to 

c cn"'truct o. ~ gic - tee atr·)nic oscillator usin·-, the l ower- fre quency n.r.::r:tonia lines. 

Anothe r c.ton ic scillc.tor t o be c cn("'tructod o.t t!1e Bureau _will be sinilnr t o the 

:mcgic - t ee type but will use n si.x - nrr.1 wo.vecui .e br l ~-ce to control the fe odbc.ck 

f the nm1)lifier . This circtii t should l a r gely clin~nnte possible effects of the 

external circuits n the frequency of the oscill._ t or. Thus , the oscillatcr, 

c ontrolled by the nbsorptic'n l i n · nlone , shoul be eopccic.l~ suitable f or 

prii1c.ry etc ic clocl~s and frequency stn.nda.r s . Anc.l og us circuits at low 

fre quencies, usin q_un'!."t z crystnJ.s in o:r.din ~~.-'Y brill gcs , have bee me the nest 

precise qu · :-.."'tZ C""y stal osc i 1la 'j')Y'S s o fc:.r c ons tructed . Tho reletive nerita of 

The o.t cnic clock r£:-y cventunJ 1.>" b e used t o i.Llprove the stnndc.rd frequency 

and ti.:Je brcu, cacts of tho No.t i ';n.E'~l Burec.u ' f Stc..nclo.rds , b oth from Stc.tion vlWV 

und the Bure u ' s new st:J.tion in H:-.wGii, W\f"'V.d . This could be done by n onitoring 

the present q_u...,rtz-crysto. l clocks with o.n at :::'n ic clock and would be ESpecially 

uGeful at the Huvra iio.n tro.n sr.i tter . A precise atonic c l ock vrouJ.d give the 

.Bureau a t .L .-_e otr::.ndo.rd c_nnl-:;·~ous t o the Burec.u ' o new nt onic standard of length 

Il.Tovi cd by the invariant vrav€.1 -·ngth of the light .fron a single r 4ercury isotope 

(Hgl98) . 

The goo.l of uaing s:pectrum J,ines of indivi ua..l, isolated c.tons in o. field-
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ir e cr .cc to cstublioh tili1e ancl frequency standards is nost nco.rly attn ned in 

the Ji. - th d using quantun trans it i ons in a to ·ic beans. Both this net hod nnd the 

~cth d using absorption cells sten fron the application of ntcDic physics to 

practical preble~ . In fact, qunntuti ~echnnics Eust be used to calculate and 

doEJi m the necessary npparntus, nnd t ubs rption by nrmonia gas is a typicn 

qunntun r£chnnical ffect incapable of explanation by classical physics . The 

nvJ. onia n 1 cu1e , structurally like n pyro.n id with the three hydrogen o.tons 

fo~. ing the triangulnr bnec nnd the nitr en aton nt tho apex, continually turns 

itself insi~e- . ut, giving rise t o u qunntuw-nechanicnl rcson&nce absorption. 

The atonic clock is thus o.n ther exc.nple of the li porto.nce of atonic physics 

to enc; ineerina . The overl apping f the f iE:lds of lcctronics nnd microwave 

physics r;JEJ..y well provide a. new tee~(> f or opening up tho millir~et ~r-wnvelcngth 

bands above the region whore 04dinary oicrowave nothods nre applicable and below 

the r egion of optical methods. 

Micr wave frequency etnndnrds, Hnrold Ly ns, Physical Review, 74, 1203, 
Nov. l, (1948). The first discussion of the ntoD· c clock, presented at 
the neetin.g uf the Anericnn Physical Society in Washington, D. C., on 
April 30, 1948. 

Somewhat sli1ilar pulse circuits were first used in n stabilized klystron 
oscillator by Dr. w. D. Hershberger of the RCA Laboratories, Princeton. 
Such an application is fcrtunntely simpler than the application to an 
ntL"Llic clock, which nust work with nuch l ower sign'b.l levels. 
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F ' ~ r 1. l c cl ock nt t 1 e Nntionnl Bur onu of St . n :.1r .~ i s c T!lp ' , l y 
i t h i,. unit with the '1 ctr onlc oqu i pr.v·. ;J.t h Js d i:1 n n-

d f1 r r a th l wa vocuirl · o.bsorpt i on c e l l wound i n n spi r .. l r 1lnd n 
r:: - yc l ~ ynch r no s lock on t op of tho c b inl:· t • l1 r or;: t op to batt n , n th l oft 
p n 1 ... : f r ·qu . ~1c y d vint i on r ocorde r; 1000-cyc l o syn :-tr onou ~ tor l ock (24- hour 
d ' nl); Jl ·c t r 1 ic f r c CJ_uancy me t e r (drivos doviati n r c rd c r); 10 - ki l ocy l e 
q let rtz - r; st .. l c .:_ l l -:t t or ; fr oquonc y d ivid (_ rs (divide 100 1-::c d m·m to 50 n nd 1 00 

ycl 'S ); ' r egul nt ,d · p wor supp ly for J:ly0tron t ub os ; r ·:1gu l at · rl. plnto nnd fi l flm -nt 
p wc r su_ pl , • On t ho ri ght p nel s : fr •CJuonc:r conpnrntor nnd d ovi o. t ion i ndic t r ; 
m nito r i nc; sci llos c op o ; puls · nmpl ifi rs and ~ hnpcr s , nnd p l s o d i scrimi :1nt r; 
d- e cont r ol v olt - r- u i nd ica t or; sw -o p -r n r a+,or, f!\.1 modul at or 1 nnd kl ys r on fr -
qu n y m ll t i plie r (270 me to 2984 no ); f r .,_qu oncJ nultipl i c r (1 00 kc to 270 me ); 
ol t r nio vn cuum g ge J r e gu l nt od I l a to unci film~ 'nt po ·r •r s ppl y . 

PHOTO 1 7857-1-320 

Fie;ur o· 2. De t , ils ~n siz e a nd constru~ti on ci' the nt om i c c l oc k , d ,v l op ed nt tho 
Nnt ionf1l Dur rnu of St nndn rds, npp .n r i~ th i~ ~ono r l v i 7 of the bLck 

of t h o equi pme nt . E . F . Hus t rJn (1 ft) c. n 1'~ . D. Hcb rling (right ), memb r: rs of 
t h sta f f a t t l1 liD S I.Ii crow,o4ve Stnndn r d s Labor, - r y , n r o s h :rn mnkinc nd j stnc nts 
on th cl oo k 1 s amp l ifi er and pfJ\.vc r su ._ pl v c iroli~s . Tho nn ,., unt of ogu i pmr;nt hown 
i s l nr g c r thnn n e d d f or t h o cloc1:: nl I ;e :--ince ~ or1o of he i s t r um nt f n r o f or 
mc aru r r.lC its nnd t ·sts f ..:c rfor nnnco . "'it .... t unllv, t u c irc u i ts "Ss ontin. l t o tho . 

pe rution o f th nt01 i c c l ock cou l d bo c onn . nsod i nto ono of tho -b·m c r. b i n ut rucks • 
fliOTO 1 785 7-2- 320 

· Figu r e 3. - Wh i l e he NB S At om.io Cl ock is i n op r at i o , t he rwni taring os cill osc,ope 
cont i nuous l y di spl ys a traco of t h o 3, 3 ab~ orpti on line of ammonia_. 

The 3 ,3 lin , str on r- e s t f mnny nb s or pt i n line s in e.mmoni rl 1 c orre s ponds to t he 
qua ntum tr \lnsi ti on in which t h u quantum numb rs J nnd K both ha v e the va lue 3. 
Th . symmetr ic output pul s o is p r oduc (') d by nb s or ., t i on of the FM control signal 
n s it sw 'cps a cr ss the n a t ur a l o.b s orpt i n-line fr eque ncy of the nmr;1onia gn s • The 
shnr pn e ss of this line on t he os c illoscope scr on is nn indica tion of t ho tirnc-
1 c :. ping n c c ur f\ cy of tho nt onic cl ock , A frc..: qu nc y s ca l.o may be i n f erre d fr om the 
known f r qu 'ncy i nt erva l (1,.74 lc) b ot wG n t he ma in 3_,3 pul s ·:1 and t h e fir s t 
satellite pul se on e i t h e r sido (th e s nt cllit oG nrc pr o·luc c d by n cl ea r quad ru pole 
mom nts of N14 ). This f; ho~s t ha t the ·width of t he 3 _,3 ubs or i t i o l i ne ut t he 
hnl f· · powe r po i n i s nb out Oo3 35 ~.Ic; divid ing tho cont ' r fr :)qu onc y ( 23, 870 M ) by 
th i s ha lf-powur v n. l uo y i e lds a Q of 71 1 200 . Pt OTO 17857-·4-320 

Figur o 4. - Tho q nnt um tran s iti on b .. v¥h ich th e nmm on i u mol ocu l o (top ), NH3 • nb-
sorb i g cne rt;y nt onfJ sha rpl y d e fine d froqucnc,; , can t urn i'tself 

inside out i s illu t r ntod i n 0ln ~s i c fll c rm s b.,r t h o s ch c'lT'.n t ic d i a gram (bottom). 
An a b s or pt i on lin e pr oc uc od bj- ::n lC h a trn;1s i ti on s ervos o s the fr equ nc y control 
f or t h e NB S Atomic Clo c .-: . The c.mmo 1i a mol e cule is i n the form of u pyramid with 
a n i tr oc;e n nucl eu s nt t h e n pex nnri throe h~rdrogen nucl e i nt t he b n s c ; ea ch nucleus 
is surrounde d by i t~ chn ro.c t e ri st ic lcc t r on ohnrce o The Avc rr\ gu d is t nnc e b e tween 
t h o n i trog on nuc l ous a nd ea ch hydrogon nucl eua is 1 8 01 Anc;s t roms; tha t b E;tween 
the hyd r ogen nucl o i is 1.~3 Ancstr~s. Tho py rnmi d is about 0.~8 Angstroms high 1 
!\nd t he H-N-H a pe x o.ngle is 107°. 

?HOTO 17857-3-320 
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F i.Gurc 5 . 1 oc k d i o.[; r n 0f thn Nn i 'J n l Bur u n l of Stnndnrd A 0r1 i 
fund r1n c tr. l rlriv i nf\ si _n._l orig;i ~t s in h 100- : ilocyclo 

q tartz- u l or . 'l'llo fr qu . cy-mul ti!ll i or n.nd l1<- li l'Jnic-c n r ntor chC\ in 
h 1 this Gi s no. l l f> t o . i c r onr_~ , 'J fr cqu n i 'S by ·n ... f v~ . -tub 

s · l i0 o. - c rys n l r1 i od os , p r oviC.i c · tout s i · n '" 1 s thr l ll}:ho lt t h ... r o-
Fr ·qu mo' -discri :-t in~tor circ1its in the c ontro l linJ: hen c o '.mr e tho 
1 ~o r.i[n'1 ls with the m1r:-1onio. fre qu e-ncy stnncL _rrl . Aft r tho microwa 

is xo. ctl ~, tu.ucrl to tho fr oq,Jc nc~ . .r of t h r:poct r UT:l l in~ , o.::.y t ndency t o drift 
-o pnrt of ·.h o qunrtz -c~·st.n l ' . os cill nt r v.-ill c r,uso tho di crin innt r circuits 
i n h , c ontrol lin ~ t o s ond fl r. " e rror siennl " bnc k to the os clll[\tor, P1 into.ining 
it r\t the prope r fr e q lenc~~ . Tlt e crys"tn l os i1l ntor i s thus l ocl~:- · d t the i nvarir..nt 
fr (; qw:; nou of h · mn nin line . A fr ""'quo.cy cl ivi l r chnin then drive s n SJnchr nous• 
mot r l o c~ , f ir t r ducin g tho s tnbiliz d 1 - k ilocycl Pien~l t o the cl ck 
fr · u ·ncy. 

Figur 6. - The w~v ~u i 1 o nbscr pti 1 c 11 ts o l i n ~1c ;rns Ato . ic Clock i s a 
roct ~n' cul nr c oppe r t ubo wo nd L1 n c ompc. c t s pi r '11 nnd pr ovide d with 

mic f\ :ri ndows t '"' so o.l i n th e nn:-tonin en s nt r ,dnc o r1 pr ssur , . A 2983 o8-not; cy-clo 
s ic~1nl i s f e d thr ouch n c onxi fl l e n l o t o n type - 1 'T2 G sil ic 0n-c ryr::t~l r ;ctifie r 
i n i d o ·tho vmvog lido . Th is crys tn l r o ctifi s· th inr t curr ent o.nd g: cne r~. te s 
str o 1g h~,rmonics which r r.r.into dovn tr,o v-r, V'J GU i rlo . Tu i n s .1.lupgcrs n r c s J1owii at 
t ho L1put unr1 out put of th · c el ls f or i . p ct nee no. t h i ~1g so t ho. t nll of the signnl 
i s us ed nnd 1 one r e flected . The p r s ·nt 3 - f ot c e l l bives n tvro-t o- one t t~ l 
r ~ duc t i on i n si~n~l ru~p litud • Aft r pns inG t h r 0uch th nbsnr pt i on c ell , the 
siGnal is r oc e i" od by nnoth t·r t ypo-l !I2 6 silic n - c r y s tn l r ectifi er. This r ectifier, 
noting like n r ~c 1v1nL nnt · nn~ ) bc·nor~t s o.n n tput current which dips due to 
nbs or ption n.s tho i nput fr equoncy sw ' ep s '1Cross the nbs orpti o!1-lino fr ,_; quo·ncy. 

PHOTO 17 85 7~5-320 

Figure 7. - Thr. fu ndn .c ntn1 dr i vine s i ~"1.1n l f or tho l'JBS AtoJTlic Cl ock riginntes 
in the 100- l:il ocycl o qunrt z- c r ystnl oscillator (l owe r l eft )o A 

fr c~ quencyromu :L t i :} lyinc; chr\ in u sin::; o r r1i n'l r y r ud i e> tubes multiplies the ~i gnnl up 
to 270 me ~n c/ l c s ; a .fr oqu oncy·· ,ultiplyin.g k lystron then multipl i es the sign- 1 
11 TI1.or e time s o.n comb in :: s it with u sigr~n l fr on r f:- r;,quency· ·mo lul ~tod oscillator 
to r 0rt uce nn H.: ut put si Gno. l r,t 2983-:>8±:0, .. 12 l~c~ A si lic vn-c ryGtr:t l h :1. rncnic 
gon r :,tor mu l ti ... lie s th i s FM si;;n['. l up to 2S870 o4 :t.O o96 Me nnd intr ocucep it into 
th r.on io. nb 0 r pt i 11 c '11. As the fr equ•;nc y of the noduL .t e cl c ~ 1t r ol signa l 
swo ·ps a c r os s the ~~bs ~ r pt i n-l ino fr e quency of tho m:~r. nin , .f\,. or, -the ~ icnn l 

r eCt chi n~; the s il · c on - c r ys l:-: 11 d ' tector a t the end of the ... lb c:o r 1 ti n c 11 i s de ­
orva s ed , g i v i nc nn O'Jtp,J.t pul se ·v} ich is s t r cnc t h(:med e.nd shnrpened in tho amplifie: 
and puls a shnpe r. A r. o cnr~ l _ tls c i s c;onorn.te d by C0:'1b i n i nc i nn mix ·r tho output 
of tho F:·t os cill nt r r.nd n 12 • ..., ~n c ;: . cyc l o s ign[' l fr om tho fr cql ncynultiplying 
cl in . The timo ii t c rv·1 l b c tvvc; un the pal so fr or . the absor ption c ell n nd the ru1se 
fr om the ix r c n th ' • be ,, IJ '1GU r (Jd in tho di :; criminnt r-: r ·. Thr; :.!if"crimin':\to r cives 
ze r o output when t he time i nterva l i~ richt ; bnt vrh on the int (~ rvn l i vrron[; , it 
s e nd s a c n r o1 sit~no. l t the r oactn nce tubo , vrhich r e t nos t ho crystal oscillator 
nc r d ine;ly . The c r ys nl osci1l· .. to r is th n stabilized :;n inst rlrift nnd cnn 

--.. vlintnin the tim k oping of the s ynchronous-moto r clock s with extrome accur o.cy. 
~~TO 1785 7-6-320 
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Fiu 1r 8 . - Tho 1 0- Lil o~ro l(! :!'r equcn0y st'1nd l'\ rd 0mpl oys o. qu'l.rt z-c r ystaL. oscil la-
to r vrith n r onctnnco-tubo c ontr'J l circuit. The " e rror signnl" fr OT:l a 

fr e qu e ncy disc r i .L ~ tor is pC\~a cd thr ' u~h tho i ntogrnting circuit, which smooths 
o t 11 fl.uct tnti ons i n the r r r sihnn1 c xcopt stondy hn.nc .s cenc r ntod \'the n the 
c·r u •t t ri es t0 rift in fr oq1.wncy. The O'.l tput V'~lt t; e of ·the int ccrntinc circuit. 
npr>li o t the r :1ct'\nco- tub0 Gric, C'1ntrol s thfJ tuning of tho cry~tnl oscillator. 
Th s ci ll nt a r outp1t is fe ~ ton fr ~qu nc y divid·r nnd also , through tho buffe r 
nmrJifinr, ton f r cqu .ncy multipli0r. 

Fi~uro 9 . -The lin i t nr, rnodu l~tor, n.nd mul tiplier nrr o.nc 8r.wnt uses - n klystron 
tubo t o m.tl tir l:r tho 270-me:r~. cyole inl ut s i s no.l 11 tines b f o r e com­

bininG i t with nn FM sicnal f 13 . 8.:r_O.l2 Me . ThG r es 1lting outpqt sir,n~l; -

2983 . 8~0 .12 Me , is the n nnplifi€d in nnoth . r klystron a nd f ed to thd ho. r moni c 
r; :1 -" rn t or n t the i nput of the ntttno 1i '-\ nb~orpti 0n cell. Klystron tubes a r e used 
h · re becquse f tho ox rernely hich fr oqucncios involv~d. 

Fi curo 10. - I n the p lfl G di~criMinnt o r, h e tw0 · lllso s betv-roo n whi ch the time 
i nte r"n l is to be mc .. sur od turn n triGGe r circuit o r squnrc -w~ve 

cen ·r ntor on a nd off . \tVlu3n the time in e r v nl is c rr c ct , the on-off cycle t;ene r'lte: 
n o output s i G:pnl fro n the p 0s i t i v ~ nnd 11 (' C:~ tt i vo perA ,~ '.: rl =- t Gctor s dr iven by the 
~qunr c -wnv8 s icnnl. The d8tecto rs d r n.w c urr cpt on the positive and ne Gat ive penl:::s 

f tho square 1vnve , but whon tho positiv(: R.nd nu i_;: ntivo r ortions 0f the s qun r e wnve 
n r c of nqun l durnti cn , they bnlr.nce and Give n,- ~ 1-c output. Howc~.ro r, : if t ho ti:::no 
intc rvnl b e -trre cn tho tv.r o inr lt C. rivint; pu ls e s cets 1o ngor or sho r ter, the r e lntive 
du r nt i on of tho positive a nu nc br:-, tiV ..:.. po.r t s of th·J square '\VU Y O chnn[ OS SO tho.t n 
r esulta nt d-e out put i c gene r ~ted o No c ont r ol volto.;: e is Gene r a ted when t he 
qunrtz-crystal osc illnt ar is on the p r oper frequency to tunc tho fre que ncy-rrmltiply 
ing chr.in to the nrunoni a li ne , but n c nt rol vo1tr-\ [ O i ~ producerl to r e t une the 
oscillntor if it is tt•nd i rc t o c ri fto .PIIOTO 1785 7-7-320 

FiGures 11 n rl 12. - fch~nnt io circuit rli ag rnMs of the pulse d i sc rimin"tor and the 
100-kil ocycl ' q uartz- crys tnl osc illat or us od in the NBS 

At omic Cl ocJ • . PHOTO 17857-8-320 

F'icuro 13a - Dre Eo Ue Condon (l e ft), Direct or of the N:1ti r)na l Buronu of Standard s 
c.nd Dr. Hnr o ld Ly·. ns 1 invento r o f tho NBS Atomic Cl ock, stand before 

the c ont r ol pane l nf the clock. Dr. C ondo~ is h ,.)lrii nc n m 0'3 1 of the aT"Jnonin 
mol ecule vrh ose n i crown.vo nb s or pti rm line (sho m on t ho osci ll o s c 0pe screen o.t 
right) pr ovides the i nv Rrin n t frr3q·wncy which c ontrols the timC;koe ping of the 
cl cck. The nr.1nv1n i o. b~l.S is rminto.i r ed nt l ow presruro in tho 30-foot nbs or . · ,... .­
cell ¥oun<i nr ound tho synchronnus c l ock ( d irectly nb oYo tho scic ti sts ). 

HfOTO 17857-9-~~ 

Figur e 14. - The frequency- deviation r ecord r epr oeuco d he ro shows the a ctunl 
v 0.rint i ons in tirnekoor i g nccurncy of tho NBS Aton ic Cl . ck durinb 

n six-hour tnst r un . The nnrr ow portions of tho dovin t inn trace, r e corded while 
the clock wns l ocke d t o the o.mn0nin .. bs orpti on line , inclicnto o. c onst~ncy of one 
_)a rt in t · n mill i 0n . When the c ontr ol eire .d t vms u:ll ockon, 1urGc fre quency 
vn.ri n ti ons occurred, n~ shown by tho brand portions of tho r ecorder trace. 

PHOTO 17857-10-320 



- 21 -

Figur s 1 5 nr1 1 • - Atomic sci ll11t r s fo r fr ,q ncy control ppl ic11ti r;ns · n tho 
mi cr mvn vo r "'blr;n, wher q-l.'1 rtz-c r J r-tul os oillnto r s c'lnl1 t be 

u. _, 'lro n d 1vol op Jrl in the I'IDS mi cr mrnvo st11.nrinrr::l 1. b r::~t r y . On such 
oscill11t r, f or us in tr r.. n it- r c r ol 11nd f or . '1king rttcmic clocks n..n fr -
q-1 ncy st::u1 (L\ r without usinr; (1iscri in~t o r circuits , ompl y a wc.v ~su i lo nss mbly 
k ~wn ns th mo.t; ic to (Fi . 15) . Fc·rlb~. k thr u h the mcq_; ic t oo t . he mi cr vr ve 
rl plifier rs only nt th o r snnnnt fr oo y of th gas in he nbsorptian cell. 

is b~lnn . t oth 1r fr oqu .nc i s , but ~ t r ·sonnnco tho Absorpti n u bolnnce r 
circuit thnt n signo. l is pnss-.d thr ough to the mplifi ~ r, cnus ing i tt 

scilln.t. nt tho abso r pt i on-line frequency . Anothe r atcmic o cillntor will o 
si ilnr to the mnbic-tuo typo but will u 0o n s ix-nrr.. wnvogu ido bridge (Fi 0 • 16) to 
C•)nt r nl tho nnplif i r f oedbnck. This do~ign shoul d l nr Gely climihnte effects of 
the oxtornnl circuits on oscillator fr equency. AnnlO[;OUS circuits nt l ow fre­
quencies , using qunrtz crystals in n. bridGe nrrnnG nont, nr c e~p l oyod in tho most 
pr ecise crystnl oscillators so fur c onstructed . Thus, the six-n~ bridco wnveguidc 
oscillntor, contr ol l ed by tho nb .or pt i on line nl onc . shottld bo especially suitnble 
for primary ntomic clocks nnd fr equency stnndnrds • PEOTO 17857-11-320 
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N TE T EDITOR' 11 s y prints of li ~t i illu~ r 
f r , 1 tho N[\t i on'll Bur ;au of Str1nJ n 
Vv n. h in: : t n 2 5 , D • C • 

r , , . i) l l . t') r ' 1'1, t 
1 IJ ; ., r r1 F:' ~ i' ~ ;J ,._} ,_ :-: ~ ) ! II ~ 1\ .f ' 

Illuqtrn.ti ons cnn o ly b c i cnti f ~ , -, ... "'~L li'; ·,J 1 • 11 

tr de j ourn~lq: f or r cn , th e B lr nu can not 
u .dcrto.l ... e to comply vii th r cq t - t .1c public oi th r f or 
illu~tr'"' ti ons or for c o i "S cd' tho Tecl nicnl Rep orts Series . 
Thi s series is dcsicnod f r journnls, nnrl tho Burenu be li€1ves 
that arlo qunte nnd ec _ncm "c diss min ti n can best be nchiovod 
by publication in such j ournals, t o which the p, li is referred. 
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