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Frequency and T i m e  Standards* 

The fullou.ing is one of a planned series of papers written at the invitation of the IRE, in rvhich 
men of recognized standinr review recent developments Fn, and the present status of, variot~s 
fields in whirh notcxvortllv proves9 has been matle,-Thr Editor.  

Summary-Improvements in astronomical time measurement 
techniques and h the definition of time have kept pace with develop- 
ments in frequency standards. Quartz crystal freqnency standmds 
are described, including Essen rings, bnrs, GT-cat plates, and con- 
toured AT-cut plates. Stable oscillator circuits for quartz-crgstal fre- 
quency standards are described, including the Meacham bridge- 
stabilized circuit, the Gouriet-Clapp circuit, and the Lea quartz- 
resonator-servo ckcuit. A discussion of the present status of atomic 
and molecular frequency standards includes the ammonia absorption 
cell, ammonia oscillator (MASER), and cesium atomic-beam ap- 
paratus. Instrumentation for precision frequency measurement is 
outlined, and a current tisting of standard-frequency broadcast sta- 
tions is included. 

IYTRODVCTIOY 

IZSUREPIIENTS of f reque~~cy nrlrI time Ilnve 
advanced in accuracy as the instrumentation BY for these measurcrnents has impioverJ. l iTith 

each improvement i n  accuracy of n~ensuremen t ,  new 
problems of stahiliry, precision, ralitrration, and inter- 
pretation have becnlne apparent. A review nol t?lc rccer~ t 
advances in frequency and  time measurcrncnt tech- 
n ique  is of interest to the r - ~n indication 
of the proaress which ha T or the im- 
provements to he espectcci cr. 

.ndio eng 
s hecn r 
I in the nl 

irleer as : 
nade ant 
ear Cutus 

The basis of frequency measuremerl t is, itsionlaticnlly, 
time measurement, and r-onversely, 1 imc mcnsurement 
can be based 011 Frey uenr:~? mcasuremenr. Before the rlis- 
coverJr ol atomic or mnleciilat frequcricy stnnclards, 
there were not availal~le n n v  nlternntivcs to  the calihra- 
tion of f rer l~~ency stnnc1nrrls 1)~. means of astmnomiral 
obsenxtions. In view of thc prescnt eal-I? staye in the 
rlevelnl~rnc~~t of the atomic xnrl molecular frerll~enc>t 
standards, it is not yct possible to state that  these 
atomic standards have been used t o  measure the con- 
stancy of astronomical time. Hor~~evcr, the grntit~rl~vork 
has been laid and soon i t  11ill he possil~le t o  calibrate 
astronomicaI time measurements a ~ a i n s t  spectra!-line 
frequencies. Further rliscussions of the spectral-line 
frequency standards arc ~ v e n  in another sectior~ of this  
paper. 

Accurate time is determined by astronomical ohser- 
vations at a tlesigna~ed observatory in cnch country 
where suitable observatories exist. The  I T .  S. Naval Oh- 

* Orifiinal manuscript reurix.ed by t h e  I RE, June 2 1 ,  1'155. 
7 General Radio Cn., Camllrir l~e .TI, hlasc. 

ements, 
ernlinnti 
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servatnry is the only observatory irl the United States 
rerularly carrying o u t  such measur' and i s  thus 
the sourcc of n!l accurate time dei  ons in this 
co~intry. Time signals giving time a! ined by the 
Naval Ohsertrarory arc. broncleast by naval radio sta- 
tions,' anrl in conperation wit11 the 33urenu oE Standards, 
by stations \lUZrl- and \Ir'lll\'H which are operated l)y 
t h ~  Bureau of Standards. 

A number of ohsenratories i n  other countries arc CO- 

operating u~i t h  agencies of their mspecrive govern - 
ments to furnish t ime measurements for radio rrans- 
mission, a n d  many of t l~ese observatories provide time 
measurements of very hiqh accuracy. Intel-national 
comparison of time i s  carrier1 on principally hy means ol 
rarlio tmnsmission. (See section below on Standard Fre- 
qucncy Rroarlcasts.) 

The problems of time measurement, and even of the 
d e h ~ ~ i t i o n  of "t ime," Iinve been familiar to the astron- .I 

orner since lone: bcfore the days of Sir Isaac Sewtonn2 * 

It is nevertheless true that our modern scientific no- 
tions of t ime are derived from the fact that  time is the 
ii~depcnclent varial~le of Yewtonian mechanics. Minor 
corrections, to take account or relativity, have enabled 
the original Newtonian concept of time to s ind 
to provirlc a firm basis for astronomicaF timr TI g- 
A s  the stability of time-keeping devices hnr ed, 
it has bet-nme apparent that astronomers nccn LO a g e e  
on 3 stanclard u n i t  of time to use for astmnon~ical cal- 
culations, and d s o  to provicle a basis for checking any 
variations in such time standards as the rotation of the 
cnrrh. Ccr~~sequently, in 1950 an international confer- 
ence on astronomy recommended that  t h e  term Ephem- 
eris Time be used to denote uniform or Newto~~ ian  
time, and this term (Ephemeris Time) was adopted by 
the Illternational Astronamical Union in September, 
1952, as rlefininjr uniform time related to the revolution 
of t h e  earth about the s ~ r n . ~ ' ~  At the preserbt writing: it 
is impending that: the International Committee on 
lVeights an? Rlcasures n~i11 adopt a rlet'rniticrn of the  sec- 
ond,  as a iini t of time, as " thc  fraction 1 /31,556,925.?75 

: reckon i 
s iniprov 
1 .- - -  

I Circular ?!n. Jn, IT. S, Naval Ohsen~atorv, l \ T a s l ~ i n ~ t o ~ ~ ,  D. C.; 
hlarch 8. 1951. 

2 ) l i t - i  Broulver. ''TIIF accurate mcasllremcnt r d  time," Phyrics 
Todny, vol. 4, pp. G-15; ,11iqrrst, 1'151. 

Time Sen-ice Xotice Xrl. 1 ,  U. S.  Naval Observatory, IVashinc- 
- 

ton, D. V.; 3Iay 28, li>3.7. 
4 E. C. Crittenden. "Intcrnntionnl weich ts ant1 measures. 1 Q.54." 

S r i ~ n c ~ ,  vol. ! I n ,  p. E ~ O R :  December 17, 105C. 
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Clficial U. S. h'avy p l ~ o t o ~ r a p l ~ .  

Fig. I-Steps involved in the determination of time and transmission of time signals. 

Recently developed apparatus for observation and 
measurement of the position of the moon is now being 
applied to  the problem of the precise measurement of 
time. The equipment and technique for obtaining a 
photograph of the moon sirnul taneously with that of the 
necessat-y stars for the caIculation of the moon's posi- 
tion have been developed by W. Markowitz at the U, S, 
Naval Ob~ervatory.~ The apparatus, or camera, for lzse 
on a refracting telescope comprises a special plate holder 
with a synchronous motor driving a micrometer screw 
to move the photographic plate at the sidered rate cor- 
responding to the moon's declination. The clock drive 
normally used to move the telescope tube is  not used 
during this observation, the moving plate-holder being 
used instead. The image of the moon falls on a dark 
filter (attenuator) with a transmission factor of 0,001, 
This filter is a glass disk, with plane-parallel sides, 1.8 
mm thick. Tilting of this disk about an axis parallel to 
its plane surfaces causes a translation of the image of 
the moon. -4 second synchronous-rnotor-and-microm- 
eter drive controls the speed of tilt of this disk to hold 
the moon image fixed relative to the stars. A further 
adjustment enables selection of the axis about which the 
disk tilts. A chronograph contact registers the instant 

at which the photographic plate and the filter disk are 
parallel, i.e., the instant a t  rvfiicll there is no relative 
shift i n  position between moon image and star i m a ~ e s  
on the photographit plate. This instant thus defines t he  
epoch of observation for time-mcasurement purposes, 

A photograph of the dual-rate moon position camera 
installed on the 12-inch refractor of the U. S. Naval Ob- 
servatory is shown in  Fig. 3 (opposite page). 

With the development of a satisfactory moon-star 
camera, i t  has now become feasible to institute a pro- 
gram of observation to chart the long-period variations 
in the rotation of the  earth, and to compare them di- 
rectly with Ephemeris Time determined from the same 
observations. (A proup of p h o t o ~ a p h i c  observations 
of moon and star positions was obtained at Harvard 
College Observatory, in 19 11-1 7 ,  and reduced at Prince- 
ton, bu t  using another r n e t h ~ d . ~ )  An extended series of 
such observations by several separated observatories is 
expected to be able to provide a basis for the determina- 
tion of absolute frequency to 1 part in lo9. 

As may be inferred from the preceding discussion, the 
measurement of time by astronomical observation 
eventuaily requires extremely stable cZocks in order to  
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F~R. 2-Photographic zenith tube, PZT No. 3, Naval Observa. 
to ry ,  \Vashjn~ton,  D. C. 

provide means for subdividing a tropical year into 
31,556,925,875 parts, each alike in duration. This ex- 
treme requirement for clock stability wilt be partially 
alleviated by the noon observation program which will 
provide monthly t ime  checks. CIocks of the highest 
stahili t y  are necesmry for scientific purposes such as the 
measurement of the short-period variations in the 
earth's rotation and the standardi7ation of frequency. 

The first crystal-controlled clock was constructed by 
W. A. Marrison and J. \V. Horton in 1927.8 Since that 
date, many engineers and scientists have made impor- 
tan t  improvemer~ts in the  various components of t h e  
crystal-contrallerl clack, resulting in the stability men- 
tioned above, and i n  impressive reliability as a labora- 

Fig. &-Moon position amera,  attached to t h e  12-Ynch refractor 
of the XavaI Observatory. 

In  order t o  set forth the recent progress in frequency 
standard apparatus, it seems expedient to consider in- 
dividually the elements making up such equipment. 
Most crystal-controlled frequency standards comprise 
(I) a control element, i.e., the quartz crystal unit, (2) a 
negative resistance element, i.e., t h e  osciIEator circuit 
using vacuum tubes or transistors to  supply the power, 
(3)  a thermostat or temperature-control device to keep 
the control element a n d  other circuit elements at con- 
stan t temperature, (4) suitable frequency dividers or 
other means for producing Power orltput frequencies, 
~vhich may be used to operate (5) integrating devices, 
such as clock indicators, to keep a record of t h e  number 
of cycIes in a given period for cornpariscn with astro- 
nomical t ime measurements. A suitable power supply 
(6) is, of course, required. Item (5) is sornetinres elirn- 
inated in a secondary frequency standard if adequate 
reception is available from one or more of tlte standard 
frequency broadcasts now being transmitted hy various 
a~encies. Various other items of auxiliav equipment are 
frequently associated with crystal-controlled frequency 
standards for t h e  purpose of calibration and standxcI- 
ization of the stancIarcls themselves, or for t h e  use of the 
standards in frequency and t ime measurement. 

tory tool for daily use, a reliability infrequently sttr- QUARTZ CRYSTAL CONTROI, E L E M E N T S ~ ~ ~ ~  
passed by ally other electronic cfevices. Since the crystal 

Trvo outstanding properties of cryskalline quartz clock is essentially a frequency standard with a cycIe- 
make i t  especially attractive as a control element for a counting device a t t a ~ h e d , ~  we shall here consider the 
piezo-electric wcilIator, namely, the ~ossihi l i  t y  of ob- vnriot~s compone~lt parts of the crystal-controlled clock 
taining resonators of high Q value, and the exceedingly as being frequency standards and associated items, for 
good stability of the quartz itself insofar as aging effects 

i t  is as frequency standards that the radio engineer most 
are concerned. Much of the frequency-standard work 

often meets rhese elen~ents ol the crystaI clock. 

J. \V. Hort013 and IV. -4. Marrison, 'Precision determination of lo R.  .1\. Hcisiny, 'Qt~artz Crystals for Electrical Circrlits, " D. 
Ireqlrency," PROC. TRE, vol. 16, n. 137: Eebr~~arv. 1928. Van Nnstranrl Co. New Ynrl;. K.\'.. 1945. , - - - -  

* iIT. A. Marrison, "The evol;~tion of t h e  qua;tz crystal cloclc," l1 P. \. iRour&x ark~ ~ . - ~ . - ' ~ c l o t h ,  "Quarrx Vibrators," His RIajes- 
Bell Sys. Tech. Jowr., vol. 27, pp. 510-588; July, IY48. Also published ty's Stationery OAce, London, En~land .  1950. 
as "Rell Telephone Sysrem Monopaph B-1593," Be11 Tel. Lab., New r. P. Duchawn, 'Handbook of Piezoelectric Cwstals For Radio 
York City, and in Jiorolo~icad Jorrrlanl, ,701. 90, pp. 274 ff; Ma\.- Eouiirnent Desi~ners." Wright Air Dw. Center *Kk5AF) l'ecb. 
October, 1948. R&.' 51-248, ~ ' f i i~h t -~a t twsbn  A F  Base, Ohio; ~dcember,  1954. 
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of recent years has hecn directed to the improvement of 
Q and aging characteristics of crystal~.'~-l~ The varia- 
tion of frequency wi th  temperature, an important mat- 
ter for a stable oscillatot-or, is a f u n c t i o n  of the shape of 
the crystal element, its dimensions and its angle of cut 
from the mother crystal. The pertinent PI-opetmties ul 
various types of crystal resonators currently consiclered 
suitable for use as frequency standards are considered 
herewith. 

Crystal resonators operating in extensional ~nndes 
offer some attractive properties for use at low fre- 
quencies. The  choice of a suitable shapc generally will 
provide one or more nodes suitable for use as r n o n n t i n ~  
points, a n d  tlre proper rlimensioning, combined with a 
proper anRle of c u t ,  will produce a low coel3rient nf 
Ireq uency vs temperature usualIy over a relatively 
narrow, specified temperature range. Such  resonators at 
frequencies of the order of 100 kc have heen m a d e  in the 
form of bars or rings. 

A ring-type resonator, devclaped by Essen of the 
British National Physical Laboratory, has shown F e a t  
stahili ty in frequency-standard use. This resonator 
operates in the extensional mode wit11 six half -wave- 
length sectors a1 ternately extending and contracting in 
a direction along its circumference. Tlr e excitit-lg voltage 
is applied t o  electrodes concentric with t h e  inner and 
outer sur$aces of the ring. Since thc motion of the quartz 
is mainly along the circumference, there is only a little 
contraction and expansion of the  surface of the ring 
and hence only a sruall power loss caused by ultrasonic 
radiation. An evacuated, sealed container has been used 
to keep t I~e aging rate low, and incidentally also d i m -  
inate any rcsidual losses catlscd by 1-adiatio~l frorr~ the 
ring or its mounting. The Rritish-Post-Ofice Essen 
rings are reported to have a Q of two rn i l l i~n ,~bv l~ i l e  the 
earlier pin-type mount produced a Q of one million. 

The Essen ring requires a fairly sophisticated mount- 
ing in order to take full advantage of its inherent high Q 
value. The mounting problem is simplified to some ex- 
t e n t  by the existence of the six nodal planes, nrI1ic11 are 
zones of minimum t~ibsatien at 60 degrees angular sepa- 
ration arolincl the ring, The earliest mountings made by 
Essen at N. P.T.. ~rnplo!~~rl pointed pins set into grooves 
c u t  into three of thcse nodal planes. Although the pins 
provided r u g ~ e d  support points, the rings seemed to 
exhihit somc small frequency instability which mas 

1. P. Griffin, "I-Iiqh-btabilitv 100-kc crystal units for frequencv 
stand&cl.," Rpll Lab. Jicc., 1.01. 30, pp. 433-437; November, 1952. 

l*  -1. 117. \i'arn$r, "tli~h-frequmcv crystal ttnits for primary fre- 
qrlency stantlasds, P R ~ c .  T I E ,  voI. 40, pp. 1030-1033; September, 
i nr? 
I Y J L .  

l5 L. Escen, "A new form of frequency ant! time standard," Proc. 
Pl1y.7. Sor. (I.nndnn), vol. 50, p. 41.7; 1O3S. 

lA FI. T. 3ii tcheI1 and .A. I,. DoF>l>ie, "100 Kc/s Oscilktor o l  I-Iieh 
Precision Incorporating an Esscn ' I  ype Quartz Rinr,  paper pre- 
sented a t  Gongr5.i international de Chronometric, I'ari~, France: 
Octolrer. 1954. 

thought to bc ascribable to tile pin mountings. Conse- 
quently, a string or thread-type mounting was devised 
at t h e  British Post Ofice for the Essen-ring crystal 
elements used in frequency standards desiperl there. 
Fig. 4 is a photograph of the Post Office Essen Ring, and 

Fig. 4-Photopaph of 100 kc Z-cut quartz ring moilntcd on thrmd 
suspension in crystal Ilolrler IYh, with cover removed. 

Fig. 5 shows a sketch of the string mounting. The string- 
type mounting appears t o  have overcome the random 
frequency shiitinq observed with the pin-t ype support, 
I ~ u l  still leaves unsolved n Eerv of the probLems with re- 
spect to shiprr.ent or transportation of the finished 
quartz ring. The Iarge mass of the Essen-ring crystal 
element imposes a requirement for relatively great 
care in shipment, requiring the type of shipment and 
handling normdly reserved lor delicate scientific in- 
struments. 

TEA ELECTRODE 

ELE,-TqOD~ r'>'.?E C IHOTE STRING$ ARE 
RI S'G 113T IN SAME PLANE1 

(SECTION M E W  N3T TO SCALE1 

Fiq. 5-Sketch of one of three string support pnints of Ewm- 
ring crystal eIement. 

Long term drift of the Essen-ring crystal is very 
~rnall.~~.l"~alues of drift rates of approximetely 1 X TO-* 
per month, or approximately 3 XIO-lo per day, have 
heen observed for the Essen-ring osciIFators at the U. S. 
Naval Obscr~atory, la  with the expectation that lower 
drift ratcs will be reached in the future. The lowest 

H. 51. Smith, "The deterlnination of time and frequency," 
Pvnc. IRK, vol. 98. part 11, pp. 14.3-153 (plus discnssion); April, 
1 0 c 1  
A <, & 

' 8  1, K G S P ~ ,  L F r ~ q ~ ~ e n ~ ) f  stanrlsrdization," PXOG. TEE, V O ~ .  98, 
part 11, pp. 15-1-16: (plos rlisc~rssion): .Ipril, 1951. 

l* Private communication. 
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drift rates of hvo surh oscilIators reported hy the British 
Post Ofice are 0.25 and 0.4 X 10-'O per day over periods 
of several hundred days.I8 The British Post Office radio - 
laboratory group considers tha t  an  Essen-rin~ oscillator 
unit is satisfartory for delivery to a user only ;I its rlrjft  
rate is Icss than 5.0 X 10-la per day avesaqed over 10 
days. The excellent performance of the Essct~ ring with 
sespcct to lony-term strtbilit~r is ascrihahle, in part, to 
the fact that  the frcquencv of oscillation or the ring is 
a function of the mean diameter of the ring, and tha t  
the loss, or acquisition, of a uniform layer of material 
over the entire surface would thus produce only a sec- 
nnd-order change in t h e  frequency. Careful processing 
of the ring and  use nf t h e  evacuatett mounting have 
fur ther  reduced the probahilit>- of changes in the crystal 
frequency. 

An Essen r i n ~  ground for a frequency of 100 kc has an 

operating i n  push-pull, i.e., the portion of the bar from 
the center to one end extends as the portion from the  
center to the other end contracts. A nylon-rnonofila- 
rrlent string suspension is used to support t he  bar at the 
two nodal planes, tlie f laments being maintained in 
tension b y  coil springs. Adjustable bafles at the ends 
of the bar are used t o  reflect uItrasonic racliatiorl and 
thus reduce damping and change in frequency caused by 
chanqes i n  air pressure, as the mounting is not evacuated 
or hermetically sealed. Plated electrodes are applied 
directly t o  the surface of the bar on its sides, and are 
interconnected for second-avertone excitation in the 
extensional mocle. The  Q of this bar is approximately 
170,000 in the mounting clescsibcd. 

outsirle cliameter of almost 23 inches (actually 61.26 mrn 
- 

I ' 
1 in one rase). This dimension is an indication of the 

t - -- 

difficulty of fabrication of such a crystal element, since ' r  : J q  
i t  is necessary to obtain a quar tz  crystal free from de- 
fects with maximum dimensions large enough to allow 
cutting the ring from it. Because of this  drastic require- 
ment tor large pieces of Iligh-grade raw quartz-crystal, 
commercial Essen-ring frequency-standard units in- 
tended for moderate-quan tity prodr~ction have not been 
introd tlcerl. 

Quartz bars v ib ra t in~  in the extensional or longitu- 
dinal mode are wirlely used in frequency-standard oscil- 
lators. The attractive features of such bars include the 
availability of one or more nodal planes for the attach- 
m e n t  of mountings, a large ratio of mass to surface for 
t h e  f~nished crystal, and only a nloderate size require- 
ment (or the raw quart? blank. I n  addition, t h e  process- 
ing required is similar to tha t  req~~ired for the more com- 
monly used plates, i.e., plane lnpping. 

Frequency-stanrlard r r ys tn f s  operating in tllc exten- 
sional mocle haye heen q a c - ~  rot many years. The 
German Phq*sil;alishe Tc : Keichsanstalt group 
(Giebe, ct nl.) rlesiyned, .ted and operated for 
many years a quart z -~U I IL I  ut~ecl frequency standard 
using a 60-kc Y-cut bar. 

:chnischi 
cons truc 

---*--ll--!  

A commercial frequency ~ randa rd  using a 50-kc 
X-cut har iiTas produced 11y the General Rarlio Com- 
pany, Carnbrid~e,  hlassnchusctts. in 1'325.20 

A new design of overtone-operated X-cut bar was 
developed by CEapp" for use at 100 Itc in the present 
model of the General Radio Company frequency stanrl- 
ard (since 1947). This q u u t z  I ~ a t  (Type 119Q-A Quartz 
Rar), shown in Fig. 5 ,  operates at the second overtone, 
having t~vo  half -wavelength extensional mode sectitions 

Courtesy General Rarlio Company. 

F ~ E .  6-Quartz bar for aperation ;it 100 Itc in seconrI overtnne mode. 
Nnre the end baffles to reduce ultrasonic radiation losses, and 
the string suspension at the two nodes. 

Frequency stability of the commercial model bridge- 
stabilized oscillator, with which this bar is supplied in 
its temperature-controlled oven, reaches a value of ap- 
proximately 0.5 X 1OPS per day or better, after an aging 
period of approximately one year. Rlany of these oscil- 
lators demonstrate considcrahly better stability than 
this figure. The long-term drift rate of the frequency 
standard in use at the General Radio Company has been 
approximately 5 X per year since 1945, an aging 
rate of 1 . 2  X l P 3  per day averaqed over 10 years. 

Extensional-rnocle bars suitable for stable oscillator 
use have heen made by other crystal manufacturers. 
Bars of the +5-degree X-cut, fundamental-mode longi- 
tudinal-vibration type, which were wire mounted with 
plated electrodes, have been used in a quartz-crystal- 
controlled clocli in Switzerland .22 These bars, mounted in 
evacuated glass envelopes, were supplied by Sal ford 
Electrical Instruments (British General EIectric Com- 
pany). Thcy gave stabilities of the order of 0.5 X10-8 
per day, or better, when used in a Gouriet-Clapp oscil- 
lator circuit with automatic level control. 

The GT-cut plate, originated by Mason:' has been 
developed to a highly advanced state for use in fre- 
quency standardization work-'a This type of quartz 

- 
2VL Tit. Hull and J. K. Clapp, 'A convenient method fnr referring " P. Chalande, 'The rmlimtion of a ~ o u p  of piero-electric time- 

secnnclary Ireqrlenn* stnnrlnrrls to a stannrlnrtl time interval," I'RCIC. keepers," Lo S7tissc IIorlo~crr  (Intern3 tionaI Edition in English), 
t 137, vuI. 17, pp. ?j?-17 E ; Fel~rtlary, I ' I ? ' ) .  La Chnur-dc-Fonds, Switzerland, pp. 4 1-4-1.; October, 1952. 

'l J. l i .  Clapp, "'On thc equivaknt circuit and performance nf :! 2Y. 1'. hlason, 'A new quartz crystal plate, desinnated the GT, 
plated quartz Lars," Gpn. Rad. Expm'inentcr, vol. SKIT;  Varch- which produces a very constant frequency over a wide temperature 
April, 10.18. range," PKOC. IRE, vol. 28, pp. 220-223; May, 1940. 
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plate can be made t o  have a temperaturc coeflicieu~ of 
frequency which is less than 2 X 10-7 per degree C., over 
a relatively wide temperature range. I:or the plates used 
as frequency standards, t h e  temperature 1.s frequent)' 
curve is reasonably flat betwecrl O clegrees aucl 1 OO de- 
grees C., with optimum flatness in the  range from RP- 
proximately 20 drgrees t o  90 degrees C. Thus, the GT- 
cut  plate can be made to  serve as a stable element a t  
temperatures approximating roon~ temperature, and 
also at thermostatically controlled oven temperatures. 

Early GT-cut plates were mounted on pressure-point 
c o n t a c t ~ . " ~ ~ , ~  I t  is necessary to leave the edges o l  the 
GT-cut plate unsupported because they are vibrating 
with the greatest amplitude of any point on the crystal. 
Consequentlv, centrally located mounting points are 
desirable, the theoretical nodal point being at t h e  
center oi the rectangular plate. Actually, because of 
couplings to  o the r  modes, the plates are not completely 
at rest at the central point. Hn addition, the desirability 
of keeping t.he attachment points small and Rexil3le re- 
quires the  use of several support points, which are now 
generally made in t h e  form of thin wires attached to the 
surface of the crystal plate near the center, along the 
center line of the lengil~ of t h e  plate. 

Courresy $ell Telephone L.~'>rlr, torks. 

Fig. 7-100 kc GT-cut plates (13 168670) i n  evacuated mountings 
as used it1 LOR-AN timer oscilhtors. 

The use of GT-cut plates i i r  frequency-standad oscil- 
Iators was given impetus by t h e  I,ORAI\;' development 
during World War IJ which required stable oscillators 
For timing the pulses used ill t h i s  mdio-navigation 
system. \$'ire-mo~lnted-silvcr-platcd-electrntle GT-cut 
plates were manufactured in evacuated glass envelopes 
for use i n  the LORAN t imer  oscillators. These crystals 
were a developmel~t of the Bell Telephone Lnhoratories, 
and represent an achiel-ement of considerable magni- 
tude in making a crystal uni t  largely independcrlt of 
temperature, atmospheric changes, aging effects causecl 
by exposurc t o  t h e  air, and a fair amoulit of rough 
handling in shipment. This crystal unit was designated 
by the number D-168670 (shown in Fig. 7. abol-c). 

" C. F.  Boot! and F, J. hf. Lal-er, 'A standard nf frequency and 
its appliutionr, Joar, IEE, vnl. 93, part 111, pp. 22.3-2-1 1 (with 
discussion); J i~ly ,  1946. 

Further refinement o l  this type of GT-cut plnle lrns 
produced excellent resu1ts.la TIlc improvements cni~sist 
of reduction i n  the diameter of the support wires and 
their nttachn~etit points, irnprovccI mcthorls or process- 
ing the solcler~cl connections, and c:irelul anncalinc to 
relieve strains. Final adjustment to frequency is ac- 
complished by etching the edges. 'I'ht: electrodes are o l  
gold to take advantage nf the inherer~tlv staljle charac- 
ter of this metal in this application. Twent!- cr!lsrzls 
were constructed for the Tntional 13ureau of Standards 
incorporating thcse impro-r:ed design feat i~res, and are 
now in use 1 ) ~  the Rureau m i  Standards a t  Rouldel-, 
Colorado, and at Wllrl'. 

The Q value of the D-168670 GT-cut crystals \\-as ap- 
proxin~atel~l 140,000 and  thc  ~rcquencv clrift u~ith t ime 

was approximately 1 XlQ-' per day in the LORAN OS- 

cilIator. The  0 value of the improved clcsigr~ is of the 
order oi magnitude of a million, with some values as 
high as 4,U00,000. The daily drift rate of the special 
GT-cut crystals in use at the National Bureau of Stsnd- 
ards is reported as 101~ as 1 to 5 X 10-lo per day. whereas 
the drift rate o l  the earlier design was reported as 1 to 3 
parts in lo9 per day aftcr one year of a g i t ~ g . ' ~ . ~ ~ , ~  

Tlre principal adval~tagc of the GT-cut appears to lie 
in its low te~nperature coefficient of freq~~encv, and t h e  
censequcnt ability to proviclc a stablc frcquenc?; even in 
the absence of precise temperature control. The Na- 
tiolial Rureau of Stxndards has demonstrated that it is 1 

possible to usc a crystal resonator buried in t h e  ea r th  
as a reasonably accurate irequerlcy reference without 
Curther temperature control .2? Such a system lras the 
a d v a n t n ~ e  that  c o n t i ~ ~ u i t ! ~  of pnwer st~pply is n o t  nec- 
essary in order to preserve corr tinuity in measurement 
of the a ~ i n g  curve of the crystal resonator, anrl tha t  i t  is 
thus possihle to use such a crqlstal as an  enwrgcncv 
standard r111ring A pnm7Pr f a i l ~ j r ~ .  

I t  has been determined tha t  GT-cut plates are seusi- 
tivc to the amplitude of the drivina c~l r ren t  within the 
range of curre~rt experienced in the bridge-stabilized 
oscillator circuits nornlally used ~ v i t l ~  these 
.4l theu~h some improvement has resulted from re- 
design of the oscillator bridre netwnrlis to halance at 
lower values of crystal current, the National Bureau of 
Standards has incorpnrlitecl into the group of crystals 
used as frecluency standards sever8 l crystals which are 
used only as scfesence resonators; i.e., rvhich are not 
running continuously i n  nscillator circuits b u t  are 
measured in bridge circt~its at low excitation current 
levels.?" 

"5 J,. 31. S h a ~ ~ l l ,  ".-\(ljustmeni r3C hiqh-prccisiu~t frequency 
and t lmr stnntl:irds," P R C ~ .  IRE, vol. ; S ,  pp. C ~ 1 . 5 :  J a n u a ~ ,  
1050. 
3 J. M. Shaull :nd 4. 51. Slionf, "Precision qilartz resonator fre- , 

qilency standards, ['ROC. [RE, vol. 42, pp. 1300-1306; Au~ust ,  
195 1, 

'7 T. :I. Pendleton, "Underearth quartz crystal resonators, " 
PROC. IRE, vol. 11, pp. 161 2-1614; Kown~l~er .  19.53. 
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AT-CUT PLATES connecting leads to the electrodes. The use of a glass- 
The qllariz plate Ivns derelopeil by  ~ " V ~ ~ O P C  evacuated mounting for this e p e  of crystal 

Lack, 1Villard. anrl Fair in 1934." Other investigators, plate has resulted in the high Q value quoted above, ancl 

notably 1. I c o ~ a ,  also published data on similar low- in a low aging rate which is currently being verified at a 

temperature-coefficient cuts. This type of plate vibrates number of laboratories. Indications are tha t  the  a ~ n g  

in the tl1icl;ness-shcar mode and ma?* be nzade to have a drift of th is  type of contoured AT-cut plate in an evacu- 

low temperature coefficient of frequency. I t  is possible ated mount ~vi l l  be as lorn as tha t  of any previously de- 

to orient. the cut anqle to  prod uce an inflection point on signed crystal 1~11its. 

perature 
ovens. S 
lrequenc 

lac A.1'-c 
grounrl 
5 th-ovr~  

, - 1  . 

the frequency-vs-temperature curve, tha t  is, a zero tem- 
perature coefficient of frequency, in tllc range of tem- 

s normally usecl in temperature-contrellctl 
uch a crystal cu t  has 011-2-ious applirations as a 
y standard, 

Early efforts to use the AT-cut plates as standardsa4 
were hampered by thc rlificulty of mounting the plate 
in such a way as to achieve n rnount 11~hic11 WOUICI no t  
influence the frequency or the  crystal. Low aqing. drift is 
almost. impossible to attain unless a inount is used which 
affects the frequency of the crystal to a miriimum de- 
grcr. Booth of the British Post Ofice used nodal-plane 
pin-mou nterl AT-cut plates, operating a t  1000 kc, wit11 
air-gap elertrodes, i n  partially evac~iated holders (air- 
pressure 3 cm These crystals were operated at S O  
degrees C. They gave drift rates averaging 2 to 5 X 10-" 
per clay over the gears 1941-1944. In view of the fact 
tha t  the nodal plane is in the center oE the thin edges of 
the AT-cut plate (1.65 rnm thick), the difficulty in con- 
structing a stable mounting by this method 1vas con- 
siderable. 

The most prnlnising recent development i n  the d e s i ~ n  
o l  AT-cut plates for frequency-standard use has been 
ca r r id  o u t  by \%rarn~r."~ Warner has shown tha t  a circu- 
. . -  

- u t  pEatc with one side plane and the other side 
tn spheriml con tour, operating at 5 mc i n  the 
-tone mode, can he made with a Q of approxi- 

marely 2,500,000. .A p h o t o ~ a p h  of this crystal unit in 
an evaruated glass cr~velope is sl~otvn i n  Fig. 8. Warner  
further reports a 1 rnc crystal of similar design31 with a 
Q of I2  X j OG. These remarkably high Q values are as- 
cribable to the use of the  overtone mode and to the 
spherical contouriny, which "mismatches" the zoares of 
t h e  crystal away from the exact center of t h e  cor-ivex 
side of t h e  plate. The zones ncar t he  edge of t h e  crystal 
are thus rcndvrerl incapable of resonant vibration at the 
exci tatio~i frequerrcy and are mnscquen tly quiescent. 
The edge of the contoured plate is thus made suitable 
for the a t tachment  of rugged mounting supports and 

Fig=. 8-5 mc A'r-cut coi~tourcd plate in evacuated  lass 
envelope, operating i n  5th overtone inodc. 

The advantages of the overtone-mode contoured 5 
mc-plate for commercially produced equipment are 
centered in the relatively small size of the  q u a r t z  bIanl; 
required, and the case of getting a satisfactory mount- 
ing. Careful processinp is still necessary in order to at- 
tain low rates of frequency drift with time, bu t  the 
ruggeclne~s of the  crystal unit  and its small size have al- 
ready suggested numerous applications. 

Funclamental-mode AT-cut plates are capable of low 
rates of frcquency change with time if ?roperIy proc- 
essecl ar~rl mounted, and if used in applications, such as 
high-stability circuits, wherc the constancy of the 
crystal can be exploited. Lea has 11sed a fundarnental- 
mode 5 mc plate i n  experimental oscillators of hiah sta- 
bility ,3%nd Sulzer has developed a 1 rnc oscitlator using 
a f unclamen tal-mode contoured AT-cut plate?a 

~ ~ C I I , I . A T Q ~ <  CI~<CWITS FOR FREQUENCY 
S T A N D . ~ R S  

*fi F. R. Lack, G. \'v7. Willnrd, 2n: I .  E. Fair, 'Some improvements &+Sonant devices can be made ta with good 
in qnartz cvshI  circuit element., RP!! Sys. Trr71. J B ? ! ~ . ,  unl. 1.3, 
pp. 153-463: July, 1931. frequency stability only i f  appropriate mcans are se- 

x c. I;. Bootl~, " ' ~ I I c  a p p l i ~ ~ i i o n  and zlcc or quafiz crystals in lected for them in oscillation. pendulum 
telerornmtlnic~tions," J n ~ t r .  IEE,  vol. 83, part I I I ,  pp. 97-114 
(w-it11 rlisr~issinn): Irjne. 1'111. clocks furnish elegant illustration of this reoairernent. 
k - - - - - -  

30 A. IV. \\lark-, " ~ i ~ h - f r c ~ u e n c y  crystal units [or p r i m a ~  {re- 
quency stantlards, " PROC. IRE, 1'01. 40, pp, 1030-l0.U : September, = h'. Lea, "Quartz resonator servo-a ncw frequency stanrlard," 
1952. Marcmi Rw., vo'. 17, pp. 65-73; 3rd Qt~arter, 1954. 

" .A. \iT. Warner "High-frequency crystal units for primary " "High-stab~lity one-rnegxvcIe frequency standard," nrRS 
frequency standards," Psnc. IRE, vol. 42, p. 1452; Sppternber, 1954. Tech. N~L~.T Bull., vol. 38, pp. 162-1 63; November, 1954. 
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The Shortt clock, representing a highly developed form 
of the gravity pendulum clock using electrically sup- 
plied impulses to maintain oscillation, gives stability 
approaching that  of crystal-con trolled clocks. This 
stability is achieved by a combination of a stable reao- 
nator (free-pendulum), and an  "oscillator circuit" which 
supplies a constant amount of power a t  thc samc point 
in every cycle. Similar requirements hold for quartz- 
crystal-controlled oscillators, each increase in stability 
of crystal elements calling for improvements in osciEFator 
circuits. 
The principal property susceptibIe to improvement is 

the stability of the phase shift in the "negative resist- 
ance'' or amplifier element of the oscillator. There are 
currently at least three distinct approaches to the oscil- 
lator circuit problem, and possibly a great marly more 
as yet not know11 to the author of this review. TItc f rst 
approach consists of the  use of an amplifier with a posi- 
tive feedback connection t o  provide rcger~eration and 
aIso frequency control through incorporation of the 
crystal element in this feedl~acl: path, with a negative 
feedback connection to  stabilize amplifier gain and phase 
characteristics. The second approach comprises the use 
of the most stable elcments in t h e  "optimumn simple 
oscillator circuit with stabilization of the oscillator ac- 
tive element by appropriate means. The  third approach 
adds to the second approach a servo-operated dcvice Inr 
adjusting the circuit elements to  maintain t h e  oscilla- 
tion frequency a t  a value which gives a constant value of 
impedance or phase shift in the crystal .element. 

The oscillator circuit tvhich has been most widely used 
for frequency standard oscillators is the hidqe-stabi- 
lized circuit originated by Meac l~arn .~  In this circlt it 
[Fig. 9{a)], tile feedlsack voltage which drives the a m -  
plifier is the unbalance voltage at the output terminals 
of a bridge networIc which includes the c ~ y s t : ~ l  with asso- 
ciated ad justii~g reactances, a resistor with a positive 
temperature cocficient of resistance, two linear-resistive 
arms and the necessary coupling circuits. The values of 
the resistors are so chosen, wit11 respect to the crystal 
series resistance and the tungsten lamp resistance, tha t  
the  bridge is unbalanced at low Ievels of applied signal 
in such a direction that positive feedback results from 
the bridp-e-unbalance output signal. As the amplitude of 
oscillation builds up, more current flows through the 
bridge arms, causing the tungsten lamp to increase its 
resistance and t h e  bridge to approach the balance con- 
dition. The ultimate amplitude of osciIIation is reached 
when the bridge unbalance sicgal becomes small enough 
so tha t  t h e  transmission loss through the bridge network 
equals the gain through the amplifier. 

The excellerlce of the bridge-stabilized oscillator cir- 
cuit stems from two important: properties which are the  

result of the use of the bridge netnrorlc in the  feedback 
path. The first prnperty is x func t ion  of the phase rela- 
tionship of the  i n p u t  voltage of a 111-irI~e with respect to 
its unhalar~ced output,  or detector output. voltage. 
Near the balance point of tile 3leacharn bridge, incor- 
porating the crystal resonator as olle eleinet~t, the slope 
of t h e  phase shift of output voltage vs i n p u t  vnltage is 
greater than :he slnpe of the phase shift of input x-oltaye 
YS current through t l ~ e  crystal e lement  alone. This im- 
provcment in slope enables desirn o[ oscillators in which 
irnprovernent i l l  stability is accomplisher1 by provision 
of additional gain to make u p  for the low involved i rz  
the operation of the bridge netri-crrk close to the halance 
point. Improvement in frequency stability generally will 
result from increase in arnldifier gain si-ice the voltage 
gain goes up as the power o i  the number of stages, 
wl~ereas the amp1 ifier phase sh i f t  instnl>ility generally 
increases ni~ly directly with the number of stages. 

Fir. C)-Oscitlator circuits For frequency stnndarclc. 

The second property of the bridge-stabilized oscil- 
lator, one which Is a t  once an asset and a liability, i s  the 
amplitude stabilization property of the bridye network. 
The tungsten Iamp has been almost universally used as 
the ampliturle stabiliziny; device in  the bridge because 
of its simplicity, ruggedness, and low [rift wit11 time. 
Some efforts have bec11 made to use elements with n e p -  
tive temperature coefficients of resistanc~, such as ther- 
mistors, hut t h e  tungsterz ?amp is, in general, the ac- 
cepted elerncnt. The arnpliturle stabilization resulting 
from the self-balancing bridqe feedback network is ef- 

U L. A. Meacham, "The bridge stabilized oscillator." PRDC. fcctive, holding its amplitude setting well for long peri- - 
IRE, YOI. 26, pp. 127S1294: Octoher, 1q38. oda, I-Io~vever, the range of levels over which the  bridge 
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network can he made self-balancing, depends on  the 
characteristics of the lamp, and generally higher Ievels 
are required than would be desirnhle for use with some 
crystal  element^.'^ 

The above-clescribed properties oi the bridge-stabi- - Iized osciIlator are related to the general properties of 
amplifiers with feedback connections. I t  has been 
shorvnas tha t  the performance of the bridge-stabilized 
crystal oscillator can he analyzed by separating the 
feedback circuit into a negative feedback path which 
stabilizes the gain and phase shi f t  of the amplifier and 
a positive feedback path including the crystal unit, which 
determines the frequency of escillation of tlre system. 
From this analysis, it appears that it may he profitable 
to explore further means for the stabilization of the am- 
plifier circuits of oscillators. 

Examples of the Meacham bridge-stabilized oscil- 
lator are provided by the LORAN timer oscilFator (U, S. 
Navy, R. F. OscilPator Type 0-715/U),~"11e General 
Radio Company commercial frequency standard Type 
1100-A, and the British Post Office Essen-ring oscillator, 
a photograph of which is shoxvn in Fig. 10. 

Corirtesy XI. M. Portmafirer Genera 

Fig. 10-British Post ORice precision freqricncy srandard oscillator, 
showing oven (center) coritaining 100 kc Escen ring. This os~il- 
Eator uses the  ljrid~e-stabirized circuit. 

Because ol unavoidable stray inductance and capaci- 
tance, it has been generally found that the hritlge-stabi- 
lized oscilIator circuit is most useful a t  frequencies oi 1 
mc or below. Frequency-standard oscillators designed 
for operation at higher frequencies have, therefore, used 
the circuits described below. 

The Gouriet-Clapp crystal oscillator circuit, shown in 
Fig. 9(b), has been used for many years in frequency 
monitors for broadcasting and in other applications 

E. T. Post and I-I. F. Pit. "Alternate wavs in the  analvsis nf .q . . 

feedbacc oscillator -and its applimtion," P R ~ C .  IRE, vo1.. 3, pp. 
169-1 74: February, 195 I .  - J. A. yitrce, A. .I. McTCenzie, and R. N. Woodward, "Loran," 
McGraw-HIII Book Co.. Kew York. N. Y. ('hlodel UK-1 Oscillator." 

where stable, simple oscillators are required. (Th- IS os- 
cillator circuit is mmerimes caf lerl a "modified Picrce" 
or "modified Colpitts" circuit. U. S. Patent No. 2,012,- 
497 was granted to J. K. CIapp for this crystal osciIIator 
circuit in  1935, the series capacitance and inductance 
being adjusted to series resonance at the crystal series- 
resonant frequency. A similar circuit was developed 
independently by G. G. Gouriet al  the B, B. C.) Recent 
availability of stable high-frequency crystals (See sec- 
tion on AT-Cut Plates, above) has prompted applica- 
tion of the hur ic t -Clapp  circuit to frequency-standard 
oscillators i n  the rnegacvcles/second ranqe. An analysis 
(See Appenclis) of the Gouriet-Clapp circuit with re- 
gard to the variations in frequency caused by changes 
in various circuit elements shows that an oscillator sta- 
bility of the orcler of 1 or 2 parts in dOg should be realiz- 
able with this circtiit: using a crystalJ0 with Q = 2.6 X lop 
Applicatiorl of nu tomntic-gain-control to this oscillator 
circuit by controIIing the grid bias of the vacuum tube 
with an amplified delayed-AGC circuit stabilizes the 
input impedance of the oscillator tube as well as the 
gain and crystaI current. 

Application of this circuit to frequency-standud os- 
cillators has been carried ou t  by Felch and I ~ r a e l , ~ '  and 
in c:ot~siderahlv moclified form, by Lea (See Servo-Con- 
trolled Oscillators, below). The stability achicved has 
been 3 X per clay or better, using the 5 rnc overtone- 
mode AT-cut by the former group. A photograph 
of this 5 rnc oscillator unit is shown in Fig. 11. 

Fig. I I-Photoyraph of USAF Type 0-269 (SW-1) JUR Oscillator, 
usinc 5 mc overtotie-made contoured AT-cut plate (see F~E.  
8). 

SERVO-CONTROLLED CRYSTAL OSCTJ,LATORS 
All of the oscillator circuits described above have 

relied on the steep slnpc of phase-change with frequency 
in the crystal element to provide corrections for she 
drifts of phase i n  the oscillator circuit in order to main- 
tain a constant frequency of oscillation, The  bridge- 
stabilized oscillator alone has provided an enhanced 
phase-change system to assist the phase-vs-frequency 

E. P. Felch and J. 0. [crael, 'A simpre circuit For frequency 
stanrlards employing overtone crystals,' I'ROC. IRE,  VOI. 43, pp. 
596-603: Map, 195'5. pp. 237-240, describes i h e  Type $ ~ C E / P J  fixitlator) ; 1948. 
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slope of the .crystal elemcn t. An oscillator circuit ~vhich 
pro\-ides a somewhat difreren t method of frequency con- 
trol has 'OPCII rfevelopecl by Len.:'2 A simplified circuit 
diagram ni' his servo-cootrolicrl o.jcillator is shn\171.n in 
Fig. 9(c). I t  shoultl 'he noted that  tlte sentomechanism 
has been added to nn oscillator circuit ~vhich, for ptrr- 
poses of illustration, is similar to the Gnuriet-Clapp ns- 
cilIator of Fig. 9(b). The short-term or cycle-to-cycle 
phase stability of the oscillator is thus dependent on the 
Q of the crystal, which Q has been degraded to 3 of its 
original value  by the acldition of R1= R (crjrstal series 
resistance}. The phase "noise" or phase instability of 
this circuit may  t h u s  he twice tha t  of the Gouriet-Qapp 
circuit using the same crystal unit. IJo~vever, the long- 
term stability {for a n y  period longer than the correction 
time of the servo ccrr-itrol) is determined by the  ability 
of the servo system to maintain the oscillator frequency 
a t  tha t  value which appears t o  result in a constant value 
of impedance in the crj-stal unit. rk l~ridqe circuit corn- 
prising the crystal (I?, E l  C) XI, RT, Ra and ganged 
modula t in~  reactances 4 X and F X  is provided by add- 
ing RI = R  in series with the crystal, and adding Ra, 
1 +Y, 7 ,Y nnrl Rl in parallel with the crystal branch. R:! 
shnuld he equal to Xa, b u t  be large compared with R 
(crystal) :~t~tl  Rl. ?I detector, comprisin? a sensitive AM 
receiver, is provided wit11 a phase-detec tor 011 tput cir- 
cuit synchronized 6 t h  the rnorl~ilntion rate of A X  and 
f,Y, If the frequency applied to the crystal deviates 

from the frecll~e~lcy of t h e  crystal series resonance, the 
voltage drop across thc crystal arm of the b r i d ~ e  will 
change boot in rnagniturle and i n  phase. The  moclulat- 
jny reactances, A- and T S, heing nindulated can- 
t inuously at a fairly constant rate, will enable sensing 
of the direction of phase c h a n ~ e  of the hridye unbalance 
voltage (detector output) by scanning back and forth 
thi-ouch a small  range of reartance unhalance in the 
nlodulating arms, ancl ltsing 3 ph~se-sensitive circuit 
tuned m thc ~nodulation frequency a t  the output  of the 
detertor. The  outplit signal from this detector ri7ill then 
be proportional to t l r t  rnnrnitudc nf the deviation [ram 
hticlge balance, aud will hxve a phase or sign which inrli- 
cates the direction of cleviation of the applicd frecluency 
from the crystal resonant frequency. The detector out- 
put  signal is then applied to a servo system to  readjust 
the nscillator circuit t o  rcduce the frequency deviation 
to a minimum. B y  increasing the gain of the detector 
circuit, it is possible to reduce the ma~ni tude of the 
deviation required to operate the  servo device unti l  the  
limiting sisgaI-to-noise ratio is reached. 

The serva system is thus used to correct for such in- 
stability as may arise in the 'negative resistance," that 
is, in the vacuum tube (or transistor) and associated re- 
active elements, Instability is thouqht to arise from 
such factors as cathode-in terface impedance, space- 
charge capacitance, changes in  tube geometry with age, 
transit time variation, and perhaps Miller-effect capac- 
itance changes in addition. A delayed-automatic-~ain- 
control i s  used Fsy T,PX t o  stabilize level and grid input 

impedance, The correction time of the sfrvn control 
user1 is fairly short, n variable cnpacitot- I,rinc clrivrrn 
hy a motor to effect the arl justmenl n i  ~Ilc c i r r ~ ~ i t  rcnt-1. 
nnce. I n  its present state of deve!npment." t i l e  sen-o- 
controlled oscillator is stable to  better than 1 3 X t 0-11, 
and tlie avernKe frequency to approximately f: 1 X lo-'', " 

for periods in excess of 10 secotlrls, t l ~ c  ultimate Arift 
rate for long periods t h u s  being clependeiit ilrtly 011 the 
constancv OF r_he cr!.stal element except Cnr the + 3 X 
10-11 error of the circuit. This figure i~~c ludes  chariqes nf 
tubes. drift 05 the feedhack circuit elements, anrl supply 
voltage chan~es.  

Further application of this servo-cantsr>I pl-inriplr has 
produced comparable results using sliphtly rlirCercnt 
circuit details. Lea makes use oi n motor-drivcri vari- 
able inductance as a s i n ~ l c  mod LI later1 reactance, rl is- 
pensing wi t11 the  seconcl mod rltated element, nnrl dr- 
Iayed AGC. SuIz.erTD has used a chopper to rommlitatr 
small capacitors in the  modulated reactant-c positions, 
and a limiter to  control level. Rot11 systems operate a t  s 
rnodrilation rate different from tlre pan7cr frequency i n  
order to avoid "hum" troubles. 

T u n i n g  forks have been usecI as fseclucrlc~- standnrr_ls.'4 
The advantages ot the  tuning fork as a. clrkck-drivin~ 
source rIcriw mainly from the lo~tt f re r luo t~ r> -  n[ osrilla- 
tion of t h ~  fork ant1 the simplificrl auxiliary apparatus  
needed to drive the clnck. Inierest irl small, ligh tweiyht, 
irequency stnndnrrls for airhorne applic,ttions has kept 
the tuning C(~rl; from I~einp rompletel y eclipscrl. Scvcrnl '1 
manufacturers are producing hermeticalIy-aealerl tcm- 
perature-comper~saterl t r ~ n i t ~ r  forks operating in thc Ire- 
quency range of 400 to 1,000 cps, and also at 50-60 cps, 
and at  some frequencies ahovr: f Icr. Performance of tlic 
best of these tuning-fork units i s  romparable with that 
of commercial-qracle crystal5 a5 inr  as s:nhility is con- 
cerned. For example, one of these Fnrlis (at the River- 
bank Laboratories, Geneva, Tllinois), operntinq without 
temperature control at room tempcratut-e in a n  an~p l i -  
tude-stabilized oscillator circuit,  ha.^ given stability of 
the  order of 1 1 X 10-"or several wce1;s. The C) realiznhle 
in a tuning fnrlr is limited, and conser~urntly, t h e  in -  
stal~taneorrs phase stability of an oscillator cirruit using 
fork control has to he made 3s high :IS ~'rossilllt' i n  order 
to keep tlie r r c r l uc~~ry  from fluctunting rapirll>,. Wit11 a 
moclern tun in?-fork-controlled oscillator, i t  is possible to 
realize a. portr~ble time a ~ ~ d  frequency stanrlarrl with sra- 
hility adequate for many  purposes. 

Much has been written of thc. mnnv proposals for the 
use ol the constant properties of atoms and molecules 
as standards of frcq~ienc?~. I t  will not he possible here to 

38 Private cnrnmunica t i o ~ ~ ,  Fellruary 1 ,  19.55. - 
3Q P. G. SuTzer (Xaiinnt!l: B u r e a ~ ~  of Standards), 'W ieh stabili* 

bridge-balancinq osdllntor, pxpcr in prepnmtion. 
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givc a complete descriptinn ot the status of tlre various 
projects i n  this field of encleavor, I J L I ~  the projects t ~ h i r h  
appear most ~ r o r n i s i n ~  will he coverer1 brieflv. Of the 
~ n a t ~ ~ ?  regioti. 
the  3,. (3 H 3) 

-- and tl I seen1 
tn be nearest to practical application, 130th of these 
spctctrurn lines have already S~ern r~scd as the bases oE 
Irer luency caIi17rating apparat~s.~%allrl i t  is prohabIe that 
their LISC \ t r i l l  rcslilt i n  the first frequency standards of 
high prcrisior~ with complete freeclom from 1on~-term 
:icing drift. I f  prescrlt theories pli atomic structure a re  
rigorous1 y correct, and there appears ta be n o  reason for 
suspecting+ otherwise, t hen  t h e  frequencies representing 
the spectral lines should never change. IVe shrruId, there- 
fore, he able to use tlicse invariant frequencies as Ire- 
rluency s t n n d ; ~ d s  without referenre to astrnnomiral 
phenomena except for initial rnl ihrat io~~.  I t  is pr-ohable 
that   he first Irequetlcy nntl time standardization using 
time spectral lines as standards will be done by usinq 
them as calibration stanrlards tn measure the constancy 
of the frecluency of a c o n v e l t t i o n a l  lreqtiency standard 
or of the osrillator O F  a quartz-crystal-controlled clock, 
ant1 t h u s  enahlc arcurate establishnient ol the  time- 
Iceeping rate ol tI1.c clncl; lor comparison with astronom- 
icnl timc. ,qs the p~rfer t ion of atomic frequenry stand- 
ards prngl-esscs, it may prove feasible to use them as 
standard-fretluerlcy oscillators for routine laboratory 
rneasuremei-lts. 

t The problenl then resolves itsell into the rlesign of 
' equipment and the application OF tlie information oh- 

tained from the ccluiprncnt. Since the techniques for the 
two spcctrun~ ntiorled above are so wirlely dif- 
ferent, they w*il ted individually. 

I t  is probable that  the earliest published rcferencc to 
the possi1)ility of using rnicso~vave spectrum lines as 
frequenc~r-stnhilizing elements is in a paper by Pound41 
puhlished in 1046, although other investigators had per- 
ceived the possibility of using the microwave spectral 
lines as frequency c a l i b r a t i o n  points. Sl~ort ly after pub- 
lication of I'nund's papcr, a paper by Smith,  tlc Que- 
vedo. Castcr and Rennett4+onfirmed the application of 
Pound's ~ne t l io~l  of stabilizatinu using t h e  3,3 line of 
ammonia (KHa) as tlie frequency reference. Thc  stabi- 
lizcrl oscillator system compriserl a reflex klystron, a 
~v,vnvt-grr ide hybrid system, n wave-guide resonator 
T~lled with ammonia, arid a "dc" feed back cou nection to 
the klystron repeller electrode to close the loop. In ef- 
lect, the ammonia was used as a resonant element to 
provide a rapid change of phase of a reflected tvave in a 

Pound-type discriminator, thc ratc of chauqc of phasc 
with frequency be in^ rapicl ennuqh to give a n  effective 
Q estimated a t  12,500. 

The use of the 3.3 i i iversio~~ line 01' amn~orria at ap- 
proximately 2 3 , P i 0  rnc for this stnl~iIisation expcriment 
was the extensicill of rn;tny Jrpars of i~~vesti,q:::ltiori of this 
particular spec t ru~ i~  line. Cleeton artcl Williams meas- 
ured this ammonia  abstx-ptinil in 19?~4,'~ and a number  oi 
papers appcarerl irnrnetl ixtcl y after IVarlrI \\Tar I 144-" 
giving further inforrr~ntiot~ which indirated that the 3,3 
line ol arninoi~ia was a strong line ( I ~ i r h  ahsorption of 
energy), and that i t  ulas not aifrcted in frcql~cncv by 
such variable factors as pressure. temper;iturc, anrl map- 
netic field, although the apparent raso7utian 01- brcarlth 
OI the Iine depends on pressure and ternperat11re. 

The most accurate deter~nii~atinn of the freqtrency of 
tlie 3,3 illversion line of ammonia appears to be tha t  by 
Shirnoda," w h o  gives a value of 23,870,130.97 2 0.10 + 1 
Icc lor this Iine.  'This f gure incl~ides ternis of 5 0.11, kc 
instrum 
the absl 

entnl err 
31 ute val 

-or, 3rd f kc uncertainty corlcerning 
ue of the referenre frecluenry stanclard. 

A method of oscil1ator stnhilizatiol~ using a control 
loop and an  ammonix ahsorption ccll as a Ireqzlency- 
stable element has been applied to Irerlue~icy-standard 
oscillators. 1-l~rsliherger a11d N o r t ~ n " ~  s~~l>ilized a k1j.s- 
tron oscillator at the  ammonia-li ne Ireque~~cy, and 
also offset from this frequency l)y a known internledinte 
frequency increment. L?~nns~"~"ppliecI x similar ap- 
proach to the stabilization ol  a rrys tal-ron trolIcd f rc- 

quencv-standard osrillator, ant1 thus to the c o ~ ~ t r o l  O F  a 
clock by reference to the nli~rnonia absorption-line Fre- 
quency. Fletcher and Cookc stabilized a klystrnn at 
t he  ammonia-linc f i - cquen~y .~~  

The basic principles nf such a servo-controlled oscil- 
lator rtrr s l ~ o ~ ~ t i  i n  Fig. 12G) ( i ~ c s ~  page). r l n  oscillatnr, 
with n controllabl~ Frcrlucncy ad j u s t rne~~ t ,  supplies a 
sigilal to a ~norlulation system wlr ich aclcls n~odulntion 
to the signal, which is then referred t o  the ammania- 
filler1 absorption ccll. The signit! i s  rnorlilied 1 1 ~ .  passage 
through the cclI, ~ h c  mnrlificatiorl thcn l1ei17g rletectecl 
anrl rvnluaterl h y  thc circuits of the servo control wit11 

4T C. E. Clwton and K. H. Willianic, "Etcctro~naqnetic waves of 
1.1 c ~ n  wavel~ngth and ihe absorption sprctrun) of ammrmia," Fhys. 
Rsz~., vol. 45, pp. 231-I.'.:; Fel,riiary 15. lO.:J. 

'". H. 'rolvnw, 'The amnlonln spcctrrlin and line ~ h a p e s  near 
T .25 crn wdvelenath," Pkys. KI.~,. ,  vol. 70, p.  665: .Novem!;rr, 10 lh. 

fir.  E. Good, "'I'he inr-ersion speclrutn of ammonia, Plfyr. R,yl,, 
vol, W ,  p. 5.io; XIav, 1016. 

* B, nreaney a n d  K. 1'. Pcnrose, "/\mmonin s p ~ t r u m  in the 1 cm 
wal-elengtl~ region,* ,2'ottr~c, ~nl. 157, p. 6 3 0 ;  hlaj,, 1" lh .  

d 7  I < .  Shinloda ",\toniic clocks ancl Irequenrv standnrrls on a n  
ammonia line," .C~tir .  Pltys, Srrr. Japan ; Part  1 I I ,  1954. 

'* \lr, D. FIer~hbergcr itnd L. E. Norton, "Freqiienry st,~Lilization 
with rnicrcrwavr: spectral fines," Rc11 Rm., vol. CI, pp. 2 8 4 0 ;  hiarch, 
1 OAT ., .L. 

H. Lyons, "Spectra1 lines as frequency standards," Ann. 1V. 1'. 4 9  T-i. Lvons, "The atomic cIoclc, an atomic srandnrd nf Ircquency 
.=icrrd. Sri., ~ . o l ,  55, pp. 831-871; Novemher, 19.52. and tinrp," 4 T . S  T ~ c h .  X C ~ L J S  Rtall., \.or. 3.3, pp. 17-2-F; February, 

4' R.V. Pounrf, I' EIectronic qtal~ilization of rnicrorr.ave osciIlntors," tQ.FO. 
J R~~.Sci.Iwslr.,vol.I7,p.4~~O;Ku~~emlIler,1946. '0 E. I!!. Fletcher and S. P. Cooke, "The stabilization of a micm- 

a II'. \'. Smith,  J. L. G. tle Queverlo, R. I,. Cartm, and \IT. S. wave ascitlatrrr with an ammonia absorption tine rcfetcncc," Crult  
13ennctr, "Frequency ctahili7~tion of micrnwave osciIlntors by apcc- Laboratory, Harwrd 7-nir-ersity, Tech. P eport No. 5 ; 1948, Tech. 
tr~rrn lines," Jolrr. Appl .  P l t j ~ . ,  vol. IS. p. 1 1 12: Decetnber, 1947. R ~ p n r t  Ko. h l  , 7 850. 
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reference tn the modu1;ltioir s>.stem. The servo contrnl 
t he n  s~~pplicq a rorrertion to adjust the frerluenry of 
t he  controlIed oscillator to the cicsirerl value. 

Elershbergcr and Norton4Qsnept t h e  lrcquer~cy of a 
separate lilystroll local oscillator back and forth across 
the frecluency of the amnlonia cell, nnrl r l~ tcc ted  the 
pulse resulrirlg from the absorption peak. Sirnultane- 
ously, they applied this FM s i ~ n a l  t o  a mixer with a 
signal frorr~ the controlled oscillator (a reflex klystron) 
ancl amplified the beat-notes near zero-heat (pulses) re- 
sulting fmn~  this hlteraction. The  phase of the two sets 
of pulses was compared, and a correction signal ob- 
tained which was contrived t o  move the  ontr trolled os- 
cillator pulse t o  coincidence with that  from the anlrnonia 
cell. A further xrangernent was constructed which used 
an offset, or  intermediate-freq~~enc~?,  beat-note from 
the con trolled-oscillator part of the circuit to pmvide 
the  control ptilscs. By using a stabilized intermediate 
frequency, a stable controlled frequency resulted. 

- 
(a)Bas1c SERVO-CONTROLLED AMMON~A OSCILLATOR SYSTEM 

CRYSTAL- 
WMTROLLED FAEQUENG' . CREG1:LNCY - 5 : - , \ , ~ ~ K n  I 

I~$~€RV~-CONT~CLL'I~J AMf."DNIA (~ToMIC")  CLOCK 

F~E. 12-Servoantrolled ammonia-absorption-cell 
oqcillator svsterns. 

The atomic cloclc development proflam under Lyons 
at the Rureau of Standards has rsplored t h e  possibility 
of stabilizing a crystal-controlled trecluencv standard 
against the ammonia absorption ~ e l l . ~ ~ - ~ T l ~ e  arnrnonia- 
stabilized cIoclc uses a system of stal~ilization similar to 
the one discussed above [see Fig. 12(bj], bu t  resulting 
in a lower output frequency which can be used to oper- 
ate a cloclr mechanism for comparison with astronorn- 
ical time measurements. The controlled oscillator feeds 
a frequency multiplier chain which eventually provides 
output  near the frequency of the ammonia  line. At one 
stage in the multiplier system, a frequency-modulated 

signal is added t o  tha t  From the  multiplier stage, and the 
proper sideband signal selected t o  provicle a harmonic 
falling on  the 23,870 rrlr l'rer~ucncy of f ~ e  xrnnlonia cell. 
Thus it is possible to provirle a frcqueriry-modulatecl 
signal derived lrom the  frequency stxndarcl, sweeping 
back n ~ r d  forth i n  the vicinity CIF t l ~ c  i~rnrnonia frequency, 
with goor1 short-term stability ol thc cerirer (or carrier) 
frequency. The intermecliate-lrerl uency Sre~~uenry-mod - 
ulated signal (that which was adclerl t o  the multiplied 
freqr~ency of the controlled oscillator) is co~lzpared with 
the appropriate harmonic c~f the cor~trollcd frcqucncy- 
standard oscillator, a signal pulse l3eing pmd uced car h 
t ime the s ~ ~ ~ e p t  intermediate-frequency sigt~al passes a 
given reference frequenc~l. The 1731 signnl, nr 23,870 mc  
5 modulation, undergors absorption each t ime i t  swecps 
past the ammonia absorption frerluenc~? in the cell, 
t h i s  aI>sorption he in^ obscrred ns x negativc reference 
pulse ou t  of t h e  detector a t  the receivin~ end of the 
ammonia al,sorption cell. The servo circuits are oper- 
ated h v  the phase or time diflerence between these two 
pulses and are arranged to produce a correction of the 
crystal nscillntor frequency t o  keep the crystal-con- 
trolled frequency standard lockecl to the ammonia line. 
The result ~ v l ~ i c h  is sousht is to producc a clock with 
110 net l o n g - t ~ m ~  drift  in its time-keeping rate, and with 
good short term stability, or low acceleration. A cloclc 
constructed cm these principles Kave a performance 
estimated at + 2 X for ii pcriori of the order of one 
~vcelc. The average Frequency or i n  teKr:rated time error 
was not determinecl. A phntograph of t h e  first: ammonia 
clock built a t  the National Bureau of Standards (1948- L 

1949) i s  slinwn i n  Fig. 13 (npposite). The ammonia  ab- 
sorption cell i~ mountecl in a coil around the  large clock 
indicator ahove the rac1;s. 

A different approach to the  servo-control system 
problpm was used by Fletcher ancl  C o ~ k e . ~ ~  Their 
modulation system used frequency modulation of the 
controlled oscillator at a relatively high rnociulation 
Crequency but with a Iotv modulation index. This modu- 
lation produced t w o  sidebands 1~11ich mere on either side 
of the frequency range affected by t h e  ammonia ah- 
sorption line. An amplitude-modulatiol~ detector was 
used at the output of t h e  absorption ccll. I{ the phase 
of the carrier (23,870 mc) of the  FM nscillator became 
shifted from its original phase by the action of the am- 
monia absorption, amplitude modulation resulted upon 
recombination with the unshifted sidehandsP1 This am-  
plitude nrodulation occurred at t h e  modulation [re- 
quency of the F M  ("intermediate frequcncy"), the AM 
signal being recovered by the AM rletector at the re- 
ceiving end of the absorption cell. Th is  intermediate 
frequency sig~~al was then amplified and compared in 
phase with the nlodtrlating signal, the output of the 
phase comparison cirruit being applied to the repeller 
electrode of the  controlIed klystron oscillator as a dc 
ad jlrsrment of the average frequency of oscillation. 

61 AT. 6, Crosby, "Communiwtion by phase modulation," PRDC. 
IRE,  wl. 27, pp, J2C-136; February, 1939. 
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Fig. 13-Photograph of f i r s t  anunonia clock 1x1 ilt at  National 
Rureau or Stnndnrds. 

L4 stabilized oscillator using an ammonia absorption 
cell modulated by a Stark-effect modulator was con- 

, structed by TomnesbYn 1951. 

Digiculties in the Use qf Ammonia Absorplion to  Stabilize 
Oscilhtors 

Certain basic difficulties beset the use of the arnrno~lia 
absorption technique for t h e  stabilization of oscilIa- 

The principal difficulties of a n  inherent nature 
(properties of molecules) are (1) the natural breadth of 
the spectra? line, (2) Doppler-effect broadening, (3) 
pressure broadening caused by collisions between mole- 
cules, ($) broadening caused by collisions with the  walls 
of the absorption cell, and (5) saturation effects. The 
natural line breadth is related to the radiation from the 
rnolecuIe and the  a m o u n t  of thermal radiation falIing 
on it. It is inherent and cannot he rhanged except by 
choice of the molecule or atom to be used. The other 
effects are usually murh greater, in any case. Doppier- 
effect broadening is proportional to thc velocity of the 
gas molecules parallel to the propagation direction of 
the radio-frequency energy in the cell. I t  can be reduced 
by cooling, but t h e  ammonia  freezesahut if  cooIed far 
enorrgh to provide much reduction. Pressure broadening 
results because t h e  energy absorption process is inter- 
rupted if a molecule coflides with another during the ah- 
sorption, and has to start again with a new phase pos- 
sible. This effect can amount to 15 mc bandwidth a t  a 

pressure of I rnm ol Hg, but if diniinishes with pressure 
reduction. Wall callisio~ls cause l~ roaden in~ ,  h u t  amour1 t 
to a relatively minor  item. of approximately 15 kc 
bandwidth maximum. Saturation effects resulf: from the 
possibility ot a11 availxhle molecrrles havin!: already been 
excited to t h c  higher energy state, and thosc which are 
ern it tin^ energ). supplying enough quan ta  to re-excite 
those ~vhich require excitntior~. The only energy then 
absorbed at the inversion line frequency is that  lost to 
thermal radiation hy collision a n d  racl iation damping 
of the moleclules. The power input level to the absorp- 
tion cell a t  whirh sntursf ion effects set i n  i s  pl-opal-tional 
tn  the square 01 the pressure in the cell, and hence i s  

ronfl icting with pressure broadening effects as fw as the 
selection or a pressure lcvel for the cell i s  c o l ~ c e r ~ ~ e d .  

In  addition to the theoretical limitations set lnrth in 
the preceding para~raph,  the design and construction 
of thc  microwave rf system For a n  arnmonia-absorption- 
cell stabiIized osciITator is compfirated by t h e  difficulties 
of working in the frequency range close to 23,870 mc. 
The signal-to-noise ratio of the system is affectccl by the 
noise i n  the detector, in particular, and could be im- 
proved i f  the saturation eflects did not  l imit  the allow- 
able power inpu t .  The design of a cell to holrl the am- 
monia gas i s  complicated by the ii~cessity for maintain- 
ing a low standing-nave ratio aver the band of fre- 
quencies used by the modulation system chosen. A 
schematic showing the principal features of one design 
of ammonia  absorption cell is shown in F~E.  64 (next 
page), and a photograph oE an ammonia  absorption cell 
is shown in F ~ R .  15 (next page). 

Further work on the solution of these problems ap- 
pears unlikely in the future as a result of the success of 
other approaches to t h e  atomic-frequency-standard 
problem, although e~perirnental work on  al~sorption 
cells will undoubtedly continue. 

A ~ ~ M O N I A  OSCILLATOR 
A completely different arrangement for the use of the 

3.3 inversion-line of NH3 as a frequency standard has 
heen devised by T ~ w n e s , ~ ~ o f  the Depart men t of Physics, 
Columbia University, New York City. Ammonia gas 
a t  room temperat.ure contains molecules in various 
energy states. SIFghtly Iess than half of the  molecules 
are in the upper-energy states, while the remaining mole- 
cules are in the lower statcs. The lower-energy-state 
molecules have a n  electric dipole moment which makes 
it possible to accelerate them in a given direction b y  put- 
ting them i11 a n  electric-field gradient. The moIecules in 
the upper states are accelerated in the opposite direction 
along this samc electric-field gradient. Thus  a sorting or 
selecting device may be constructed by setting up a n  
appropriately shaped transverse-electric- field gradient 
in a region traversed by a strear11 of ammonia molecules, 
t h e  lower-energy-state rnolecuIes being diverged away 

j " C.  H. Tomes, ".4tomic clocks and frequency stabilization on J. P. Gordon, H. J. Zei~er, and C. H. Towns,  "hIolecular micro- 
microwave spectral lines," Jmr. Appl .  Pltys., voI.22, pp. 1365-1572: wave osciIlator and new h y p e r h e  strtictilre in the microwave spec- 
November, 1951. trurn of NHt,n Phys. Rev.. voI. 95, pp. 282-284; July 1, 1954. 
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Fig. 15-Photop-aph of ammonia absorption cell 
for atomic clocl~. 

iron1 thc axis, and the higher-energy-state molecules 
co~lrerged by the  focusing system. I3y th is  means, a 
useful portio11 of the high-energy rnoleculcs in a given 
stream may be selected atlil focused a t  t h e  encl of the 
.electrode system. 

Such a system is shown schematicaIIy in  Fig. 16, with 
a resonant cavity to receive the focused hi~h-energy 
molecules through a rvavcguide-llelow-cutoff entrance 
port. This device operates to produce osci IIations a t  the  
inversion-line frequency or the ammonia  by the  lollorv- 
ing mechanism: the high-energy-state mo~ecules which 
enter the resonant cavity are acted upon by any radio- 
frequency fields present i n  the  cavity, and also these 
moleouIes can contribute to these field components by 

L O W  ENERGY-STPTF 
WLCCULES 

STREAM OF PYMMtA 

I a h h r ~ ~ ~ ~ w ~ - s i ~ ~ ~  \ 

- IJ'LECULES 

AMMrnl A 

I r' 
VACUUM 

E a u  -CQ 
SYSTEM 

- - A FOCUSSIMG 

SECTION WCT4GE 
x-Y &- 

Fig 16-.\mrnonia oscillator ('I'owne). 

emission ol energy. Some of the  molecules in the cavity 
undergo transition to tlle lo~ver state bl? emission of a 
quantum ol energv at 23,8 i0  mc. 'lt'hen the rf fielcl at  
this  Irequeiicy builds up t o  a suficient value, the transi- 
tions are s t i r~~ulnted and the molecules then give up their 
quanta in an ordered, coherent manner,  thus  providing 
a source of power at 25,870 mc. T h e  magnitude of the 
power available is adequate to  supply the losses in the 
radio-frequency circuit, and t o  provide ara additional 
small amount  of power for measurement purposes (esti- 
mated to ~ i ~ a t t ) .  

The general class of devices of th is  sort has hcen 
designated MASEIC, from the initials of the description 
"microwave amplifier by stimulation of emitted radia- 
tion.'"~n the case cliscussed above, the gain of the arnpli- 
fier is greater than the losses in the system, and hence 
an oscillator is the result. 

The exact frequei-tcy at whiclt the osill a t' ions are 
produced depends 011 several factors, the two most sig- 
nif can t ones being the Q of the cavity and the tuning of 
the  cavity relative t o  the inversion-line frequency. In  
the first experimental models of this device, detuning 
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the cavity procIucecl a "pulli ng'j effect of approximatel!- 
5 2,000 cycles, A t  the present tirnc, the best methnrl nl 
estimating the correct centct Freclueilcy of the 3,3 inver- 
sion line of ammo11ia appears to be setting to  t h e  nlirl- 
point n l  tlie pulling ranEe. Otl~er  methods may  he rle- 
I I better .ibilit>? of se t t ins ,  such as  the 
11 : freq~ier hick oscillatinns ate just  011- 

s'  hen t l ~ e  : system (ra~~it!. plus load) i s  
reduced to  the point where self-oscill;~tions are barely 
passi ble. 

Two of thesc oscillators are reported to have been 
operated sin-luItaneously, heating one aqainst t h e  other 
in a rcceiver tuned to their frequency. The oscillators 

- +  

were decuned to  produce a SO-cps heat note, and the 
instability was ohserved to  be less than 5 0.1 rps. 
Over a period of a n  hour, the average variation in t h e  
I~eat-note was less than f 2.5 cps arid tlie peal; devixtioil 
rvas less than 5 cps. 

It is estimated tha t  a fulIy engineered versian of this 
type ol oscillator may reach a long-term stability of 
f l XlO-'" The ahsolute accuracy oC the osciIIation 
frequencv can~lot  now be specified, h u t  it is apparent 
that  the oscillator may be set hy simple rncthotls tc, 
wi th in  approsirnatcly 2 30 cps of t h e  corrcrt irecluerlry, 
or 5 1 XlO-g, and :ha( improven~e i~ t s  in  s p l t i n ~  tech- 
niques ~vill improvc this  6, ~1rr.e. 

ratory eq  ripm men t gnvc a minimum i n~licatien upon the 
ahsorgtian of a quantum of any Irerlttel~ry, arherens the 
present rnndeIs give a niasimum inclicatinn ~ ~ p o t i  the 
ahsorption oC a quan tltrn a t  the rlesirecl frequency only. 
The energy level di Kerence corresponrIinr to tli is Crc- 
quency in t h e  rcsiurn atom is associntecl wit11 the spin 
vector of the v a l e ~ ~ c e  electron and i t s  relation to the 
nuclear m~agnetic moment of t h e  xtorn, the two energy 
levels corresponding to the  case of t h e  electron spin 
vector being aligned ~ v l t h  and in thc same direction as 
the nuclear magnetic moment ,  a n d  t h e  case in which tlic 
spin vector is dirertl!. npposed to tlnt ol thc nucleus. 
When a n  a tom o l  r e s i l ~ r n  is artcd upon b?* a aaqnet ic  
ficld of exactly the correct frecluency, :he internal 
structure of tile a tom can aljsorb a quantum of energy 
corresponcl ing to the transition clesrrihetl ahnve. The 
external e~ idenre  of this cl~anae in energy level is pro- 
vided by a change i n  the niagnetir moment of the atom. 
T l ~ e  atonrir-beam apparatus shan-11 in Fig. 1 7  is clcsi~ned 
to enable detection o l  the changed maqrzetic moment of 
the a toms,  and F~cncc to determine t h e  rorrectness o l  the 
frequenry of C ~ I P  cscitiny held i n  t he  cavities. The width 
nf the resonance curve of the ahsorpt ion Iinc is invcrscly 
prnpnrtior~al to the t ime t h e  atom s l~e t~ds  i n  thc exciting 
fielrl, the t ime in  this case, usinx the two-cxvitv excita- 
tion method, 11Anq the time taken l o  t r a v e r s ~  the path 
Crom t h e  entrance of the first ravi~!- t o  the cxit From the 

(_'eslu?r A T O ? ~ T I C - ~ ~ R A ~  FI<EQUESCY S T . ~ Y D ~ \ ~ { D ' ~ ~ ' ' . ~ ~  serond cavitv. 
Another ato~nic spectrum line which may be used for The cesium-l>earrl ;ipparntus shnmr~ in the diagram 

Irerluency standart lization is thc  l incat 9,192.633 97+ rnc (FFK. 17) is typical nf current desigtis. .A stream nr Learn 
which is ohserved i n  cesium of atomic. ivciqht 133 by of cesium atoms is  emitted by the ovet~ through a nozrle 
atomic-heam terhniclues. The atomic or molecular I~eani iVhic.li provitles a r i h l~o l~  -shaped keam nF approsirnately 
apparatus for measrrring nuclear niagnetic moments by 0.02-inch thicl~ness, the cmission 05 r e s i u t n  being ap- 
resonant ahsorption was deveIoperl Ily Rahi and co- proximately 10-8 grams per day. The  nl nm s 1x1~s through 
workers at Col umlin Un ix-ersit!..hTThe oriai~lal lal~o- t l i e  in homoge~~eous maqnetir: Feld l ~ c ~  ween the pole- 

6' J. R .  Zacbarins n~rd J. G. ltates, "I'TTI, :\tomic Ream Resmrch; pieces of the ,4 magnet. Those ntorlls wi th  the nppro- 
4 Ccsiurn ~ l o r l c ,  " Q r ~ a r t ~ l r l ~  Prn~rcs~ r\cporl, licsenrrl~ ~al>clratnry priate dil~ole m nmcn t are defl er.tcrI I - I J ~  the nlagrleti~ 
r ~ f  Elcctronirs, Tins.;. Insr. 'I'ech., Caml>rirler. >lass., pp. .lO-,U: field of tile A I,,aKnet as i n  ( 1  icated i n  the dia- Ocroher 1.5. l(1.51. - 55 N. F. Rilrnscv, U S ~ ~ l r : i r  ITnrncnts,'John Wiley ant1 Sons, Inc., ~ m m ,  and are l u m ~ d  bark tntirarrl the axis of the ap- 
New \-ork, K. Y., ch. 3 ,  eec. D. "Siolccular R e n ~ n  Tiesollance 5leth- pnratus. ~1~~ ccsi then first rf orls," pp. 37-52 (An cxtcnsive IihIinpt;~phv 19 given on t h i s  general 
type of moIer~~Iar bean1 apparatus) ; IL).i3. cavity in  which they are exposed to a rnagrietfc field at 

1. I. Itahi, S. Rlillm.ln, F'. I<uscl~, and  J. R. Zacharias, "The 9,192 + mc wjlich can produce the eIlcrg?r level c~,xnee n~olecular hmm resonance methorl fnr measurina nucIeiir mmaqnetic 
motnents," Plrys. RR-., vol. 55, pp. 526-53.:; March I.;, 1P3V. dpsired in t h e  atoms. The atoms then drift througl~ the 
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distance hetween t ne  cavities (50 to 100 cm) and then 
t h r o u ~ l ~  the second rT cavity, The radio-frequency ma5- 
netic field in the cavities is set to the same phase bv 
careful adjustment a n d  is checked by means oi a probe 
inserter! In the phasir~g waveguide connecting the two 
cavities. The  net effcct of the use of two separate in- 
phase cavities is similar to the effect obtained bv using 
a long cavity with zero phase-shift between the ends, 
with the exception that, at frequencies sIightIy sepa- 
rated from the center of the resonance cumc, an  inter- 
ferenre pattern occurs which shows up  as a large ampli- 
t u d e  ripple in the main absorption curve. Thir; method 
of excitation, originated bv Rarnsey.=' provides a 
sharper peak at the center of t h e  resollance curve than 
is provided by thc use d a single excitation ficId, reduc- 
ing as it rloes the Doppler effect t o  a very small value. 
The atoms which have absorbed (or emitted) a quantum 
i n  t l r  e space betmcen the magnets have then changed 
their mametic dipole moment  and are deflected in the 
Q ~ P O S ~ ~ F  directior~ by t h e  rna~netic f eld gradient in the 
B magnet,  ~ v h i l e  those atoms which have not "flopped" 
are deflected a second time, as before, and are not re- 
focuserl 011 the detection device. The  datection device 
comprises a surface ionizer, of the hot wire type, which 
is hi t  hy the neutral atoms, a n d  ionizca them. The 
cesium ions thus  Corrncd are then accelerated arlrl 
focused by t h e  appropriate electrodes and injected into 
the secondary-emission electron multiplier. The output 
current ot the elcctrnn multiplier collector electrode is 
t h u s  a measure of the number of atoms rnalcinq t h e  
transition, and Elerlce of the resonance curve of the 
transition. 

Fig. 18-The Eat ionay R ~ ~ r e i u  nf Standards cesium atomic- 
!)earn equipment. 

Fig. 18 shotvs a photograph of the atomic-beam por- 
tion of the cesium-beam frequency-standard apparatus 

17 N' I.'. Ramsev, 'A molecutar beam resonance m ~ t l l o d  with 
sepantc osrillarinl* fields," Phys. Rm., \ml. 78, pp. fi05-60Q; June 
15, 1950 

constructed at  the National Bureau of Standards.'O 
TIze path length between t h c  rf cavities is 50 cm. The 
effective Q obtained \\-as 30 million. The atomic hexm 
was hosixontal in this apparatus. The excitation for the 
rf system is supplied through the waveguide entering 
the  top of the container. Cnntral of the arnl~ient  mar-  
netic field affectirng the equipment i s  provided by the  
large coils surroundir~g t h e  vacuum envelope. The 
crystal-controlled excitation system is no t  shown in this 
photograph. 

Current practice makes use of a srnalI amount  of 
frequency modulation of the exciting oscillator and ap- 
propriate phase-sensitive rircuits to control the average 
frequency of the exciting oscillator. 1-Ience the cesilim- 
heam apparatus is a form of servo-controlfed osciIEatar 
with a hiahly specialized form of absorption cell in 
which the Doppler cff ec t is very small, collision broad- 
etling is absent, and which uses a verv sensitive, low- 
noise, detection circuit not heavily limited try satura- 
tion or detector thermal noise IeveI. 

The  excitation oscillator used i n  such a system must 
he adequately stahle in order to avoid spuriotrs effects, 
and the auxiliary equipment associa~ed with the atomic- 
beam apparatus requires careful design in order to pra- 
vide the best stability and accuracy for the over-all fre- 
quency-standard apparatus. The excitation system used 
a t  t h e  Bureau of Standards is crystal-controlled at a 
relatively low frequency and uses a multiplier chain 
to reach the opera tit^^ frequency of the ccsium beam. 
Another suitable oscillator system has been constructed 
at M.I.T., usinq a Western Electric Type 416-B micro- 
wave triode \~.orliinq a t  approximately 3,064 mc  and 
tripling with crystal diodes. 

The cesium-beam apparatus whirh has been run at 
M.J.T. is reported to ha\-c a stability o l  -t. I X for 
short periods, with the mean Ireq uency showing less 
drift than this value. Refinements i n  this apparatus are 
expected to improve the over-all stahili ty. A newer 
projected desian is aFso heing undertaken i n  a n  effort to 
improve the over-all performance h y  several orders of 
magnitude. 

A commercial mode! o( the cesir~rn-beam atnniic fre- 
quency standard is now hcir~g dcsigned (LY the Xa- 
tional Cnm pan !I. Malclcn, >T?lrlsr;ach use t rs) ;I t i c !  sllrt~~lcl 
he available shor t l~~.  

:rQtTerc 

ines of a 
>. +,. - -,. Although the spectrum I 3 molecules 

i l l  the microwave fsecluenc! I tLI1sl;  CLl a l l l l a ~ t  limitless 
in number, only a Icw of thesc spectrum lines offer at- 
tractions camparahlc with those of the lines described 
above. Diclce is cai-ryina out work a t  Princeton which 
may result in the  use ol a l ine of t h e  sodium spectrum + > -  

as a reference. Some Irequency calibration measure- 
ments on oxygcn absorption lines are heing carried out  
at the National Bureau of Standards. However, a t  the 
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TABLE I 
I'RIKCIPAL CFIAR~LCTERTSTICS OF STASDARD-FREQUENCY AND TIME-SIGNAL S T A T ~ O W ~  

- - - -  

I hlavirn~~rn ~fa lues ,  red~rcetl power is used on cerrain frequeocie and on certain days, ' 5 ~ ~ F I E  of 1,000 CPS modulation pr~lses, 8 4-10 
and 600 cps al ternatcly, 4 So phase adju~rmcnt  to thc sienal- themsel~~es,  $ Trn nsrnisgion bv the LTRiFon Ob~ervarorv (Union of Souib - Africa), Interniprinns for short period<, ' 100 ryc.le4 nf 1 ,On0 cps modulation p ~ ~ l - e ~ ,  8 I n  relation to \Vli'!', 8 Interruption from the 
15th to the  7 0 ~ h  r n i n t t t ~  of each how, lo Tranwn~ksinn on br) kc alw, 'l 'The I s t  of the month, i f  necessary, Scr! carrier frequencies, 
'9 From 0700 to  2300 IT.T,, I' hlondnys, " \YerI~lescln!~s, l6 Trans~nissions on 4 2nd 8 mc too, I' Interruptir~n.; dtlrinr 20 tns. I B  hlasi- 
mum radiation: Yorth-Enqt and South-li'eqt, I"ll'~~csdi~ys, Pn From OSOO to 1 100 ,ind trnn~ 1.300 to I b410 2. 'I... 140 n nd 100 cps alter- 
nately, " 'Transni~ssio~ by the  Rclgian Roval Ohservaiory . 

- 

present time it: seems sale to assume t h a t  the spectrum 
lines discussecl above will be the first: For which practicnI 
application will be round as f requc l l cy  standards. 

Standardizecl radio frequencies are rlow h ro~dcas t  by 
a number of agcncies i n  varioris n n t i o n ~ , ~ ~ . ~ ~  and usualIy 
ilrcEude time signals. TahIe F ,  al,o\;e, provided hy t h e  
International Radio Consul~ative Comnlirteu, through 
the courtesy of B. Decaux, Inter~~ational  Radio Con- 
suItarive Commit tee  Stiid!~ Group \'1E. ~ i i ~ c s  the prin- 
cipal characteristics of standard-l'reque~tr~~ and time- 
signal stations. This table is c o r r e c t  ;LS nT At~gust,  I'JS3. 

St.1tio11s 

U. S. Naval Observatory. ~vhirh advises WWV on  regu- 
lation or t h e  oeri1Iator. The slight modification i s  tha t  
the frcqi~ency is  readjusted by 110 more than  1 X l W 9  
parts per day. Tlie frecjl~encq. of WW\' is measured by 
the National Bureau of Standards at Boulrler, Colorar'lo, 
and the correctior~ data are supplied for the  adjustmcn t 
af the transmitter. Tables of cosrcctions to the broad- 
cast t ime signals ;ire furnished, as previo~isly, by the 
Time Service., L-. 5. f nval Observatory. 

The transmisters a t  IT7WI: are I I S ~ I I R  singlc-sicle hancl 
transmission ot tone modulation on some of the carrier 
frequencies .  The carrier is radiated continuously by one 
trarisrnitter u n i t ,  thc sicIehanrl z ivir~f :  [fie tone modrrla- 
tion being generatcrI From t h e  same  Fr-equency-standard 
oscillator by appropriate frequency dividers. rnocfula- 

Call-siqr~ 
Service 
Carrier Power (kUt) 
Type of antenna 

Y i ~ ~ n b e r  of sirnultane- 
ous trar~snussions 

hrurnher of frequencies 
used 

Transmission 
nays per weclc 
Hours per day 

Standard Ircquencies 
useti 

Carriers (rnc) 
hlodulations (cs) 

Duration of tow 
modulntion 
(minutes) 

Accuracy af kc- 
q ~ r e n c i s  (10-8) 

\Tax. oscillator drift 
(IW8) per month 

Mas. val~ie of steps of 
Ireqilency adjuqt- 
ment (10-8) 

Dumtion of time s i p  
nals in minl~tes 

Accuracy of lime in- 
tervals 

Method of adjusting 
time siynals 

Harvaii Ru~b>*  

. .  . 
The presently used method of adjus tment  of the rors, and filters, arid rhen racEiaterI throtlgh a separate 

frequency of WWV i s  a slight modification of the  antenna. 

J o l ~ n n n e s h u r ~  Tokyo Tnrino 

method describer1 In a prcvious r e l e r e n ~ e , ~ ~  name1 y ,  
that  the frequency of the standard-lrequcncv nscillator PHECISI(Y~ FHEQUENCY MEASUI~TSC EQCTIPMEST 

is steered to !;rep Ut~iversal Time as determined Ilry the Extens ion  of t h e  frequency mngr and accuracy o l  
, r  
*, ., " H .  I3. Law, 'Stnnclard fr~quencp transmission equipment a t  precision frequency measuring eqriiprnent has, of ne- 

R u ~ b p  radio station," ?sot-. IRE, vrlf. 102, part . I ,  pp, 166-173; cessity, been carried out  to keep pace with the micro- 
Uarcl.1, 1955. 

'V-. 5. R u m u  nf Standards Letter Circular LC 1000, and Stlpple- wave measurement field and t h e  improved stahle os- 

ment; December 1, 1951 cillaters described above. 

I'rcleB 
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har-monic generators has produced same relatively sim- 
ple rxlihrating cqrripnlelrt covering lrequcncies LIP to 
l0,Oon mc. (RIorlel 100, Presto Recording Corp,, Para- 
mus, Wen? Jersey). 

The me  of locked-osrilla~ors in frequency-multil~lier 
.;!-stems has heen extended to the ni icrowrcve range, one 
piece of apparatus  of this type designed specilically for 
microwave rneasul-ement purposes now commercially 
available (Morlel FM-4, Gertsch Products Inc., Los 
Angeles, California). 

Although manv  frequency measurement systems re- 
quire frequency multipliers to rcnch the microwave 
repion, i t  i s  also possihlc to use a microwave oscillator 
as a source and to divide its frequency for the opera- 
tion of auxiliary measuring equipment, such as inter- 
polatior~ systerns, and cIoclc mechanisms. The regen- 
erative-modulator divider circuito7 appears to he well 
suited to use with presently availahle microwave com- 
porlents." krerlllency divides systems operating at 
lower frerlucncies ran ha\-e a wider cl~oice of circuits, 
regenerative-tnod~ilatnr divi r lcr~ ,~  mriltix*ibratnrs,?O and 
counter-type rlividersRg-TI being wiclely used. 

Standarcl-lrcquenc oscillators of extremely high 
stabisity are usun l l~ .  constructed in such a manner t h a t  
their frequency ol operation can be adjusted by rela- 

k- 

tivcIy small amounts ~ n f y . ~ W e n c c  for measurement pur- 
poses, it is clesirahle to be abtc to generate frequencies 
cantralled by the reierence standard ~scillator in order 
to provide known star~c~ard frequer-lcies i n  the region in 
which it i s  desired to make measul-ements. 

The easiest solution to this problem requires only a 
harmonic generator, or distorter, which can be tuned to 
the I~arrnanic desired. This solution i s  usually inade- 
quate  for general measurement purposes since onlv a 
narrow range is ravel-ed at any one harmonic, and the 
exact caIibsatinn ol' this range m u s t  be established dur- 
ing  the rneasurcment. F~rrthermorc, even though the 
ranxe covered is narrow, the harmonics of tower-fre- 
quency stages of the  systc-rn frequently interfere to 
cause anibiguit~r and difficulty in identification of the 
harmonic actually desired. 

I f  the entire range oi hnrmonics ot a standard fre- 
quency is available simultaneously, it is usually possible 
to coun t  the intervals from a knowir reference point. 
This system is widely used i n  cornrnerciai f rcque~-tr>,- 
standard apparatus. 

" R. L. Miller, 'Frartinnal Frequency senemtion utilizing re- 
~e:er~erativc modulation,' I'ROC. IRE, vol. 27, pp. 446-457; July, 1930. 

6 K  H. Lyons, " ~ ~ i c r o ~ a v c  lrequency diviclers," f o u r .  Appl .  Phy.r., 
vol. 21, pp. 59-60; January, 1050, 

69 R. \[I. Frank, "-1 compr~ter-type decade frequency synthesiacr, " 
1951 lR't< C o n - ~ x ~ r o s  TiccoRD, I'AR.~ 10, l'Islstru~neitmtio~~ and 
Industrial Elertronics," p. -16; 1954. 

7"R. \I7. Stuart, ".A h iah  spccd diqital frequency divider or :irbi- 
trary sr~le, ' '  1955 TRE CQYVEYTIOX I ~ F C O R D ,  PART 10, ''Instru~ncn- 
tation and Industrial Electronics," p. 52; 1354. 

G. I<. Jensen and J. E. h I c G e ~ h ,  "Four-decadc frequency 
divideren Electrot~ics, vol. 28, pp. 154-155: April, 195.5. 

-4s the masimum frequency range of measurements 
has increased, techniques for j m proving t h e  facility oC 
idcntifiration of a givm harmonic frequency have been 
developed. These techi~ic~ues have talqcn the form of 
tuned selective circuits of narrow band width Tor select- 
ing an individtral Iiarrr~onic.~a and of relarivel!+ cnnlples 
systems o l  harmonic  ene era ti on, harmonic seIectio11, 
mixing, a r~d  filtering to generate a given frequency rela- 
tively (tee from spurious components. Commercial 
models of this type of standardized-dccacle-frequency 
g-enenerator" have beer1 produced having goocl rejection 
of spurious beat notes and ~~nlrrnnted rnodulatio~l com- 
ponen ts. 

Fig, 19-Case I. 

Ar~rsxnrx 
Case T (F ig .  19) 

C, C =  S h u n t  capacitive clernents (assumed equal). 
L=Series inductance to bring crystal to series reso- 

nance u ~ h e ~ l  ep i s  180 degrees out af phase with i. 
X= Crystal. 
6C, GC-Outpr~t and input capacitances 05 drivii~g 

and driven tttt~es (assumed equal). 
i= Input current. 
el = I n  p u t  voltage developerl. 
ezfOutput  voltage. 

C ~ y d a l  Parameters. 
QZ=2.6X1O6, 
R,=100 9, 
L,=8.27 It, 

C,= 0.000122 ppr, 

f = 5  mc. 

Circzrit Analysis I;-4ssumin~ crystnl operating- at series 
resonance). Let: 

where X L  is reacta~lce of L, X2 is reactance of one capac- 
itance, C. The resistance of L i s  assu~nerl small enough 
to he negSected. 

R = w(C + SC). 
T h e n  

J. hl. ShauII, "Wide range decade Ireqi~ency generator," Trk- 
Tcch, vol. 9, p, 35;  Yovember, 19.50. 

'9 The Plessey Co., Ltd., llford (EssesS, Eng.; A. Schomandl, 
Munich, Germany ; Rul~de and Schwart, Munich, Germany : Tele- 
funken, A. G., Tlerlin,UGermany. 

A. 1 ,  a Nigh-frequency crystal units for primary fre- 
quency standards, P ~ n c .  IRE, uol. 40, pp. F030-1033; Sept. 1952. 
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For e~ 180 degrees out of phase with i 

Ntcrnerical Values. 
Let 

fl2 X L ~  100 
- =  ---= - - - .  
i 4 K  3 

(This value of transfer impedance is also satisfactory for 
Case 11, thus  enabling direct comparison.) Then : 

XL = 115.5 n 
L = 3.68 ph 

If the Q of L is 230, which is reasonable for a coil of th i s  
inductance at this frequency, then 

which is negIigible, as assumed above. 

Assume 0.1 per cent change in L: 

This change in reactance must be balanced by a change 
in crystal reactance to correct phase back to original 
value. This requites a small change of frequency, Af. 
For smalI changes of frequency close to the series reso- 
nance frequency, the crystal reactance 

where Xo is reactance of crystal ii~ductance, XL, at 
series-resonance frequency; Xo=2(jX1O6)X8.27=2.6 
X 10Efl: 

Neglecting higher order terms, 

X, thcn must equal AXL; 

Assume 0.1 per cent change in each shunt capacitance, C: 

(This is equivalent to 0.5 p p l  in each t iibe capacitance.) 
Assume I ppf change in one tube capacitance: 

i- 

2- e, 
6cl %L 8~ 8 c  

Fig. 20-Case 11. 

Case I1 (Fig. 20) 

R. R = S h u n t  resistive elements, X = crystaI, 6C, 
S;C= output and i n p u t  capacitances of driving and 
driven tubes, assumed equal ; 6L, 6L =compensating in- 
ductances, i = input current, el = iripu t voltage devel- 
oped, and en = output voItage. 

Crystal Parameters. Same as Casc I. 
Circuit Analysis. e2 will be in phase with i when crystal 

is a t  series resonance if the shunt impedances are both 
resistive. This occurs when 

Numerical Values. Let : 

Then : 

Assume: 

then  

Assume 0.1 per cent change in each shunt resistance, R: 
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Assume 0.1 per cent change in each compensating Assume: 3 ,aPf change in one tube capacitance 
inductance, 6L: 

AWE -- - 2.5 X ID-' 
WB 

t a n  1 3 ~  = 0.943 (actual frequency f = w/27r assumed con- 
Assume 1 P P ~  change in one tube capacitance, 8C: stant). For nystal coupling network, 

Recapitulation 

011 the assumption that these circuits operate so t h a t  
the crystal is a t  series resonance, and that  the transfer 
impedance el/i is the same lor hot11 (100/3). there is 
little to choose between them. Case I I i s  less sensitive to 
changes in circuit constants t h a n  Case I by a n  order of 
magnitude (2x10-l1 vs 2X10-10). but  Case I is Iess 
sensitive to chan~es  in tube capacitance by half an 
order of magnitude (2 X 11)-'0 vs 6 X 10-lo). 

If over-all stability of lk9 is assumed to  be ahout all 
that can be reasonably expected, the frequency varia- 
tions ascribed to the crystal  couplin~ network and asso- 
ciated tube capacitances therefore do not seem to pre- 
sent a problem i n  either circuit. The next part of the 
analysis is devoted to t h e  remaining part of the closed 
loop. 

Loap Closure 

r Assume: Transconductance of tubes = g, = 1,000 'I pmho = lop3. Then : 

Gain of crystal-coupling-circuit portion 

100 --  1 - x1Q-a=- 
3 30 

f ram grid of driving tube to grid of driven tube. Gain of 
remainder of closed loop must therefore = 30. 

Assume: Two tubes, coupted through simple paralleI- 
resonant circuit, transconductance of tubes = g, = 1,000 
pmho = 

Gain = 30 = Reg, = Rs 
& = 30 k!J = 3 X 104 

where Rg = impedance of coupling net~vork at resonarice. 
Assume: Interstage capacitance = 20 ppf, coil reso- 

nant  with this capacitance. 

tan Bb = QB - - - , (: 13 
where RB, Cp and Le are tuned-circuit parameters, QB 
is the storage factor at the resonant frequency fs 
=uP/2r, and Bg;s the phase angle of the coupling system. 

where Q, is the storage factor at the resonant frequency 
f, = w , / 2 ~ ,  and 8, is the effective phase angle of the cry9- 
tal coupling network. 

Case I 

Q, = Q, = 2 . 6 X  10' 

Case TI  

Recapitulation. Frequency shif t  from change in phase- 
shif t  of the loop is more important than changes in the 
crystal coupling network by three orders ol magnitude 
(6 X vs 6 X 1 0 - l o ) .  Case I is less sensitive t h a n  Case 
I I  to c h a ~ r ~ e s  in capacitance in  the closing loop by a 
half order of magnitude because a factor of three in ef- 
fective Q, is sacrificed in Case 11 to work the crystal in 
and out of s h u n t  resistive elements. Both circuits, how- 
ever, are seriously limited by phase-sh ift in the closing 
loop. 

I t  was noted t h a t  the coupling circuit was tuned en -  
tirely by the interstage capacitance, brtt this assump. 
tion need not be made. lf additional capacitance is 
added at th is  point, the effect of a chanpe i n  tube capac- 
itance on the resonant frequency will be reduced, bu t  
the storage factor, QB, and consequently the rate of 
change of phase ari t h  frequency will be increased to t h e  
same extent. The phase shift introdtlced by a given 
change iin tube capacitance wilj therefore remain the  
same, whether or not additional s h u n t  capacitance is 
employed. If  no extra capacitance is added the ef fect  of 
any change in inductailce is a minimum, however, and 
can be ignored. 

I t  shouId be noted that in Case I I there is zero plrase 
shift in the crystaI coupling network, whereas in Case I 
there i s  180 degrees phase shif t .  Case 1 I i s  therefore 
more readily adaptahIe to two-tube operation. A reason- 
ably simple solution for Case I might be t h e  use of a 
cathode-coupled twin triode Far onc of the  two cubes. 

Coupling systems designed lor lower rate of change 
of phase shift  might he worked out,  but i t  would seem a 
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more promising avenue of approach to eliminate the Assume 0.1 per cent change in each compensating in- 
network entirely by going to a single-tube circuit in d~ic ta~lce ,  SL: 
which the driven and driving tube for t h e  crystal cou- 
pling network were one and the same. 4f 

- = 5 x 0". 
f 

Single- Tzlbe Version 

To make a single-tube version, the reverse problem 
exists regarding phase-shift in the Case I 1  and Case I 
circuits. Case I is morc readil!- adaptable than Case II 
because of its 180 degree phase shift in the cr>?stal 
coupling network. T o  make the Case I I eirruit work it 
v,rould Lie r-tecessary to go to some such e ~ p e d i e ~ ~ t  as use 
of a cathnde-couplecl twin triode. 

Since there is no additional gain provided elsewhere, 
the gain from the  grid of thc "rlriving" tuhe to tlre grid 
of the "driven" tulje must be u n i t y  (actually the same 
grid), and this specilication therefore determines the  
transfer impedance of the crystal coupling network in 
terms of  the tuhe transcondrlcta~~ce. Assume: 

Transconductance = g, = 1,000 prnho = lo-" 

Assutne 0.1 per rent  change i n  L: 

Assume 0.1 per ccrlt chxnae in each shunt capacitance, 
C: 

Assume 1 ppf change in one tt1E.l~ rapncita11r.c: 

= 6 X 
f 

Case IT' ( Two-TW be Circuit) 

ez - -  - TOR = 
R" 

z 2R + I?r 

Assume 0.1 per cent change i11 each s h u n t  resistance, R :  

Assume 1 ppf chanae in one tuke capacitance, 66: 

Recapifzrlntion. Pn the single-tulle tw-siot-r , Case I is 
rnarltedly superior to the Case I 1 circuit. T n  ol~tain the 
neccssnry ~ a i n ,  the irnpedanre level of the  c r y ~ t a l  cou- 
plin g network of Case I I hecnmes tot] his11 , a n d  depend- 
cnre of frequency upon circuit parameters i s  suhsl antial. 
Thc  worst \variation comcs from changes arising from 
variations i n  tube capacitance, whirl1 nre WOI se t han  
those in  Casc I by almost two orders of magnitude. 

In  the single-tube, Case I ,  oscillator (Case I I I ) ,  how- 
ever, the c h a n ~ e s  in frequency frotn th i s  source are 
still only 6x10-0, and it seems I~robable that sensible 
circuit design coulcl rcduce tube capacitance variations 
to ahout 0.1 ppf, rather t h a n  1 Fpf. Rccl~iirernents ol 0.1 
per ren t  stability in circuit parameters are not unreason- 
able, and i t  therefore seems ieasihle to cnnstruct a n  
oscilln~or of this type to yield circuit sti~hility of lP9. 

The advantage ol u ~ i n g  rlc control of cffrctive g, tor 
amplituclr: control, rather than a thermal hriclge, is in- 
dicatcd by the sensitivity of t h e  frequency to phase 
shift i n  circuits other than the crystal coupling network. 
Anythillg that: reduces gain a r o ~ ~ n d  the loop requires 
increased gain else~vhrrrl., and this gain can only 11c 01,- 
tained at the expense of great care in mai~itaining low 
rate of change ol phase shift. I t  seems prol~ahle t ha t  fhc 
simple Case I1 I circuit, using one oscillator tuhe  and a 
stable, amplifierl, delayed AI'C system \\,it11 scrni- 
starved operatior) of the osrillator tuF~c will give not 
only an inexperlsive solution hut,  perhaps, the hes t  one, 

The author r\?ishes to thank Dr. ITT. D. George ailrl 
Dr. Harold Lyons of the National Bureau of StancIards, 
Dr. William 4lwkomitz of the U. S, Naval Ol~servatory, 
Dr. A. E. Gerher of the  Signal Corps E~lgir-treri~~g Lab- 
oratory, hqessrs. R. .4. S!~kcs, F. G. 3lerr-ili, A .  E. Wat- 
ner and J. P. Grifir~ of Dell Tdepho~le I,nl>orntaries, Dr. 
C. H. Tonr11es of Cnlurnl>in Universi~>*, Dr. J.  R .  Zacha- 
rias nf M.I.T., Dr. R .  T. Dxley oC National Company 
:uirl Dr. 1. G. 1-ates for their kind assistar~ce in supply- 
ing information for this paper. Tlla~~lcs are also due to 
hIcssrs. H. T. hiitcl~ell o l  the  British Post Office, 
T o r m n n  1,ex of hlal-cor~i's Wireless Telcgtaph Co., 1-td., 
and FT. J.  Pinden 43F tl-ir: I'lessej, Company, r>tcl., for 
szipplving inIorrnatiorz on recent developmei-rts in Great 
Britain, to Rlr. J .  K. Clapp of the General Radio Com- 
pany, and t o  Dr. El. B. Sinclair, who provided the cir- 
cuit analysis given itl the Appendix, 



A D D E N D A  

tor 

Fregue~z cy and Tzme Standards 

1. Since the origin01 publication, the International experimental work at the time of the original paper, , 
Second has been defined as 9,192,631,770 osci l lo-  has  been app l i ed  i n  t h e  vubidium-87 gas-ce l  l 
t ions of the cesium atom as observed in fhe atomic- frequency standards which are now commercially 

beam apparatus a t  zero C-f ie ld (the magnetic f ie ld  ovoilable. 
exist ing in the dr i f t  space between the cavi t ies in An additional oppEication of  the MASER pr incip le 

Fig. 17). This is  now the primary definit ion of the was successful ly carried out by Ramsey and Kleppner 
second, c o i n c i d i n g  w i t h  the Ephemeris second at Harvard, using atomic hydrogen and a magnetic 
(PP 1046-7), but being more readily determined for state selector. In both the hydrogen maser and the 
cal ibration purposes. rubidium gas-cell, the wa l ls  of the ce l l  are l ined wi th 

2. Under " Further Atomic Frequency Standards " polytetraflouroethy lene t o  improve the operation of 
( P  1062), it is, interesting t o  note that the *opt ical  the device by reducing the effects of wal l  col l is ions 
pumpingw scheme, which was o basic part of Dicke's on the act ive atoms, 

G E N E R A L  R A D I Q  C O M P A N Y  
W E S T  C O U C O P C ,  M A S S A C H U S E T 7 5  

J u n c  1967 


