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ASTRACT 

As part of its program for t he  develop"& of precisian, 
primary standards in the microwave region of the spectrum, the 
National Bureau of Standards (M) has been engaged in a broad 
program investigating t h e  possibilities of a%onmic frequency and 
time standards, 
this program is given. 

A survey of some of the projects ?slating to 

The accuracy 6f astronomical time is revImed in order t.0 
determine the accuracy reasonablq to be required of an e t d e  
Btandard. Microwave erpectnun lines are compared with macro- 
SCOP~C, resonant systems as standards and a table of Q values I s  
given, The accuracy of an absorption type spectrograph or clock 
is given in terms of the noiee limited resolving power, R,B. 
R.P. is given for ammonia and oxygen, the two unique mP@rmasrs 
gases most sui'table for use in B clock. 
nuclear electric quadrupole absorption are diecussed, Clocb and 
frequency standards of the atomic oscillator-frequency divider 
t y p  are briefly presented along with infomatian on a new U y -  
stron amplifier at 23,870 Mc for this application. 
ammonia-controlled, quartz-crystal, mrvo clocks are then tiis- 
cusbjed, 
prese %ed Awing  control of forced pert bations to 12ar-t 

test. 
o f  new klystron multiplier tubes' and a new 'FM discrb inazor  
method. 

!I?b 

The possibilities OS 

The NBS 

Sensitivity teste and results of an eight day t88t ere 

Suggestions for improvellaent are outlined with 6r;,snados 
in 3.0 8 and a constancy of 2 parts in 10 3 for the eight day 

Fina l ly ,  the cesium atomic beam clock ie denscrlbbed an& -3re- 
lirninary results at low Q 

cations are briefly mentioned, 

ven which indicate expsrirnen%a>+:~ 
that a goal of 1 part in 10 9 or better can be reached. ApplP- 

Presented at the New York Academy of Scfancs~l C6nference em 
Microwave Spectroscopg, Novo, 9-10, 19Q, 
Annals of fhe New York Academy of Scienceso 

To be pubaSshod In the 

n: 



1. INPRODUCTION 

As part of i ts  program fo r  the development of precision, 
primary standards in the microwave region of the spectrum, the 
National Bureau of Standards (NBS) has been engaged in a broad 
program lnveet g t i ng  the posefbfli t les of atonic frequency an8 
time standards 8 . By atomic is meant any atomic syetem In the 
general sense. 
most optimistically, wou ld  be the introductiag of atcmlc stand- 
ards f o r  frequency and t h e  i n  the physical sciences If thfs I s  
feasible. 
program fo r  the introductf n of atomic standards f o r  a l l  of me 

if! 
The ultimate goal of the program, considered 

This can alieo be considered as  par t  of a broader 

uni t s  of physical science s . 
Although the problems Involved in the design of accurate 

and rel iable  frequency an8 time standards are s e t  differ&, 
these two topics w i l l  be deal t  with together since a clock can 
be used as a frequency standard while a frequency etandard by 
i t s e l f  w i l l  not read time. A survey of the status of so1pw of 
the NBS projects re la t ing t o  the frequency and tirne program X p l l  
be given, 

2. ASTRONOMICAL TIME 

The present standard of time is the mean solar b y ,  
of in te res t  t o  review the accuracy of this  un i t  in order t o  
judge the requirements t o  be placed on (p1 new unit if it is t o  
be useful a s  a primary standard, 
ing down bec use of the forces of tidal f r ic t ion,  ~ ~ 0 6 t l y  in 
shallow seas , 
t a t ion  take place front time t o  time for unknown re  Boris. 

prets the problem a s  treated by de S i t t e r  
data and results including work of Spencer Jones and G.M. Clanonce. 
Brouwar concludes tha t  the length 0f the day i a  Increashg a t  the 
r a t s  of 0.00164 second per century with fl'uctuatlons in th0 ra t?  
of rotation sf the earth occurring a t  Irregular intema3.s. m9n- 
clpal discontinuities in the derivative of the saz%lbgs rotatfLomE 
velocity occurred in  the years 1856, 1871, 1877, 1887(9), 18900 
1902, 1911, 1925# and 1936. In  1870 the earth 's  r a t e  of r o t a t f a  
wa8 f a s t  by about 1.6 seconds per year cormparad w i t h  the average 
rotation a t  t h a t  epoch or one p a r t  In  20 million. In 1900 1% m 8  
slow b 

two hundred years are  known t o  astronomers and can be aUowed for  
in  obtaining frequency standards fron aatronmical t h e .  

It is 

The earth is continually slow- 
t In addition, f l uc tua t iws  in the period of roo 

This 
subject h e  recently been reviewed by Dir €?rouwe 3 whc reinter- t and gives more accurate 

0.6 second per year OF one par t  in 50 nilEion. Brauwsm: 
s ta tes  3 : "The deviations from the average r a t e  during the past 

Tkie 

1 
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record of the earth’s rotation during the l a s t  centurg shows that 
the r a t e  can be predicted fo r  one year ahead with an uncertahty 
rarely exceeding 0.3 second, o r  one par t  i n  a hundred million". 
The corrections t o  the r a t e  of the rotation are obtained ae- - 
trononers by using the moon and planets es8entiaUy as  p~ecislan 
clocks, The motions of the moon an8 planet8 are  obrrerved fo de- 
viate  In the same manner and the same time from that emctekd 
according t o  theory. !these deviations indicate tha t  the earth’s 
rotation is not constant during the interval of observation of 
these notions and f‘urn h a me na o r  meacllurlng the changer In 
the earth. See Notes A%ed in h o o f . .  

The day also ha a sealroaal gericrdiclty shown in Big. 1 

J 
‘ taken from Io. Stoyko Q . !Chose mda~ure311 nte  have been ver i f ied 

by Finch and others7. review the theories ad- 
vanced t o  expLain these variation8 and themselves calculate the 
effect  of eeasonal fluctuations In world-wide system6 of a-6- 
pheric circulation which interact  w i t h  the earth, the t o f a 1  
angular momentum of earth and a i r  being essent ia l ly  constant, 
They obtain agreement w i t h  the observations both a s  t o  magnitude 
and phaeej the maxi” change in ength of the day is a b o u t 1  

Munk and Mille 

pa* in 60 mulionOsee Notes Adde a in Proof, 

It is clear  Pram the above data that a new standard of 
frequency and tlme should be capable of a prooleion of the 
order of 1 par t  in 100 million o r  better. 
greater accuracy f o r  long-range time problsms, astranooasrs have 
already adopted a resolution t o  use the mean eidereal year 
rather than the day as the unit of time. This resolution was 
taken a t  the international conference on the f’undamental con- 
s tan ts  of a s t r o n w  held in Paris i n  1950. Brauxss a l so  s t a t e s  
t ha t  modern practice permit8 annual corrections t o  the tlme baaed 
on the rotation of the ear th  t o  0.1 second 80 t ha t  the length of 
a century can be obtained t o  one par t  in 20 bil l ion,  
ing such a long time interval, it is worth noting tha t  the frac- 
t iona l  accuracy of an atomic clock limited only by ranaola e m r e  
w i l l  a lso increase w i t h  the  length of time interval  conrrldered. 

In order t o  obtain 

In consider- 

The long time taken t o  make astronomical measuro1nent8 and 

In- 
corrections raises serious problems in some o f  the most precise 
applications of astmnaaical time t o  frequency standards. 
strumental errors  f o r  one night ’s  observations in the deter- 
mination of s t a r  tramits aa8 the effect  of atmospheric re- 
f ract ion set limits of about 2 t o  3 milliseconds in the ac- 
curacy with which the day can be 4etemined unlesr averages are 
taken over intervals of many days, These procedures make t h e  
obaervations inaccessible a t  frequent and arbi t rary Intervals. 
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Another factor  in the use of the present frequency and t h e  
standard which l i m i t 6  t h e i r  accessibil i ty is the existence of 
radio transmission errors. 
which provide world-wide coverage for  freguency and time services, 
rely on ionospheric propagation far long distance tranaopissiops. 
The m o t i o n  of the ionoephere produces Doppler ehi%ts in the fre- 
quency of the received signals. 
diurnal variation of ionosphere changes take place, Figure 2, 
a f t e r  Booth and Gregory9 is typical, 
quency of Station WWO a8 received in En&and, Deviatlcma of h 
par t  i n  4 m i l l i a n  are recorded3 greater deviations m y  occur W- 
ing fonoepheric storms, These data also Indicate tha t  an invari- 
ant frequency and tinto standard, cunstently accessible caqjwhere 
on the ear th (or  off of it) would be valuable , 

The standard frequency broadcasts, 

This varies cyclicly a s  the 

This figure shswdl the fre- 

30 MICROWAVE SPECTRUM LINES 

The limitations of macroscopic frequency standards I"- 

The use of the period of vibration of a 

diately euggbsts the use of periodic phenomena i n  the micro- 
scopic domain t o  avoid the effects of environmental changes on 
frequency constancy. 
spectrum line as a time standard is analOgQU8 t o  the u8e of the 
wavelength as a length standard. To make an "atomic d e r "  it was 
necessery t o  develop an interf'eromzeter, ae Miehelson did, t o  count 
up the number of times the standard went into an unlmown length 
being measured. Similarly, it is neceseary t o  count the number of 
times the period of a tino standard goes into an unk!nm time being 
measured. 
but not a clock until the counting eguipmrent can be added, 
greatly camplicates the problem8 asmclated w i t h  accuracy and. long 
running time. 
enough t o  count the oscll latione are 8 prerequisite t o  meking a 
clock. 
s ib le  are necerssary if great accuracy is t o  be achieved, I? %he 
intensity 1s such tha t  maaaurementa can be made d y  t o  one line 
width, because the eignal-to-noise r a t i o  ire near unityr an ac- 

the t ransi t ion fre&cy, and Q is the usual quality factor, 
is a l l  t ha t  w $ l l  be possible. To measure t o  0.001 of' a line 
width o r  better,  a s  is commonly dono fo r  quartz-crystal resona- 
tors,  requires high eignal-to-noiee ratios.  
spectrum line6 vhich offer  promise as  frequency and tfme standards 
a l l  of the above factors must be kept in  mind .  In T r b l s  1 variaulB 

A n  atomic system by i t s e l f  Lhua gives a time s%an&erd, 
!Chis 

It is clear  tha t  epectnun lines a t  frequencies low 

In addition, sharp l ine8 of a8 great an intensity as  w e -  

C U F ~ C Y  O f  2 4 f/f = l/Q, where 2 4 f is the line width, fo 

In  searching for 
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spectrum lines are compared on the basis of Q alone curd also on 
the basis of 4 with conventional resonant systems. other 
types of lines are ruled out because of low Q, dependence on 
exterri~l fields or other factors. In Table I some of the data 
are compiled iron sources given in later references a8 follows: 
oxygen frepuencier and line widths, references 16 and 17 j thal- 
lium freqyonaier, from P. Kurch; cesium, reference 42) qyad- 
ruple data f rcm reference 23; sane ammonia data is taken froxu 
refmrenoe 14 partioularly Bleaney and Penrose and Cartor and 
Smith) the ammonia 3,3 frequency in an average from XBE! meamare- 
menta of L.J. Ruegsr and otherr. 

In order to oompare th. meauurement accuracies attainable 
with different rpectrurn liner, many pertinent factors such an 
power jitter, standing waver, long-term stability of components 
and others must be conridered for each technique be- ccmpared. 
This can onlg: be done preclrely by experimental metthodo. Haw- 
ever, f8rtain baric limitations to accuracy can be calculated. 
Townos 
and in particular has considered the ultimate accuracies as 
limited by noise alone. This accuracy for the 3,3 line of am- 
monia, in an equipexat having atiwise bandwidth B one cycle 

sider- the noise pamr Pk!CB due to thermal radiation trano- 
mitted down the waveguide abrorptian cell and received in the 
doteating rystea. It is of interest to carry aut such calmla- 
tionr for various s p e c f ~  lines and techniques in order to 
determine pertinent design paranetera. The mise-limited re- 
solving power will be derivod for the uaae of molecular gas ab- 
rorptian as typical of this type of consideration. 
the actual noise figuro of a spectrometer will be taken into 
accout in order to give an idea of the noire limitation6 on- 
countered in prautice. 

has given the theory of many of there in a recent paper, 

per second, comes out to be about 1 part in 2 I 1 $E wbm con- 

In addition, 

There is a laininnun detectable frequency rhift away from the 
center of a spectrum line, or other fiducial point, which can be 
measured as linitod by noire. If this nini” shift l o  ,8f, then 
fo/M in definod a8 the noiro-limited resolving power, R.P. The 
R.P. will vary accord- to whether the center of the line is 
takon a8 roforanco point or nome other point ruch an that at 
maxlyu slope of the abrorption curve. For these point8 we de- 
fine (R.P.)o aad (R.P.)PCIX, respectively. (R.P.),al will ob- 
vi0rUd.y be much higher than (R.P.) . 
abaorption of the qpty  waveguide &e maxi” possible R.P. will 
not be the same an (R.P.)max where the slope of the absorption 

Because of the finite 
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curve is a maxi". For ammonia, t h i s  difference w i l l  not be 
great and w i l l  be neglected in the interests  of simplicity. 
The point of maxi" slope of the absorption curve will occur 
a t  a frequency where ai = 3/4 ao; here a, is the mxl" 
coefficient of the gas a t  resonance and ai the coefficient Se 
the ireqp6ncy in  question. 

As the frequency of a signal sent through an abrorptian 
ce l l  i s  varied and t h i s  range of variation ie, bacreaeed, the 
change in output signal w i l l  decrsenee un t i l  it is equal t o  the 
noise level, which then sets  a basic l i m i t  on maxi" accuracy. 
This change in output power level i n  a waveguide c e l l  fo r  a 
frequency change drp murrt be calculated i n  order t o  find this 
limit . 

where the i n i t i a l  and shifted frequencies are f and f'l, reepect= 
ively. 
while ac, Uf and ai, are for  fhe wall loeses ln the waveguide, 
and the gas at frequenciea f and f', respectively. 
coefficients are the waveguide valuee, not the plane wave valuerr. 

The t o t a l  power absorption coefficients are u and a', 

Thsse gas 

The change in power at the detector when changing frequency 
from I t o  f1 w i l l  be 

where Pi is the input power and length of the ce l l  i e  L. 

By using equations (1) and (2) and defining 

e i 
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Fram the theory of col l is ion broadeningu, the change in  of for  
a change in  frequency from f t o  f '  can be calculated. For wave- 
guide, the a f o r  waves traveling i n  an unbounded space filled 
w i t h  the absorbing gas ehould be multiplied by a factor  A A , 
where h is the guide wavelength and h the ln t r in r i c  wade& 
in the @as. 
as  cocqpa- t o  the effect'Gf the absorption l ine,  it will be 
t reated a8 constant and included i n  the definit ion of ao. 

Since th i s  factor  is varying slowly w i t h  frsquency 

To a approxlmation, then 

The resolving power will be different according t o  whether 
the i n i t i a l ,  o r  stabil ization, frequency is taken a s  f , where 
the slope of the resonance curve is zero, or  a t  the pobt of 
maxi" slope, 
sensi t ivi ty  but introduces additional d i f f i cu l t i e r  dn proced- 
ures and eguipment. For these two cases, we fir& eet  f' 'P fo 
and then 

The l a t t e r  paint, Of course, gives greater 

(FJ J. 
12Q2 

..*. x 

max elope f aa 
\ 

into equation 
( 5 )  

A t  resonance: 

(6) and f ina l ly  eubsti tute f o r  &af in equation 

. 



A t  maxi” slope: 

In  these equations, (ft-f ) and (f #of) w i l l  both be referred to 
as 8 f .  
into each of these equations w i l l  give the n o f g i ”  fX which CBB 
be measured, 
namely, the ( AP) min for a l inear  or eugerhetemdpe detector 
and for a square law or  crystal  video ( a t  l o w  power) devQlector. 
From the review a r t i c l e  of W. Dordy12, the mini” detectable 

Putting the mini” value fo r  AP which can be detected 

Here again two cases m s l  be differentiated, 

powers as limited by 

Linear Case : 

( A PImin 

noise are given as: 

where F ie the overall noise figure of the spectrometer, and B ie 
the noise bandwidth. 

Square-Law Case : 1 
P+E@ 

( Pp)min  M 

where M is the figure of merit of the crystal  detector. 

With these values for  ( P) 

On differentiating w i t E  respect t o  

we can solve eqyations (3) 
and (10) for  6f and minimize the !%hit by find- the opthum 
value for  the c e l l  length, L. 
L and sett ing equal t o  zero, the general resul ts  are obtained 

Linear: n c 
Lopt - ac + af 

Squars-Law : 
1 

E 
crc + CYi 
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This gives four equations when it is remembered thetaf = a * 
oc for resonance an4 m a i i ”  slope conditione, respec?- . %ikewiee, equatione ( 9 )  and (10) combined with (11) 

and (12) give a total of four separate reeults. 

Thsee results can now be eimplified and put into a eon- 
vsaient notaaian if the opti” cell lengths are put into (9) 
and (10) and new coefficients are introduced. 

Us- the value8 of  the m i n i ”  detect ble absorption 
given by Towneel3 and GoldYp2, w8 introQrce coefficients as 

Linear: 

ag min 

r 11 

may be considered as moaeuros of 
& 

The reciprocals of the CY 

the signal sensitivitiee of the systamr. 

When equations (9) through (16) are combined, the final 
results can be expreesed by two equetions, since In ais no- 
tation the linear and square-law cases are the same. 
fore have, finally for the reeolving p m r ,  R.P. = fo/8f: 

At resonance, for both linear and square-law detectors, 

We there- 

.. 
(R.P.), =2Q I“ +a! 

‘g min o c 



A t  maxi” elope, fo r  both l inear  and square-law detectors, 

where af = 3 
m i n  Here, the proper values f o r  a 

square-law cases must be used a8 w e l l  as the correct value% of the 
four different optimum c e l l  lengths. 

appropriate t o  the l inear  and 

Inspection of equations (17) and (18) 8 h m  that  the resolv- 
ing power increases with the Q and Intensity of the spectrum llm, 
and the signal sensi t ivi ty  of the system, a8 expected. 
are  emaller the greater the input power and lower the waveguide wall 
losses, a b 

out consi8ering saturation; i n  addition, the above anal ye if^ w i l l  
change if  the detector changes i ts  law w i t h  power input. 

+ example, a crystal  detector w i l l  only be square-law for low input 
powers. 
power, 
proaches a constant value unless the input power is  simultaneously 
increaeed. 

The ag 

The input power cannot be increased indefinitely w i t h -  

For 

The beet noise figures w i l l  give the highest rerolving 
For very intense spectrum lines,  the resolving power ap- 

It is clear  t ha t  accuracy w i l l  be greater f o r  a superhetero- 
dyne detector, e h c e  ag min can be smaller than for a crystal  video 

detector i n  most methods of operation. 
power is much improved by operating a t  the point of xnaximnua slope 
of the spectrum line.  
trouble defining the center frequency of the line, fo, and might 
a lso be sensit ive t o  presaure changes of the gas which change the 
line w i d t h .  

In addition, resolving 

A system operating in t h i s  manner m i g h t  have 

Obviously, one can use both points of maxi” elope and t a b  
the mean frequency. 
resu l t  and great care must be exercieed if the benefits t o  be de- 
rived from th i s  method of operation are  t o  be actually achieved in 
practice. An FM method of measurement t o  be described l a t e r  has 
been developed which uses both points of maxi” slope t o  obtain 
maxi” sensit ivity.  

However, additional ccmrplications in equipent  
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Some numerical remalts w i l l  indicate the llmi$sltfoa in ac- 
curacy set by noise alone. 
others 
t ion@ (17) and (18) m y  be taken. 
one-oentiaeter wavelength re Ion, and f r gares. like 

!Chi8 gives opti" c e l l  lengths as follows: 

Froxu the papers of Gordy, Tcnmes, and 
reprsrentative values f o r  the prameters in equa- 

For k-band operation in the 
la, we 

ham rou@y# ac - 10-3 om -9 , a. I 10-9 cm'l8 and Q I e 

= 10:' cm'l f o r  the square-law case and 
6 h  

If w8 take a 
a 
ing approximate values for the reeolving power: 

= 1.5 8: lo-lf cm-1 for the l inear  case w8 get the, follow- 
g 

RESOLVING FOWERS 

in the case of the m h  The value 1.5 x f o r  a 
superheterodyne detector corresponds t o  a noise figure of 2, an 
input power of 1 m i l l i w a t t  and a noise bandwidth of 1 cycle per 
second. These a r e  idealized figures. 

Similarly l o w  banawidthe would not help the case of an ordi- 
nary c rys ta l  video detector bscauae the cryetal  noise goes up in- 
versely w i t h  the video frequenoy. The video freqyency w i l l  de- 
cream as sweep speed decreaeee i n  the attenpt t o  use lower and 
lower bandwidths. me use of some kind of oPgnal modulation t o  
raise the video frequency would al leviate  this diff icul ty .  



Tlie results givsn above indicate  %hat noise eloae, wi3 . l  pre- 
vent aohlevmsnt of the aoauraay goal dircueoad earlier of 1 part 
in 100 million if CI c w r t a l  video deteotor l e  ured a t  the reeo- 
mnom point. Although two loBS atomic olockr uring amronla haw, 
been built uaing crymtlal vtdeo doteatorlr in the Satereut of simp- 
licity, and rerolving ~ O W Q ~ B  approaching those lleted in the a b l e  
obtainal, enough grogrose hae now bean made t o  warrant the cha9gs- 
over to  6UgerhetOr0dynQ detection being incorporated in Mocbl 3. 
Operation at the point44 of maximuln @lope b e  &?e@dy bean b C 0 r -  
pra t ed ;  own for the caee ai a superheterodyne detector it ap- 
pears in practice that this mode of operation wIU be necessary, 

Towrae~e~~ hae given the theory of noiea linitaticms when 
including the effect  of parer saturation. In this case an -ti- 
MUU Input powsr exists, and Q, in equations (17) and (l8) should 
be replaced by 

where Q, and 2 e ,  ( &Ir f) , are the Q hnd line width, respectively, 
at zero nput power, 
section", and 6: and h are the velocity of l igh t  and Planck's 
constant respectively. 
urate a t  different values of radiation intensity. For khis reason, 
averages over the varisue magnetic quantum numbers M m ~ t  be taken; 
equation (19) is an approxlwat;fonLQ and In aaditloLt ipj 
t o  approximate IpMlzr .tsho square of the dipole matrix element [pzi  

for a part.fcukar value of M, 

and P i s  the incident power per uni t  cross- 

Molecules of different -0rientationa sat - .  

is used 

Siaf lar ly ,  we have 

where a 
put par8Or. If the power i s  increased inaettnitaly and it i e  as- 
sumed that the detector doesn't overload, the BOP. w i l l  go t o  zero 
because a and Q both go to zero. This more than compensates for  
the improvement in Q 
power is made propo&l8&l t o  the square of the gas pressure and 

i e  the abeorpt.ica cosft'icient ak resonance fcr  zero in- 

becauee of the increased power. If the 
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therefore proportional t o  ( A 1)2, the terms in equation6 (19) 
and (20) responsible f o r  the sat8ration will remain constant. 
It is of interest t o  consider the results when this ccmdltion 
holds and the power is 
whom 

kept a t  the approxhately 

1. 

optimum value 

(21) 

If we varg the power and gas pressure together while keeping 
equation (21) ftilfilled, the Q w i l l  e t i l l  varg according to.  
equation (19). However, a w i l l  remain conetant a t  resonance 
or  a t  the fiducial  point used for stabil ization if we always 
readdust the fiducial  frequency, fo r  example, so tha t  we re- 
main a t  the point of maxi” elope. 
(17) and (18) show that:  

In this came equations 

g m i n  -r From equations (15) and (16) , the dependence of a 
is obtainedj combining with (22) and (23) and reaPerPbering that2 
Q is proportional t o  1/( A f)o w i t h  p m r  proportional t o  ( 4 f ) ,  
we obtain the follwlng: 

Linear Detect or Sauare-Law Detector 
1 (R.P*)o Proportional t o  Qz Independeat of Q 

(R.P.)IUIx Independent of Q praporticmal t o  QD1 

In the case of a l inear  detector a t  maxi” slope t h i l r  result 
show8 tha t  the reduction of Q by increasing &as pressure is off- 
set by the increased input power which can then be used. 



The above considerations may be applied t~ %he problem of 
chooeing the best gas fo r  a prinary frsqubacy and .&he  81 

TWO unique gases exist, ammonia and o ~ g e n l W O .  lin cormpar- 
these it is apparent that the high Q and low saturation of the 
oxyea l ines  tend to ,offeet  the effect of their law intasitigs, 
From eqpation (21) it is men tha t  a power f lux of about (80) - 
6400 t i m a  greater than t ha t  f o r  cuananfa could be used egurrl 
line Xidths because of the 80 tines smaller value of p. Betcau8e 
)r is 8maU the col l is ion broadening in oxygen ie likewise very 
8xwd.l coPrgared t o  ammonia, the coU.isfop Q being of ale ardler of 
one nillion a t  a preeeure of 30 mfcranobB. For $hi$ r@a~on0 
cacPbiPed with tho low oaturation, it should be poesible t o  reach 
the Doppler w i d t h  w i t h  oxygen. 
t o  a very l aw tqperature, we may estimate a D o p p l e r  Q of FOWUY 
10 as  possible. 
1 nicron a t  a temperature of 39% and 1759 nicrom a t  its m l t h g  
point of 54.39%. The frequency of t he  owgen 1 
2.5 times that of the ammonia l ines,  the Q of 10 abaut 10 t h e e  
tha t  normally used with ammonia) t h i s  gives a l ine width rougb3.y 
four times smaller and an input power ob 6400/16 E 400 t-8 2areer 
than fo r  ammonia. 
the strong K+ = 9 l i n e  having an aba t i on  coefficient of akmt  
1/20 tha t  of the 3,3 l ine  of ammonia T, This factor f i p  as- 
sued without correcting for  differences a t  low temperatures. 

If the abovo rough figures are put into equations (15) and 
(18) and a taken a6 m a l l  canpared t o  ac, the (R.P. 
will be as great as  f o r  ammonia even if t h o  noise f 
equipent ita 100 times larger  than tha t  obtainable with e " i a  
a t  #e l m r  working frequency. 
s h c e  experience has shown that the low Q of amonis is mor@ 
troub2eame than i ts  value of (R.P.) 
errors other than those due t o  nolse?'A working Q of 30 w(pul& 
he p greatly in reliably reaching clock accuraciee of 1 part iOr 

X - d O  

Since oxygen can alrro be coofed 

6 Oxygen w i l l  e t i l l  have a vapor grersure of about 

I w i l l  be about I f "  
* 

Many of the oxygen line$ ere f a i r l y  Inteaace, 

Thie allowe consibrable  beeway 

because of' non -fgn&mental 

10 8 or bet te r  as long as increasing Q doer not en ta i l  too low a 
Value Of (ROPO),~~D 

The above us13ues t ha t  the necessary power w i l l  be available 
a t  the oxygen frequency. 
does not 8eem too high, particularly when cons ibr ing  aodiflca- 
tions of available klystron multiplier tubes. The high Q would 
also make it eacrler t o  use a resomnt cavity absorprtion c o l i  
instaad of waveguide w i t h o u t  as much d i f f icu l ty  from frequency 
sensi t ivi ty  a6 encountered with lower Q ' s .  

A t  low pressure6 the power required 



Since the oxygen l i n e  w i l l  be s p l i t  by the ear th ' s  magnetic 
f ield it w i l l  be necessary t o  shield the absorption C e l l .  
able data on mu-metal indicates t ha t  the sp l i t t ing  of the O r d e r  
of a megacycle could be reduced sa t i s fac tor i ly  even w i t h o u t  
special  field-null- methods being used. The broa&nlng due to. 
the sp l i t t i ng  would not then prevent high Qe During magnetic . 
storma the earth 's  f ield m i g h t  vary from 
the usual variations even during letorme are very slow an8 of the 
order of 1 milligauss. The variations i n  the residual f ie lds  
a f t e r  shielding by factors of perhaps 1000 would then be negli- 
gible. Because of its high Q and large Zeeman effect  oxygen 
suggests itself f o r  use i n  special applications i n  a magnetometer 
t o  meamre veak fielda through the Zeeman Bplit t ing rather then 
preventing the sp l i t t i ng  as' in the present application. 

Avail- 

1 t o  20 laillQaUSSeSj 

4. lpucIlEcAlR ELECTRIC QJADRUPOU ABSORPTION 

The use of pure nuclear quadrupole spectra f o r  frequency 

The spectra should bridge the fro- 
and time standards merits coneideration because they have 8ev- 
e r a l  a t t rac t ive  features. 
quency gap between the low frequencies where quartz crystal  
osciUaLors are  applicable and the mjcrawave region. 
makes possible the use of ordinarg tubes where relat ively good 
noiee figures could be obtained and the advantages of anplifiers, 
modulators, etc. would be available. Crystalline rolido would be 
used as  standards instead of gases or beams making the equipapent 
simpler, smaller and more rugged. The problems of ag- an8 mechi 
anical vibrations o r  shock encountered w I t h  quartz crystals should 
be obriated. 
help improve intensity. 

This 

Large samples can be ra ther  conveniently used t o  

The tempeeature dependence of quadrupole l ines  would require 
temperature control of the sample. Temperature coefficients for 
chlorine compo da of about one part  .in 10,000 per degree have 
been measuredly However, Livingston's work shows that the fre- 
~uclncy f o r  chlorine compounds baconaos relat ively tslnperature 
insenaitiw a t  very low ts~peraturee~9. 
some possibi l i ty  t ha t  crystals can be found w i t h  lower temper- 
a ture  C O e f f i C i a t S e  
low t qpe ra tu re  ooefficients of expansion, becauee available data 
indicate that the taqperature eh i f t  i n  c- such a s  iodine 
I s  largely du t o  change8 in the  asymnnetry parameter with temper- 
ature changse'O. Temperature lrhlfts can a160 be caused t y  or- 
s i m a l  oscillatlroasof the  molecules i n  the crystal  lattice2'. In 
either case, crystals  w i t h  r ig id  l a t t f cee  would probably give 
lower temperature shifts of the quadrupole linee. 

In  addition there I s  

One such posrribi1it;y would be crgstale w i t h  



The noiee limited rasolving power, RePo, can be srtlm8te~ 
for quadruple 1hes from fonmrlarr g 1 V a  by Pound for the 618n81- 
to-nolse r a t i o r e .  In attempting to bo t h i o  for loditro a t  332 WC 
the arglitude eignal-to-noise r a t i o  come1 out to be very high for 
relaxation times, T , of from 0.003 t o  1 recond, and ofh4r para- 
metera c o r m r p o n d d  t o  a laboratory ret-up a t  HBS urine a larw 
sample -.a Bigh-Q resonant cavity, !Phe relaxa ion time i e  ac- 
tually t", but work of Dehmelt and Krugedr23  oin halogen 
compounds indicates fhat an upper l imi t  would pro b Q  be below 
the 1 secoad. l ln i t  given above are an extreme case . E v a  %or 1 
second the r a t i o  obtafned some high in view of dtfflculties plst 
w i t h  a t  NBS and elemhere in attempt,ing t o  detect fhsse lhes TdLh 
a Zeeman-modulated, resonant cavity, absorption c e l l  but without 
using regenerative detectore. Hawever, we have not had much cllf- 
f lcul ty  b t e c t f n g  iodine with a superregenerator a t  temper- 
atures and with f a i r l y  good signal-to-noise ratios. Although the 
advantages of regenerative detectors a re  clear, the f a c t  that 
only such'eystamr have been used in quadmapole work lndicateta the 
small value of the abclorptlon coefficlen4x obtainable', More work 
rarmain~ t o  be done t o  obtaln bet ter  Infomation on these problems. 
In  the meantime, experirnsntally measured adrupole l i m e  @how Qes 

reported by Livingston f r chlorine compounds In one case 
s i x  significant figurei23 and i n  another case five figures 
w i t h  an absolute accuracy claimed of 1 part  in 10,000, 
resul'bs bdica%e that the line freguenciee could be read t o  con- 
siderably bet ter  than 1 part  i n  10,000. It i e  &ffhul'b t o  & Q e  
a t  this t€m as t o  the u l t b a t e  potential frequency precision 
fndfcated experimentally with quadrupole lines 80 f a r  discwered, 
However, a t  higher frequencies and with refined frequency measur- 
ing techniques, these reeults may became e m h a t  more yromfaing, 

!!! 

from0 3,OOO t o  20,000 for Iodine colggouads 8 J frequenciee have been 

wz 
These 

5., ATOMIC OSClLkAToRS AND MICROWAVE FRERUEICf DTV.IDERS26 

There are  many different ways f w i n g  absorption Pinefs t o  
make frequency standards and clock6 Q 2  8 , Some of these methods 
apply t o  different kbda  of spectroscopic standard8 .such a5 qpad- 
rupole linea, game end a t m l c  beams) others do not, as w i l l  be 
self-evident. To be conaidered f f r e t  will  be what may be XelllPed 
an atomic oscil latorg tha t  I s  an oecl l le tor  controlled in frequency 
direct ly  by the absorption line rather than indirectly thrmgb a 
servo-mechanism,, 
exactly analogous t o  grscision, stabilized+, quartz-crystal 013c%lb- 
tors. The moat coppnanly used circuit for this ,  where the hf 
precision is: neceeeary, is the Meachem, Wheatstone bridge osciuatsr 

It would be desirable t o  design such an ascillator 
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&own in Figure 327. 
back laop of t h i s  self-excited osc i l la tor  are prevented fm 
shifting the osci l la t ion frequency much if gain is sufficiently 
high. 
of the bridge an8 the amplitude-limiting action of the tungeten 
lamp and may also be considered as the reeult of a form of neg- 
a t ive  feedback. The analogous c i r cu i t  using a gas abeo ion 
l i n e  fo r  control, a six-arm waveguide wheatstone brid#and 
thermal unit t o  replacre the lamp is also shown in Fig. 3 where 
the poeition of the thermal unit (bar re t te r  or themietor) de- 
pends on the sign of l t a  tsnperature coefficient of res is t ivi ty .  
A nagic tee could a160 be used; the s i r - am bridge allows inuped- 
ance matchin& through adJuetmant of the r a t i o  arms. 
cuit ,  the bridge becomss a transmission f i l t e r  allowing feedback 
and osci l la t ion only a t  the resonance frequency of the @So 

The input *-dance of a shorted waveguide f i l l e d  with 
absorbing gas is, in the usual notation, following S a i t h  et a1  

Changes in both gain and phase i n  the feed- 

This stabi l izat ion is accomplished by the balancing action 

In this c l r -  

29 , 

where I 

The complex gas attenuation qonstant, y ,  is taken from the 
theory of col l is ion broadening and has a r ea l  part equal t o  the 
absorption cos$flclent already given. 
persion a r e  equal a t  the angular frequencies, a, where w uo - A tr) and 4 a, I s  half the angular line breadth. 
Bas ffl led c e l l  in  an osc i l la tor  both the abrorptian and dle- 
persion are involved so t ha t  t h i s  method i l l u s t r a t e s  one appli- 
cation where dlepsrsian is mde use of compared t q  mst nethods 
which use the absorption only. If the c e l l  I s  used t o  terninate 
one side a m  of a magic t ee  as shown i n  Fig. 3 the inserfion l o s s  
of the tee can be calculated. If the ammonia c e l l  were completely 
absorbing, giving a maxi” unbalance of the tee, a glinl” in- 
sertion loss  of 6 db would result f o r  matched generator and load. 
This lose would have t o  be mede up by the amplifier in tbe feed- 
back loop of the oscil lator.  For osci l la t ion the net phase shift 
around the feed-back loop m e t  be zero, and the t o t a l  l o s s  equa 
t o  the gain. 

The absorption and dis- 

In using the 

In general the insertion lo s s  w o u l d  be found 



p4 - p* 

-I'{- 

y1 - y2 
ll+Y1)(l+Y*) ( *) 

where P4 is the output power from arm 4 of the tee I n t o  a matched 
load, P is  the available power frum a matched generator on a m  3, 
and P 8nd Ye are the normalized admlttancea .t;edszating the side 
arm8 f and 2. Thle equation shows, o f  coursep tha t  the tee  l e  
balanced with equal side arme, but w i l l  transmit if one arm is 
filled w i t h  absorbing gas a t  the absorption frequency, since %he 
admittance o r  Impedance w i l l  be different f o r  the two a r m  and 
w i l l  go through resonance 8s sh by equations (24) and (a) for 

of the c e l l  looks l i k e  a eeries-resonant cavity, having constants 
depending on the waveguide, 
cavity depending on the gas only. 
t h ~ t  the cel l  can be replaced bg'a resonant cavity, in an egu9m- 
l en t  c i rcu i t  t o  t e s t  the osci l la tor ,  a t  frequencies where anp3.i- 
fiers are  available, 
3,000 and 6,000 Mc ranges. In  the aeerntbe a klystron amplifier 
has been d e w l o p d  by Varian Associates fo r  t h i s  application a t  the 
23,870 Mo frequency of the plllrmonia 3,3 line, 
13 db has been achiewdj the tube is shown in Pi@. 4 an8 is quite 
small and relat ivaly easy t o  use. Production of additional tuba8 
ha8 been delayed so tha t  further progress w i l l  also be delayedl. 
H i g h  gain obtained by using several tubes in series w i l l .  increase 
the s tebl l izat ion obtained. 

the gas filled arm. Smith e t  a12 ""F. have shown t h a t  the impedance 

i n  ser ies  w i t h  a parallel-resopzalll 
This indicatee, as expected, 

Thla  has been done a t  frequencies in? the 

A gain of about 

' 

A auggested method for avoiding the need f o r  It-band t!mplf%ierrs 
combined with a mean f o r  frequency division hae been given in a 86 previous publication . It has been shown that microwave fraq- 
uancy divisian f o r  uee i n  clocks or  t o  provide aadi%ional freq- 
uencies irm an osciLlator such a8 that discussed her can be 

ingly, the combination of an atonic osc i l la tor  and frequency 
divider should have an accuracy determine by the osc i l la tor  alone. 
Reference may be made t o  the above papeg  concerning further b- 
t az le  of the frequency divider c i rcui ts ,  However, it may be noted 
here tha t  further deta i l s  on klyetron multiplier tubes which can be 
modified for uee i n  a divider fo r  23,870 Mc are given In the next 

carried out w i t h  a precision of a t  l ea s t  et par t  In 1 80 , Accord- 

g 

6 e C t i O l I e  
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6. AMMOEJfA OR OXYGEN CONTRGL OF QuARlfz LZOCK 

Xn contra-dietinction to the atomic o s c l l l a t o r - f r e ~  
divider type of clock, 1% is possible to make a clock COntX’O~Od 
by the epctroscopic standard through a 8O’PVO-meChRILIBJII. 
epectroscopic standard can be used, so the method also applies 
to the atomic beam technique to be described later. In order to 
count the oscillations of the etandard, the frequency is lowered 
by one means or another to a suitable value for driving a counter 
such as a syncluw~~ous motor clock. It is preferable that no more 
than the m i n i x ”  of one servo-mechanism be Included in the equip- 
ment in order to obtain maxi” accuracy and slmpllcity. 
dition, the oscillator to be controlled should be Inherently e8 
stable PIS po66ibh~ wlthaut control in order to dbtain tbe mad- 
mum flexibility and simplicity in design am¶ maxi" contirmous 
frequency accuracy. 
controUed oscillator requires a wider band  em loop than 
would be the case for a stable oscillator. 
bandwidth this entails reduces the ultimate accuracy attainable 
for a single correction and thus the maxi” contionraue frequency 
accuracy. 
and additianel servo8 for controlling lower frequency eguipnent 
to run the clock, this will exceed the desirable mininun of one 

e basic design principle of all the types 

Ia ad- 

Frequent servo-correction of an unstable, 

The larger noise 

If one servo is used to control the mein oscillator 

8erW oply. 

Figure 5 ehowe 
of se--ciockB3? Here, o w  one servo ie used am¶ the 
controlled oscillator is the most stable an8 reliable tspe ob- 
tainable, namly a quartz crystal oscillator, which in turn 
drives the motor clock. Two ammonia controlled clocks of th 
type have been built and operated for develapoental purposes 
A third unit to be briefly described later is planned for 
greater accuracy, reliability and running time. 
planned to investigate the use of oxygen in more detail since an 
oxygen abeorption cell could be used with the present servo cluck 
methods. 

3a . 
It I s  also 

The detailed block diagram of the Model 2 ammonia clock I S  
shown in Fig, 6. 
the controlled quartz arcillator and the absorption line i e  
bridged by meam of a frequency multiplier chain. 
rence of i rrewar rrequeacy variations or f+eguency Jitter in the 
controlled oeclllator which occur at a faster rate than the fro- 
~~ericy of correction by the servo, would obviously result in 

Here it is clear that the frequency gap between 

The occur- 



limitations on accuracy, 
:\matly reduces such difficulties as comwred to the control of a 
klystron bscillator , 
found to occur when using reflex klystrons when sweeping the oscil- 
lator frequency slowly over the spectrum line in order to achieve 
low noise bandwidths. Fig .  7 was taken by L,J, Rueger in a special 
setup at NBS and illustrates the lack of frequency Jitter when quartz- 
crystal drive is used, The figure was obtained by sweeping the 
multiplier chain over the arnmonia 3 , 3  l ine in a period of about 
15 minutes. 
aig-zag on ths curve i s  due to the gear-teeth in a gear reducer 
used to drlvs R rotating condenser which in turn swept the chain 
in fraquoncy, 
4210 lack of' froquoncy Jitter w i t h  8 quartz oscillator Is not now 
uvailable. 
variation in output level is Just about evident i n  the interval 
of fifteen minutes, Automatic gain or powcr normallzation methods 
might be necessary if longer intervals were used in this particular 
setup which used most of the Model 2 circuits in making the record- 
iw* 

Th.e use of the quartz  c rys t a l  oscillator 

1rreQ;ul.m frequency variations have been 

The markers are about 26 kc apart, The periodic 

Unfortunately, a cleaner rocording illustrating 

Howovor, the results are nevertheless evidentj a slow 

The occurrence of frequency fluctuatlons in the controlled 
oscillator affecte the minimum rate of servo-correction which 
must be used to obtain a given overal l  accuracy. This raises 
the question as to the magnitude of the short-time fluctuations 
in e quartz-crystal oscillator. Fig. 8 after Booth and Laver 
shows the variations *in some of the best quartz oscillators main- 
tained at the Post Office Radio Branch in England over a period of 
hours and over a period of' minuted>, The fluctuations amount to 
10 to 20 parts In lolo over a period of hours and of the order of 
1 or 2 parts in 1010 from minute to minute, 
of one part in 100 million is desired for a servo-controlled atomic 
clock, infrequent servo corrections will be needed for a precision 
quartz oscillator, 
i n  1O1O is  desired and otherwise possible, as potentially indicated 
for atomic beam techniques, the mxcvo must correct &e quartz clock 
at rahort time intervals even for the best quartz 
the noise-limited resolving power for such short-time corrections 
must be great enough to allow attainment of the desired accuracy+ 
The progreee recently made in high-Q, low-drift quartz crystals will 
help reduce t h l e  difficulty, but the above data indicates the order 
of magnitude of the effects. 

If a frequency accuracy 

On the other hand, if an accuracy of one part 

oscillatore, and 
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If t he  servo corrects the quar tz  clock N t h e s  in such a way 
that only random errors are left, as in the case of errors caused 
by noise be reduced by a 
factor 
bandwidth is reduced by a factor N, the ndom fractional t h e  
error will also be reduced by a factor N €92 . It is clear that in 
correcting the quartz clock t h e  noise bandwldth must be larger 
when frequent corrections to one part in 101o are atte pted, than 
for the case of infrequent; cofrections to a part in 10 . 

t h e  averaged fractional time error w 
as compared to a sinae correction’? If the noise 

B 
In considering the advantages or disadvantages of frequent 

vs, infrequent corrections, we must consider the needs for both 
low average time errors over long intervals and high instantaneous 
frequency constancy on a continuous basis. 
vantage in frecpent correctione even if only Infrequent correc- 
tions are necessary to control the quartz crgstal variations for 
a particular desired accurscfl The running time of a clock dur- 
ing an interval of N corrections will be N times the period be- 
tween corrections or N times the reciprocal of the m i n i ”  noise 
bandwidth. For a fixed running time, the random fractional time 
error will be independent of the rate of correction if the mini- 
mum noise bandwidth is always used, which Implies seaentially con- 
tinuous control. H”r, highest instantaneous frequency accur- 
acy requires in addition the lowest possible noise bandwidth by 
uoing t he  longest practicable period betWeA corrections and mak- 
ing this period equal to the reciprocal noiee bandwidth. 
quartz-crystal drive stability greatly aids 5-n this. 

W i l l  there be any ad- 

The 

A correction in which the servo operates rapidly to deter- 
m i n e  the correction, using a large bandwidth, but under conditions 
such that these corrections are infrequently made, will reeult In 
random errors larger than mini”, SuppOseJ for example, that an 
ammonia clock uses such a stable quartz oscillator, that servo 
corrections a r e  made once a week in an interval of one second, 
During the period between correctiono, the servo is disconnected 
and the quartz clock runs uncontrolled at an a1moet;constant rate 
but with a random value of rate determined by the servo. In this 
way maintenance of the oomplex olock circuit8 can be carried out 
and reliability and long, uninterrupted running times increased. 
Theoretically, the rand- tlme error in this method of operation, 
will bo larger over a period of one Week, than if frequent correc- 
time had been made, say every second, utilizing therefore the 
same noise bandwidth as for t he  weekly corrections but averaging 
out the random errors. If essentially continuous control by the 
servo were possible, utilizing some averaging or integrating pro- 
cess, such that an effective noise bandwidth of the reciprocal Of 
one week were used, the random errors would be reduced. Even 



though higher accuracy might be possible with eaeentially contin- 
ous aontrol o f  the q u a r t z  clock by the mnonia, it might be nec- 
esesry t o  make eorrectltms infrequently t o  al low for naintsnsnoe 
wcrk end t o  insure tha& the clock can rul1 for very long, Uninhrc 
ruptsd intervale by reducing the amaunt of equipment, rcrcyired to 
r u  oontiauouePy, to  a mhfmuna.  If a whole bank 09 olouks is w O ~ ,  
a8 in guerte clock practice, continuaus control Pri8ht be sum p a -  
tir,able, while ensuring continuam time-keeping recorda, 
c a w  it i s  clear ‘that quartz-crystal drive w i l l  result in several 
different kinas o f  advantages a6 compared t o  a lese stable tsps Of 
drive . 

fn any 

* 

Tho frequency multiplier chain shown in Fig, 6 uoes o r d h r g  
techniques a t  the lower frequencies an8 a Bgerrg m47 klyetraa 
muitipliar tuba followed by a $parry 2K33 Uyetran amplAiier a t  W 
2983.8 No level.  
beaause of the largo nwuber of tuned. circults operatlag 5tl carorbe. 
xt i a  therefore difficult i;o swing the signal ~ 0 ~ ~ 5 0  the spcfmrm 
line w i t h  const.ant Input to the absorption cel l ,  
nary if an apparent shifting of tha abeorption l h e  i e  to  be avoid- 
ed. The tunin& of the multIgliasr chain beoomsa cr i t ica l  and i o  
difficult to  maintain at We groper’, constant operating polat. In 
addition miorophonics, hum and other fectore cauee the autplt of 
the chain t o  be mo8ulatbQ;. All of theee faatore rerult la what 
mey be termed slow power variaticme and faster power Jitter whioh 
adversely affeat the scduracy obtainable. Bfgure 9 ehwe the at- 
put of the nultiplier chain of the Model 2 clock whoa operata3 a t  
ref, power levels which are either too e m a l l  or too large, U u s -  
trating the change In the average l eve l  with frequency due to gib- 
tuning and ala0 the  modulation, F’igure 10 e h m  the Crutgut 
when the ref .  leva1 i s  adJuated aa a t  Chs klystron ‘ W e e  are  
saturate&. The output i e  now f l a t  and the modrrilatlon removad. 
This maUo of operation of the chain employs the klystrons as micro- 
wave limitere and 16 a ~ i m p h ,  non-critical and poworh;r2 nethod of 
inproving the parformanaa 9f auoh ohains in them epplicatfents. 

The Model 2 amcmia clock s h m  in Jig;. 6 oao now be U s -  
cussed in sonrsPmat more deta15.. 
i l lustrated mors clearlr in  Ft6. 1 Y .  The jftafl6d clrouit die@” 
amd disousrion, w l l l  be publiohed elaewl?mrs 

The mltigl ler  chain fe very fregueacy eensitive 

Thfe i6 1U)CBS- 

The wavsformr ahawn in Fig. 6 are 
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The primary signal source f o r  the ammonia @ @ h e  a quartz 
crystal ,  bridge-stabilized sc i l l a to r  having a short tine stabl- 

c i l l a t o r  may be shifted several p a r t s  in 10 above and below 100 
kc by an external capacitor connected t o  the quartz crystal bridge 
Circuit. A frequemy dlvddftr provides a 1000 cycle source dlrect-  
l y  controlled by the  crystal  osc i l la tor  ror  operating the eyn- 
chroaoue clock. 

l l t y  of about 2 p a r t s  I n  10 8 per day. The p q w " y  of the 08- 

I n  order t o  reach the particular frequency of the 383 liae 
of ammonia and t o  provide a weeping signal across the lfae a 
second signal source i 8  incorporated i n  the system. This source 
is a kodified, electron-coupled osc i l la tor  operating a t  a center 
f"cy of 13.8 Mc alna is  frequency modulated + 0.04 Mc by a 
rotating oapacitor. The plates of the capacitor-are cut f o r  a 
l inear  frequency variation with time In both directions of the 
sweep. 
ond BCIYISPI the  amonia line. 

The sweep frequency is 10 cps allowing 20 sxeepe per sec- 

Ccmveational vacuum tube multiplier c i rcu i t s  a re  used t o  
multiply the 100 kc source t o  2970 Mc. A klyetroa multiplier 
tube is used in  the range of 270 t o  2970 Mc. 
required a t  270 Mc is appmtlraately 1 watt, 
is cablned  w i t h  the frequeacy modulated 13.8 Mc source in a 
syncbroQme c i r cu i t  a t  the klystroa mlt lpl ier .  
cavity of the klystron I s  tuned t o  tna  eum frepuency or 2983.8 
Mc frequency nodulated + 0.04 Mc. A 2K47 klystron I s  used In 
the nultiplier eymchrb&e stage and i e  followed by a 2K35 kly- 
stran amplifier from which aa output power of 500 mw i e  obtained 
a t  2983.8 Mc. 
23,870 Mc frequency modukated 0,32 Mc, is generated in a gem- 
ani- crystal mounted In the waveguide o f  the absorptian c e l l  a8 
ehown in Fig. 12, 

The dxivigg power 
The 2970 Mc signal 

The output 

The eighth harmonic of the sum frequency, o r  

The c a l l  consists of 20 feet of 1/4" x 1/2" waveguide hav- 
ing mica window vacuum seals a t  each end and is e h m  in  Fig. 13. 
The frequency modulated s i m a l  is In i t ia ted  a t  cme end of the 
c e l l  and a garmrlum crystal  a t  the other end detects the loss  
of power due t o  ebsorptlon by the ammonia gas. 

The discrimiaator described below has been greatly improv- 
ed over t ha t  used In the Model clock and has been developed by 
B,F, Husten and E.D. eberling 33 A large variety of dlecrim- 

could be used H 82;  a promising new method is discussed . 
l a t e  
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A pulse is developed a% t9he detector having the appearance of 
a reeonance curve and fed t o  a pulse amplifier. 
tude a t  the amplifier output is approxlmateEy 20 volts. A E volt- 
age approxlmately equal ta the peak-to-peak amplLtude is developed 
by rect i f icat ion of the pules. A portion of the voltage is obtain- 
ed in a resistance divider and is used t o  determine the conducting 
point, of a diode gate thereby passing only tha t  part of the N e e  
which is equal t o  or  greater than the DC voltage applied to the 
diode, Tlhe divider therefore d&mnfnes the clipping point and l a  
set for about, the half intensity point on the s i b 6  of the  amaoaf.8 
pulse. The peaks of the pulses are clipped i n  the follloniag cir- 
cuit: leaving only a small atsic'tfnn (of 'the eridee of the origins1 
pulse, After f'urther axnpllffcation arrd amplitude l imiting, a re@- 
*,angular wave ie produced having a constant amplitud8 an8 a length 
about. equal t o  the half width of' the anrmnnia pulse. 

The pulse ampli- 

A quartz c r y s t a l  is  sed as  a pass im f i l t e r  and is  graund to  
the frequency of the 13.8 Mc FM murce corresponding t o  the center 
frequency o f  the ams~~nia line or 13,767 Mc, Sharp pulses are pro- 
duced a8 the FM s igna l  sweep8 acroea the crystal  frequency, 
exact frequency t o  whiah the clock maintainer control f e  dependent 
upon the quartz crystal. f i l ter .  The4 s t ab i l i t y  requirement of the 
cryetal ie reduced f r o m  the ultimate s t ab i l i t y  of the clock by the 
r a t io  of 2983 to the crystal  fi2t;er frequency. 

The 

An electronic awitch having one input and two output channels 
ie triggered the crystal f i l t e r  guldae a t  a time wlzen the f r e -  
quency a t  the ctmonia c e l l  iB gaeeing through the r e g i a  o f  maxi- 
mum abserption, Therefore the 6witch is actuated a t  t-8 during 
the progressian of the recltangular wave derived frean the a " i a  
line as shown i n  Fig, 11. The firrat part  of the rectangular wave 
is diverted into chamel 1 and t he  remaining part in%o channel 2. 

A oeparate amplltuda l imiter an8 equaLizer for each channel 
An I s  provided so that; the only variable ahall be pulse length, 

integrator fo r  each channel converts change8 i n  pulse length %o 
changes in DC voltagee, 

voltage of' zero when gulaee of equal length are  applied t o  the 
channel. inputs, 
frequenoy of 100 kc when no correction is requlreU, 

The c i rcu i t  arrangement proviaes 2or op- 

This condition correegomls t o  %he quartz cry8taL 

posing v6lttigeS Of equal .mgaitude T86d.tfng h 8 mt 8Z'TOr 



The DC error voltaae is applied t o  an amplifier and 88- 
motor system having e sensi t ivi ty  of a h o u t i  0.05 v o l t s  DC fdr 
rotation revereal. 
s e m  loop i n  coupling t o  the variable capacitor In the 100 lcc 
quartr-oscillator brid- c i rcu i t .  

A epeed reducing gear t h i n  completer the 

In the event of a freguenay deviation a t  the 100 kc rCmrce 
a corre6ponding ehift occurs i n  the center frequency of fbs 
sweeping signal applied t o  the absorption ce l l .  The position.of 
the ammonia pulse is therefore dieplaced fram its original goel- 
t ion  and the electranic switch no longer divides the rectangular 
wave derived from tho anmonia line equally for each integrator 
channel. A DC error voltace ie developed the polarity of which 
is dependent on the direction of d r i f t  a t  100 kc and which has 
a magnitude, i n  the vicinity of zero error  voltage, dependent 
on the amount of d r i f t .  

T ine  deleye in the circui t ry  caueing the amonla pulse t o  
appear l a t e  are  minimized by eweping in both directions, the 
effect  of the delays averaging aut in the integrating circuits. 

Variations i n  the amonis pulse width e6 may be encountered 
Pulse w i t h  gas preeaure variations are reduced by cancellation. 

w i d t h  variations which are synunetrical about tho center fr@queaoy 
of the amonla l i n e  produce equal changes in DC voltager a t  the 
output of the integrators result ing in a net change in error 
voltage of zero. 
insensitive t o  pressure broadening changes. 

In  practice the clock ha6 been found t o  be ~ ~ i f s  

The outputs of channels 1 an8 2 are  integrated by lorrg tiole- 
constant, f i l t e r  c i rcu i t s  which effectively control the over-all 
noiea bandwidth. This f i l t e r i n g  help8 greatly in r e 8 u c i n g t b  
effeut of transients which e.g. m i g h t  get into the c i rcu i t s  
through interference o r  from the power l ine.  The use of quartz 
crystal drive,  of coureo, makes It poeeible t o  ure long fi l ter-  
time constants w i t h  ea10 sinae the servo does not have t o  cor- 
r o o t  euch a etable oeci l la tor  a t  a rapid rate.  
cults,  large bandwidths a re  used where convenient a t  oertSln 
stages without making the over-all noise bandwidth large. 
Specifically, sweep raterr of ten per eecond rpaks it porsible t o  
sweep acroas the spectrum line before power level  charger a t  tho 
Input t o  the absorption c e l l  can take place. The diecrFminator 
output f o r  individual eweeps does not, however, control the quartz 
osa i l la tor  but only the average of a large number Of meps. 

In there clr- 
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which occurred during unattended operating periods. 
constant involved a t  points C as  compared t o  the transient8 a t  B 
h d i c a t e s  the recorder only was affected. 
frequency multiplier chain was tuned up w h i l e  the aervo control 
was off. This affected the recordlmg system arly slnce the out- 
put a t  270 Xc was used t o  beat agalnst the standard freqyency 
reference . 

The long time- 

A t  the polnt D, the 

In *e Model 3 ammonia clock being developed the denim cal ls  
f o r  completely different tuber, c i rcui t8  and cel la  in order t o  
provide rurther constancy, r e se t t ab i l i t y  t o  a etandard value, awl 
long-tine naming of perhaps a year or  more. The xultiplier chala 
W i l l  use the Sperry sM=-11 and SMR-40 klyetrans ehowm in Fig. 21 
and 22. The SMg-40 has an uutput a t  the 3,3 lime frequency of 
amPoria aad has beem mrccearf‘ully operated with em output of 014 
w a t t .  Thls will allow excers power t o  drive an abaorptiol c e l l  
of large cnrs-sect ion and a large reserve for  padcling so a9 t o  
col t rolundesirsd reflectlone In the Byatas. The tube can be 
run a t  a low leve l  t o  increase i ts  life. 

A m h l ”  of two separate quartz oecillatora uelng the beet 
crystals  available w i l l  be controlled by the ammonia a t  inter- 
vals of several Uaye depending oa the drift r a t e  of the cryatals. 
Between correctiarer the oaci l la tors  w i l l  run uncontrolled and 
wil l  be contlnuuusly compared against each other. In this way, 
maintenance work can be carried out and b r e a k d m  elsewhere 
than in the osci l la tore  prevented f rom interrupting the rum- 
or  the cloche. Before the automatic control is applied, a l l  
c i rcu i t s  cam be checked f o r  proper operation, fbrther eshaacirg 
rel iabi l i ty .  

Preliminary work has been carried out on a new discrlmlna- 
t o r  nethod w h i c h  rhowe great promiae fo r  the Model 3 clock. The 
method i‘8 i l l u s t r a t ed  by Big. 23. The frequency multiplier c h a h  
is slowly frequency modulated about the center frequency of the 
absorption l i n e  and the l i n e  i r  used 18 a demodulator convertirg 
the FM t o  AM as  ahown. If the quartz-cryrtal frequency I s  con- 
tered, the output r lgaal  has equal peaks, while f o r  off-center 
operation the output 10 aaymwtric with the direction of off-  
centerirg indicated by the aayarmetry. !Fhe FM m e p  width is 
adjusWd’for op t la”  aemaitivlty such tha t  the turnirg point8 
are  a t  the froquenciea whem the r a t e  o f  charge of  signal is a 
maxi”. 
indicate the correct center frequency the method w i l l  be in- 
herently independent of pressure broadening, and of the ma&- 
tude, r a t e  and l i nea r i ty  of the frequency plodulatiar. 

If peak reading8 of the output signal are  ured t o  



A relatively crude spectrograph has been b u i l t  t o  %est the 
poeslbil i t les of the escrential scheme given above. 
shielding d i f f icu l t ies  and other factors due t o  the sinple setup 
ured, lirrited the accuracy obtained l n  the test .  Quartz c r y s t a l  
brivo Wdb ured w i t b  I brosdbsrdsd nul t lp l le r  chair t o  allow for 
the FM. The rima1 multiplier rtages used the  Amperex hX-9903# 
the 2c394, m-ll amd 8MK-40 tubes in that order. Saturation oi 
the output tuber was obtained without use of additional anpllfiem 
betwen mrl t ipl ler  stages ao that  the lclystrans operated aa nicro- 
WVB l lni tere .  
uni t  uehg a local  osci l la tor  signal derived fronr the hput sigmal, 
and sweeping w i t h  it so tha t  a caretant 1.f. frequency is obtain- 
ed, is muw under development. Frequemcy s e t t i r g  sensitivities of 
a part in 10 million were easily obtained and the -terra1 COB- 

lndicator. 
carter frequency was demonstrated. 
e i t e  for  a prirarg frequency standard OF clock a8 compared t o  
making a clock Jhiah w i l l  run a t  a consfaat ra te  but ir which it I s  
di f f icu l t  t o  addust this r a t e  t o  the pripMry stemlard value wlfhouf 
sxhnLal reference atandarde. 
dicator w i l l  greatly improve the seativlty obtainable. Imithe 
Model 2 cloak diff icul ty  In set t ing t o  the center frequemcy of the 
aneroria lime har been experienced. 

PIicrophorics, 

A superhetsrodpe detector was usedj arbl18pmOd 

Si8tmCy Of the S O t t h g S  XBS gOOd U S h g  0- ttoL O S C ~ O S C ~  a6 rU 
fr particular, the ab i l i ty  Lo set precisely t o  the 

! M e  is a necessary pre~rsqui- 

Proper i r s t r u " a t i a r  of the in- 

7. ATOMIC BgAM COlQTROL OR' QUAR!I!Z CLOCK 

The adaptation of the previuuely described romo method t o  an 
atomic be- equipsemt is ahown in F 
of the Rabl magmetic re8oaal%ce t y p 8  and 1s ah" In rig, 29. 
The advantages of atomic beans result from their  virtual elinirr- 
atian of collision and Doppler broadealng. Power reerturatiom is 
aleo avoided sirce a fresh stream of urexcited atoms carstantly 
emerges froan the omn.. UapreceBenteB Q'e  should be possible usha 
cesium or thallium atoms. In this first unit cesium 
both oeriun and thallium being suggerrted by Po Ku6ch3? 

. 24, The beem equipment is 

8 been t a 8 e d p  

The Q obtaimed by th ie  method irr determined the tine fhe 
a t m r  rp.rd in -8 tramsitlor or  excitation regloa rhawr betweem 
gointi  4 aad 6 ir Fig, 24, The sharpnerr of reitmaace is deter- 
nired by the uroertalnty grinclp8e, &E e bt w h  where 
the width of the enerw level  and A t  I6 thq lffetinre of the 
state,  thut l e ,  the excitation tlme, 2104 h I 8  Planck's carstaat. 
Ia torma of the traneltiorr path length, L, aad the thermal =lo- 
c l ty  of the bean, the 0 is therefor,e 

I 
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f L . f  
" 2 X  = velocity 

.which indicates that high frequencies and long path lengths should 
be used t o  obtain high Q. It is partly f o r  this reason thst heavy 
at- such a s  cesium or  thallium are planned for use in this clock,' 
slnce they have frequesclee hi& up in  the microwave range. 
theoret ical  value8 of Q forvllany atolee have been verified experi- 
mentally a t  lower frequencies and lower Q'e  in work a t  Columbia 
University a s  wall as  fo r  cesium a t  NBS. It i e  d i f f i cu l t  t o  ob- 
t a i n  the desired excitation of the beam over a long path lcrngth 
such a8 50 cm a t  the cesium and thallium wave~lengths of approxi- 
mate4 3 and 1.5 cm. 
eloped by N.F. Re1msey39 can be applied t o  .this problem and I 6  
planned for  the IoB6 unit. 
experiments t o  verify the operation of this method and obtaln- 
ed the expected Q values us- potassium a t  about SO0 MP. For 
a 50 cm path length the Q ' o  of cesium and thallium should be about 
30 and 90 million, reegectivsly. In the Rameey method output cur- 
rent curves froxu the detector can be obtained which look either 
like absorption or diapers n curves according t o  the a d J w ~ n t s  

the beginning and the end of the t ransi t ion path length, makin6 
excitation easier. The dispersion type output offers  another 
promising method fo r  set t ing t o  the center of the transit ion,  
since the output signal has a maxi" ra te  of change a t  the re- 
sonance f'requsnoy. 

The 

The separated oaci l la t ing field method dev- 

P. Rusch ha8 carried out p r e l i n h r y  

in the excitation c i rcu i t s  38 , Here the beam is excited only a t  

The t ransi t ion used in cesium depende on the sp l i t t i ng  of 
the ground s t a t e  'by the interaction of the magnetic " e n t  of the 
nucleus with the extranuclear electrons. This rrplitting amunts 
t o  9192.632 Xc, The atoms are space quantized and are  foculred 
on the detector by the inhomogeneous f i e lds  of mgaetir a t  points 
3 and 7 ahawn in Fig, 24. The exciting field in the region of 
homogeneous amgnetic f ield C, causes transit ion6 from one orien- 
ta t ion t o  another, thus chaging the focusing action and detector 
beam current. 

The technique of beam methods requires thatmagnetic field 
C be finite rather than zero, or  spacerifuantiration of the atom 
is destroyecl and the beam I s  defocused 
quency f o r  cero mamtio  field i e  *e ground s t a t e  splitting of 
the atom, and this w i l l  of course be al tered by the Zeeman effect.  
It is therefore necessary t o  reduce the effect  of this external 
f i e l d  on the irequency t o  negligible p r o g a r t i o ~ .  

. The t ransi t ion fre- 
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T h i n  oan be done, ata noen fron lnspeotian of fha, folloWiea, 98 f o d a  fo r  the t ranr l t ion fraqubnoy 4 

Thir 18 the frequency oil the u- l ine  of oesium for a of 
t o t a l  angular nmontun quantum number R' frcun B' -* 4 3 B  - 3 , F is 
the sum of the nualear plue the electron angular " a n t e .  Io fhir 
transitfon, the mguetio QUaXktUm number change d a m 0. Humor- 
icglly, fha frequency i r  given by f - (9192,632 + 0.000427 B?) x 
10 reo' . The aymbolr in the above equatiarz are 61 fallow: 

f .I frequency 

h Planck'r oonrtmt 

H mguetio f i e l d  rtrength 

AU I; tranritfon frequency a t  cero field 
(gro~rrrd r'tate upli t t ins) 

I - 7/2 for  cesiuap, nuclear a W a r  
momentum in units of h/2% 

J = 1/2,# electronic angular "mtum in 
, unit8 of h/El* 

In the abovo equation, H muat be 8mll and Av lar800 U i c a f b g  
t h a t  atom ruch am oerium or t h a l l i u p p  with large valuer of Av 
ohould be urod t o  roduoo the Zeema effect. For aerfum, tha nag- 
netio f io ld  mat bo kopt oonrtant within only*ten per e4nt for  
i ieldr of 0.1 grurr for  a rinquenoy csartmay of OIU part in lolo. 
Tho tr8arltlcin (4,0-93,0) given abevb ia almort oanpletely f h l d  
indopondon% j othor f iold-r enrit ive t ran8 it ioar w i l l  give l&me 
oomplotely rorolrrb %ran thZr l ine a t  field6 of 0.1 gaurmr 
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The beam equipment shown in Fig. 25 has been aperated w l t h  a 
preliminary transition path length of about one cm obtaipbd by 
passing the  cesium beam through the exciting X-band waveguide. 
The excitation was obtained by means of a quartz crystal oscille- 
tor and frequency 8aultlplier chain terminated in S p e w  2K47 and 
uC46 klystron multiplier stages. 
stability and made precision measurements possible. The expected 
Q of the order of 350,000 was obtained. 
citation was not used in order to make the first excitation of thle 
transition relatively easy to find. 
given above was measured giving the value 9192.632 +, 0.002 WC 
A recording sharing two traces of this line is shown in Fig. 26. 
The symmetry and large signal-to-noise ratio indicate k e  possi- 
bility of frequency p~asur8p~ents to a mall fraction od: a line 
width. By measuring with the ateeply sloping Bides of the line it 
has been found in prelhinary work that measuring senrritivl~~s 
of better than one part in 20 to 50 million can be obtained . 
This work is now in progress with indications that further Improve- 
ments of perhaps an order of magnitude may be goesible. Howaver, 
if a path length of 50 CIU can be used increasing the Q mer 30 
times (the Ramsey PreShod further sharpens the output "3) these 
results gi experhental evidence indicating an sccuracy of one 

chi v d St 1 igher valuer maybe 
indicated for thallium. e 

This method gave the necessary 

The RaPreey method of ex- 

The field-lneensitivg u-#ae 

% b B %  %&ain#&. part In 10 Y or better c 

8. C O ~ L U S I O N  

If the accuracies indicated in the previous section can be 
achieved over long time intervals, if may be possib1e to compare 
atomic time against the mean sidereal year. 
seem constant enough for a significant comparison of this type In 
a reasonable length of the. 
clock could also be used for timekeeping between meaeurements of 
the mean sidereal year, ju6t ar the quartz clock $8 used between 
measurements of the day thmJugh observation of succeesive star 
transitcr. The application of atomic clocks and microwave epectro- 
graphs to neasur~mp(upt of fluctuations in the length o f  the day 
appears a proprising possibility. The application to #hew unit for 
t h e  and frequanuy also rema encouragine;. A related porslbility 
appears if millimeter waprlength interferometers can be built with 
high precision, since these could be illuminated by radistian de- 
rived from a clock and the stan rd of t h e  and of length perhap8 

tion sources and detectors should help this application. 

The day does not 

A long-running, precision atomic 

based on a single spec~run line $3 . Progress in nllllneter rsdla- 

. .. 
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In t he  references which have been listed it w i z l  be noted 
that an attempt has been made to provide, at least in part, a 
working bibliography. 
extensive bibliographies. 

Several of the papers cited also contain 

The aspects of" the NBS program covered above iaclude gost of 
the projects relating to atomic frequency and tine standards and 
include contributions from many groups. 
sure shifts, nuclear quadrupole absorption, the deuterated 
ammmias, spectral tables and checks on the rotation of the earth 
by microwave spectroscopy methods are not covered here. In cpadd- 
tion to the more detailed reference8 in the text, It I s  a p l e a w e  
to list the following con*ributors to the program. 
C.H. Townee and P. Kusch have been consultants on the gas and qwd- 
rupole absorption techniques and on the beem techniques, reegect- 
ively. B.F. Hueten and E.D. Heberling h v e  worked on the first two 
anmonia clocks; L.J. Rueger has assisted on the test of" the Model 2 
clock and is working on tho development of the Model 3 clock. 
J.E. Sherwood and R.H. McCracken have worked on the cesium clock, 
Sherwood being particularly responsible for the design and canstruc- 
tion of the beam part of the apparatus itself with the assistance of 
Professor Kusch. G.J. Griffin has assisted in work on a t d c  oscil- 
lators and quadrupole absorption, a d  Po Wacker with the theory of 
quadrupole absorption. 
to express his appreciation. 

Some proJects an pres- 

Profe6sore 

T 0alE these coworkers, the author wiehes 
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NOTES ADIIED 114 PROOF 

1; Since this paper was written, the cesium line has been 
excited with a path length of 50 cm by the Ramsey method, 
A Q of 30 million has been obtained with lqtensity and 
symmetry similar to that shown in Figure 26. A point by 
point plot of the line and recordings have both been made, 
These results indicate on accuracy of one part in 10 
b i l l i o n  may be achieved< Further measurements are in pro- 
gress. 

2, The following references have either become available or 
to the attention of the writer since preparing this paper: 

a, Y. Mlntz and W, Munk, "The effect of winds and tides 
on the length of the day", Tellus, 2, 117 (1951). 

b, F,H.  van den Dungen, J.F. Cox and J. van Mieghem, 
"Variations in the earth's angular velocity resultin$ 
from fluctuations in atmospheric and oceanic circula- 
tion", Tellus, 2, 319 (1950). 
and R.L. Miller on pages 320 - 321. A l s o  reply by W.H. Munk 
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K.D. Froome, "Determination of the velocity of short elec- 
tromagnetic mve~ by interferometry" Proc. Ray. Soc., A, 
213, 123 (1952) 

Reference (e) ebove show8 t h a t  tihe annual fluchation in the rate 
of rotation of tha earth has dihiniebd by 40 percent In amgli- 
tude in 1950 - 51 as compared to that of 1934 - 2949. In  refer- 
ence (a) Mintz and Munk use new meteorological d&a to calculate 
the aeasonaL fluclmtticin in the rotatiah of the earth. !Phe zonal 
wind8 are now Pcnutd to accaunf for only orie Chdrd of tlie miported 
fluctuation, wl%h a large uncertainty i n  this m e U t  becauee of 
inadequate date in tropical and southern latltadea. In reference 
(a) a new Interpretation of the irregular fluctuation8 i n  the 
earth's roBa.bion ie suggssted, 
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