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Abstract. A t o m i c f requency s t a n d a r d s h a v e been checked b y l a b o r a t o r y inves t iga t ions a n d b y t h e in t e rcompar i son of 
different s t a n d a r d s . 

Ex is t ing a m m o n i a M a s e r s e n a b l e a f requency t o b e d e n n e d in t e r m s of a spec t r a l l ine w i t h a n a c c u r a c y of ± 1 p a r t in 
i o 8 a n d give a r ep roduc ib i l i t y u n d e r s t a t e d cond i t i ons of ± 2 p a r t s in i o 1 0 . T h e ces ium a t o m i c b e a m s t a n d a r d enab les a 
f requency t o b e d e n n e d in t e r m s of a s p e c t r a l l ine w i t h a precis ion of ± i p a r t in i o 1 0 . C o m p a r i s o n b e t w e e n t h e U . K . a n d 
U.S . b y t h e r ad io t r ansmis s ions of s t a n d a r d f requencies a n d t i m e signals g a v e a n a v e r a g e a g r e e m e n t of a few p a r t s in 
i o 1 0 b u t revea led some s y s t e m a t i c d i sc repanc ies . D i r ec t compa r i sons b e t w e e n t h r e e U . S . s t a n d a r d s a n d t h e U . K . s t a n d a r d 
gave a g r e e m e n t t o 2.2, 3.2, a n d 1.5 p a r t s in i o 1 0 . 

1. Introduction. Any radio frequency spectral 
line is a potential s t andard of frequency and the 
choice depends largely on practical considera
tions. So far two lines only have been used, the 
/ = 3, K = 3 line of the inversion spectrum of 
ammonia and the F,w(4 ,o) ^ ^ ( 3 , 0 ) hyper-
fine split t ing line of cesium 1 3 3 . T h e techniques 
employed in order to approach as closely as possi
ble the t rue line frequency have been described 
and this report is concerned only with the pre
cision obtained. T h e results quoted include some 
work which is in course of publication b u t the 
information m a y not be complete as there is 
much further work in progress. 

There are three ways of test ing the precision 
of frequency s t anda r ds : 

(a) The parameters t h a t can va ry in practice 
are varied deliberately and the effect is measured 
by comparison with another s t andard which re
mains unaltered. 

(b) S tandards of different construct ion are 
directly compared. 

(c) S tandards of different construct ion are 
compared by means of s tandard frequency t rans
missions or t ime signals. 

All of these methods have been used and it will 
be convenient to discuss the results separately 
for the two types of s tandard . 

2. Ammonia standards. In the early work on 
ammonia in the U. S. and J a p a n the absorpt ion 
line was used which was of the order of i o 5 cycles / 
second wide a t a frequency of 2.3870 X i o 1 0 

cycles/second. Techniques were developed for 
sett ing on the center of the line and an accuracy 
of 5 X io~ 9 (100 c/sec) has been claimed; bu t it 
is difficult to regard a line having such a width 
as forming a precise s tandard . A fundamental 
improvement was suggested by N . G. Basov 
and A. M. Prokhorov and by J . P . Gordon, H . J . 
Zeiger and C. H . Townes, which enabled the line 
width to be reduced to 7 k c / s e c , in the device now 
well known as the Maser . A comparison between 

two similar Masers showed t h a t a stabil i ty of 
1 X i o - 1 1 could be mainta ined for a short t ime ; 
bu t it was known from both theory and experi
men t t h a t the external parameters could pull the 
frequency from t h a t corresponding to the center 
of the line. For this reason it has proved difficult 
to define the frequency of operat ion in terms of 
the spectral line with a precision exceeding ± 1 
par t in i o 8 . An extensive investigation has been 
carried out by J . Bonanomi and his collab
orators a t Neuchate l and they have found t h a t if 
a part icular Maser is set according to a definite 
procedure a reproducibil i ty of ± 2 par t s in i o 1 0 

can be achieved. I t has been found t h a t some of 
the difficulty arises from the fact t h a t the NHZ 

(3,3) line is a mult iple t and not a single line. 
T ime signals from Neuchate l ( H B N ) and 

other signals received a t Neuchate l have since 
Ju ly 1957 been expressed in te rms of a Maser fre
quency of 23, 870, 129, 235 c/sec. I t has thus been 
possible to make a comparison with the N .P .L . 
cesium s tandard . T h e results are given in Table I. 

T h e mean difference is of no significance since 
it depends on the values adopted for the spectral 
line frequencies bu t the deviat ions from the mean 
represent changes of the Maser frequency rela
tive to t h a t of the cesium s tandard apa r t from 
any errors in relat ing the t ransmi t ted frequency 
to the Maser frequency or due to the radio propa
gation conditions. 

3. Cesium standards. T h e cesium s tandard a t 
T A B L E I. COMPARISON B E T W E E N N E U C H A T E L 

MASER A N D N . P . L . C E S I U M S T A N D A R D 

Deviation 
Neuchatel Maser— from mean 

N . P . L . Cs parts value parts 
Date in i o 9 in i o 9 

J u l y 1957 - 9-5 —1.2 
Aug . 1957 - 7.9 + O . 4 
Sep t . 1957 - 7.4 +0 .9 
Oct . 1957 - 6.4 + 1.9 
N o v . 1957 - 1 2 . 7 - 4 3 
Dec . 1957 - 6.5 + 1.8 
J a n . 1958 - 7.7 + 0 . 6 

M e a n — 8.3 
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T A B L E II . COMPARISON B E T W E E N A T O M I C H R O N S 
WITH N . P . L . C E S I U M S T A N D A R D 

Values of Atomichrons— 
Date N . P . L . Cs parts in i o 1 0 

A t o m i c h r o n N o . 100 ( C a m d e n ) 

N o v . 1956 — 7 
Dec . — 2 
J a n . 1957 - 6 
F e b . - 8 
M a r . — 5 
A p r . o 
M a y — 2 

A t o m i c h r o n N o . 106 (Bou lde r ) 

Oc t . + 7 
N o v . + 1 5 
Dec . + 1 8 
J a n . 1958 + 2 2 
F e b . + 1 5 

A t o m i c h r o n N o . 112 ( H a r v a r d ) 

M a r . + 2 
A p r . • + I 
M a y o 
J u n e o 

the N .P .L . has been in operat ion since J u n e 1955 
and those constructed by the Nat ional Company 
Inc., U. S. since the a u t u m n of 1956. A consider
able amount of information concerning their 
performance has therefore been accumulated. 
The N.P .L . s tandard was buil t so t h a t the effect 
of varying the parameters could be studied and 
the results of this investigation have been pub
lished. Copies of the paper have been circulated 
to members of Commission 3 1 . I t was concluded 
from the investigation t h a t the only two param
eters t ha t needed careful definition were the 
magnetic field and the relative phases of the two 
regions of r.f. magnetic field; and t h a t these 
parameters could be readily set to give a pre
cision of frequency of a few par t s in i o 1 1 . T h e 
experimental model served for rout ine calibration 
of the 100 kc/sec quar tz clocks used as working 
s tandards with a precision of ± 1 pa r t in i o 1 0 and 
under good conditions the accuracy of set t ing to 
the cesium resonance is ± 5 pa r t s in i o 1 1 . 

The National Co. s tandard , known as the 
Atomichron, is used with a servo control equip
ment to correct a quar tz oscillator of nominal 
frequency 5 Mc/sec and mainta in it in a fixed 
relationship of 1 / 1 , 838.526368 with the cesium 
frequency. The results of an investigation of its 
performance by the Nat ional Co. is in course of 
publication. 

I t has been compared with the N .P .L . s tandard 
by means of s tandard frequency transmissions 
and by t ime signal comparisons. T h e former 
method can be carried out fairly quickly, meas
urements extending over an hour or so giving a 

precision of ± 1 pa r t in i o 1 0 b u t it is necessary to 
take account of variat ions in the propagat ion 
conditions. I t is believed t h a t over pa r t s of the 
day, the propagat ion of low frequencies, such as 
the M S F 60 kc/sec , G B R 16 kc/sec and GBZ 
19.6 kc /sec signals is sufficiently stable to give 
an accuracy of ± 1 pa r t in i o 1 0 . J . A. Pierce 
a t Harva rd has measured his local s tandards in 
terms of these transmissions and also in terms of 
a transmission controlled or monitored by an 
Atomichron. In this way the two atomic s tand
ards have been compared and the results are 
summarized in Table I I , in which the average 
month ly values are given. 

T h e difficulties inherent in such a complicated 
chain of comparison were sometimes severe, and 
the conditions for the comparison with No. 106 
were part icularly unsatisfactory the s tandard 
deviat ion of these results being abou t ± 1 5 X 
i o - 1 0 . T h e results with No. 112 which is s i tuated 
a t Harva rd and thus affords the simplest chain 
of comparison are very satisfactory the s tandard 
deviat ion being ± 3 X i o - 1 0 . 

Comparisons have also been made by means of 
t ime signals. In a joint program of work between 
the U. S. Naval Observatory and the N . P . L . 
which was begun in the summer of 1955 in order 
to establish the relationship between the cesium 
frequency and the second of ephemeris t ime, the 
interval between selected t ime signals is measured 
in te rms of cesium a t the N . P . L . and astronomi
cal t ime a t the U. S. Naval Observatory . Since 
the a u t u m n of 1956 an Atomichron has also 
been measured a t the U. S. Nava l Observatory 
thus giving a comparison between the Atomi
chron and the N .P .L . s tandard . These results 
are summarized in Table I I I . 

T A B L E III. COMPARISON B E T W E E N U.S . N A V A L O B S E R V A T O R Y 
ATOMICHRON WITH C E S I U M S T A N D A R D 

Atomichron N o . 6 — N . P . L . 
Date Cs parts in i o 1 0 

S e p t . 1956 - 6 
Oct . —12 
N o v . - 1 4 
Dec . - 1 8 
J a n . 1 9 5 7 —10 
F e b . - 7 
M a r . —10 
A p r . - 6 
M a y 0 
J u n e + 2 
J u l y + 1 
A u g . + 10 
S e p t . + 8 
Oct . + 12 
N o v . + 6 
D e c . + 2 8 
J a n . 1958 + 2 0 
F e b . + 11 
M a r . - 4 
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In Tables II and I I I , an allowance has been 
made for the slightly different magnet ic fields 
used in the N .P .L . s tandard and the Atomichron 
and for the different numbers by which the ces
ium frequency is divided. 

They show a somewhat larger difference be
tween the two s tandards t han the frequency 
measurements and this discrepancy up to J u n e 
1957 was discussed by the Consul ta t ive Com
mit tee for the Definition of the Second of the 
Internat ional Commit tee of Weights and Meas
ures and also a t the Boulder (1957) meet ing of 
U.R.S.I . I t was urged t h a t direct comparisons 
should be inst i tuted in order to eliminate the 
errors possibly associated with radio propagation. 

Dr . Markowitz has also supplied the results 
given in Table IV of comparison in the U. S. 
between different Atomichrons. T h e y probably 
do not explain the discrepancy bu t they show 
tha t small differences occur in operation between 
the frequencies of different models. 

During March 1958 a series of direct compari
sons were made a t the N .P .L . , Teddington, 
England, between two Atomichrons, Nos. 1 1 1 
and 1 1 7 , an experimental beam tube 8 5 7 X 1 
made by the Nat ional Co. and the N .P .L . 
s tandard . Members of the staff of the Nat ional 
Co. Inc. and the U. S. Army Signal Engineering 
Laboratories assisted in these measurements . 
The results in Table V give the reproducibil i ty 
of the Atomichron frequencies after reset t ing the 
electronic circuits associated with the servo mech
anisms following a s tandard al ignment proced
ure. The N .P .L . quar tz clock Q 1 3 was in some 
cases used for interpolation over short t ime inter
vals and the results for this clock given in Table 
V illustrate the general uniformity of drift r a t e 
obtained. The limits represent the s tandard de
viation of a single observation. 

The Atomichron beam tubes were then tested 
as resonators with the N . P . L . driving source. 

T A B L E IV. COMPARISONS B E T W E E N 
ATOMICHRONS IN T H E U. S. 

Date 

N o v . 1956 t o 
J u n e 1957 

Oct . 1957 
(second half 
of m o n t h ) 

N o v . 
Dec . 
J a n . 1958 
F e b . 
M a r . 

Atomichron designations 

6 ( N R L ) - i ( C a m d e n N . Y.) 

6 ( N R L ) - i o 6 (Bou lde r ) 

6 ( N R L ) - i o 6 (Bou lde r ) 
6 ( N R L ) - i o 6 (Bou lde r ) 
6 ( N R L ) - i o 6 (Bou lde r ) 
6 ( N R D - 1 0 6 (Bou lde r ) 
6 ( N R L ) - i o 6 (Bou lde r ) 

Frequency 
difference 

parts in i o 1 0 

- 3 

+ 4 

o 
o 

+ 3 
- 3 
- 4 

Date 1958 

M a r . 6 
7 

10 
11 
12 
14 
17 
18 ( a .m . ) 
18 ( p .m . ) 
19 ( a .m . ) 
19 ( p .m . ) 
20 ( a .m . ) 
20 ( p .m. ) 
24 ( a .m. ) 
24 ( p .m . ) 
24 ( p .m . ) 
26 
28 

1 ( a .m . ) 
1 ( p .m. ) 
2 

T A B L E V. F R E Q U E N C Y R E P R O D U C I B I L I T Y 
A F T E R R E A L I G N M E N T 

U n i t I X i o " 1 0 

Frequency difference 
(857 X i 

+ 1 1 1 servo) 
1 1 7 - N . P . L . N . P . L . 

A p r . 

M e a n 

i n - N . P . L . 

3.6 
3-8 

4 1 
3-7 
3-6 
4-3 
4.0 
3-9 
4-5 
3-5 
3.6 
3-8 
3 4 
3-2 
3-5 
3-7 
3-5 

3-5 
3-6 
3 3 
4.0 
3-2 
2.5 
3-5 
3 7 
2.7 
3.3 
3.2 
3 1 

3-4 
2.8 
3.3 

3.0 
2.9 
3-2 

4.7 
4.2 

3 - 7 ± o . 3 3 - 2 ± o . 4 4 - 5 ± o . 3 

Q 1 3 -
N . P . L . 

230.0 
231.8 
233.5 
2 3 3 6 
2 3 4 5 
235.3 
238.2 
2 3 9 4 
238.1 
240.2 
240.0 
240.7 
241.4 
244.7 
244.8 
245.5 
244.1 
245.8 
249.2 
249.6 
250.7 

Owing to the greater length of the Atomichron 
tubes and their result ing lower band widths they 
could be used with slightly greater precision 
than the N . P . L . beam tube and it is believed 
t ha t a set t ing accuracy of ± 2 par t s in i o 1 1 was 
achieved. T h e measurements were used in an 
a t t e m p t to analyze the effects t h a t could cause 
the frequency to depa r t from the t rue line fre
quency, and these results are reproduced in 
Table VI . 

T h e measured errors due to the servo, elec
tronics and a symmet ry can legitimately be apf-
plied as corrections to the mean frequencies of 
Table V and the final results of the comparisons 
are then as follows: 

i n - N . P . L . 
1 1 7 - N . P . L . 

857 X i - N . P . L . 

2.2 ± 1 .4 X i o - 1 0 

3.2 ± 1.4 X i o - 1 0 

1.5 db 1.4 X i o " 1 0 

4. New developments. This subject is develop
ing so rapidly t h a t a new and impor tan t advance 
has been disclosed since the first draft was pre
pared. If a buffer gas, such as argon a t pressures 
up to 30 mm H g is included with cesium vapor, 
collisions of the cesium a toms with the buffer gas 

T A B L E V I . B E A M T U B E S T E S T E D A S R E S O N A T O R S 
U n i t 1 X i o " 1 1 

Effect i n 

Servo & e lec t ronics + 8 ± 4 
A s y m m e t r y — 3 ± 7 
R.f. power + 4 ± 2 

Frequency error 
857 X i 

117 + m e 

+ 6 ± 4 + 2 0 ± 4 
- i 6 d = 7 o ± 7 
+ 9 ± 2 o ± 2 

N . P . L . 

o 
- I O d b l O 

O r b 5 

42 

https://doi.org/10.1017/S0074180900104206 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900104206


do not produce transit ions b u t great ly reduce 
the average velocity in a part icular direction, and 
hence the broadening of a line due to the Doppler 
effect. An optical means of detect ing transi t ions 
between the hyperfine levels has given an in
creased sensitivity and a line 40 c/sec wide (in 
9,192 Mc/sec) has been observed. T h e actual 
frequency is influenced by the buffer gas, however, 
and the new techniques do not a t present pro
vide a definitive s tandard . 

5. Conclusions. I t is concluded from this review 
tha t the Maser- type ammonia s tandard can be 
used to define frequency in terms of a spectral 
line with an accuracy of ± 1 pa r t in i o 8 and t h a t 

the reproducibil i ty of a carefully defined Maser 
is considerably bet ter . 

Existing cesium s tandards can be used to 
define frequency in te rms of a spectral line with 
an accuracy of ± 2 par t s in i o 1 0 and the results 
have been integrated th roughout a t ime interval 
of three years for the purpose of comparing 
atomic and astronomical t imes. 

There are goods reasons for believing t h a t the 
accuracy of the a tomic beam-type of cesium 
s tandard can be increased by a t least ten t imes 
and t ha t experiments with new techniques such 
as optical pumping, and the use of buffer gases 
will lead to simpler forms of s tandard . 

D I S C U S S I O N 
Dr. S T O Y K O commented t h a t even though 

the atomic s tandard is not a clock, it can still be 
used as a time-keeper through the intermediary 
of quar tz clocks. I t has been possible, through 
the kindness of Dr. Decaux, to use Atomichron 
No. 107 a t the National Labora tory of Radio-
electricity in Bagneux to interpolate from the 
atomic t ime a t the T ime Service of the Observa
tory of Paris and the Internat ional Bureau of 
Time. This atomic s tandard is compared each 
day with three quar tz clocks which, in turn , are 
compared with the Time Service a t the Observa
tory of Paris. The integration of frequency of the 
atomic s tandard in conjunction with these three 
quar tz clocks permits control of the precision of 
time maintenance by this method. Since March 
1958 this method has been used for the direct 
interpolation of the correction of the main clock 
according to the atomic observations of the 
Observatory of Paris. Since the conventional fre
quency of the atomic s tandard does not corre
spond to the exact second with the provisional 
Uniform Universal T ime (UT2) which is the 
basis of t ime services, the correction of the a tomic 
clock mus t be represented as calculated by a 
linear function which is of a sufficient precision 
for an interval of the order of two months . 

Prof. M I K H A I L O V , the Chai rman, asked 
how long a cesium s tandard would run. 

Dr. E S S E N reported t h a t in the United 
Kingdom it has been arranged to use the s tand
ard which controls the s tandard frequency t rans
missions for generating the signals for the t ime 
service of the Royal Greenwich Observatory. 
If the frequency remains as a t present based on a 
value of 9,192,631,830 c/sec for the cesium reson

ances s tep ad jus tments of abou t one per mon th 
would be made to the signals to keep them rea
sonably close to U T 2 . If the frequency were 
changed to 9,192,631,770 c/sec, the value in 
terms of the second of ephemeris t ime still more 
frequent ad jus tments would be required. I t is 
therefore proposed to operate the service in the 
following way : 

T h e frequency of 9,192,631,770 c/sec will be 
used as the s tandard bu t the service will operate 
with an error of about + 1 6 0 pa r t s in i o 1 0 so as 
to bring the frequency and t ime pulses in close 
accord with the t ime scale of U T 2 . Corrections 
published by the Royal Greenwich Observatory 
will give the errors from U T 2 . Corrections pub
lished by the Nat ional Physical Labora tory will 
give the errors from the cesium frequency of 
9,192,631,770 c/sec to + 1 par t in i o 1 0 . This will 
also be the error from ephemeris t ime with the 
lower precision of ± 2 0 par t s in i o 1 0 . All possible 
t ime and frequency information will thus be 
given by the service. 

Dr . M A R K O W I T Z commented t h a t the 
operation of a cesium clock does not require t h a t 
the cesium beam itself shall be in operation con
tinuously. T h e cesium clock a t the Nava l Re
search Laboratory , Washington, D . C , consists 
of a cesium beam frequency s tandard which is 
operated in conjunction with a quar tz-crysta l 
clock of high precision which indicates t ime. 
T h e quartz-crystal clock is operated cont inu
ously, and is adjusted in frequency daily to t h a t 
of the cesium s tandard . I t is not necessary, 
therefore, to operate the cesium beam continu
ously, and in fact, the beam itself m a y be 
changed. 

(End of Symposium) 
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