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SPECTRAL LINES AS FREQUENCY STANDARDS ¥
By

Harold Lyons

ABSTRACT

As part of its program for the development of precisiom,
primary standards in the microwave region of the spectrum, the
National Bureau of Standards (NBS) hes been engaged in a broad
program investigeting the possibillities of stomic frequency and
time standards. A survey of some of the projects relating to
this program is given. :

The accuracy of astronomical time is reviewsd in order %o
determine the accuracy reasonably to be required of an atomic
gtandard. Microwave spectrum lines are compared with macro-
scopic, resonant systems as standards and a teble of Q values is
given, The accuracy of an absorption type spectrograph or clock
is given in terms of the noise limited resolving power, R.P. The
R.P, is given for ammonia and oxygen, the two unique microwave
gases most suiteble for use in a clock. The possibilities of
nuclear electric quadrupole absorption are discussed. Clocks and
frequency standards of the atomic oscillator~frequency divider
type are briefly presented aslong with information on a new kly.
stron amplifier at 23,870 Mc for this application. The NBS
ammonia-controlled, quartz-crystal, servo clocks are then dis=-
cussed., Sensitivity tests and results of an elght day test ere
presegted ghowing control of forced pertuﬁbations'to 4+ 1 part
in 10* and a constancy of + 2 parts in 10° for the eight day
test, Suggestions for improvement are outlined with discussica
of new klystron multiplier tubes and a new FM discriminator
method.,

Finally, the cesium atomic beam clock is described end nre-
liminary results at low Q given which indicate experimentelly
that a goal of 1 part in 107 or better can be reached. Appliie-
cations are briefly mentioned.

% Presented at the New York Academy of Sciencss Confarence on
Microwave Spectroscopy, Nov. 9-10, 1951. To be published in the
- Anngls of the New York Academy of Sciences.
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1. INTRODUCTION

As part of its program for the development of precision,
primary standards in the microwave region of the spectrum, the
Nationel Bureau of Standards (NBS) has been engaged in a broad
program investig ting the possibilities of atomic frequency and -
time standards™?<, By atomic 1s meant any atomic system in the
general sense., The ultimate goal of the program, considered
most optimistically, would be the introduction of atomic stand-
ards for frequency and time in the physical sciences if this is
feasible, This can also be considered as part of a broader
program for the 1ntroductign of atomic standards for all of the
units of physical science:-”,

Although the problems involved in the design of accurate
and reliable frequency and time standards are somewhat different,
these two topics will be dealt with together since & clock cen
be used as a frequency standard while a frequency standard by
itself will not read time. A survey of the status of some of
the NBS projects relating to the frequency and time program will
be given.

2. ASTRONOMICAL TIME

The present standard of time is the mean sclar day. It is
of interest to review the accuracy of thiz unit in order to
Judge the requirements to be placed on & new unit if it is to
be useful as a primary standard. The earth is continually slow~
ing down because of the forces of tidal friction, mostly in
shallow seas”. In addition, fluctuations in the period of ro-
tation take place from time to time for unknown regszons. This
subject has recently been reviewed by Dirk Brouwer”’ whc reinter-
prets the problem as treated by de Sitter” and gives more accurate
data and results including work of Spencer Jones and G.M. Clemence.
Brouwer concludes that the length of the day is increasing at the
rate of 0.00164 second per century with fluctuations in the rate
of rotation of the earth occurring at irregular intervels. Prin-
cipal discontinuities in the derivative of the earth's rotational
velocity occurred in the years 1856, 1871, 1877, 1887(%), 1890,
1902, 1911, 1925, and 1936. In 1870 the earth's rate of rotation
was fast by about 1.6 seconds per year compared with the average
rotation at that epoch or one part in 20 million. In 1900 it was
slow bg 0.6 second per year or one part ia 50 million. Brouwer
states’: "The deviations from the average rate during the past
two hundred years are known to astronomers and can be allowed for
in obtaining frequency standerds from astronomicel time, The
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record of the earth's rotation during the last century shows that
the rate can be predicted for one year ehead with an uncertainty
rarely exceeding 0.3 second, or one part in a hundred million".
The corrections to the rate of the rotation are obtained by as-
tronomers by using the moon and planets essentially as precision
clocks., The motions of the moon and planets are observed to de-
viate in the same manner and the same time from thet expected
according to theory. These deviations indicate that the earth’s
rotation is not constant during the interval of observation of

these motions and furnish a means for measuring the ¢ es in
e et R o Rotes Added” h Broots & heng

The day also hag a seasonal periodicity shown in Fig., 1
taken from N. Stoyko”. These measuremants have been verified
by Finch and others/, Munk and Miller® review the theories ad-
vanced to explain these variations and themselves calculate the
effect of seasonal fluctuations in world-wide systems of atmos-
pheric circulation which interact with the earth, the total
angular momentum of earth and air being essentially constant.
They obtain agreement with the observations both as to magnitude

d the b 1
oereg St B o e

It is clear from the above data that a new standard of
frequency and time should be capable of a precision of the
order of 1 part in 100 million or better. In order to obtain
greater accuracy for long-range time problems, astronomers have
already adopted a resolution to use the mean sidereal year
rather than the day as the unit of time, This resolution was
taken at the international conference on the fundamental con-
stants of estronomy held in Paris in 1950, Brouver® also states
that modern practice permits annual corrections to the time based
on the rotation of the earth to 0.1 second so that the length of
a century can be obtained to one part in 20 billion. In consider-
ing such a long time intervel, it is worth noting that the frac-
tionel accuracy of an atomic clock limited only by random errors
will also increase with the length of time interval considered.

The long time taken to make astronomical measurements and
corrections raises serious problems in some of the most precise
applications of astronomical time to frequency standards. In-
strumental errors for one night's observations in the deter-
mination of star transits and the effect of etmospheric re-
fraction set limits of about 2 to 3 milliseconds in the ac-
curacy with which the day can be determined unless averages are

taken over intervals of many days. These procedures maks time

observations inaccessible at frequent and arbitrary intervals.
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Another factor in the use of the present frequency and time
standsrd which limits their accessibility is the existence of
radio transmission errors. The standard frequency broadcasts,
vhich provide world-wide coverage for frequency and time services,
rely on ionospheric propagation for long distance transmissions.
The motion of the ionosphere produces Doppler shifts in the fre-
quency of the received signals. This varies cyclicly as the
diurnal variation of ionosphere changes take place. Figure 2,
after Booth and Gregory9 is typical, This figure shows the fre-
quency of Station WWV as received in Englend. Deviations of 1
part in bt million are recorded; greater deviations may occur dur-
ing ionospheric storms. These date slso indicate that an invari-
ant frequency and time standard, constantly accessible anyvhere
on the earth (or off of it) would be valuable,

.

3« MICROWAVE SPECTRUM LINES

The limitations of macroscopic frequency standards imme-
diately suggests the use of periodic phenomena in the micro-
scopic domain to avoid the effects of envirommental changes on
frequency constancy. The use of the period of vibration of a
spectrum line as a time standard is analogous to the use of the
wavelength as a length standard., To make an "atomic ruler" it was
necessary to develop an interferocmeter, ss Michelson did, to count
up the number of times the standard went into an unknown length ’
being measured. Similerly, it is necessary to count the number of
times the period of a time standard goes into an unknown time being
measured. An atomic system by itself thus gives a time standard,
but not a clock until the counting equipment can be added. This
greatly complicates the problems associeted with accuracy and long
running time. It is clear that spectrum lines at frequencies low
enough to count the oscillations are a prerequisite to meking a
clock. In addition, sharp lines of as great an intensity es pos=~
sible are necessary if great accuracy is to be achieved. If the
intensity is such that measurements can be made only to one line
width, because the signal-to=-noise ratio is near unity, an ac~
curacy of 2 « A f/f = 1/Q, vhere 2 - & £ is the line width, £
the transition rroqﬁency, and Q is the usual quality factor,
is all that will be possible, To measure to 0.001 of a line
width or better, as is commonly done for quartz-crystal resona-
tors, requires high signal-to-noise ratios. In searching for
spectrum lines which offer promise as frequency and time stendards
all of the above factors must be kept in mind, In Teéle I various
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spectrum lines are compared on the basis of Q alone and also on
the basis of § with conventional resonant systems. Many other
types of lines are ruled out because of low Q, dependence on
external fields or other factors. In Table I some of the data
are compiled from sources given in later references as follows:
oxygen frequencies and line widths, references 16 and 17; thal-
lium frequencies, from P. Kusch; cesium, reference 42; quad-
rupole data from reference 23; some ammonia data 1s taken from
reference 14 particularly Bleaney and Penrose and Carter and
Smith; the ammonia 3,3 frequency is an average from NBS measure-
ments of L.J. Rueger and others.

In order to compare the measurement accurecies attainable
with different spectrum lines, many pertinent factors such as
power Jitter, standing waves, long-term stebility of components
and others must be considered for each technique being compared.
This can only be done precisely by experimental methods, How-
ever, isrtain basic limitations to accuracy can be calculated.
Townes™" has given the theory of many of these in a recent paper,
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 equipment having amoise bandwidth B £ one cycle
per second, comes out to be about 1 part in 2 x 1 vhen con-
sidering the noise power 2kTB due to thermal radiation trans-
mitted down the waveguide absorption cell and received in the
detecting system. It is of interest to carry out such calcula-
tions for various spectrum lines and techniques in order to
determine pertinent design parsmeters. The noise-limited re-
solving power will be derived for the case of molecular gas ab-
sorption as typicel of this type of consideration. In addition,
the actual noise figure of a spectrometer will be taken into
account in order to give an idea of the noise limitations en-
countered in practice.

There is a minimum detectable frequency shift awey from the
center of a spectrum line, or other fiducial point, which can be
measured as limited by noise., If this minimum shift is &, then
fo/at is defined as the noise-limited resolving power, R.P. The
R.P. will vary according to whether the center of the line is
taken as reference point or some other point such as that at
maximum slope of the absorption curve. For these points we de-

fine (R.P.)° and (R‘P‘)nax’ respectively. (R.P.)max will ob-

viously be much higher than (R.P.) .. Because of the finite
absorption of the empty waveguide fhe maximum possible R,P. will

not be the same as (R.P.)nax where the slope of the absorption
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curve is a maximmm. For ammonia, this difference will not be
great and will be neglected in the interests of simplicity.
The point of maximum slope of the absorption curve will occur
at a frequency vhere a, = 3/h o @,; here a_ 1is the maximm
coefficlent of the gas at resonance and a, the coefficient at
the frequency in question.

As the frequency of a signal sent through an absorption
cell 1s varied and this range of variation is decreased, the
change in output signal will decrease until it is equal to the
noise level, vhich then sets a basic limit on maximum accuracy.
This change in output power level in a waveguide cell for a
frequency change & must be calculated in order to find this
limit.

Let
e =a + (1)

al = ac + af' (2)

vhere the initial and shifted frequencies are f emd f', respecte
ively. The total power absorption coefficients are ¢ and af,
vhile Q. and Q,, are for the wall losses in the waveguide,
and the gas at frequencies f and f', respectively., These gas
coefficlents are the waveguide values, not the plane wave values.

The change in power at the detector when changing frequency
from £ to £' will be

LI
o'a EP

e L
AP =P, (o (3)
vhere Pi is the input power and length of the cell 1s L.
By using equations (1) and (2) and defining
.Aaf“af'afl (l“)‘

where A a, * i.« 1, there results

AP =P, o=(0g + Cp) * L '[Aaf . L]. (5)
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From the theory of collision 'broadeningu » the change in a, for
a change in frequency from f to f' cen be calculated. For wave=-
guide, the a for waves traveling in an unbounded space filled
with the absorbing gas should be multiplied by a factor A _/A.,
where A\ is the gulde wavelength and A, the intrinsic wav®le

in the gaa . Since this factor 1s vary}ng slowvly with frequency
as compared to the effect of the absorption line, 1t will be
treated as constant and included in the definition of ao.

To a good approximation, then

L 1

Da, =0, ~Q,, =0 - 6
g = O = % o|.]_+,‘Q f-fo)? 1+m2(r'-f° - |(6)

S—— —————

by fO fo

The resolving power will be different according to whether
the initial, or stabilization, frequency 1is teken as f_, vhere
the slope of the resonance curve is zero, or at the polnt of
maximum slope. The latter point, of course, gives greater
sensitivity but introduces additioneal difficulties in proced-
ures and equipment, For these two cases, we first set f = fo
and then

(o} 1
= (7)

%f max slope ™ % % (8)

in‘;.o equation (6) and finally substitute for Aaf in equation
(5).

At resonance:

. 212 \2
ArP¥p, o~(0s + O )L ao.hQQ 3 °) (9)

o



At maximum slope:
. N, . ‘K ] ‘ ‘ Praf
AP¥ P, o~(0 * E a,) L Lo, % . I3 -Q ( f:') . (20)

In these equations, (f£'-f ) end (f£'~f) will both be referred to
as 8. Putting the minimim value for AP which can be detected
into each of these equations will give the minimum 3 which cen
be measured, Here again two cases must be differentiated,
namely, the ( AP) min for a linear or superheterodyne detector
and for a square law or crystal video (at low power) detector.
From the review article of W, Gordyl2, the minimum detectable
powers as limited by noise are given as:

Linear Case:

1
(AP, = [16 F.k-T+B:P, o~(Cc*0) 'I‘]E (11)

vhere F is the overall noise figure of the spectrometer, and B is
the noise bandwidth.

Square-Law Case: 1
[xre]2 /
(BP)yn = =W (12)

vhere M is the figure of merit of the crystel detector.

With these values for ( A P) we can solve equations {J)
and (10) for ®f and minimize the BBuit by finding the optimum
value for the cell length, L. On differentiating with respect to
L and setting equal to zero, the general results are obtained

Linear: 5

(13)

Square-Law:
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This_gives four equations when it is remembered that a, = @ _,
aend £ o for resonance and maximum slope conditions, respect-
1vel¥. ®Likewise, equations (9) and (10) combined with (11)
and (12) give a total of four separate results.

These results can now be simplified end put into a econ-
venient notation if the optimum cell lengths are put into (9)
and (10) and new coefficients are introduced.

Using the values of the minimum detectgble absorption
coefficients as given by Townesl> end Gordyie , we introduce

Linear: 1
FekTB |2
Gy pin = 2 G F, ]' (15)
Square-Law: L
N i} a e kafl‘BP (16)
g min = 51 M

The reciprocals of the ag nin may be considered as measures of
the signal sensitivities of the systems.

When equations (9) through (16) are combined, the final
results can be expressed by two equetions, since in this no-

tation the linear and square-law cases are the seame, We there-
fore have, finally for the resolving power, R.P. = fo/ &

At resonance, for both linear and square-law detectors »
1
o

e O Py
(R.P.), ¥ 2R [a-"——-‘(’a—ﬁka—)]? (17

g min*“o "¢
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At meximum slope, for both linear end square-law detectors,

(R.P.) “'V’B‘Q-Fx’.a" o (18)
e max- Lag mm(af+ac)

where qf = % ac. |
Here, the proper values for a8 ain appropriate to the linear and

square-law cases must be used as well as the correct values of the
four different optimum cell lengths.

Inspection of equations (17) and (18) shows that the resolv-
ing power increases with the Q and intensity of the spectrum line,
and the signal sensitivity of the system, as expected. The as min

are smaller the greater the input power and lower the waveguide wall
losses, a_. The input power cennot be increased indefinitely with-
out consifering saturation; in addition, the above analysis will
change if the detector chenges its law with power input. For

* example, a crystal detector will only be square-law for lowv input
powers. The best noise figures will give the highest resolving
power., For very intense spectrum lines, the resolving power ap-
proaches a constant value unless the input power is simulteneocusly
increased.

It is clear that accuracy will be greater for a superhetero-
dyne detector, since ag min €8 be smaller than for a crystal video

detector in most methods of operation. In sddition, resolving
power is much improved by operating et the point of maximum slope
of the spectrum line. A system operating in this manner might have
trouble defining the center frequency of the line, fo, and might
also be sensitive to pressure changes of the gas which change the
line width.

Obviously, one can use both points of maximum slope snd take
the mean frequency. However, additional complications in equipment
result and great care must be exercised if the benefits to be de=-
rived from this method of operation are to be actually achieved in
practice. An FM method of measurement to be described later has
been developed which uses both points of maximum slope to obtain
maximum sensitivity,




Some numerical results will indicate the limitation in ac-

curacy set by noise alone.

From the papers of Gordy, Townes, and

others( some repreaentative values for the parameters in equa-
1

tions

have roughly,

17) and (18) may be taken.
one-centimeter wavelength re 1on, and 1
c-:1.0-5c o = 107

This gives optimum cell 1engths ag follows:

OPTIMUM LENGTHS

Por k-band operation in the
r gasea like anuggia, e
2 , and Q = 107,

Linear Detector

Square-Law Detector

At resonance ‘10 _meters > meters
At max. slope 11.4 meters 5.7 meters

If we take «
= 1.5 x 10~11 ¢l for the linear case we get the follow-

ag nin

in

-8

= 10 el for the square-law case and

ing approximate values for the resolving power:

RESOLVING POWERS

Linear Detector Square-Law Detector
At resonance 1.2 x 10° 4,5 x 107
At max, slope 5.0 x 102 T.b x 10°
-11

The value 1.5 x 10

1
cm for ag n

in the case of the

superheterodyne detector corresponds to a noise figure of 2, an
input power of 1 milliwatt and a nolse bandwidth of 1 cycle per
second. These are idealized figures.

Similarly low bandwidths would not help the case of an ordi-
nary crystal video detector because the crystel noise goes up in-

versely with the video frequency.

The video frequency will de-

crease as sweep speed decreases in the attempt to use lower and

lower bandwidths.

The use of some kind of signal modulation to

raise the video frequency would alleviate this difficulty.
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The results given above indicate that noise alone will pre-
vent achievement of the accuracy goal discussed earlier of 1 part
in 100 million if a crystal video detector is used at the reso-
nance point. Although two NBS atomic olocks using emmonie have
been built uasing crystal video detectors in the interest of simp-.
licity, and resolving powers approaching those listed in the table
obtained, enough progress has now been mede to warrant the change-
over to superheterodyne detection being. incorporated in Model 3.
Operation at the points of maximum slope has elready been incor-
porated; even for the case of a superhsterodyne detector it ap=-
pears in practice that this mode of operation will be necessary.,

Towneslo hes given the theory of noise limitations when
including the effect of power saturation. In this case an opti-
mum input power exists, and Q, in equations (17) end (18) should
be replaced by

-l
42 e .
QuQ, [1+ ”“J“l 3 (19)
jch o (Af)

whers Q_ and 2 « (A f)o are the Q and line width, respectively,

at zero input power, and P is the incident power per unit cross-
section™”, and c and h are the velocity of light and Planck's
constant respectively, Molecules of different orientations sate:
urate at different values of radiastion intemnsity. For this reason,
averages over the various magnetic quantum numbers M mugt be taken;
equation (19) is an_approximationi® and in addition | is used o
to approximate !uMld, the squere of the dipole matrix element |u,_ |

for a particular value of M, Similarly, we have

o = am. ) (20)

(e 2
1+ hQQ —o) bajul” - P
o\ f L2 2
o/ 3ch” (&)

where o o is the absorption coefficient at resonance for zero ine-
put pawgr. If the power is increased indefinitely and it is as-
sumed that the detector doesn't overload, the R.P. will go to zero
bacause ¢ and Q both go to zero. This more than compensates for
the improvement in o because of the increased power, If the
power is made propor%i%&gl to the square of the gas pressure end
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therefore proportional to ( § r)2 , the terms in equations (19)
end (20) responsible for the satSration will remain constant.
It is of interest to consider the results when this condition
holds and the power is kept at the approximately optimum value
where
2

h’ 2 - g - lo . (21)

3ch( A )]
If we vary the power and gas pressure together while keeping
equation (21) fulfilled, the Q will still vary according to.
equation (19). However, & will remain constant at resonance
or at the fiducial point used for stabilizetion if we always
readjust the fiducial frequency, for example, so that we re-

main at the point of maximum slope. In this case equations
(17) and (18) show that:

At resonance:
(R.P.)o~m/a : (22)

At nmeximum slope:
(R.P.) ~v—3 | \ (23)

max as nin

From equations (15) and (16), the dependence of Gy pipn OO POVEr

is obtained; combining with (22) and (23) and remembering that,
Q is proportional to 1/(A f)o with power proportional to (Af)o

we obtain the following:

’L:lnoar Detector Square-Law Detector
(R.P.) o Proportional to Q]-é- Independent of Q

(R‘P')nax Independent of Q Proportional to Q!

In the case of a linear detector at maximum slope this result
shows that the reduction of Q by increasing gas pressure is off-
set by the increased input power which can then be used.
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The above comsiderations may be applied to the problem of
choosing the best gas for a primary frequéency and time stendsrd.
Two unique gases exist, smmonia and oxygenl®s10, In comparing
thess it is apparent that the high Q and low saturation of the
oxygen lines tend to,offset the effect of their low intemsitigs.
From equation (21) it is seen that e power flux of about (80)< =
6L00 times greater than that for ammonia could be used fer equal
line widths because of the 80 times smaller valus of u. Because
4 iz small the collisiom broadening in oxygen is likewise very
small compared to ammonia, the collision Q being of the order of
one million at a pressure of 30 microna*é. For this reason,
combined with the low saturation, it should be possible to reach
the Doppler width with oxygen. Since oxygen can also be cooled
to6a very low temperature, we may estimate a Doppler Q of roughly
10° as possible. Oxygen will still have a vapor pressure of about
1 micron at a temperature of 39°K and 1759 microns at its melting
point of 54.39°K. The frequency of the oxygen lines will be sbout
2.5 times that of the ammonia lines, the § of 10Y about 10 times
that normelly used with ammonia; this gives a line width roughly
four times smaller and an input power of 6400/16 = LOO times larger
than for ammonia. Many of the oxygen lines are fairly intensse,
the strong K; = 9 line having an absi§ption coefficient of about
1/20 that of”the 3,3 line of ammonie’!, This factor will be as-
sumed without correcting for differences at low temperatures.

If the above rough figures are put into equations (15) and
(18) and o taken as small compared to &, the (R.P.) for oxygen
will be as great as for ammonia even ifcthe noise fiﬂﬁ?e for the
equipment is 100 times larger than that obtainable with ammonia
at the lower working frequency. This allows conaiderable leeway
since experience has shown that the low Q of emmonia is more
troublesocme then its velue of (R.P.) because of non~fundamental
errors other than those due to noiso?a¥A working @ of 10Y would
help greatly in reliably reaching clock accuracies of 1 part in
10© or better as long as increasing Q does not entail too low a

value of (R‘P°)max'

The above assumes that the necessary power will be available
at the oxygen frequency. At low pressures the power required
does not seem too high, particularly when considering modifica-
tions of available klystron multiplier tubes., The high Q would
also make it easier to use a resonant cavity absorption cell
instead of waveguide without as much difficulty from frequency
sensitivity as encountered with lower Q's.
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Since the oxygen line will be split by the earth's magnetic

. field it will be necessary to shield the absorption cell, Avail-
able data on mu-metal indicates that the spiitting of the order
of a megacycle could be reduced satisfactorily even without
special field-nulling methods being used. The broadening due to,
the splitting would not then prevent high Q. During magnetic .
storms the earth's field might vary from 1 to 20 milligeusses; -
the usual variations even during storms ere very slow and of the
order of 1 milligauss., The variations in the residual fields
after shielding by factors of perhaps 1000 would then be negli-
gible, Because of its high Q and large Zeeman effect oxygen .
suggests itself for use in apecial applicationes in a magnetometer
to measure weak fields through the Zeeman splitting rather than
preventing the splitting as in the present application.

4, NUCLEAR ELECTRIC QUADRUPOLE ABSORPTION

The use of pure nuclear quadrupole spectra for frequency
and time standards merits consideration because they have sev-
eral attractive features. The spectra should bridge the fre-
quency gap between the low frequencies where quartz crystal
oscillators are applicable and the microwave region., This
makes possible the use of ordinary tubes where relatively good
noise figures could be obtained and the adveantages of amplifiers,
modulators, etc. would be available., Crystalline solids would be
used as standards instead of gases or heams making the equipment
simpler, smaller and more rugged. The problems of aging and meche
anical vibrations or shock encountered with quartz crystals should
be obviated. Large samples can be rather conveniently used to
help improve intensity. '

The temperature dependence of quadrupole lines would require
temperature control of the sample. Temperature coefficients for
chlorine compoynds of about one part in 10,000 per degree have
been measured-“, However, Livingston's work shows that the fre-
quency for chlorine compounds becomes relatively temperature
insensitive at very lov temperaturesl®, In addition there is
some possibility that crystels can be found with lower temper-
ature coefficients. One such possibility would be crystals with
low temperature coefficients of expansion, because available data
indicate that the temperature shift in compounds such as iodine
is largely dngoto changes in the asymmetry parameter with temper-
ature changes<-. Temperature shifts can also be caused ty for-
sional oscillatioms of the molecules in the crystal lettice2l, 1In
either case, crystals with rigid lattices would probably give
lower temperature shifts of the quadrupole lines.
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The noise limited resolving power, R.P,, can be estimated
for quadrupole lines from formulas given by Pound for the signal-
to-noise ratios?2, In attempting to do this for iodine at 332 Mc
the amplitude signal-to-noise ratio comes out to be very high for
relaxstion times, T., of from 0,003 to 1 second, and other para-
neters correspond to a laboratory set-up at NBS using a large
sample in a High-Q resonant cavity. The relaxafion time ies ac~
tually tnknown, but work of Dehmelt and Kruger 2,23 on halogen
compounds indicates that an upper limit would proggbly be below
the 1 second limit given above as an extreme case<'. Even for 1
second the ratio obtained seems high in view of difficulties met
with at NBS and elsevhere in attempting to detect these lines with
a Zeeman-modulated, resonant cavity, absorption cell but without
using regenerative detectors. However, we have not had much dif-
ficulty detecting iodine with a superregenerator at room temper-
atures and with fairly good signal-to-noise ratios. Although the
advantages of regenerative detectors are clear, the fact that
only such systems have heen used in quadrupole work indicates the
small value of the absorption coefficientes obtainable, More work
remains to be done to obtain better information on these problems,
In the meantime, experimentally measured 3gadrupole lines show Q's
from 3,000 to 20,000 for iodine compounds<’; frequenciez have been
reported by Livingston for chlorine compounds in one case féving
8ix significant figures2 and in another case five figures~” but
with an absolute accuracy claimed of 1 part in 10,000. These
results indicate that the line frequencies could be read *c con=-
siderably better than 1 part in 10,000, It is difficult to Judge
at this time as to the ultimate potential frequency precision
indicated experimentally with quadrupole lines so far discovered,
However, at higher frequencies and with refined frequency measur-
ing techniques, these results may become somewhat more promising.

5. ATOMIC OSCILLATORS AND MICROWAVE FREQUENCY DIVIDERSQ6

There are many different ways gf using absorption lines to
make frequency standards and clocks 2, Some of these methods
apply to different kinds of spectroscopic standards such as guade-
rupole lines, gases and atomic beams; cthers do not, es will be
self-avident. To be considered first will be what may be termed
an atomic oscillator; that is an oscillator controlled in frequency
directly by the absorption line rather than indirectly through a
servo-mechanism, It would be desirable to design such an oscillator
exactly analogous to preclsion, stabilized, quartz-crystel oscilia=-
tors. The most commonly used circuit for this, where the highest
precision is necessary, is the Meachem, wheatstone bridge oscillator
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shown in Figure 527. Changes in both gain and phase in the feed-
back loop of this self-excited oscillator are prevented from
shifting the oscillation frequency much if gain is sufficiently
high. This stabilization is accomplished by the balancing action
of the bridge and the amplitude-limiting action of the tungsten
lamp and may also be considered as the result of a form of neg-
ative feedback. The analogous circuit using a gas absorption
line for control, a six-arm weveguide wheatstone bridge<~ and
thermal unit to replace the lamp is aleo shown in Fig. 3 where
the position of the thermal unit (barretter or thermistor) de-
pends on the sign of its temperature coefficient of resistivity.
A nmagic tee could also be used; the six-arm bridge allows imped-
ance matching through adjustment of the ratio arms. In this cir-
cuit, the bridge becomes a transmission filter allowing feedback
and oscillation only at the resonance frequency of the gas.

The input impedance of a shorted waveguide filled with 2
absorbing gas is, in the usual notation, following Smith et al

Z = Z tenh E:¢°+JB+7/2]°L  (24)
]

. .
7=, ﬁmo/lgwo + Jo - wo)]- (25)

vhere

The complex gas attenuaticn qonstant, y, is taken from the
theory of collision broadening and has a real part equal to the
absorption coefficient already given. The absorption end dis-
persion are equal at the angular frequencles, w, where w - @, =
A ». and ¢;¢b is half the angular line breadth. In using the
gas £11led cell®in an oscillator both the absorption snd dis-
persion are involved so that this method illustrates one appli-
cation where dispersion is made use of compared to most methods
which use the absorption only. If the cell is used to terminate
one side arm of a magic tee as shown in Fig. 3 the insertion loss
of the tee can be calculated, If the ammonia cell were completely
absorbing, giving a maximum unbalance of the tee, a minimum in-
sertion loss of 6 db would result for matched generator and load.
This loss would have to be made up by the amplifier in the feed-
back loop of the oscillator. For oscillation the net phase shift
around the feed-back loop must be zero, and the total loss equa

to the gain.. In general the insertion loss would be found fro 0
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1" 2
Py = P, il#Y1$il+Y2) (26)

vhers P, 1s the output powsr from arm i of the tee into a matched
load, P is the available power from a matched generator on amm 3,
and Y, 8nd Y_ are the normalized admittances terminating the side
arms } and 27 This equation shows, of course, that the tee is .
balanced with equal side arms, but will trensmit if one arm is
filled with absorbing gas at the absorption frequency, since the
admittance or impedance will be different for the two arms and
will go through resonance as sh by equations (24) end (25) for
the gas f£illed arm. Smith et 2129 have shown that the impedance
of the cell looks like a series-resonant cavity, having constants
depending on the waveguide, in series with a parallel-resonant
cavity depending on the gas only. This indicates, as expected,
that the cell can be replaced by a resonant cavity, in an equiva-
lent circuit to test the oscillator, at frequencies where empli-
fiers are available, This has been done at frequencies in the
3,000 and 6,000 Mc ranges. In the meesntime & klystron amplifier
has been developed by Varian Associates for this application at the
23,870 Mc frequency of the ammonia 3,3 line. A gain of about

13 db has been achieved; the tube is shown in Fig. k and is quite
small and relatively easy to use, Production of additional tubes
has been delayed so that further progress will also be delayed,
High gain obtained by using several tubes in series will increase
the stabilization obtained,

A suggested method for svoiding the need for K-band amplifiers
conbined with a meangéfor frequency division has been given in a
previous publication<®. It has been shown that microwave freq-
uency division for use 1in clocks or to provide additional freq-
uencies from an oscillator such as that discussed here can be
carried out with a precision of at least a part in 1 oo Accorde
ingly, the combination of an atomic oscillator and frequency
divider should have an accuracy determineg by the oscillator alone.
Reference may be made to the above paper2 concerning further de-
tails of the frequency divider circuits. However, it may be noted
here that further details on klystron multiplier tubes which cen be
modified for use in s divider for 23,870 Mc are given in the next
section.




6. AMMONIA OR OXYGEN CONTRCL OF QUARTZ CLOCK

In contra-distinction to the atomic oscillator-frequency
divider type of clock, it is possible to make a clock controlled
by the spectroscopic standard through a servoemechanism. Any
spectroscopic 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 standard, the frequency is lowered
by one means or snother to a suitable value for driving a counter
such as a synchronous motor clock. It is preferable that no more
than the minimum of one servo-mechanism be included in the equip~
ment in order to obtain maximum accuracy and simplicity. In ad-
dition, the oscillator to be controlled should be inherently as
stable as possible without control in order to ¢btain the maxi-
mum flexibility and simplicity in design end maximum continuous
frequency accuracy. Frequent servo-correction of en unstable,
controlled oscillator requires 2 wider band servo loep than
would be the case for a stable oscillator. The larger noise
bendwidth this entails reduces the ultimate accuracy attainable
for a single correction and thus the maximum contimious frequency
accuracy. If one servo is used to control the main oscillator
and additional servos for controlling lower frequency equipment
to run the clock, this will exceed the desirable minimum of one
servo only.

Pigure 5 shows Ehe basic design principle of all the types
_of NBS servo-clocks ~. Here, only one servo is used and the
controlled oscillator is the most stable and reliable type obe
tainable, namely & quartz crystal oscillator, which in turn
drives the motor clock. Two ammonia controlled clocks of th%g
type have been built and operated for developmental purposes-<.
A third unit to be briefly described later is plenned for
greater accuracy, reliability and running time, It is also
planned to investigate the use of oxygen in more detail since an
oxygen absorption cell could be used with the present servo clock
methods,

The detailed block diagram of the Model 2 ammonia clock is
shown in Fig. 6. Here it is clear that the frequency gap between
the controlled quartz oscillator and the absorption line is
bridged by means of a frequency multiplier chain. The occure
rence of irregular frequency variations or frequency Jitter in the
controlled oscillator which occur at a faster rate than the fre-
quency of correction by the servo, would obviously result in
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limitations on accuracy. The use of the quartz crystal oscillator
ereatly reduces such difficulties as compared to the control of a
Klystron dscillator. Irregular frequency variations have been
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 Jjitter when quartz-
crystal drive is used. The figure was obtained by sweeping the
multiplier chain over the ammonia 3,3 line in a period of about

15 minutes. The markers are about 26 k¢ apart. The periodic
zig~zag on the curve is due to the gear-teeth in a gear reducer
used to drive a rotating condenser which in turn swept the chain

in frequency. Unfortunately, a cleaner recording illustrating

the lack of frequency Jitter with s quartz oscilletor is not now
available. However, the results are nevertheless evident; a slow
variation in output level is Just about evident in the interval

of fifteen minutes. Automatic gain or power normelizetion methods
night be necessary if longer intervele were used in this particular
setup which used most of the Model 2 circuits in making the record-

ing.

The occurrence of frequency fluctuations in the controlled
oscillator affects the minimum rate of servo-correction which
nmust be used to obtain a given overall accuracy. This raises
the question as to the magnitude of the short-time fluctuations
in & quartz-crystal oscillator. Fig. 8 after Booth and Laver
shows the variations in some of the best quartz oscillstors main.-
tained at the Post Office Redio Branch in Englend over a period of
hours and over a period of minutes)> ., The fluctuations amount to
10 to 20 parts in 1010 over a period of hours and of the order of
1 or 2 parts in 1010 from minute to minute. If a frequency accuracy
of one part in 100 million is desired for & servo-controlled atomic
clock, infrequent serve corrections will be needed for s precision
quartz oscilletor. On the other hand, 1f en accuracy of one part
in 1010 is desired and otherwise possible, as potentlally indicated
for atomic beam techniques, the servo must correct the quartz clock
at short time intervels even for the best quartz oscillators, and
the noise-limited resolving power for such short-time corrections
must be great enough to allow attalnment of the desired eccuracy.
The progress recently made in high-Q, low-drift quertz crystals will
help reduce this difficulty, but the above date indicates the order
of magnitude of the effects.
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If the servo corrects the quartz clock N times in such a way
that only random errors are left, as in the case of errors caused
by noisei the averaged fractional time error wi&l be reduced by a
factor N /2 as compared to a single correction™ . If the noise
bandwidth is reduced.by a factor N, the {7ndom fractional time
error will also be reduced by a factor N 2, It is clear that in
correcting the quartz clock the noise bandwidth must be larger
vhen frequent corrections to one part in 1010 are attegpted, than
for the case of infrequent cofrections to a pert in 10%,

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 constency on a continucus basis, Will there be any ad~-
vantage in frequent corrections even if only infrequent correc-
tions are necessary to control the quartz crystal variations for
a particular desired accuracy? The rumnning 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 minimum noise
bandwidth. For a fixed running time, the random fractional time
error will be independent of the rete of correction if the mini.
mun noise bandwidth is always used, which implies essentially con-
tinuous control., However, highest instanteneous frequency accur-
acy requires in addition the lowest possible noise bandwidth by
using the longest practicable period between corrections and mek-
ing this period equal to the reciprocal noise bandwidth. The
quartz-crystal drive stability greatly aids in this,

A correction in which the servo operates rapidly to deter-
mine the correction, using a large bandwidth, but under conditions
such ‘that these corrections are infrequently mede, will result in
random errors larger than minimum, Suppose, for example, that an
ammonia clock uses such a stable quartz oscillator, that servo
corrections are made once a week in an interval of one second.
During the period between corrections, the servo is dlsconnected
and the quartz clock runs uncontrolled at an almosticonstant rate
but with a random value of rate determined by the servo. In this
wvay maintenance of the complex clock circuits can be carried out
and reliability and long, uninterrupted running times increased.
Theoretically, the random time error in this method of operationm,
will be larger over a periocd of one week, than if frequent correc-
tions had been made, say every second, utilizing therefore the
same noise bandwidth as for the 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 essentiaelly contine
ous control of the quartz clock by the ammonia, 1t might be nec-
asgsary to make correcticns infresquently to allow for maintenance
werk and to insure that the clock can run for very long, uninter=
rupted intervals by reducing the amount of equipment, required to
run continuously, to & minimum, If a whole bank of clocks is used,
as in quartz clock practice, continuocus control might be more prec-
tisable, while emsuring continuous time-keeping records. 1In eny
cage it 18 clear that quartzecrystael drive will result in several
different kinds of advantages ss compared to a less stable type of
drive.

The frequency multiplier chain shown in Fig, 6 uses ordinary
techniques at the lower frequencies and a Sperry 2K47 klystronm
multiplier tube followed by a Sperry 2K35 klystron emplifier at the
298%.8 Mc level., The multiplier chain is very frequency sensitive
because of the large number of tuned circuits operating in cascade.
It is therefore difficult to swing the signel across the spectrum
line with constant input to the absorption cell. This is neces-
sary if an apparent shifting of the absorption line is to be avoid-
ed. The tuning of the multiplier chain becomes criticel and is
difficult to meintain at the proper, constant operating point. In
addition miorophonics, hum and other factors cause the output of
the cheain to be modulated,. All of these factors result ia what
may be termed slow power variations and faster power Jjitter which
adversely affaect the accuracy obtainable, Figure 9 shows the out=
put of the multiplier chain of the Model 2 clock whem opereted at
r.f, power levels which are either too small or too large, illus-
trating the change in the average level with frequency due to mis-
tuning and also the modulation. Figure 10 shows the same output
vhen the r.f. level is adjusted so that the klystron tubes are
saturated., The output is now flet and the modulation removed.

This mode of operation of the chain employs the klystroms as micro-
wvave limiters and is a simple, non~criticel end powerful method of
improving the performance of guch cheins in these applications,

The Model 2 ammonia clock shown in Fig. 6 can now be 4is-
cussed in somewhat more detail. The wavoform' shown in Fig. 6 are
illustrated more clearly in Fig. 1ll. gntailod circuit diasrunl
and discussion will be published eluewhnre
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The primery signal source for the ammonia /&8&3“‘13 a quartz
crystal, bridge-stabilized gscillator having a short time stabi-
1lity of about 2 parts in 10" per day. The grequency of the os-
c¢lllator may be shifted several parts in 10~ above and below 100
ke by an extermal capacitor commected to the guartz crystal bridge
circuit. A frequency divider provides a 1000 cycle source direct-
ly coatrolled by the crystal oscillator for operating the syn-
chronous clock.

In order to reach the particular frequency of the 3,3 line
of smmonia and to provide a sweeping signal across the line a
second signal source is incorporated in the system. This source
is a modified, electron-coupled oscillator operating at a center
frequency of 13.8 Mc and is frequency modulated + O.04 Mc by a
rotating capacitor. The plates of the capacitor are cut for a
linear frequeacy variation with time in both directions of the
sweep. The sweep frequency is 10 c¢cps allowing 20 sweeps per sec-
ond across the ammonie line,

Conventional vacuun tube multiplier circuits are used to
mltiply the 100 ke source to 2970 Mc. A klystron multiplier
tube is used in the range of 270 to 2970 Mc. The driving power
required at 270 Mc is epproximately 1 watt. The 2970 Mc signal
is combined with the frequeacy modulated 13.8 Mc source in a
synchrodyne circult at the klystrom multiplier. The ocutput
cavity of the klystron is tumed to the sum frequency or 2983.8
Mc frequency modulated + O.Oh Mc. A 2KL7 klystron is used in
the multiplier synchrodyne stage and is followed by a 2K35 kly-
stron smplifier from which amn output power of 500 mw is obtained
at 2983.8 Mc. The eighth harmonic of the sum frequency, or
23,870 Mc frequency modiﬂ.atod + 0.32 Mc, is gemerated in a germ-
eniun crystel mounted in the waveguide of the absorptiom cell es
shown in Fig. l2.

The cell consists of 20 feet of 1/4" x 1/2" waveguide hav-
ing mica window vacuum seals at each end and is shown in Fig. 13.
The frequency modulated signal is initiated at one end of the
cell and a germamium crystal at the other end detects the loss
of power due to absorption by the ammonia gas.

The discriminator described below has been greatly improv-
ed over that used in the Model clock and has been developed by
B.F. Busten and E.D. Eeberling3 . A large variety of discrine-
inat;;g could be used :2; a promising new method is dlscussed
late o
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A pulse is developed at the detector having ths appearance of
a resonance curve and fed to e pulse amplifier. The pulse ampli-
tude at the amplifier output is approximately 20 volts. A IC volt-
age approximately equal to the peaketoe-peak amplitude is developed
by rectification of the pulse. A portion of the voltage is obtain-
ed in & resistance divider and is used to determine the conducting
point of a diode gate thereby passing only that part of the pulse
vhich is equal to or greater then the DC voltage applied to the
diode. The divider therefore determines the clipping point and is
set for about the half intensity point on the sides of the ammomie
pulse. The peaks of the pulses are clipped in the following cir-
cuit leaving only a small section of the sides of the originsl
pulse, After further amplification and smplitude limiting, a rec-
tangular wave ls produced having a constant amplitude and a length
about equal to the half width of the ammonie pulse.

A quartz crystal is used as a passive filter and is ground to
the frequency of the 15.8 Mc FM source corresponding to the center
frequency of the ammonia line or 13,767 Mc. Sharp pulses are pro=
duced as the M signal sweeps across the crystel frequency. The
exact frequency to which the clock meintains control is dependent
upon the quartz crystel. filter., The stebility requirement of the
crystal is reduced from the ultimate stability of the clock by the
ratio of 2983 to the crystael filter frequency.

An electronic switch having one input and two output channels
is triggered by the crystal fllter pulses at a time when the fre-
quency at the ammonia cell is passing through the region of maxie
mum ebsorption. Therefore the switch 1s actuated at times during
the progression of the rectangular wave derived from the ammoniea
1line es shown in Fig. 1l. The first psrt of the rectangular wave
is diverted ianto channel 1 and the remaining pert into channel 2.

A separate ampiitude limiter and equalizer for each chamnel
is provided so that the only varieble shall be pulee length. An
integrator for each channel converts changes in pulse length t¢
changes in DC voltaeges. The circult arrangement provides for op-
posing D¢ voltages of equal magnitude resulting in e net DC error
voltage of zero when pulses of equal length are applied to the
channel iaputs. This condition corresponds to the quartz crystal
frequency of 100 kc when no correction is required.
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The DC error voltage is applied to an amplifier and servo
motor system having a sensitivity of about + 0.05 volts DC for
rotation reversal. A speed reducing gear train completes the
servo loop in coupling to the variable capacitor in the 100 kc
quartg-oscillator bridae circuit.

In the event of a frequency deviation at the 100 kc source
a corresponding shift occurs in the center frequency of the
sweeping signal applied to the absorption cell., The position of
the ammonia pulse is therefore displaced from its original posi-
tion and the electronic switch no longer divides the rectangular
wave derived from the ammonia line equally for each integrator
channel. A DC error voltage is developed the polarity of vwhich
is dependent on the direction of drift at 100 kc and which has
a magnitude, in the vicinity of zero error voltage, dependent
on the amount of drift.

Time delays in the circuitry causing the smmonia pulse to
appear late are minimized by sweeping in both directions, the
effect of the delays averaging out in the integrating circuits.

Variations in the ammonia pulse width as may be encountered
with gas pressure variations are reduced by camcellation. Pulse
width variations which are symmetrical about the center frequency
of the ammonia line produce equal changes in DC voltages at the
output of the integrators resulting in a net change in error
voltage of zero. In practice the clock has been found to be quite
insenaitive to pressure broadening changes.

The outputs of channels 1 and 2 are integrated by long time-
constant, filter circuits which effectively control the over-all
noise bandwidth. This filtering helps greatly in reducing the
effect of transients which e.g. night get into the circuits
through interference or from the power line, The use of quartz
crystal drive, of course, makes it possible to use long filter-
time constants with ease since the servo does not have to cor-
rect such a stable oscillator at a rapid rate. In these cir-
cuits, large bandwidths are used where convenient at certain
stages without making the over-all noise bandwidth large.
Specifically, sweep rates of ten per second make it possible to
sveep across the spectrum line before power level chamges &t the
input to the absorption cell can take place. The discriminator
output for individual sweeps does not, however, control the quartz
oscillator but only the average of a large number of sweeps.
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Figures 14 and 15 show respectively the Modei ,Amonia olock
and its performance in ocontrolling a very poor, unstabilived and
non-temperature ocontrolled orystal oscilletor., Froat and rear
views of the Model 2 alock are shown in Figures 16 end 17, PFor
thie clock Figure 18 shows the frequency comstancy iam the face cf
forced perturbations of the quartz orystal., The freguency remains
sonstant to about ome part in 100 million in eplte of pervurba-
tions of roughly tem times this amount. The figure shows the fre-
quency variations with the servo loep open aad ther the comtrol
efrected by closing the.loop. The clock thsrefore has & sonsie
t1vity of about 1 in 10%; that is, the servo will detect aad cor-
rect for frequemcy drifts of ebout + 1 pert im 107, The long-
time stability is, however, about + 2 parts in 108.as shown by
¥igures 19 and 20, EHere, a rum lasting about 8 days end nighte
ves made and the clock frequemcy comtinmucusly recorded by beating
against a standard frequency obtained from the B8 primery fre-
quensy stemdards, In the future, much lomger ruas will be xece
essary to obtain definitive information om the long-term cone
stancy of such olocks, The timekesping sccuracy will also be
determined in addition to the frequency comastancy by lutegrating
the time error over long intervals, If omly rendom errors are
presont, the averaged time should be very socurate.

Referring to Pigures 19 and 20 certain features of the
recording require explanation. In regioms betwesen points marked
A and A', the servo oomtrol was removed from the 100 ke crystal
oscillator, which then ram uncontrolled. Duriang thie time, the
absorption cell was repumped and sdjusted. This procedure indie
cates a method for allowing maintensnce and servicing while allow=
ing acourate and uninterrupted timekeeping., The recording shows
a more constent frequency while uacontrolled tham controlled be-
cause the shorte-time comstancy of the quartz crystal cszilletor
is affected by its commection to the servo, With all these cone
nections the oscillator will drift fairly repidly if mot come
trolled by the ammonia, Sinmilarly, if all the conmections are
removed, there will be the usuel cumulative, lomg=time drift of
the quartz orystal but the frequeacy will be quite constant over
short time imtervals. Reocordings showed the present oscillator
frequency to m much more comstant when controlled thanm vhen
uncontrolled under the condition that all the servo clrcuits
are connected to it as in the normsl operatiomn & the clock., The
points marked B in Figure 19 and 20 are transients affecting the
recording system but mot the clock, This car be geen by exanine
ing the deviations im the clock freguency at the points marked C
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vhich occurred during umattemded operating periods. The lomg time-
comstant imvolved at poimts C as compared to the tramsiemts at B
indicates the recorder omly was affected. At the poimt D, the
frequency multiplier chaim was tumed up while the servo coatrol
vas off, This affected the recordiag system omly simce the out-
put at 270 Mc was used to beat against the stamdard frequeacy
referemce, oo

In the Model 3 ammomia clock being developed the desigm calls
for completely differeat tubes, circuits amd cells im order to
provide further comstamcy, resettability to a stamdard value, amd
long-time rumning of perhaps a year or more. The multiplier chainm
will use the Sperry SMC-11 and SMK-4O klystroms showm im Pig. 21
and 22. The SMK-hO has am output at the 3,3 lime frequemcy of
ammonia and has beem successfully operated with am output of ome
watt. This will allow excess power to drive am absorptiom cell
of large cress-section amd a large reserve for padding so as to
comtrol uamdesired reflectioms im the system, The tube caa be
run at a low level to imcrease its life.

A ninimun of two separate quartz oscillators using the best
crystals available will be controlled by the ammomia at inter-
vals of several days depemdiang om the drift rate of the crystals.
Between correctioms the oscillators will rum umcontrolled amd
will be comtimuocusly compared agaimst each other. Im this way,
naintemance work cam be carried out and breakdowms elsewhere
than in the oscillators prevemted from imterruptimg the rumaing
of the clocks. Before the automatic comtrol is applied, all
circuits cam be checked for proper operatiom, further emhamciag
reliability.

: Prelimimary work has beem carried out om a mew discrimina-
tor method which shows great promise for the Model 3 clock. The
method is illustrated by Fig. 25. The frequemcy multiplier chain
is slowly frequemcy modulated about the cemter frequeacy of the
absorption lime and the lime 1s used as a demodulator converting
the FM to AM as showa., If the quartz-crystal frequemcy is cem-
tersd, the output sigmal has equal peaks, while for off-cemter
operation the cutput is asymmetric with the directiom of off-
centering indicated by the asymmetry. The FM sweep width 1is
adjusted for optimum semsitivity such that the turming poiats
are at the frequemcies where the rate of chaange of signel 1s a
maximum. If peak readiags of the output sigmal are used to
indicate the correct cemter frequemcy the method will be im-
hereatly imdepemdeat of pressure broadeaimg, amd of the magni-
tude, rate and limearity of the frequemcy modulationm.
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A relatively crude spectrograph has beem built to test the
possibilities of the essemtial scheme givem above, Microphomics,
shielding difficulties and other factors due to the simple setup
used, limited the accuracy obtained im the test. Quartz crystel
drive was used with a broadbanded multiplier chain to allow for
the FM. The fimal multiplier stages used the Amperex AX-9903,
the 2C39=A, SMC-1l end SMK-LO tubes im thet order, Saturatiom of
the output tubes was obtained without use of additiomal amplifiers
between multiplier stages so that the klystroas operated as micro-
wave limiters. A superheterodyme detector was used; am.improved
unit using a local oscillator sigmal derived from the imput sigmal,
and sweepiamg with it so that a comstant 1.f, frequemacy is obtaine-
ed, is mow under developmeat. Frequeacy settimg semsitivities of
a part in 10 milliom were easily obtaimed and the imtermal com-
sistency of the settimgs was good using only am oscilloscope as an
imdicator. Im particular, the ability to set precisely to the
center frequeacy was demonstrated. This is & mecessary prerequi-
site for a primary frequemcy stamdard or clock as compared to
naking a clock which will run et a comstant rate but in which 1t is
difficult to adjust this rate to the primary stamdard value without
exteraal referemce stamdards. Proper instrumentatiom of the im-
dicator will greatly improve the semtivity obtainable. Im. the
Model 2 cloak difficulty im setting to the cemter frequemcy of the
ammonia lime has heem experiemced,

7. ATOMIC EEAM CONTROL OF QUARIZ CLOCK

The adaptatiom of the previously described servo method to an
atomic beam equipment is showa in T 7. 24, The beam squipment is
of the Rabl magmetic resomance t and 1s showm im Fig. 25.

The advantages of atomic beams result frem their virtusl elimin-
atiomn of collisiom amd Doppler broademing. Power saturatioa is
also avoided since a fresh stream of umexcited atoms comstantly
emerges from the ovem. Uaprecedemted Q's should be possible usimg
cesium or thallium atoms. Ia this first umit cesium gas been used,
both cesium and thallium being suggested by P. Knuch5 .

The Q obtained by this method is determimed by the time the
atoas spead in the tramsitiom or excitatiom regiom showa betweea
points I and 6 in Fig, 24, The sharpmess of resomance is deter-
nined by the umcertaimty priaciple, AE ¢ &t ash where & E is
the width of the emergy level amd At is the lifetime of the
state, that is, the excitatiom time, amd h is Plamck's comstant.
In terms of the tramsitioa path lemgth, L, amd the thermal velo-
¢ity of the beam, the Q is therefore
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£ Lef
< o4 f = velocity (27)

which indicates that high frequencies and long path lengths should
be used to obtain high Q. It is partly for this reason that heavy
atoms such as cesium or thallium are planned for use in this clock, -
since they have frequemcies high up in the microwave rangs. The
theoretical values of Q formany atoms have been verified experi-
mentally at lower frequencies and lower Q's in work at Columbia
University as well as for cesium at NBS. It is difficult to ob-
tain the desired excitation of the beam over a long path length
such as 50 cm at the cesium and thallium wavelengths of approxi-
mately 3 and 1.5 cm, _The separated oecillating field method dev-
eloped by N.F. Ransey39 can be applied to this problem and is
planned for the NBS unit. P. Kusch has carried out preliminary
experiments to verify the operation of this method and hﬂs obtain-
od the expected § values using potassium at about 500 Mc™. Por

a 50 cm path length the Q's of cesium and thallium should be about
30 and 90 million, respectively. In the Ramsey method output cur-
rent curves from the detector can be obtained which look either
like absorption or dispersign curves according to the adjustments
in the excitation circuits’’. Here the beam is excited only at
the beginning and the end of the transition path length, meking
excitation easier. The dispersion type output offers esnother
promising method for setting to the center of the transitiom,
since the output signal has a maximum rate of change at the re-
sonance frequency.

The transition used in cesium depends on the splitting of
the ground state by the interaction of the magnetic moment of the
nucleus with the extranuclear electrons. This splitting emounts
to 9192.632 Mc. The atoms are space quantized and are focused
on the detector by the inhomogeneous fields of magnets at points
3 and 7 shown in Fig. 24. The exciting field in the region of
homogeneous magnetic field C, causes transitions from one orien-
tation to another, thus chenging the focusing action and detector
bean current.

The technique of beam methods requires that magnetic field
C be finite rather than zero, or spacenguantization of the atom
is destroyed and the beam is defocused ™™, The transition fre-
quency for zero magnetic field is the ground state splitting of
the atom, and this will of course be altered by the Zeeman effect.
It is therefore necessary to reduce the effect of this external
field on the frequency to negligible proportions.
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This cen be done, as seen from gg inspection of the following
formula for the transition frequency”“.
v .
aa

2enle Y

tady + (8 -8)° o (e8)

This is the frequency of the o-line of cesium for a change of
total angular momentum quantum number F from F w" h«dF = 3, F is
the sum of the nuclear plus the electron angular momenta. In this
transition, the magnetic quantum nusber chenge & m = O, Numer-

icslly, $he frequency is given by £ = (9192.632 + 0,000k27 H2) x
10° sec™t, The symbols in the above equation are as follows:

£ = frequency
h = Planck's constant
E = magnetic field strength

AY = transition frequency at zero field
(ground state splitting)

Ho = Bohr magneton

I = 7/2 for cesium, nuclear angular
momentun in units of h/2x

J = 1/2, electronic anguler momentum in
units of h/2x

BJ‘/EI = =5018; g; = 2
Av = 9192.632 + 0,002 Mc

In the above equation, H must be small and &v large, indicating
that atoms such as cesium or thellium with large values of & v
should be used to reduce the Zeeman effect. For cesium, the mag-
netic field must be kept constant within only' ten per ceat for
fields of 0.1 gsuss for a frequency constancy of one part in 101 .
The transition (4,0«93,0) given above is almost completely field
independent; other field-sensitive trensitions will give lines
completely resolved from this line at fields of O.l gauss.
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The beam equipment shown in Fig. 25 has been operated with a
preliminary +transition path length of about one cm obtained by
passing the cesium beam through the exciting X-band waveguide.

The excitation was obtained by means of a quartz crystal oscilla-
tor and frequency multiplier chain terminated in Sperry 2K47 and
2K46 klystron multiplier stages. This method gave the necessary
stability and made precision measurements possible. The expected
Q of the order of 350,000 was obtained. The Ramsey method of ex-
citation wes not used in order to make the first excitation of this
transition relatively easy to find. The field-insensitive a-kéne
glven above was measured giving the value 9192,632 + 0.002 Mc

A recording showing two traces of this line is shown in Fig. 26
The symmetry and large signal-to=-noise ratio indicate te possi-
bility of frequency measurements to a small fractiomn of & line
width. By measuring with the steeply sloping sides of the line it
has been found in preliminary work that measuring sensitivikées

of better than one part in 20 to 50 million can be obtained

This work is now in progress with indications that further 1mprovo-
ments of perhaps an order of magnitude may be possible, However,
i1f a path length of 50 cm cen be used increasing the Q over 50
times (the Ramsey method further sharpens the output curves) these
results gi;o experimental evidence indicating an ecuracy of one

part in 107 or better ¢ Still higher values may be
indicated for thallium, E%ebﬁo 3@30& i%o&&
8., CONCLUSION

If the accuracies indicated in the previous section can be
achieved over long time intervels, it may be possible to compare
atomic time against the mean sidereal year. The day does not
seem constant enocugh for a significant comparison of this type in
a reasonable length of time. A long-running, precision atomic
clock could alsc te used for timekeeping between measurements of
the meen sidereal year, Just as the quartz clock is used between
measurements of the day through observation of successive star
transits. The application of atomic clocks and microwave spectroe
graphs to measurement of fluctuations in the length of the day -

_appears a promising possibility. The application to dhew unit for
time and frequency also seems encouraging. A related possibility

appears if millimeter wavelength interferometers cen be built with
high precision, since these could be illuminated by radiation de-~

rived from a clock and the stan & rd of time and of length perhaps

based on a single spectrum line Progress in millimeter radia-

tion sources and detectors should help this application.



In the references which have been listed it will be noted
that an attempt has been mede to provide, at least in part, a
working bibliography. Several of the papers cited also contain
extensive bibliographies. ‘
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FIG. 4 . KLYSTRON ARIAN ASSOCTATES
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SWEEP ILLUSTRATING STABILITY OF QUARTZ CRYSTAL DRIVE.
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FIG. 10. SAME OUTPUT AS FOR FIG. 9 WITH R F LEVEL ADJUSTED FOR SATURATION.
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- NOTES ADIED IN PROOF

Since this paper was written, the cesium line has been
excited with a path length of 50 cm by the Remsey method,
A Q of 30 million has been obtained with intensity end
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 an accuracy of one part in 10
billion may be achieved. Further measurements are in pro-
gress.

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

a. Y. Mintz and W, Munk, "The effect of winds and tides
on the length of the day", Tellus, 3, 117 (1951).

b. F.H, van den Dungen, J.F. Cox and J. van Mieghen,
"Variations in the earth's angular velocity resulting
from fluctuations in atmospheric eand oceanic circula~
tion", Tellus, 2, 319 (1950)., Also reply by W.E. Munk
and R.L. Miller on pages 320 - 321,
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¢c. N. Stoyko, "La variation de la vitesse de rotation de la
Terre" , Bull. Astronomique, 15, fasc. 3, 289 (1950).

d. D. Brouwer, "A new discussion of the changes in the earth's
rate of rotation”, Proc. Nat. Acad. of Sciences, 38, No. 1,
1 (1952).

e. H.M. Smith, "The estimetion of absolute frequency in 1950 -
1951" preliminary draft to be published by the Institution
of Electrical Engineers. (England) as a monograph dated
May 15, 1952.

f. X.D. Froome, "Determination of the velocity of short elec-
tromagnetic weves by interferometry” Proc. Roy. Soc., A,
213, 123 (1952).

Reference (s) above shows that the annuel fluctuation in the rate
of rotation of the earth has diminished by 40 percent in ampli-
tude in 1950 - 51 as compared to that of 1934 - 1949, In refer-
ence (a) Mintz and Munk use new meteorological data to calculate
the seasonal fluctuation in the rotatich of the earth., The zonsl
winds are now found to account for only one third of the reported
fluctuation, with a large uncertainty in this result because of
inadequate data in tropical and southern latitudes. In reference
(d) e new interpretaticn of the irregular fluctuetions in the
earth's rotation is suggested.
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