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THE ATCMIC CLOCK

An Atonic Standard of Frequency acnd Tine

A basicolly new, prirary standard of frequency eand tirme, invarient with
age, has been developed at the National Bureau of Stendards; an atomic clock
based on a constant natural frequency essocizted with the vibratiocn of the
atorie in the armonia molecule. Based on a principle developed by Dr. Herold
Lyons of the Bureau's ricrowave research laborctory, the new clock promises to
surpass by one or two orders of ragnitwiec the accuracy of the present primery
etandard, the rotating earth. Dr. Lyons was assisted in the design and
construction of the clock by B. F. Husten, E. D. Heberling, end other menbers of |
his staff,

This i1s the first atoric clock ever bullt and is controlled by & constant
frequency derived from a niicrowave abeorption line of arwrionia gas, providing e
tire constancy of one part in ten million. Thecretical considerations indicate
a potential accuracy of one rdrt in & billion or even ten billion, depending on
the tyre of atonic system and spectrw: line used.

The pregent crowding of the radio frequency spectrum has imposed severe
linitationa, both nationally and internationally, on the expanding use of radio
for industry and conrunicetions. The etomic clock ray be cxpected to benefit
‘greatly the corzmunications industries and the nilitary services, for it will,
in effect, provide additional rcom in the rndio frequency range for more

corrunication stetions of all tyres. The present "

radio space” allows for
o drifting of each station's frequency, so that a broed "radio srace" is required
if interference with other stations is to be avoided. The raxirum utilization

of nvailable space in the radio spectrum depends on the accuracy with which
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the frequency of an individual station can b§ controlled, especially at the
higher frequenciees where quartz crystals canébt be used as frequency controlling
elements. These frequencies, ueed by radar, television relays, and microwave
equirment in general, could be controlled by atomic elements. Such control
would also rake possible the rermanent establishment of radio channels on

~such an exact basis that tuning could be made as automatic as the dialing of a
telephone number.

The improvements in frequency and time measurement offered by the atomic
clock are alaso of fundamental importance in many fields of science. An absolute
time standard will be of specisl importance in astronomy, where present time
gtandards leave much to be desired. The atomic clock and the method represcnt
important tools of resesrch and development in every technical field where
precise measurcrents of time and frequency erc crucial--for example, in long-
range radio navigation systems, in the upper range of the microwave region
wvhere atomic systems can serve as electronic components, end in basic research
in mierovave gvrectroscopy aud riolecular structure.

The preeent time and Ireguency staudards ere based on astronomical
determinationa of the period of rotation of the earth. However, the ezrth is
very cradually elowing down in response to the forces of tidal frictlon in
shallow seas. In addition, there are irregular variations--scme of them
rather sudden--in the period of rotation, the reasons for which are unknown,
These two causes are responsible for changes in mean solar time and therefore
in the frequency of any pericdic or vibrating eystems mecasured in terms of
such time stondards.

In recent years, vibrations of atoms in moleculeg--or what are more

specificelly termed spectrum lines originating in transitione between energy
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levels of these atomic systems--have been found in the microwave region of the
radio espectrum. It hos been possible to reake very precise measurements of
these lines by redio methcde ueing all-electronic equipment of unprecedented
cenaitivity end resolution. When 1t became evident that such spectrum lines
might eventually provide new primary frequency stendarde, scientists at the
National Burecu of Stendards begun seeking a means of utilizing one of these
lines to control an oscillator which in turn could be used to drive a clock,
Because the resulting equiprent, tﬁe atomic clock, 1e controlled by the
invariable nolecular system of ammonia gas, 1t 1s indepcndent of astronomical
determinations of time.

The National Bureau of Standards atomic clock consiste escsentially of a
crystal oscillator, a frequency multiplier, a frequency discriminator, aend a
frequency divider, all housed in two vertical-tyve cabinet racks, on the top
of which are mounted a special 50-cycle clock and a waveguide absorption cell.
Armonia gos under a pressure of 10 or 15 microns is raintained in thic cell,

a rectangular 1/2 b d l/h-inch copper tube QQund in a compact 30-foot spiral
ebout the clocl:.

The new development uses on absorption frequency of amnmonia to hold a
microvave signal fixed., If the microwave signal output of a generator differs
in frequency from the armonia absorption line, then the control circuits
gencrate an "error sigmal" whiech brings the nicrowave signal back to the
freqpency of the spectrun line. The oscillator genercting the microwave signal
is thus controlled, end the setting of the clock which it drives can be comparer
with en agtrcnonical clock.

The microwave signal is initizted by & 100-kilocycle quartz-crystal
oscillator or eny other oscillator which, for purposes of convenience and

accuracy, is designed for o high degree of stability. By means of vacuum-tube



g

circuits and silicon-crystal diodes, this frequency is rultiplied to provide
output signals throughout the microweve range. These signals are compared

with the frequency of a microwove spectrum line, in this case of armonia gas,
by suitable contrcl cirecuits, often called frequency discriminater cr "servo"
circuits. If the, quartz-cryetal oscillator drifte aftcer the microwave eignal
ot the upper end of the rultiplier chain hces been exactly tured to the frequenc;
of the spectrum line, the discrininator circuit gencrates en cutput signal
which, through the proper control circuits, cnn be applied to the oscilletor

et the bottom of the rultiplier chain to bring it back to the proper frequency. ,
By means of a frequency divider, the 100 kilocycles ray be reduced to any

desired frequency for driving a clock; e.g. one thousand cycles or 50 cycles.
Principles and Operation&/

Frequency-discrininator or serve-riechanism contrel circuite for atonic
clocke night be develcred in many different forrs. The electronic control
circuit in the present ateoric clock is one succegsful form of several being
develcped by the liabional Burena of Stardards. It is now being refined to
give even greater time-keeping accurccy.

The fundarental frequency cignol generated by the 100-kilocycle
oscillator is first rmltiplied up to 270 regacycles per sccond (abbreviated
Mc) by a frequency-rultiplying chain using standurd low-frequency tubes. In
the next step, the rultiplying chiain is ccontinued up to 2970 Mc by reans of a
frequency-raultirlying klystron, which ie also modulated by an FM oscilletor
generating o signel ot 13.8 ¥ ¢.12 Mc. This mokes the frequency-modulated
output of the klyetron 298%.8 ¥ 0.12 Mc. After further amplification, the

frequency-rodulated signal is rultiplied in a silicon crystal rectifier to



-5 =

23,870.4 T 0.96 Mc, ond fed to the ermonia abgorption cell.  As the frequency
of this rodulnted control signal sweeps acroes the absorption line frequency
of the armenia vapor, the signal reaching tke gilicon crystal detector at the
end of the absorption cell dipc beeause of the absorption, thue giving a
negative output pulec.g/

A esccond pulse is generated when the output of the frequency-modulated
cascillator at 13.8 ¥ 1,12 Mc ie fed to a mixer (or radio receiver) into which
is also fed‘a 12.,5-Mc signal frcm the quartz-crystal rultiplying chain, When
the eignal sweeps ocross the proper frequency to be tuned in (12.5 Mc plus
the 1.39 Mc intermediate frequency of the receiver, or 13.89 Mc), an output
pulse. is generated. The tine interval betwecen the two pulsee=--that from the
absorpticn cell, caused by the absorpticn line, and that frcem the receiver or
mixer--is a reasure of the degree to which the frequency-rultirlying chain is
tuncd to the abeorption line. The two pulses can thcrefore be rede to control
o discriminator circuit which will give zero output when the time interval is
richt (that is, when the circuit is tuned to the absorption line) and will
generate a conbrol signal vhen the time iatervel is wrong. If the quartz-
crystal cscillator drifte in frequency to higher values, the time interval
between the two pulses increases; for frequencies which cre tcoo low, the
intervol decreaces, The control signcls thus generated arce fed to a reactance
tube, which then forces the quartz-crystal circult to oscillate at the correct
frequency to tune to the obsorpticn line, The quartz-crystal oscilletor is thus
locked to the arrenia line. Frequency divliders then divide the precise 100-
kilocycle signal dcwn to 50 eycles to drive an ordincry synchrconous motor clock,
ond also dcwn to 1000 ecycles to drive a specicl gynchroncus-mctor clock, which

is designed for execct adJjustment and comparison with astronomical time to within



5/1000 of a sccond.

Control of the quartz-crystal circuit depends on the relative duration of
the positive and negative portions of a square-wave sigmal generated by the
discrininator. In the diecriminator, the two pulses between which the tire
interval ie to be reasured turn a trigger circuit or equarc-wave gemerator on
and off. When the tire interval is correct, the on-off cycle genecrates no outpu!
sirmal from the positive and negative peak detectors driven by the square-wave
eigmal. The detectors or rectifiers draw currcnt on the positive end negative
peaks of the square-wave, but when the positive and negative portions of the
equare wave arc of equal duration, they balance and give no direct current’outpu‘
However, if the time interval between the two Input driving pulses gets longer
or ghorter, the relative duration of the positive end negative rarts of the
square-wave changes so that a resultant direct-current output is generated.

This output is positive or negative, depending on the change In the time intervs
Thus, no control voltage 1s generated when the quartz-cryestal osclllator is on
the prorer freguency to agree, through the frequency-multiplying chain, with the
armonia line; but a2 rositive or negative coutrol voltage is produced for correct
ing the cscillator circuit when it crifts one way or the other from ite proper
value,

One great advantage of this rarticular clock circuit lies in the inherent
ghort-time stability of the quertz-cryotal oscillator, which rakes it uc-
necegeary for the iscriiinator circuite to apply corrccting control signals
to the oacillator at a very rarid rate. The crystal and rultiplier circuilts
bridpge the gap between the frejuency of the clock and that of the abecrrtion
line.,

Recording equirrment and a frequency meter are used in checking the accurac;

of the clock. For this purpose, the frequency of the clock's crystal
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oocillator is compared to the frequency of the Bureau's prirary frequency
ctanderds, a group of precision, 100-kilocycle quartz-cryotal oecillators
colibrated in terms of the U. S, Naval Obscrvaetory time signals. Thece oscill-
aters raintain constant frequency with respect to cach other to an accuracy of
cene yart in a billion for intervals up to 10 hours end better than one part in
100 million rer day. They can therefore be uced to reasure the constancy of the
atormic clock to this accuracy. This ic done by beating the signals from the two
sources together at a frequency of 12.5 Mc to obtain greater meesurement sensi-
tivity. A change of one cycle rer seccond in the frequency of the beat note, as
recorded on the frequency'netcr or cn an automatic recorder, indicates a frequenc;
variation of one rart in 12.5 million. In recent teests the clock raintained a
conagtancy of one part in ten million for eeveral hours. These tests show that
the clock will lock accurately to the armonia line even when a rerturbing signal
ie applied to the reactence tube in the atterpt to force the clock to change its
rate,

Ultirete Accurcacy

The ultinate accurecy of aa atonic cleck derends on rany factors, of which
the meat important are those goveraing the width of the cpectrun line. Spectrum
lines are not infinitely narrow but have a finite width covering a considerable
frequency renge, since ators or rolecules do not ermit or absorb radiation at
only one frequency but rather over a narrow band of frequencies. The ratio of
a line frequency to ite width et the half-power rointse is called the @ of the
line, in analogy to the Q (quality) factor of reconant circuite used in standard
rodio technique., The Q is a reacure of the gharpnceos of the line and therefore
deternines ite uveefulness as an accurate frequency end tire standard,

In the caoce of armonia, the natural linc width determined by the uncertalnty

principle of quantum mechenics gives a Q of about 1018 (a billion billion). If &
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1 ine width were determined only by the natural life time of an excited state in
the ermonia molecule, giving a Q of 1018, frequency and tirme could be determined
to better than one port in a dillion bdillion (1,000,000,000,000,000,000).
liowever, the line ie broadcned by other factors which lower the Q to a value of
from 50,000 to 500,000, depending on the temperature and pregsure of the gas.
This ray be compared to Q vealues of roughly 50,000 for a good cavity rescnator
in a microwave circuit end values of 1,000,000 or so for the best quartz crystals
The ormonia spectrun line thus has a Q approxirating that of the best quartz
crystals, though ruch nore constont and stabdble.

The arronia rolecules in the abeorption gell are noving rapidly in randon
therrmal motion at an avercge speced of almost 2000 feet per second at roon
tcrperature. When a gos molecule in an absorption cell is approaching or recedin
froﬁ the source of an electroragnetic wave beccuse of ite heat rotion, 1ts
absorption frequency is different from that which it would have if 1t were
standing still. This gives risc to a "loppler brcadening" of the ebsorption line
analogous to the change in pitch of sound as its source approaches, passes, and
leaves an observer. Thue, the line width can be reduced slightly by lowering
the temperature of the gas (or by using a heavier 1olecule). Doppler broadening
lowers the @ of the ecrmonie line to ebout %2%0,000 at roon termperatures.

Molecular collisions also broaden the abcorption line. This brocdening
occurs becanuse the collisions ebruptly termincote the absorption process, causing
the rolecules to abscrdb wave trains whose lengths very in a randonm way determined
by the distribution of time intervels between collisions. A frequency analysis
of these wave trains shows & corresponding rondom distribution of absorbed
frequencies, 2ll centering cbout a mean value deterriined by the number of col=
lisions per second. In armonia gas at e pressure of 10 nicrons there are about

1.0N0 collisions per second, giving en experirentally measured Q of 45,000 for
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the aboorption line used. (This is the line known to spectroccopiste as the
3,2 line, for whiel the quantun nurbers J snd K are ench cqual to 3.)

Actually, there ore rore ccllisione effectively interrupting the cbeorption
proceoc in arronia than the kinetic theory of grses would indicate. Further
broadening of the linc reeults from collisions of the molecules with the walls,
and even near niesee between molecules eccuse interaction strong enough to interrupt
absorption. The nurber of collisions per second, end thus the ccllision broaden=
ing, coan be reduced by lowering the gns pressure. This process, if not cérriod
too far, does not reduce abscrption in the gos, because the dccrcase in nurber of
nolecules absorbing energy is offset by the increuse in absorption per rolecule
resulting from the increase in Q. However, when the preesure is reduced too
much, a phenomenon known es saturation of the line scts in, caused by an excess
of radiation. Too few molecules are then left in the proper energy etates to
abaorb the microwave rediation coniing into the cell. Many nolecules, which
norrally would be in the proper encrigy stabe to absord the incoming radiation,
are in en excited ctate as o result of previous absorphicn. Eventually these
molecules will ermit the quanta which they hove cbesorbed, rcturning to the norral
level where cbo~rption is apain posatdle, Iowever, oo this prooess is slow, the
rolecule usuclly returns to the ground level in a collision with another nolecule,
converting the absorbed radiaticn Into heat. £As the gas pressure is lowered, the
nunber of collieions 1s greatly recuced, and not cnough nolecules return to ground
levels. The excessive inconing roadiation then weekens and broadens the absorption
line through saturation. The broadening recults beccuse soaturation occurs earlier
&t the peak of the line than out ot ite wings.

Saturation can be eliminate@ by reducing the etrength of the incoming
vadiation., However, ae the gas pressure end radiation intensity are both lowered,

n condition will finally be net for which the signal cbtrength will be down in the
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nntural electrical noise le;ol of the circuits used to detect the signal.
Circuit noiee then scts the ultirate limitaticn on the rcduction of collision
and soturction brondening. It 1s estimated that o Q of 300,000 to 400,000 can
be ettained at preecsures of about one micron--still a lcng way fronm the Q' of
the natural line width. Ascuning that effoctive § volucs of 400,000 can he
obtained with arronia, an accurasy of one port in 100 nillice or better should
be poseible eince a measureront of the center of the ebsorrtion line to within
1/250 of the width of the line could be rade.

Applications cnd Significence

Inproverent of the accurncy of the etoric clock will pake it useful in
geveral fields of pure ond ecpplied ocience. The lengths of the meen solar day,
used in astronormicel measurcrments, fluctuate as rmch s one part in 20 to 30
million, becouse of variations in the rate of rotetion of tho earth on its axis,
The variation in precent time rtondards, duc to these fluctugtions, causes
errors in thc‘locntion of heaveply bodics cnd in studics of their orbits and
notione, The ctonic clock offers the poesivility of an inverient mester clock
cgainst wkich the vorinbica in the eartn’s tinc-keeping could be reasured.

An ebscrption cell on on atoric clock could, for some purposes, teke the place
of on estroncmical observetcry.

Broadcaste of etondevd frogaercy ere of importance in keeping all kinds of
fadio, redar, and electroric equiprent proyeriy tuned throughout the world.
This service is required in internotional bLransportation and corrunications so
that, for exarpple, an cirrlane with rcdio navigabtional equiprent will be using
the right frequency wherever it 18 in the world and whotever eirport it is
using. At present, the Netional Bureaun of Standards Station, WWV, broadcasts

gtandard frequency ond tire eignals on eevercl trenenditter frequencies to all
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the world, The Navy Department also usee quartz-crystal clocks to broadcast time
signals for navigational purposes. These quartz-crystal clocks drift elightly
in frequency and have to be edjusted to keep them in agreement with the basic
astronomical time signals. Clocks of this type could be kept constant auto-
ratically by meens of absorption lines.

Maintenance of transmitter frequency to within close limite is aloo necessary
to utilize the available radio spectrum efficiently, The use of long-distance
standard frequency broadcasts is compliceted by a large reducticn in accuracy due
to ionospheric effects. A long distance, short-wave eignal travels eround the
earth by reflection from the uprer ionized regions of the atmosphere, known as the
ioncsphere. Every morning a2t sunriee the icnosphere moves downward, and every
evening at sunset 1t rises, This daily veriation in height causes a Doppler
ghift of the frequency of the reflected wave end, together with other as yet
unknown ceuses, is responsible for a reduction bty a factor cf 25 or more in the
accuracy of the frequency of the rcceived signel. Thus, the Bureau's standard
frequency broadcast agrees with astronomical time signals to cne part in one
hundred miliicn at the tran-nitier hut may be Lrown tvo only one part in four
million after treneriseion over lorg dis“ances. This difficulty can be partly
overcome in several ways. One 1s the provicion of a loceal, precise frequency
standard celibrated by means cf received etandard tine signals also transmitted
by radio. However, this yprocesc, vhich requircs a doy or more, complicates the
equipment problem and introiuces edditionel errers, rekirg impractical the use of
standard frequency broodcesthe for instentansecus or crntinuous frequency cali-
brations of the highest precisi-n.

At the last International Padio Confercnce held in Atlantic City in 1947,
plane were formuleted to provide stenderd froquency and time broadcasts from many

stations located to render good service throughout the werld. These services may
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be improved or eimplified by means of ctcmic clocks end frequency standards.
Such clocks could control the stondard frequency emissions of the various stations
without checking and monitcring by estrcnomicrl time signols. The Doppler
frequency shifto could then be eliminoted by limitiug tranemission distonces to
shert ranges.  Also, equipment enywhere in the world could ke cheeked ngainet an
absorption line with the certaint;” of obtoining 2 precisicn calibration against en
absolute stondard and without depending on & standard frequency broedeast.

One advantoge of the rotating certh as the basic time-keeper is that it never
stops rototing or brecks down. Likewiec, ony ran-rode clock rust not break down
but must be kept running forever if i1t ie to keep track of tire from some arbitrary
instant chogen as a starting print. With the present quartz-crystal clocks, this
difficulty is met by using ¢ lerge nurber of cimilar clcecks ecnstantly inter-
compared so that breakdown c¢f one doee nct meen a loss of time-keeping records.
While this procedure could als: be used with atomic clocks, it would not be
necessary for use of the cluck cs o {requency standard or fcor defining a standard
of time-intervals since these applicabione do not require continuous operation of
the atcmic clocl,

The atomic clock ehould perviut irprevercnt in astroncmical time shandards in
e way impossible with electric-yendulunn or quartz-crystol clocks. It thus opens
the possibility of impreving the jprecisicn of knowlcdge ¢f the length of the year,
that is, the time 1t tekee the ¢2+ii to revclve once in its orbit around the sun.
This is independent cf the tire 1t takes the corth to rotate once on its axige-
the mean sclar day. Measvrerenre could then determine whether the mean sideral
year is more constant than the rean scler dey, as scome astrenomers believe may
be the case,

Although the use of atomic time presents adventages in rany flelds of

science, it will always be neceesary for some purposes to have astrononmical time
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stondards. Thie i1s because the puinting of a telescope depends on the
orientation of the earth at the instant of oboervation, in other words, on

astroncnical tine neasurerments which derive from the roticn of the earth,
The NBS Progren amd Mierownve Spectroscopy

The atonic clock program is being carried on at the National Bureau of
Standards along several different lines. Anong theee is a project being develope’
with the cooperation of the atomic bean laboratory of Colurbia University which
nay recsult in greatly improved accuracy. In this nethod, quantum transitions
in beens of ators such as cesiur: will be ueed to setablish frequency and tire
stondards. The breadening of the lines by collisions and Doppler effect 1s
largely elininated in this rethod sc that the potential accuracy is increased by
a factor of 12 to 100 or more.; Calculations show that an ultirate accuracy of
one part in ten billion rey be reached., The atonilc bean is again used in
conjunction with a quartz-crystal cscillator and frequency rmltiplier systen,
Just as in the present methcd using an ebsorption cell.

The chemicel analysis cf rany heavy nolecules by reans of a microwave
spectroscope has been carried out by rany investigatcrs. This makes it highly
desirable tc place frequency stondards on an atonic basis at an early date in
order that better precision can be obtained in the measurement of molecular
constants, More and rore chenicels will be analjzed as the technique is pushed
to higher and higher frequencies in the microwave region., Spectroscoplc analyeis
has hitherto been dependent on infrared, opticel, and ultraviolet methods, which
for the nost part are linited to work on atoms orid the simpler molecules. How-
ever, a large part of medical end 1ndustrial chenistry requires enalysis of
larpge, complicated rolecules, The heavy molecules, rotating at slower rates,

usually have spectrun lines in the microwave region so that the recent advances
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n nicrowave reasurerent technique now provide highly accurate nethods for the
study of nolecular constitution. Such large melecules are principally involved
in the fields of high polyrers, plastice, rubber, textiles, oil, foods, drugs,
end blological chenicale such as vitanins.

Stable isotopes which are now avallable fronm the Atoniic Energy Cormission,
are being widely applied in industry end nedicine, and it is becoming important tc
have quick, accurate instrurents for neasurenents of the kind end quantity of
isotcpes present in a sarple. Isotopic identification is not possible by ordinary
chemical methods, which deel only with the outer parts of en atom or molecule
and not with the nucleus. The microwave spectroreter, having a resolution up to
100,000 times greater than an infrared spectroscope, will be able to make
reasurerents on ninute isotcpic samples, end it can be built to do this quickly
and accurately with autorntic, all-electronic corponents,

One of the rost important applications of quartz crystels is to the
frequency-centrol of transnitters and filters used in radio equipment--both
nilitary and civilian. If theee transnitters varied in frequency, radio and
televigion sets would constantly have to be retuned, and rmch interference
betwveen adjacent channel transnmitters would also result. Telephone companies
opérate carricr telephsne circuits in which large nwibgrs of sinultanecus
ressages are tranemitted over the sore cable and are separoted by reans of
crystal filters. Siniler needs ere ret in nicrowave reloy networks used for
sirnltaneous coryrunicaticns, televiéian; and M broadcastipg. At the highor
frequencies, which are inaccecssible to cryestal oscillators or filters, the need
for frequency-contrnl equiprent is urgent. Herc atonic oscillators and spectrun
lincs used ag filters would give the neceseary frequency ccontrol and etability.
A filter would coneist of a cell filled with & gas that would absord many
different frequencies. A band-pass rather then a band-stop filter can also

be rade by meana of additional microwave components called
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ragic tees. Such filtere could be electrically tuned by raking use of the Stark
effect, in which en epplied electric ficld con force a nclecule to change its
frequency.

Stable cecillaters for centrelling high-frequency treonsnitters coan be rade by
ueing o rethed sinilar to that in the present atcomic cleck. Here a discrininator
or gservo circuit locke the transmitter to & spectrun line through a contrcl
signal generated by the servo whenever the frequency drifts. However, it would be
advantageous to elininate the servo or discrininctor end develop an ateomic
oscillater in which the abgorption line would directly determine the frequency
cof the cscillator or transmitter. This would be anclogeus to a low-frequency
quertz-crystal cscillator end rake poseible rany new epplicaticone to nicrowave
radio sycters.

Dr. Harold Lycne, in recent work at the liatloncl Bureau of Standerds, hes
designed circuits of this type f-r use in tronsnitter control and for raking an
atcnic clock and frequency standardl without using discrininator circuits. In this
methed, the atcnic-oscilliater frequency is reduced by reans of frequency dividers,
but no quartz crystal-driven frequency-ra’tiplying chain is used, as in the
present clock, ncr is any servo circult recuired, The circuit 1s that of a
feedback cecillator in which fecdback is obtained for the amplifier through a zagiq
tee only at the absorption line frequency. The tee is bolanced at other
frequencies, but the abecrpticn cecurring ot the resonance frequency of the line
unbalances it and cllows the signal to be passed through so that the anplifier
oscillates. This circuit requires a nicrowave amplifier ot the frequendy of the
abgorption line. Such crplifiers have been built, but are not yet corrercially
available, at 24,000 Mc wherc the crronia lines are found.

Mecnwhile, an exact equivalent of this circuit hos been set up et 3,000 Me,

where anplifiers are now available. This circuit uees o rcscnent cavity in an
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equivalent circuit of the absorpticn line. As the oscillator has functioned
satisfactorily, an cttenpt is being rade tn find sultable obocrption lines in
the 3,000-Mc region. This involves & scarch for the lines of deuterated uxnonia!
in which pore of the hydrogen at-ris in the armicniec nclecules have been replaced
by heavy hydrcgen (deuterium) etems. The heavier deuterated ermonio will give
lines at lower frequencies than ordinory ermonia. For exanple, when all three
hydrogen aters have deuterium atome cubstituted for thern, the frequency will
go down to approxirately 1,200 Mc. The National Bureau of Stondards plans to

construct a ragic-tee atomic oscillator using the lower-frequency armonia lines,
Ancther ctomic oscillator tc be cenetructod at the Bureau will be einilar to the
megic-tee type but will use a six-arm wevepuide dbridge to contrcl the feedback
of the amplifier. This circuit should largely elininate possible effects of the
external circuits c¢n the frequency of the cecillator. Thus, the oscillator,
controlled by the absorpticn line alene, should be especiclly suitable for
primery atomic clocks and frequency standards. Anclegous circults at low
frequencies, using quartz crystals in ordinary bridges, have beccme the most
precisc guoitz cmystal oecillab~rs so far constructed. The reletive rerits of
the ragic-tee ond bridge circuits are being investigeted,

The atcmic clock moy eventually be used to improve the standerd frequency
and time broadcaste of the National Burecu of Standards, both from Stetion WWV
and the Burecu's new station in Hownii, WWVH. This could be done by nonitoring
the present quartz-crystel clocks with an atonic clock end would be especially

seful at the Hawailon tranen 1tter. A prccise aotonic clock would give the
Bureau a tire standard enalogous tc the Burecu's new otonle standard of length
Eyovided by the invariant wavelength of the light fron a éingle.nercury isotope

198
(1'%%).
The goal of using spectrum lines of individual, isolated ctoms in a field-



- 17 =

free cpace to establich tine end frequency standards is nost nearly attained in
the rethod using quantun transitions in etoric beams. Roth this methced and the
nmethod using absorption cells ster: from the application of atcmic physics to
practical problems. 1In fact, quantun mechanics ruet be used to calculate and
design the necessary apparatus, and the abeorption by armonia ges is a typical
quantunm rechanical effect incapable of explanation by classical physics. The
ernonia nolecule, structurally like a pyronid with the three hydrogen atons
forming the triangular base and the nitrogen aton at the apex, continually turns
itself inside-out, giving rise to & quantum-rechenical resonance absorption.

The atonic clock is thus ancther exarple of the importance of atcmic physics

to engineering. The overlapping of the fields of electronice and microwave
phyeics pay well provide a new techglgue for opening up the millireter-wovelength
bands above the region where oxdinary microwave methods are epplicable and below

the région of cptical methods.

1/

Microwave frequency stondarde, Horold Lycns, Physical Review, Tk, 1203,
Nov. 1, (1948). The first discussion of the atonic clock, presented at
the neeting of the American Physical Sccilety in Washington, D, C., on
April 30, 1948,

Sonewhat sinilar pulse circuites were first used in a stebilized klystron
oscillator by Dr. W, D. Hershberger of the RCA Laboratories, Princeton.
Such an application is fortunately simpler than the application to an
atomic clock, which rmst work with ruch lower signal levels,
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CAPTIONS FOR ILLUSTRATIONSs

Figure 1, = The now atomic clock at the National Buronu of Standards is completely

contained in this unit with the elcetronic equipm-uit housed in a stan-
dard rack cabinet and tho waveguide absorption cell wound in a spiral aronnd a
50=cyele synchronous clock on top of the cabincte From top to bottem, on the left
panelst  frequoney deviation rocorder; 1000=cyclo synchronous motor clock (24=hour
dinl); elcetronic frequency meter (drives deviation recorder); 100=kilocycle
quartzecrvstnl oscillator; frequeney dividers (divide 100 le dovm to 50 and 1000
cycles); ‘regulated power supply for klystron tubes; ragulated plate and filament
power supplye On the right panels: frequoncy comparator and deviation indicator;
monitoring oscilloscope; pulse amplifiers and shapers, and pulse discriminator;
d=c control voltage indicator; swscp gencrator, FM modulator, and klystron fre-
quency multiplier (270 me to 2984 me); froquoncy rultiplier (100 ke to 270 me);
eloctronic vacuum gages regulated plate and filament power supplye

FHOTO 17857-1=320

Figurc 2e = Detnils ean size and construstion of the atomic clock,developed at the
National Burcau of Standards, appear in this general view of the back
of the equipments E. Fe Husten (left) and B, D, leberling (right), members of
the staff at tho NBS llicrownve Standnrds Laboratory, arc showm making adjustments
on the cloclk's amplificr and powor supply cirouitse The amrunt of cquipment shown
is larger than neoded for the clock alore zince somo of the instrumonts arc for
measurenents and tests of porformance, Actunlly, tho circuits essential to the.
operation of the atomic clock could be condensod into one of the two cabinet racks,
23 FHOTO 17857=2=320

Figure 3, = While the NBS Atomio Clock is in operation, the monitoring oscilloscope -
continuously displays a trace of the 3,3 absorption line of ammonia,
The 3,3 line, strongest of many absorption lines in ammonin, correspronds to the
quantum transition in which the quantum numbers J and K both have the value 3,
The symmetric output pulse is produced by absorption of the FM control signal
as it swceps across the natural absorption-line frequency of the ammonia gnse The
sharpness of this linc on the oscilloscope screen is an indication of the time-
keeping accuracy of the atomic clock, A frcquency seale may be inferred from the
known frequency interwval (1.74 Mc) between the main 3,3 pulsc and the first ‘
satellite pulse on either side (the satcllites are produced by muclear quadrypole
moments of N14). This shows that the width of the 3,3 absorption line at the
half-power points is about 0,336 Me; dividing the center froquency (23,870 Me) by
this halfe=power wvnalue yields a Q of 71,200, PHOTO 17857-4<=320

Figure 4, - The quantum transition by which the ammonia molecule (top), HHS, abe=
sorbing energy at one sharply defined frequcne;”, can turn itself

inside out is illustrated in classical terms by the schematic diagram (bottom)e

An absorption line produced by cuch a transition serves as the frequency control

for the NBS Atomic Cloc!ze The ammonia molecule is in the form of a pyramid with

a nitrogen nucleus at the apex and throe hydrogen nuclei at the base; each nucleus

is surrounded by its characteristic elcetron charge. The Avcerage distance between

the nitrogen nucleus and each hydrogen nucleus is 1,01 Angstroms; that between

the hydrogen nuclei is 1e53 Anggtroms. The pyramid is about 0438 Angstroms high,

and the H=NeH apex angle is 107°, THOTO 17857-3-320
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Figures 5 and 6,

Figure 5, = Sinplified bloelk diagran of the National Burcau of Standards Atomic
Cloclk, Tho fundn ntntnl driving signal originates in the 100-kilocyele
quartr-crystal oscillater, The frequency-multinlicr and harponic=generator chain
then multiplics this signal up to micerowmve frequencies by means of wvacuum-tube
circuits and °1]1nnw-crjutql diodes, providing output signals throughout the micro-
wave rangoe Frequency=diseriminator circuits in the control linlk- thcn conpare tho
i s quonoy of theso signals with the anmonia frequency standard, After the microwave
signal is exactly tuncd to the fregquency of the speetrum line, any tendency to drift
-on the part of the quartz-crystal’. oscillator will couso the discrininator circuits
in tho control linl" to scnd an "error signal" back to the oscillator, maintaining
it at the proper frequencye The crysinl oscillator is thus locked to the invariant
froquency of the ammonia line, A frequency divider chain then drives a synchronous-
motor clock, first roducing the stabilized 100=kilocycle signal to the clock
froguencye

Figurc 6+ = The waveguide abscorption coll uscd in the WBS Atomic Clock is a
rectargular copper tube wound in a compact spiral and provided with
nioq windows to seal in the amrionia gas at reducod pressure, A 2983,8-mogacyclo
ignal is fed through a coaxial cable to a type=1ll26 silicon=-cryctal rectifier
nside ‘the vinvegnuides This crystal rcetifics the input current and generates
strong harmonies which rondiate dovm the vnveguidee Tuning plungers are showm at
the input and output of the cells for irpedance matching so that all of the signal
is used and none reflecteds The present 30-foot cell gives a two-to=-one total
reduction in signal amplitude, After pnssing through the absorption cell, the
signal is rcceived by anothor type-llic6é silicon-crystal rectificre This rcctifier,
acting like a receiving antenna, generates an output current which dips due to
absorption as the input frequency sweeps across the absorption=line froequencye.
PHOTO 17857-~5-320

Figure 7. = The fundarcntal driving siznal for the IIBS Atomic Clock originates
in the 100=lzilocycle quqrt'r-crysta1 oscillator (lower left)e A

frequency-multiplying chain using ordinary radio tubes multiplies the signal up

to 270 megacyeles; a frequency- Fu1t1‘1j1T7 Ilystron then multiplies the signnl

11 more times and combince it with a sigral from n froquency-modulated oscillator
to proluce an Fi output signal at 2983,8:0,12 e, A silicon-crystal harmonic
gener:tor multiplies this FM signal up to 2587004+0,96 Mc and introduces it into
the nimonia absorption celle A< the frequuncy of the modulated control signal
sweups across the absorption=line frequeney of the ammonia iapor, the signal
reaching the silicon-crystnl detector at the end of the abcorptisn cell is de-
orcased, giving an output pulse which is strengthened and fhﬁrpeﬂcd in the amplifies
and pulse shapere A sceond pulse 1is gencerated by combining in a mixer the output
of the FIl oscillator and a 12.9 megaeycle signal from the frequency multiplying
chaine The time interwval between the pulse from the absorption cell and the pulse
from the mixer ean thon be measurcd in the diseriminater, The dircriminator gives
zero output when the time interval is right; but whon the intorval is wrong, it
sends a control signal to the reactance tubo, which retunes the orystal oscillator
cecordinglye The crystal oscillator is then stabilized acainst drift end can
maintain the timekeeping of the synchronocus-motor clocks with extreme accuracye

HOTO 17857-6-320




Figuree 8 through 10,

Figure 8, = Tho 100=kilooyecle frequency standard employs a quartz-crystal.. oscilla=

tor with a roactance-tube contrnl oircuits. The "error signal" from a
frequoney diseriminator is paegscd through the integrating circuit, which smooths
out nll fluctuations in the crror sipnal except steady changes gencrated when the
circuit tries tn drift in freguencye The output vnaltage of the integrating circuit,
aprlied to the renctance-tube grid, controls the tuning of the crystal oscillator,
The oscillator output is fed to a frequency divider and also, through thc buffer
amplifior, to a frcquency multiplicr.

Figure 94 = The limiter, modulator, and nmultiplier arrangement uses-a klystron

tube to multiply the 270-me-ncyole input signal 11 tines before com=
bining it with an FM =ignal of 13,820412 Mece The resulting output signal, .
2983,48t0,12 ke, is then amplified in another klystron and fed to the harmonic
generator at the input of the armonin absorption cells Klystron tubes are used
here becnuse of the extremely high froquencies involved.

Figure 10, « In the pulse diseriminater, the twoe oulses betrecon which the time
interval is to be measured turn a trigrer circuit or squarec-wave
cenerator on and off, When the time interval is correct, the on-off cycle generate:
no output signal from the positive and negative pealk detectors driven by the
square-wave signale The debectors draw current on the positive and negutive peaks
of the squarc wave, but when the positive and negntive portions of the square wave
are of cqual duration, they balance and givo n» d=c output. Howcver, if the time
interval between the two input driving pulses gets longer or shorter, the relative
duration of the positive and negntive parts of th2 square wave changes so that a
resultant d-c output is genernted. No control voltnge is gencrated when the
quartz=-crystal oscillator is on thc proper frequency to tune the frequency-multiply
ing chain to the ammonia line, but a control voltage is produced to retune the
oscillator if it is tending to drift. FII0TO 17857=7=320

Figures 11 and 12, = Schomatic circuit diagrams of the pulse discriminator and the
100-kilocyclo q uartz-crystal oscillator used in the NBS

Atomic Clock, PHOTO 17357-8=320

Figure 13, = I're Eo Ue Condon (left), Director of the National Bureau of Standards
end Dr, llarold Lyons, inventor of tho NBS Atemic Cloeck, stand before

the control panel of the clock, Drs Condon is hnlding a modal of the ammonia
molecule whose miercwave absorption line (ghown on the oscilloscope screen at
right) provides the invariant frequency which controls the timekoeping of the
clocke The ammonia gas is maintaired at low pressuro in the 30-fcot absorpti~-»
cell wound around the synchronous clock (diroctly nbove the scientists)e

FIIOTO 17857=9-220

Figure 14, = The frequency-deviation record reproduced hero shows the actual
variations in timekeoping accuracy of the NBS Atomic Clnck during
o six-hour test rune The narrow portions of tho deviation trace, recordecd while
the clock was lockcd to the amnnnia absorption line, indicnto a constancy of one
»art in ten millione When the control cirecuit was unlocked, large frequency
varintions occurrcd, as shown by the broad portions of the recorder trace,
PHOTO 17857-10=320
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Figures 15 anl 16, = Atomlic oseillntors for frequency control applicntions in the

microwave region, where quartz=-crystal oscillators eannot be
usced, are now being developed in the NBS microwave standards laboratorye One such
oscillator, for usc in transmittcr combrol and for making atomic clocks and fre-
quoncy standards without using discrininator circuits, cemploys a waveguido assembly
known as the magic tee (Fige 15). Feoedback through the magic teo to the microvave
amplifier ocecurs only at the resonant frequeney of the gas in the absorption cell,
The tee is balanced at other froquencies, bubt at rcsonance the absorption unbalancer
tho circuit so that a signal is passed through to the amplificr, cnusing it to
oscillato at the absorption-line frequency. Another atomic oscillator will be
similar to the magic-tce type but will use a six-arm waveguide bridge (Fig. 16) to
eontrol the amplifier feedbacke This design should largely eliminate effects of
the external circuits on oscillator frequoncye. Analogous circuits at low fre-
quencics, using quartz crystals in a bridge arrangement, are employed in tho most
preeise crystal oscillators so far constructede Thus, the six-arm bridge waveguide
oscillator, controlled by the absorption lino alonc, should be especially suitable
for primary ntomic clocks and frequency standardse PHOTO 17857-11-320




NOTE TO EDITOR:

Glossy prints of listoed illu<trqflnnr nre ﬁvwi1ﬂh1ﬂ upsn requast
fron the National Burecau of Standar! nie) Paparta Soasi-n,
Washin:ton 25, D. C, :

Illustrations can only be sunplicd to scicntific, technical
trade journals: for rcasons of ceonomy, the Burcau can not
undertake to comply with recquests from the public either for
illustrations or for copiecs of the Technical Reports Series,

This series is dcsigned for journals, and the Burenu believes
that adequate and economic dissumination ean best be achieved

by publication in such journals, to which the public is reforred,
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