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standard of frequency and time,
invariant with age, has been de-
wloped at the National Bureau of
ftandards. The new standard takes the
form of an atomic clock based on a con-
t natural frequency associated with
he vibration of the atoms in the am-
monia molecule. This, the first atomic
dock ever built, promises to surpass by
me or two orders of magnitude the ac-
wracy of the present primary standard,
the rotating earth. It is controlled by
s constant frequency derived from a
wicrowave absorption line of ammonia
s, providing a time constancy of one
prt in ten million. Theoretical consid-
eations indicate a potential accuracy
of one part in a billion or even ten
Miion, depending on the type of atomic
tystem and spectrum line used.

The present crowding of the radio-
frequency spectrum has imposed severe
Emitations, both nationally and inter-
mtionally, on the expanding use of ra-
&io for industry and communications.
The atomic clock may be expected to
penefit greatly the communications in-
dustries and the military services, for
# will, in effect, provide additional
room in the radiofrequency range for
more communication stations of all
types. The present “radio space” allows
for a drifting of each station’s fre-

ABASICALLY NEW primary

The quantum transition by which the
ammonia molecule (top), absorbing cnergy
at one sharply-defined frequency, can (urn
itself inside out is itlustrated in classical
terms by the schematic diagram (bottom).
An absorption line produced by such a
transition serves as the frequency control for
the NBS Atomic Clock. The ammonia mole-
cule is in the form of a pyramid with a
pitrogen nucleus ac the apex and three hy-
drogen nuclei at the base; each nucleus is
surrounded by its characteristic electron
* charge. The average distance between the
. gitrogen nucleus and each hydrogen nucleus
k is 1.01 Aogstroms; that between the hy-
 drogen nuclei is 1.63 Angswroms. The pyr-
;' amid is about 0.38 Angstroms high, and the
" H-N-H apex angle is 107 degrees.

ATOMIC CLOCK ,

quency, so that a broad “radio space” is
required to avoid interference with
other stations. Utilization of available
“gpace” thus depends on the accuracy
with which individual station;frequen-
cies can be controlled, especially at the
higher frequencies used by radar, tele-
vision relays, and microwave equipment
in general. These frequencies, where
quartz crystals cannot be used as fre-
quency-controlling elements, could be
controlled by atomic elements. Such
control would also make possible the
permanent establishment of radio chan-
nels on such an exact basis that tuning
could be made as automatic as the dial-
ing of a telephone number.

The improvements in frequency and
time measurement offered by the atom-
ic elock are also of fundamental im-
portance in many fields of science. An
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Dr. E. U. Condon (left), Director
of the National Burean of Stand-
ards and Dr. Harold Lyons, inven-
tor of the NBS Atomic Clock,
stand before the control panel of
the clock. Dr. Condon is holding a
model of the ammonia molecule
whose microwave absorption line
(shown on the oscilloscope screen
at right) provides the invariant
frequency which controls the time-
keeping of the clock. The ammonia
gas is maintained at low pressure
in the 30-foot absorption cell
wound around the synchronous
clock (directlv above the scientists ).

ahsolute time standard will be of spe-
cial importance in astronomy, where
present time standards leave much to
be desired.

The atomic clock and the new invari-
ant method represent important tools
of research and development in every
technical field where precise measure-
ments of time and frequency arve cru-
cial—for example, in long-range radio
navigation systems, in the upper range
of the microwave region where atomic
systems can serve as clectronie com-
ponents, in microwave spectroscopy,
and in rescarch in molecular structure.

The present time and frequency
standards are based on astronomical de-
terminations of the period of rotation
of the carth. However, the earth is be-
ing gradually slowed down by the forc-
es of tidal friction in shallow seas. In
addition, there are irregular variations
—some of them rather sudden—in the
period of rotation, the reasons for
which are unknown. These two causes
are vesponsible for changes in mean

By HAROLD LYONS, Chief, Microwave Standards Section, National Bureau of Standards, WuSllington, 25, D.C.

solar time and thercfore 'in the fre-
quency of any periodic or vibrating sys-
tems measured in terms of such time
standards. ;

In recent years, vibrations of atoms
in molecules—or, m or e -specifically,
speetrum lines originating in transitions
between energy levels of these atomic
systems—have been found in the micro-
wave region of the radio spectrum. It
has been possible to make extremely
precise measurements of these lines by
radio methods using equipment of un-
precedented sensitivity and resolution.
When it became evident that such spec-
trum lines might eventually provide
new primary frequency standards, we
scientists at the NBS began 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 equipment, the atomic
clock, is controlled by the invariable
molecular system of ammonia gas, it is
independent of astronomical determina-
tions of time.

The NBS atomic clock consists es-
sentially of a crystal oscillator, a fre-
quency multiplier, a frequency discrim-
inator, and a frequency divider, all
housed in two vertical-type cabinet

racks, on top of which are mounted a
special 50-cycle clock and a waveguide
absorption cell. Ammonia gas under a

While the NBS Atomic Clock is in op-
cration, the monitoring  oscilloscope  con-
tinuously displays a trace of the 3,3 ab-
sorption line of ammonia. The symmetric
output pulse is produced by absorption of
the FM control signal as it sweeps across
the natural absorption-line frequeacy of the
ammonia gas. The sharpness of this line
on the ’scope screen is an indication of
the timekeeping accuracy of the atomic
clock. A frequency scale may be inferred
from the known frequency interval (1.74
Mc.) between the main 3,3 pulse and the
fiest satellite pulse on either side. This
shows that the 3,3 absorption line width at
the half-power points is about 0.335 Mc.;
dividing the center frequency (23,870 Mc.)
by this value yields a Q of 71,200,
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pressure of 10 or 15 microns is main-
tained in this cell, a rectangular 0.50
in. by 0.26 in. copper tube wound in a
compact 30-ft. spiral about the clock.

The new instrument uses an absorp-
tion frequency of ammonia to hold a
microwave signal fixed. If the micro-
wave signal output of a generator dif-
fers in frequency f{rom the ammonia
absorption line, then the control circuits
generate an error signal which bhrings
the microwave signal back to the fre-
quency of the spectrum line. The oscil-
lator generating the microwave signal
is thus controlled, and the setting of
the clock which it drives can be com-
pared with an astronomical clock.

The microwave signal is initiated by
a 100-ke. quartz-crystal oscillator or
any other oscillator which, for purposes
of convenience and accuracy, is design-
ed for a high degrec of stability. By
means of vacuum-tube circuits and sil-
icon-crystal diodes, this frequency is
multiplied to provide output signals
throughout the microwave range. These
signals are compared with the fre-
quency of a microwave spectrum line,
in this case of ammonia gas, by suitable
frequency-discriminator or servo con-
trol circuits. If the quartz-crystal oscil-
lator drifts after the microwave signal
at the upper end of the multiplier chain
has been exactly tuned to the frequen-
cy of the spectrum line, the discrimin-
ator circuit generates an output signal
which, through the proper control cir-
cuits, can be applied to the oscillator
at the bottom of the multiplier chain to
bring it back to the proper frequency.
By means of a frequency divider, the
100 ke. may be reduced to any desired
frequency for driving a clock; e.g. onc
thousand cyles or 50 cycles.

PRINCIPLES AND OPERATION

The control circuit in the present
atomic clock is one successful form of
several frequency-discriminator or ser-
vomechanism control circuits being de-
veloped by the NBS. It is now being
refined to give even greater time-keep-
ing accuracy.-

The fundamental frequency signal
generated by the 10-ke. oscillator is
first multiplied up to 270 Mc. by a fre-
quency-multiplying chain using stand-
ard low-frequency tubes. In the next
step, the multiplying chain is continued
up to 2970 Mc. by means of a frequen-
cy-multiplying klystron, which is also
modulated by an FM oscillator gener-
ating a signal at 13.8 plus-or-minus
0.12 Me. This makes the frequency-mo-
dulated output of the klystron 2983.8
plus-or-minus 0.12 Mc. After further
amplification, the frequency-modulated
signal is multiplied in a silicon crystal
rectifier to 23,870.4 plus-or-minus 0.96
Mc., and fed to the ammonia absorp-
tion cell. As the frequency of this mo-
dulated control signal sweeps across the
absorption line frequency of the am-
monia vapor, the signal reaching the
silicon crystal detector at the end of
the absorption cell dips because of the
absorption, thus giving a negative out-
put pulse.
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A sccond pulse is generated when
the output of the frequency-modulated
oscillator at 13.8 Mc. is fed to a mixer
(or radio receiver) into which is also
fed a 12.5-Mc. signal from the quartz-
crystal multiplying chain. When the
signal sweeps across the proper fre-

quency to be tuned in (12,5 Mc. plus

(Left)
The NBS atomic ciock is completely contained
in this unit with the wave-guide absorption
cell wound in a spiral around a 50-cycle syn-
chronous ctock on top of the cabinet. From
top of the cabinet. From top to bottom, on
left pancls: frequency deviation recorder; 1000-
cycle synchronous clock (24-hour dial) : elec-
tronic frequency meter (drives deviation record-
er) : 100-kc. quartz-crystal oscillator ; frequency
dividers (divide 100 kc. down to 50 and 1000
cycles) ; regulated power supply for klystron
tubes: regulated plate and filament power sup-
ply. On right panets: frequency comparator
and deviation indicator; monitoring  oscillo-
scope; pulse amplifices and shapers, and pulse
discriminator; d-c. control  voltage indicator

the 1.39-Mec. intermediate frequency of
the receiver, or 13.89 Mc), an output
pulse is generated. The time interval
between the two pulses—that from the
absorption cell, caused by the absorp-
tion line, and that from the receiver or
mixer—is a measure of the degree to
which the frequency-multiplying chain
is tuned to the absorption line. The
two puises can therefore be made to
control a discriminator circuit which
will give zero output when the time in-
terval is right (that is, when the cir-
cuit is tuned to the absorption line)
and will generate a control signal when
the time interval is wrong. If the
quartz-crystal oscillator drifts in fre-
quency to higher values, the time in-
terval between the two pulses increases;

for frequeneies which are too low, the
interval decreases. The control signals
thus generated are fed to a reactance
tube, which then forces the quartz-crys-
tal circuit to oscillate at the correct
frequency to tune to the absorption line.
The quartz-crystal oscillator is thus
locked to the ammonia line.

, and kly
to 2984 Mc.);
to 270 Mc.);
and filament

sweep Renerator, FM

frequency multiplier (270 Mec.
frequency multiplier (100 kc.
vacuum pgage; regulated plate
power supply.

(Right)

General view of back of the equipment. E.
F. Huston (left) and E. D. Heberling (right)
are shown making adjustments on the clock’s
amplifier and power supply circuits. The
amount of equipment shown is larger than
needed for the clock alone since some of
the instruments are for measurements and
tests of performance. Actually, the circuits
essential to the operation of the atomic clock
could be condensed into one of the two cab-
inet racks.

Frequency dividers then divide ¢
precise 100-ke. signal down to 50
cles to drive an ordinary synchrono
motor clock, and also down to 100 cy
cles to drive a special synchronous-m
tor clock, which is designed for ex
adjustment and comparison with as
tronomical time to within five milli
onds.

Control of the quartz-crystal cire
depends on the relative duration of t
positive and negative portions of
square-wave signal generated by t
discriminator. In the discriminator, t
two pulses between which the time i
terval is to be measured turn a trig
circuit or square-wave generator on
off. When the time interval is co
the on-off cycle generates no out




signal from the positive and negative
peak detectors driven by the square-
wave signal. The detectors or rectifiers
draw current on the positive and neg-
ative peaks of the squarewave, but
when the positive and negative portions
of the square wave are of equal dura-
tion, they balance and give no d-c. out-
put. However, if the time interval be-
tween the two input driving pulses gets
longer or shorter, the relative durations
of the positive and negative parts of

NHy ABSORPTION CELL 23,8704 Mc.
30 FEET 1/2°K 174" WAVE-GUIDE

clock to this accuracy. This is done by
beating the signals from the two
sources together at a frequency of 12.6
Mec. to obtain greater measurement sen-
sitivity. A change of one cycle per sec-
ond in the frequency of the beat note,
as recorded on the frequency meter or
on an autographic recorder, indicates
a frequency variation of one part in
12.5 million. In recent tests the clock
maintained a constancy of one part in
ten million for several hours. These

principle of quantum mechanics gives
a Q of about 1015 If a line width were
determined only by the natural time
of an excited state in the ammonia
molecule, given a Q of 1018, frequency
and time could be determined to better
than one part in a billion billion, How-
ever, the line is broadened by other fac-
tors which lower the Q to a value of
50,000 to 500,000, depending on the tem-
perature and pressure of the gas. The
ammonia spectrum line thus has a Q

f {

LIMITER MODULATOR
AND MULTWPLIER
FMZ982000.12 c.

TO WACUAM SYSTEM
AND N o TANK

The wave-guide absorption cell used in the NBS Atomic Clock is a rectangular copper
_ wbe wound in a compact spiral and provided with mica windows (o seal in the am-
monia gas at reduced pressure. A 2983.8-Mc. signal is fed through a coaxial cable to
a type-1N26 silicon-crystal rectifier inside the wave-guide. This crystal rectifies the input
current and generates strong harmonics which radiate down the wave-guide. Tuning
plungers are shown at the input and output of the cells for impedance matching so
that all of the signal is used and none reflected. The present 30-foot cell gives a two-
to-one total reduction in signal amplicude. After passing through the absorption cell,
the signal is received by another type-1N26 silicon-crystal rectifier. This rectifier, acting
like 2 receiving antenna, generates an output current which dips by reason of absorp-
tion as the input frequency sweeps across the absorption-line frequency.

the squarewave change, so that a re-
sultant d-c. output is gencrated. This
output is positive or negative, depend-
ing on the change in the time interval.
Thus, no control voltage is generated
when the quartz-crystal oscillator is on
the proper frequency to agree, through
the frequency-multiplying chain, with
the ammonia line; but a positive or neg-
ative control voltage is produced for
correcting the oscillator circuit when it
drifts one way or the other from its
proper value.

One great advantage of this partic-
ular clock circuit lies in the inherent
short-time stability of the quartz-crys-
tal oscillator, which makes it unneces-
sary for the discriminator circuits to
apply correcting control signals to the
oscillator at a rapid rate. The crystal
and multiplier circuits bridge the gap
letween the frequency of the clock
aad that of the absorption line.

Recording equipment and a frequen-
cy meter are used in checking the ac-
curacy of the clock. For this purpose,
the frequency of the clock’s crystal os-
cillator is compared to the frequency
of the Bureau’s primary frequency
standards, a group of precision 100-ke.
quartz-crystal oscillators calibrated in
terms of the U. S. Naval Observatory
time signals. These oscillators maintain
constant frequency with respect to each
! other to an accuracy of one part in a
= billion for intervals up to ten hours,
and better than one part in 100 million
X per day. They can therefore be used
to measure the constancy of the atomic
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Frequency-deviation record for a six-hour
test run. Narrow portions, recorded while
the clock was locked to the ammonia ab-
sorption  line, indicate a constancy of one
pare in tea million,

tests show that the clock will lock ac-
curately to the ammonia line even when
a perturbng signal is applied to the
reactance tube in a deliberate attempt
to force the clock to change its rate.

ULTIMATE ACCURACY

The ultimate accuracy of an atomic
clock depends on many factors, of which
the most important are those govern-
ing the width of the spectrum Hne
Spectrum lines have a finite width be-
cause atoms or molecules do not emit
or absorb radiation at only once fre-
queney but rather over a narrow band
of frequencies. The ratio of a line fre-
quency to ils width at the half-power
points—its “sharpness”—is called the
Q of the line, in analogy to the Q
(quality) factor of resonant circuits
used in standard radio technique. In
the case of ammonia, the natural line
width determined by the uncertainty

Simplified block diagram. The fundamental driving
signal originates in the 100-kc. oscillator. The frequen-
cy-multiplier and harmonic-generator chain then multi-
plics this signal up to microwave frequencies. Frequen-
cy-discriminator circuits in the control link then com-
pare the frequency of these signals with the ammonia
frequency standard. Any cendency of the oscillator to
drift will cause of discriminator circuits to send an
ereror signal back to the oscillator, maintaining it at
the proper frequency. The crystal oscillator is thus
locked 1o the invariant frequency of the ammonia line.
A frequency divider chain then drives a synchronous-
motor clock.

approximating that of the best quartz
erystals, though much more constant
and stable.

The ammonia molecules in the ab-
sovption cell are moving rapidly in ran-
dom thermal motion at an average
speed of almost 2000 fp.s at room tem-
perature. When a gas molecule in an
absorption cell is approaching or re-
ceding from the source of an electro-
magnetic wave because of its heat mo-
tion, its absorption frequency is dif-
ferent from that which it would have
if it were standing still. This gives
rise to a Doppler broadening of the ab-
sorption line, analogous to the change
in pitch of sound as its source ap-
proaches, passes, and leaves an ob-
server. Thus, the line width can be re-
duced slightly by lowering the temper-
ature of the gas (or by using a heavier
molecule). Doppler broadening lowers
the Q of the ammonia line to about
330,000 at room temperatures.

Molecular collisions also broaden the
absorption line. This broadening occurs
because the collisions abruptly termin-
ate the absorption process, causing the
molecules to absorb wave-traing whose
lengths vary in a random way deter-
mined by the distribution of time in-
tervals between collisions. A frequency
analysis of these wave-trains shows a
corresponding random distribution of
absorbed frequencies, all centering
about a mean value determined by the
number of collisions per second. In am-
monia gas at a pressure of 10 microns,

Concluded on page 174
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REMOTE INSTRUMENTATION
BY BENDIX-PACIFIC
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TTP-8A
TELEMETERING

BENDIX-PACIFIC now -has available
a Telemetering Pressure Gage with accuracy
equal to or exceeding that of aircraft alti.
meters. The TTP-8A aneroid type pressure
gage is a variable reluctance instrument de-
signed to measure barometric pressures.

As an altimeter this device provides a max-
imum range of 0 to 25,000 ft. with a tempera-
ture error of less than 0.015% of band width
per degree Fahrenheit over a wide range of
temperatures,

The TTP-8A has extremely small vibration
and acceleration errors and the pressure de-
terminations are reproducible within % %.
It operates with a plug-in type inductance
oscillator, and the intelligence can be trans.
mitted via the 80-84 mc and 210-220 mc tele-
metering channels, or by use of a land line.

This gage is for use in guided missiles,
rockets or experiment aircraft when accurate
altitude measurements are desired.

The TTP-8A complements a complete line
of precision components for the remote in-
strumentation field. Bendix-Pacific facilities
include installation and application engineer-
ing, field operation, data reduction and en.
gineering consultation,
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“Bendix' Aviation Corporetion

MORTH MOLLTWOOD CALIFORNIA

TO MEASURE -TO INDICATE-TO WARN -AT A DISTANCE
Eastern Engineering Office: 475 Fifth Ave., N. Y. 17
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WILLIAM E. BARR
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VICTOR J. ANHORN

GGulf Research and
Development Co.

This book appeared in serial
form in Instruments from De-
cember 1945 to November 1947
(both inclusive) and was hailed
in many laboratories and plants
as “the last word on a hundred
and one useful subjects.”

Skilled Technician Barr and
Scientist Dr. Anhorn have joint-
ly written the MOST INFORM-
ATIVE book on glass blowing
ever prepared.

Not only is construction ex-
plained in detail, but the operat-
ing principles of all pieces of
apparatus are also explained.

380 PAGES

212 FIGURES, most consisting of
several diagrams. Total over 300.

24 TABLES
EXPERTLY-COMPILED INDEX

$6.00 postpaid

Remittance must accompany order

Instruments Publishing Co.

1117 Wolfendale St.,
Pittsburgh 12, Pa.
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Coneluded from page 135

there are about 120,000 collisions per
second, giving an experimentally-meas-
ured Q of 45,000 for the absorption line
used. (This is the 3,3 line, for which
the quantum numbers J and K are each
equal to 3).

Actually, there are more collisions
effectively interrupting the absorption
process in ammonia than the kinetic
theory of gases would indicate. Further
broadening of the line results from col-
lisions of the molecules with the walls,
and even near-misses between molecules
cause interaction strong enough to in-
terrupt absorption. The number of col-
lisions per second, and thus the colli-
sion broadening, can be reduced Ly
lowering the gas pressure. This process,
if not carried too far, does not reduce
absorption in the gas, because the de-
crease in number of molecules absorb-
ing energy is offset by the increase in
absorption per molecule resulting from
the increase in Q. However, when the
pressure is reduced too much a phe
nomenon known as saturation of the
line sets in, caused by an excess of ra-
diation. Too few molecules are then
left in the proper energy states to ab-
sorb the microwave radiation coming
into the cell. Many molecules, whichk
normally would be in the proper energy
state to absorb the incoming radiation,
are in an excited state as a result of
previous absorption. Eventually these
molecules will emit the quanta which
they have absorbed, returning to the
normal level where absorption is again
possible. However, as this process is
slow, the molecule usually returns te
the ground level in a collision with an-
other molecule, converting the absorbed
radiation into heat. As the gas pressure
is lowered, the number of collisions is
greatly reduced, and not enough mole-
cules return to ground level. The ex-
cessive incoming radiation then weak-
ens and broadens the absorption line
through saturation.

Saturation can be eliminated by re-
ducing the strength of the incoming ra-
diation. However, as the gas pressure
and radiation intensity are both lower-
ed, a condition will finally be met for
which the signal strength will be down
in the natural electrical level of the cir-
cuits used to detect the signal. Circuit
noise then sets the ultimate limitation
on the reduction of collision and saturas-
tion broadening. It is estimated that a
Q of 300,000 to 400,000 can be attained
at pressures of about one micron—stil

a long way from the Q of the naturaf

line width. Assuming that effective
values of 400,000 can be obtained with
ammonia, an accuracy of one part in
100 million or better should be possiblk
since a measurement of the center of
the absorption line to within 0.004 o
the width of the line could be made.
The author wishes to express his ap
preciation to B. F. Husten, E. D. Heb
erling, and other members of his staf

for assistance in the design and con

struction of the atomic clock.
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