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I. INTRODUCTION

HE separations of the quantum states of a com-
Tpletely isolated atom or molecule are expected to

be fixed in time. The measurement of one of these
separations by a suitable measuring apparatus would
provide, one would suppose, a very excellent standard
of frequency and time. Nevertheless, the presence of a
measuring apparatus introduces an uncertainty in the
measurements, since the atomic or molecular system 1s
no longer isolated. Furthermore, a measurement usually
requires many atoms or molecules that are mutually per-
turbing. The most exact measurement of the quantum
state separation is obtained when the apparatus and the
particles interact to the least degree which is consistent
with a reasonable signal-to-noise ratio. Certain kinds of
perturbations incurred by the apparatus can be calcu-
lated and compensated for. These are not to be consid-
ered undesirable, and frequently they are essential to
the observations.

The most precise measurements of quantum state
separations can be made for those energy levels in the
ground electronic state of atoms and molecules.

The atomic beam magnetic resonance technique pro-
vides a method of measuring the state separations, and
it introduces the smallest perturbation on the atomic
system of the presently known techniques. Further-

* Received by the PGI, June 22, 1960. Presented at the 1960
Conference on Standards and Electronic Measurements as paper 2-1.
t National Bureau of Standards, Boulder, Colo.

more, it is probably better understood than other meth-
ods.

The same can be said of the molecular beam tech-
nique, but certain atomic transitions have significant
advantages in intensity over molecular transitions in
beam experiments.

For the purpose of a standard of frequency and time
it is important to choose a transition of high frequency,
which is within the reach of existing coherent radiators,
and of high intensity (for the sake of precision in meas-
urement). There are other practical difficulties that
must also be taken into account.

At the present time the (F=4, mpy;=0)c(F=3,
mp=0) transition between the two hyperfine structure
levels in cesium is used exclusively in atomic beam fre-
quency standards.?

The problem of eliminating systematic errors in
atomic beam frequency standards is a difficult one. It is
of special concern because at the present time these
instrumental errors limit the absolute accuracy of the
devices. These errors are evident in experiments com-
paring different cesium beam standards. Such compari-
sons have been made by a number of laboratories. Those
comparisons between devices in the same laboratory,
rather than through propagation data, are of particular
interest [2]-[4].

The results of Holloway, et al. [2], showed agree-

! The hyperfine transition in thallium may provide an even better
standard [1].
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ment to about 2X1071% (after certain corrections) be-
tween the commercial beam standards developed and
manufactured by the National Company and the
atomic standard at the National Physical Laboratory,
Teddington, England.

Over the last several months, comparisons have been
made between two dissimilar cesium beam standards
constructed at the National Burcau of Standards. Par-
ticular care was taken to avoid systematic errors. The
devices were tested independently, the pertinent param-
eters were measured, and the frequency comparisons
were subsequently made.

The zero field frequencies of these two standards agree
to a fixed difference of 1X10~!', The standard devia-
tion of the mean of the difference frequency is 2 X 10712
This latter number represents the precision of measure-
ment for measuring times of a few hours. The accuracy
of these standards is considered to be +1.5X 107!, tak-
ing into account certain uncertainties in the C-field
measurements.

This report has eight sections. The Introduction is
followed by a brief description, Sections II and 1II, of
an atomic beam experiment and of the kind of spectrum
upon which the standard is based. Section 1V describes
in some detail the features peculiar to the National Bu-
reau of Standards machines, the method of measure-
ment and the various tests performed to determine ac-
curacy and precision. Section V includes frequency com-
parisons between the two Bureau standards and atomic
beam standards elsewhere in the United States, Canada
and England. Section VI very briefly discusses other
types of atomic frequency standards. Sections VII and
VIII contain some concluding remarks and the acknowl-
edgments.

II. THEORY—DESCRIPTIVE

For many years, physicists have used atomic beam
techniques to investigate the detailed features of atomic
spectra [S]. These same techniques, with, perhaps, some
embellishments, are used in atomic beam frequency
standards.

A. Atomic Hyperfine Structure

The quantum transitions employed in present-day
atomic beam standards occur between the hyperfine
levels in the ground state of the alkali metals. This hy-
perfine splitting of the ground state arises because of the
interaction between the magnetic moment of the nu-
cleus and magnetic field produced by the valence elec-
tron at the position of the nucleus.

The potential energy of the nuclear magnet in this
field depends upon its orientation in the field. Simply,
it is given by

W = — wHa, (1)

where y; is the magnetic dipole moment of the nucleus
and H, is the magnetic field intensity at the nucleus
produced by the valence electron. If an external field is
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applied, it will interact with the electron and the nu-
cleus, resulting in a change in the energy V.

By pursuing the problem in the {ramework of the
gquantum theory, the various possible energy states of
the atom are obtained. It will have a different energy
state for every possible orientation of the nucleus for a
given electronic configuration.

The total angular momentum of the atom, usually
designated by F, Is the vector sum of the nuclear spin
angular momentum I, and the angular momentum of
the electron J. Associated with each of these angular
momenta is & quantum number F, I, and J, respectively.
The possible values of the total angular momentum
quantum number F are

if I>J, and

F=U+DU+I-1,---,U—-1

if J>1. For cesium (133), I=7/2 and J=3% for the
ground state, and F has the two possible values 3 and 4.
These two states are separated in zero applied field
by 9192.631 - - - Mc. The upper energy state for which
F=4is split into nine levels if an external magnetic field
is applied, and the F=3 state is split into seven different
levels. An F state is said to be 2F+1 fold degenerate in
zero field. (See Fig. 1.)
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Fig. 1—Energy level diagram for CJ%. I=7/2, J=1/2, positive
nuclear moment selection rules AF=0, +1; Amp=0, +1.

The transition between the upper level for which
F=4, mp=0 and the lower level for which F=3, mz=0
is the transition that has been adopted as the standard
of frequency.

In emission, a quantum of energy hvy’ is emitted and
in absorption, a quantum Ay, is absorbed, where

V(), = Vg "‘l" 427H02 (2)

In (2), vy’ and », are frequencies measured in cycles per
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second, and H, is a small externally applied magnetic
field measured in oersteds. The coefficient of Hy® is
peculiar to this particular cesium (133) transition.

It is interesting to note that this type of transition
in the alkali metals corresponds to the more familiar
1420-Mc transition between the hyperfine levels of
atomic hydrogen of so much importance in radio
astronomy.

B. The Atomic Beam Specirometer

Uniform magnetic or electric fields only exert a
torque on a dipole; they deflect only charged particles.
On the other hand, a nonuniform field applies both a
torque and a resultant force on a dipole. The deflection
of a beam of neutral particles by an inhomogeneous
magnetic field was first studied by Stern and Gerlach.
Their original celebrated experiments led to the very
precise methods of present-day atomic and molecular
beam spectroscopy.

A schematic of a typical spectrometer used in atomic
beam resonance experiments is shown in Fig. 2(a) and
2(b). Many variations exist in atomic beam design. The
design discussed here is that used in the Bureau fre-
quency standards.

Neutral atoms effuse from the oven in the left of the
figure and pass through the nonuniform magnetic field
of the 4 magnet. The atoms have a magnetic dipole
moment and, consequently, have a transverse force
acting upon them in this nonuniform field. The mag-
nitude of this force depends upon which of the states
(see Fig. 1) the particular atom in question is in. Some
of the atoms have their trajectories bent toward the
axis (see Fig. 2) and cross the axis at the position of
the collimator slit. The field of the B magnet is identical
to that of the 4 magnet. Therefore, in this field, the
forces on the atoms tend to give them trajectories
diverging from the axis, since they cross the axis at the
collimator slit and the force is in the same direction as
it is in magnet 4. However, if the atoms are subjected
to a radiation field of just the proper {requency, vy, the
magnetic moment of the atom is “flipped” to a direction
opposite to its original one. Since the sign of the mag-
netic moment has changed in moving from the 4 mag-
net to the B magnet, the force on the atom reverses
its direction, and the atom is refocused onto the axis
at the detector. Thus, as the {requency of the radiation
is swept through v/, the detected signal increases and
reaches a maximum when v =y, and then decreases as
the radiation frequency is varied beyond vy’.

The discussion can be made more quantitative rather
simply. Suppose the energy of an atom in the beam
is designated by W(H). We suppose the field to be
conservative so that the force on the atom is given by

F=— VW2 (3)
2 Here F is the force vector and is not to be confused with the

previous F which represented the total angular momentum vector of
the atom.
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Fig. 2—(a) A schematic of a typical atomic beam spectrometer. The
indicated trajectories are for atoms that make transitions. (b)
The trajectory of a single atom leaving the source at an angle 6
and with a particular speed v.

=

This can be rewritten as

ow
F=—-—VH, 4)
oH

provided that the only dependence on position that W
has is through the spatial variation of the magnetic
field intensity H. Note that F is different from zero only
when the field has a gradient which is different from
zero, i.e., when the field is nonuniform, and when W
depends upon H. The Breit-Rabi formula provides the
proper form for W for the case J=3% [5]. The partial
derivative, —(@W/dH) is called the effective magnetic
dipole moment wess, then

F = peVH. (5)

The 4 and B deflecting magnets are designed such that
the field configuration has a simple calculable form, and
so that the force has the simple form

ow oH
F, = — — —— = constant.
oH 9z
et OH
=g = i —_ (6)
m 0z

The acceleration imparted to the atom in a direction
transverse to the axis of the spectrometer is a, and m
is the mass of the atom. It will be assumed that z is
positive above the axis (center line of the beam) and
negative below. [See Fig. 2(b). ]
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The acceleration ¢ is different from zero only in
regions 2 and 5, where the magnetic field is nonuniform.
Integration of the familiar differential (5} yields

2 =, = v, + al )
and
2 = 2; + v + 3at? (8)

where v,; is the transverse velocity that the atom al-
ready has upon entering the deflecting field region, z;
is the z coordinate that the particle has as it enters this
region, and ! is the time spent in the given deflecting
field region.

Atoms effuse from the source slit in all forward direc-
tions. Suppose an atom enters region 2 with a certain
positive transverse velocity »,; where v, =v sin §~90.?
The speed of the atom as it leaves the oven is v. If @
is negative for this atom, it is deflected toward the
axis. Evidently this occurs if perr is negative [see (7)].
teif is negative for atoms in certain states. This is true of
states for which my= 41 (electron spin “up”). These
atoms pass through the collimator slit at position 3
for a particular angle 8 (given dH/dz). If these atoms
pass through the collimator slit, they enter the second
deflecting region, 5, with a negative transverse velocity.
Now all three terms of (7) are negative, and the par-
ticles are deflected further from the center line. If,
however, the u.s: is reversed in sign, by the application
of an electromagnetic field of the proper frequency
vo’ in regions 3 and 4, refocusing onto the detector oc-
curs.

If one proceeds with the analysis using (7), calculates
the transverse displacement at each of the positions
(1 through 6), and imposes the condition that 2;=0,
the deflection at the detector plane 2 is found to be

15(1: + 21 H
<h__l___6) [(.U'eff)2 + (Nﬁf)s] %Z_ . (9)

26 — >
2ma?

It has been assumed for this calculation that the spec-
trometer is symmetric about the collimator slit, <.e.,

11 == 15,
1y = 15,
13 = 14,

and

.- (5.

If no radiation is applied, (pesr)2 = (uetr)s. When radia-
tion of frequency »y’ is applied, (uesi)2= — (tetr)s, and
refocusing occurs (z=0). An increase in the detector
signal results.

Both the emission and absorption of radiation occur
in the transition region between the 4 and B magnets

# The angle 6 will always be very tiny for any atom that reaches
the detector plane. Hence, sin §~8 to a very good approximation.

Mockler, et al.: Atomic Beam Frequency Standards
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when the frequency of the oscillating field is »,'.
The spectral line widths observed are given, ap-
proximately, by the uncertainty relation

AEAL = I,

or

AvAL 2 1, (10)

where Ay is the line breadth, and At is the mean transit
time of the atoms through the radiation field.
Low-frequency transitions between the mp states of
a given F level, (F=4, mr+1)(F=4, mr) and
(F=3, mp+1)(F=3, mp), can also be induced by
irradiating the beam with frequency »,, where

vi(F) = 3.50 X 105H, F 561H, — 26.7(mp + 3) Ho

In this equation the { —) sign refers to transitions within
the F=4 levels, and the (+4) sign refers to transitions
within the F=3 levels. ».(F) is measured in cps and
H, in oersteds.

The uniform field H, (the C field) is essential in beam
experiments, in order to preserve the state identity of
the atom as it progresses through the apparatus. Transi-
tions can occur in accordance with the selection rules
AF=0, +1and Amp=0, +1.¢

III. A CrLassicAL DESCRIPTION OF THE
ExcrraTioN PRrRoOCESS

The original (Rabi) method of exciting the atomic
transitions in an atomic beam resonance experiment
employs a single oscillating field. In 1950, Ramsey in-
troduced a method by which the transitions are in-
duced by two separated oscillating fields. There are a
number of advantages to this method over the Rabi
method. It improves the resolution of the spectrome-
ter. It does not require as high a degree of uniformity
of the static C field. It has a practical advantage in ob-
serving very high frequency transitions. The oscillating
field must be uniform in intensity and phase, and this is
a difficult situation to achieve when the oscillating field
region is many free space wavelengths long. Two small
oscillating fields separated by a distance L provide even
higher resolution than a single field covering the entire
distance L. This advantage is gained at the expense of a
reduction in the signal-to-noise ratio.

A physical picture of the emission and absorption
process can be gained from a classical description. (See
Kusch and Hughes [5].)

A. The Rabi Method

First consider the simpler Rabi resonance method
which employs a single oscillating field, and suppose
that we examine the transition for an atom with spin 3,
since this is amenable to a classical description. The
system consists of the uniform C field H,, the atom with

4 Multiple quantum jumps occur with lower probability and are
disregarded.
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angular momentum F moving with uniform velocity
through H, and perpendicular to it, and an oscillating
field also perpendicular to H, (Fig. 3).

The magnetic moment of the atom makes an angle 6
with the Z axis, and the angular momentum makes an
angle T —# with the Z axis. In the absence of the oscil-
lating field, u precesses about H, with the Lamor fre-
quency vy =uH,/F, where F is the magnitude of the
angular momentum. The time dependent field oscillat-
ing in the x-y plane can be considered the resultant of
two rotating fields, each rotating uniformly about the
Z axis with frequency » in the X-Y¥ plane but in op-
posite directions to each other. Call these two rotating
fields H; and H;'. The application of the rotating field
H,, with frequency vy, produces a torque, uXHj,
which sometimes tends to increase the angle 8 and
sometimes tends to decrease it. As long as » and », are
widely different from each other, this torque produces a
fast nutation of 6, that, on the average, produces no
change in 8. When » approaches v/, the rotating field
that rotates in phase with the precession of u, e.g., Hy,
has an appreciable effect on the angle . Suppose v =v,’.
Consider a coordinate system fixed to H; and rotating
with it in phase with the precession of u. There is a
torque on u in the rotating coordinate system that
causes u to precess about H;. This slow precession in-
creases the angle 6 to 8’ for example [Fig. 3(b)]. In the
original stationary coordinate system the cone of pre-
cession opens and inverts periodically, 7.e., u describes,
at resonance, a helical motion downward and upward.
For the particular situation (spin %) shown in Fig. 3,
the angle formed with the Z axis varies for 6 to = —8,
periodically. The effect produced by the second com-
ponent of the rotating field, rotating in the opposite
direction to H; and out of phase with u, can be ignored,
because it produces only a rapid nutation of u about Z.5
At the resonant frequency, the magnetic moment can
have its orientation relative to H, changed with the
highest probability. This change in orientation of @ in
the classical picture corresponds to a transition between
two different energy states in quantum mechanics.

This classical description of the transition process
can be worked out quantitatively, and the results agree
with the quantum mechanical results for spin 3. For
the more complex situation of cesium there is no sat-
isfactory classical treatment. Nevertheless, qualita-
tively, we may picture the process in the following way
{or the low-frequency transitions:

The various possible mp states correspond to different
angles 6 between the angular momentum vector F (and,
consequently, ) and H,. Suppose the atom to be in a
particular state myr with corresponding precessional
angle 8, and consider a transition to the adjacent state
mp—1 with corresponding angle ;. The transition (F,

5 The effect of Hy' can only be ignored when the precessional fre-
quency is large, relative to the line width. The effect on some of the
low-frequency measurements discussed later, in connection w1th the
measurements of the C field, may be apprecmble
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Fig. 3—A classical picture of the reorientation of the magnetic mo-
ment that occurs in the emission and absorption process. Transi-
tion induced by (a) a single oscillating field and (b) a double os-
cillating field.

mp)—(F, mp—1) corresponds to a change in the angle
from 6, to 8, instead of a complete inversion, as in the
case of spin 3.

B. The Ramsey Method

Consider now transitions induced by two oscillating
field regions, separated by a distance L [Fig. 3(c)},
again for spin 3. There is a uniform field H, throughout
the entire region. As an atom enters the first oscillating
field, a torque is exerted by the rotating field H,. If H,
rotates in unison with the precession of u about H,,
reorientation of the magnetic moment occurs. The
magnitude of H; can be adjusted so that 8 increases
to /2 in the time that the atom spends in the first field.
Thus, as the atom enters the region between the two
oscillating fields, it is precessing in the X-Y plane
(still at the Larmor frequency). Upon entering the sec-
ond oscillating field region a torque, u X Hs, is applied in
addition to u X H,. If H, is in phase with H,, and if H,
is uniform, H, rotates in unison with the precessional
motion of w about H,. In the rotating system u precesses
slowly about Hs. In the fixed system, the cone of pre-
cession opens up from 8=n/2 to §=w—0, Thus, the
transition which corresponds to the reorientation of u
from an angle §o to m—6, has been induced by the two
oscillating fields together. If » and »y are slightly dif-
ferent, so that the relative phase angle between the
rotating field vector and the precessing magnetic
moment has changed by 180° in the time that it takes
the atom to go from field H; to field H, the second field
has the opposite effect to the first one, and 8 is returned
to #y. No transition occurs, and a minimum signal is ob-
served. When the relative phase is an integral multiple
of 360°, other signal maxima will be observed, giving
the characteristic Ramsey pattern. The maximum for
which v=v»," is of greatest intensity because of the
velocity distribution of the atoms. In the case where
v=v,, the phase of the rotating field and the magnetic
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moment are independent of the velocity of the atom.
The other cases, where v and »,” differ such that a phase
difference of some integer multiple of 360° accumulates,
they are dependent upon the velocity. Slower molecules
spend more time in going from the first to the second
oscillating field, and a larger phase shift accumulates
than for faster molecules. One then expects that more
atoms make the transition at the resonance frequency.
If a univelocity beam were emiployed, then the maxima
would have nearly the same intensity near v =»,’.

An argument similar to that given for the Rabi
method for F>1 can be applied to describe the Ramsey
transition process for cesium.

The discussion up to this point applies only to transi-
tions between mr levels for a given F, or the low-fre-
quency transitions mentioned previously. These
transitions are excited by radiation polarized perpen-
dicular to the applied field H,. They are called =«
transitions, and the selection rule that applies is
Amp= +1. In the cesium frequency standard, the low
frequency transitions are measured for the purpose of
accurately measuring the magnitude of Hy.®

The microwave frequency transitions occur between
an mp level in the F=4 state and another my level in
the F=23 state. The field insensitive transition (F=4,
mp=0)—(F=3, mp=0) is used as the standard of fre-
quency. The selection rules are that AF=+1 and
Amyr=0. Transitions of this type (Amr=0) occur when
there is a magnetic component of the radiation field
parallel to the static field Hy. They are called ¢ transi-
tions.

The vector diagram for cesium (133) is shown in Fig.
4(a). The total angular momentum F and the vector
sum of I and J precesses slowly about the static field
direction at an angle depending upon the mp state.
Both I and J precess rapidly about F. The magnetic
moment u; associated with J (and hence, with the
electron) points in a direction opposite to J because of
negative charge of electrons. It is much larger than
u;, the magnetic moment associated with the nucleus,
which has the same direction as I. As a consequence,
the resultant of uy and uy, 7.e., u, does not have its direc-
tion along F. Since I and J precess rapidly about F,
so does u. It is this rapid precession of w about F that
must be considered in a classical description of the high-
frequency transition. It must be emphasized, however,
that the physical picture has now become more ob-
scure and the mechanism of quantum mechanics is es-
sential to a proper description.

The slow precession of F about H, will be ignored for
our descriptive purposes. The rate of this precession is
much slower than the precessional rate of w about F.7

In the standard frequency transition, mr =90 in both

6 Certain microwave transitions which provide a better measure-
ment of Hyare also used.

7 This precessional motion (F and ur about Hy) has a frequency of
10 to 30 ke in the Bureau standards, depending upon the magnitude
of the C field. On the other hand, u can be pictured as precessing
about F with a frequency of 9193 Mc.

Mockler, et al.: Atomic Beam Frequency Standards
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Fig. 4—(a) The vector diagram of an atom with positive nuclear
moment (not drawn to scale). (b) A classical picture of the transi-
tion process corresponding to a ¢ transition for mp=0.

the F=3 and F=4 states. For this particular value of
mr, the vector F is perpendicular to Hy. We may now
consider the reorientation of the precessing magnetic
moment g by the application of a rotating field vector
H,, which rotates in a plane perpendicular to F. When
H,; (the microwave field) rotates in unison with the
precessional motion of u, the magnetic moment inverts,
and the previous arguments apply in a qualitative way.
[See Fig. 4(b).]

1V. CHARACTERISTIC FEATURES AND THE PERFORMANCE
OF THE BUREAU STANDARDS

A. Characteristics of the Beam Devices

The Bureau standards are shown in Figs. 5 and 6.
These machines employ Ramsey-type excitation. The
separation of the oscillating fields is 55 c¢m in the
shorter machine (which is designated as NBS-I, Fig. 3),
and the oscillating field separation is 164 cm in the
longer machine (which is designated as NBS-11, Fig. 6).
The source slit dimensions are 0.003 inch X0.100 inch
and 0.015 inch X0.187 inch, respectively. The spectral
line widths are 300 cps (NBS-I) and 120 cps (NBS-11)
at the present time. These are the line widths for which
greatest signal-to-noise is available and are not the
narrowest attainable. The rather broad line for NBS-11,
considering the interaction length, results apparently
from cutting off some of the slow atoms of the velocity
distribution by the small holes through the resonant
cavity. The ends of this cavity were actually designed
for NBS-I where the beam deflections are smaller. En-
larging these holes should reduce the optimum line
width and increase the signal-to-noise ratio.

Hot wire detectors (20 per cent iridium—80 per cent
platinum alloy) are used in conjunction with conven-
tional electrometer circuits. Typical signal-to-noise ra-
tios are about 400 for NBS-1 and 100 for NBS-II.
The oven temperature is 150°C for both.

The uniform C field (H,) is produced by passing a
direct current of about one ampere through a conduct-
ing sector of a cylindrical brass tube contained within a
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Fig. 6—(NBS-I1) atomic beam frequency standard.

p-metal magnetic shield. A double shield is used in the
longer machine and a single shield in the shorter, to
eliminate the earth’s field.

The radiation field exciting the microwave transition
is provided by a rectangular U-shaped resonant cavity
driven by a frequency multiplier chain. The beam passes
through the two ends of the cavity just grazing the end
walls. The purpose of this design is to assure identical
phase in the two oscillatiny field regions.
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The cavity modes employed are TEg 1,60 and TEg,1,100
for NBS-1 and NBS-II, respectively. The Q of both
cavities is about 5000. The cavities were precisely
electroformed to be symmetrical about the coupling
hole to the transmission line {rom the frequency multi-
plier chain. Tuning is provided by a small plunger
opposite the coupling hole.

The most recent method of {requency measurement
is shown by the block diagram of Fig. 7.

TO EXCITATION STRUCTURES
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Fig. 7—Block diagram of the method of
frequency comparison.

B. Effects Introducing Uncertainties in Frequency

There are a number of uncertainties introduced into
the absolute frequency measurements of the cesium
standard. The effects that we find to contribute most
significantly to these uncertainties are:

1) the magnitude and nonuniformity of the C field
including variations in the magnitude over long
periods,

2) a phase difference between the two oscillating field
regions, and

3) a lack of purity of the electromagnetic field excit-
ing the atomic transition.

The magnitude of the C field is determined by ob-
serving a number of field sensitive microwave transi-
tions, e.g., (F=4, mp=+1)>(F=3, mp=+1). The
frequency for these transitions is given by

Yy = Vo i 7006H0,

where v and 1, are measured in kc and Hy in oersteds.
The low-frequency transitions for which AF=0 and
Amp= +1 were also used to measure the magnitude of
the field and, in addition, the uniformity of the field.
The frequency of these transitions is given by

v = 350H,,

where » is measured in kc. Small coils were placed at
various positions along the C field. The magnitude and
uniformity of H, were obtained by exciting each coil
separately.
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A rotating coil fluxmeter, sensitive to 0.002 oersted,
provides still another method of measuring the field and
its uniformity.

The initial field measurements made several months
ago indicated that the maximum variation in Hy
along the length of the C field was 10.002 oersted,
which was the uncertainty in the measurements at that
time. This uncertainty in the field can produce, at most,
an uncertainty in the standard frequency measurement
given by

AVO/ = 854H0AH0,

Avy’ =0.034 cps if I1,=0.020 oersted. The fractional un-
certainty is about 4 X 10712, At the time of these initial
comparisons of the two standards, the values of the C-
field magnitude, as measured by the different methods,
agreed to within the precision of the measurements
(£0.002 oersted) for both machines. Since that time,
however, the shielding properties of the u-mectal shields
have deteriorated to some extent, accompanied, in the
case of the longer machine, by a discrepancy among
the various types of field measurements of about 0.004
ocrsted at a field of 0.080 oersted. In order to reduce the
resulting wicertainty in the frequency measurements
to below 1X10~!' smaller C fields (~0.020 oersted)
have been used in NBS-II for recent comparisons.
There is no measurable discrepancy between the dif-
ferent C-field measurements in NBS-1.

In these field measurements, greatest reliability is
placed in the microwave measurements. The spectral
line measured at low frequencies is subject to distortion
and power shifts. Furthermore, the line is at such a low
frequency that the Bloch-Siegert shift is probably
rather significant. The theory [6] assumes that IT,/1I,
(I1; is the magnitude of the radiation field intensity) is
a small number. The theory of Bloch and Siegert does
not strictly apply to these experiments because
I/ ITy~1.

In order to test phase differences between the two
oscillating field rezions of the Ramsey exciting struc-
ture, the U-shaped cavities of both NBS-T and NBS-11
were designed so that they can be rotated 180°; i.e., the
two oscillating fields can be interchanged. No frequency
shift was observable after rotation of the long NBS-I1
cavity. A small shift of 1.0X10~"" was measured for
NBS-I. The precision of measurement was 2X1071'2
Since the effect is doubled by rotating the cavity, the
correction for the phase shift in NBS-I is 51072, It
is supposed that this phase shift in NBS-I occurs as a
result of extensive pitting on the inner wall of the cavity
from improper electroforming. There is no pitting in the
NBS-II cavity.

The simple theory of spectral line shape assumes the
atomic transition to be excited by pure sinusoidal or
cosinusoidal radiation.

If the electromagnetic field is not pure, rather large
frequency uncertainties are possible in the measure-
ments [7]. In actual fact, of course, the transition is
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induced by a certain distribution of frequencies. This
distribution is determined by the frequency multiplier
and crystal oscillator from which the exciting radiation
is derived. The radiation, in general, is composed of the
carrier {requency, noise, and discrete sidebands result-
ing from frequency modulation. The discrete sidebands
are usually caused by 60 cps, the power frequency, and
multiples thereof. (In the cesium beam experiments it is
possible to reduce the noise to a low enough level so that
it is not the limiting factor in the precision of the fre-
quency measurements.) The sidebands are multiplied
in intensity by the factor of frequency multiplication.
This factor is rather large (1836) and, consequently,
these sidebands can introduce rather large frequency
errors. Errors of this sort are particularly significant if
the power spectrum is unsymmetrical.® Frequency
shifts of a few parts in 10° have been observed by de-
liberately introducing sidebands unsymmetrically placed
about the carrier.

Of course, if the power spectrum is known, the proper
spectral line shape can be calculated in order to find the
proper correction to the measured frequency. It is more
desirable, and much simpler, to eliminate these side-
bands so that the simple line shape theory applies.

The frequency measurements of a few months ago
were made by using a crystal oscillator whose crystal
was cut to an exact submultiple of the cesium transi-
tion. The power spectrum of this oscillator was found
to contain no observable sidebands by using an am-
monia maser spectrum analyzer [9]. The half width of
the power spectrum was about 5 ¢cps at 23,900 Mc.

The measurement system now employs a helium
cooled quartz oscillator. The power spectrum of this
oscillator is shown in Fig. 8. The sidebands are elini-
inated by phase locking a simple two-tube oscillator to
the helium oscillator. Thus, use is made of the short-
term stability of the simple oscillator and the long-term
stability of the more elaborate helium cooled oscillator.
Any frequency uncertainty caused by the radiation
spectrum should be negligible. A comparison of the data
obtained, using the two methods of excitation, yield
the same results within the precision of measurement.

Possible frequency shifts arising from neighboring
lines in the spectrum have been estimated and were
found to be negligible (see Fig. 9).

Frequency shifts incurred through frequency pulling
of the resonant cavity are given approximately by

. 2
Avp = (mQ°“”"y> A,

line

where Avg is the shift in the peak of the atomic res-
onance line, and Ay, is the difference in frequency be-
tween the peak of the cavity response and the peak of
the spectral line. Qiine is the Q of the spectral line. Fre-
quency shifts in the standard frequency measurements

. % An unsymmetrical power spectrum can arise when the carrier
is frequency modulated with two or more different frequencies [8].
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from this source are found to be negligible, provided
that reasonable care is taken in tuning the cavity to the
cesium resonance. The cavity can be tuned to within
5 kc of this resonance. Temperature effects are not
troublesome. The temperature of the laboratory is con-
trolled within about 2°C. The cavity must be tuned to
resonance not only to avoid frequency pulling effects,
but also to avoid the phase shifts previously discussed.

The variation of the measured frequency as a func-
tion of excitation power has been examined experi-
mentally. Changing the power by a factor of 10 intro-
duces no observable frequency shift. (See Fig. 10.) Sim-
ilar experiments have been performed on NBS-I, yield-
ing similar results.

The accuracy of the frequency measurements is de-
termined by consideration of the parameters of the
beam devices that affect the frequency. The total uncer-
tainty in frequency is obtained by adding all of the ex-
perimental uncertainties in these various measured
parameters. A figure of accuracy can then be written
for each of the two beams. If the beam devices are then
compared, the difference frequency should fall within
the sum of the two figures of accuracy and the precision
of the comparisons.

The uncertainty in the C field for NBS-II is 0.004
oersted, and the corresponding frequency uncertainty
is £8X10~'2. The uncertainty in the frequency caused
by a phase shift between the oscillating fields is +2
X 10712, Other effects discussed previously are expected
to be negligible, or calculable, and the corresponding
uncertainty in frequency negligible. Thus, the figure
of accuracy of NBS-II is 1.0X10-'%

The uncertainty in the (-field measurements of
NBS-T is +0.002 oersted or about 4 X 10~!2. The uncer-
tainty caused by a phase shift is +2X10~!2, so that the
figure of accuracy for NBS-I is 6 X 1012

One would then expect that the two machines, if com-
pared, would differ in frequency at most by 1.6X10~1
plus the precision of the comparison measurements.?
This is the difference observed taking into account the
phase shift of 5X 102 in NBS-I. For one orientation
of the NBS-I cavity the two devices disagree by 1.0
X 10~11 and for the other orientation they disagree by
2.0X10~ !, The corrected measured difference is 1.5
X 10711,

The precision for the comparisons considering the
data over the last three months is 2 X 10~!2. Rather than
adding this figure to the estimated figure of accuracy
for each of the machines, the accuracy has been taken
as 1.5X10~1, the measured difference between NBS-I
and NBS-II (a somewhat larger figure).

Confidence in these figures is gained by making the
comparisons over long periods and observing the con-
sistency. Also, various excitation sources were used.
Certain modifications and adjustments and readjust-

9 The measured phase shift in NBS-I (5X107%2) and the shift

caused by neighboring lines are not considered uncertainties since
they are either measurable or calculable. )
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ments were made in order to observe the constancy of
frequency measurements. Confidence is also gained
from the observed statistical behavior. The randomness
of the collected data was tested and found to follow a
normal distribution. This gives additional meaning to
the calculated standard deviation and standard devia-
tion of the mean. The various sets of data taken for
particular periods are found to agree within the stand-
ard deviation of the mean for each set.
The standard deviation is given by

/2

=T
Vo n—1

if # comparisons are made between one beam and a par-
ticular crystal oscillator driving the frequency multi-
plier chain.

In comparing the two machines, the standard devia-
tion 1s

(11)

(Av; — Am]w’ .

s

VoL =1 n—1

where Ay, is the measured zero field frequency difference
between the standards. The standard deviations of the
mean are given by

_ —1_ n (Vi — 17)2 1/2
o VO[ =1 n(n — 1):| (13)
and
. i n . (Aps — 5)2 1/2
™= V()[ z=21 n(n — 1) :l ' (19

The number of sets of measurements is #n. The time re-
quired to make a single comparison of one of the beams
with a crystal oscillator is 30 seconds to 1 minute. The
stability of this oscillator is of concern over the period
of successive measurements. The measurements, in
fact, give a good measure of the oscillator stability for
these periods of time. Fig. 11 demonstrates the stability
of the helium cooled oscillator. Actually, the instability
displayed in this sample recording results from both in-
stabilities in the maser and the crystal oscillator. The
relative contributions are not distinguishable. Com-
parisons with the cesium beams frequently demonstrate
a stability of 7 parts in 10'2 for the helium oscillator
over a period of a few hours. It is during these periods
that the best comparisons between the two beams are
made.

A set of 10 to 15 measurements taken over 5 to 15
minutes normally yields a standard deviation of the
mean of 1X 101, Measurements are not made during
periods of oscillator instability (when it is refilled with
helium and so forth).

Fig. 12 shows a sample set of comparisons between

NBS-T and NBS-II. The standard deviation of the
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Fig. 11—Maser stabilized chain compared with 10-Mc helium cooled
crystal oscillator. The recorder plots the analog output of a fre-
quency counter vs time. The counting period is 1 second, and the
display time is 1 second.
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Comparisons during periods of eight hours.

mean of the comparisons for this day compares with a
set of measurements made over a one-month period in
January and February within the standard deviation
of the mean. The oscillator was noticeably more un-
stable the last half of the day for the measurements
made in Fig. 12.

Fig. 13 demonstrates the stability of Atomichron 106
and the helium cooled oscillator over eight-hour pe-
riods. These results are somewhat better than those ob-
served typically.

V. STANDARD FREQUENCY COMPARISONS WITH
Oraer CESIUM STANDARDS

Comparisons have been made through propagation
data between the Bureau standards, the British stand-
ard at the National Physical Laboratory, and four
Atomichrons in the United States. The propagation
data were obtained from the regular reports of: S. N.
Kalra of the National Research Council of Canada;
J. R. Pierce of the Cruft Laboratories; National Bureau
of Standards Boulder Laboratories; Naval Research
Laboratory, Washington, D. C.; and National Physical
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TABLE I

SuMMARY OF THREE-MONTH COMPARISONS BETWEEN NBS-1I anD
NPL, NRC (Canapa), AND A GROUP
OF 4 ATOMICHRONS
(DaTa oF NovEMBER 30, 1959-MarcH 1, 1960)

IRE TRANSACTIONS ON INSTRUMENTATION

Number of . .
Comparison Daily Com- Lm(l:(s Used in the
parisons Used omparson
1) (NPL-NBS I1),,. 34 a. WWVB-NBS I1
= —0.1X10"10 via b. WWVB-NRC
NRC (Canada) c¢. MSF-NRC
d. MSF-NPL
2) (NPL-NBS I1),,. 80 a. 106-NBS 11
= +0.9X1071° b. WWV-106—(30
day averages)
c. WWV-112
d. MSF-112
e. MSF-NPL
3) (NRC-NBS II),y. 22 a. WWVB-NBS I1
=10.2X10710 b. WWVB-NRC
4) (M&NBS 11),y. 70 a. WWV-106
=+1.0X10"10 b. 106-NBS 11
106—Boulder c. WWV-110
112—Cruft d. WWV-112
109—WWV e. WWV-109
110—NRL

Laboratory, Teddington, England. The results are
compiled in Table I. In this table, the designation M, is
the mean of the zero field frequencies of Atomichrons
106, 109, 110, and 112. The locations of these Atomi-
chrons are also indicated.

Fig. 14(a) and 14(b) plot the data used in Table I,
and are given in order to display the scatter in the
measurements.

VI. DiscussioN

The results of the experiments demonstrate that
beam devices of rather modest length (55 cm between
the oscillating fields) are capable of precisions of
2X 10712 for measurement times of about one to a few
hours. Apparently, accuracies of 2X10-'2 could also be
obtained if the C-field difficuities that we have experi-
enced could be eliminated. It seems likely that they can
be. Longer beams would reduce the measuring time re-
quired for the same accuracy, provided that the C
fields could be adequately controlled; longer beams

would be accompanied by more severe C-field problems.

Professor P. Kusch has suggested using T12% [1] instead
of Cs', Thallium has the advantage that it is less sensi-
tive (by a factor of 1/50) to magnetic fields. Its use could
reduce the uncertainties in the determination of the
line frequency. The transition frequency for thallium is
given by

V(),(Tl) = ]Io(Tl) + 204H02 (15)

Compare this with cesium, for which

VoI(CS) = Vo(CS) + 427H02. (2)
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Fig. 14—(a) Comparison of U. S. frequency standard with British
standard. (b) Comparison of U. S. frequency standard with
Canadian standard, and with a group of four Atomichrons.
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There are two additional advantages that the thal-
lium spectrum has in precise frequency measurements:
the o transition has a higher frequency (21,310.835 Mc
[10]) and it does not have other ¢ transitions as cesium
does. There are only four states in the hyperfine struc-
ture of the ground state, and for cesium there are 16.
Under these circumstances higher signal intensities
would be observed for thallium if the detector efficiency
were the same as for cesium. The disadvantage of thal-
lium is that the method of detection is somewhat more
difhcult than the method used for cesium. The relative
efficiencies must be determined by experiment before it
can definitely be said that a thallium beam would pro-
vide a better standard.

The alkali vapor frequency standard [11], [12] also
shows considerable promise although it has the disad-
vantage of inherent frequency shifts caused by the
buffer gases. The shifts are not sufficiently understood
to be treated analytically; consequently, certain recipes
in construction would have to be prescribed if they were
used as a primary standard. They do have certain ad-
vantages in simplicity, however. These devices have
been demonstrated, by P. L. Bender and his group,
to have frequency stabilities of 1 X10~1! over a period of
one month [13].
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Hughes has suggested the (J=0)<(J=1) transition
of LiSF occurring at about 100 kMc as a {requency
standard. It would employ the electric resonance beam
technique [14]. A wider choice of frequencies is avail-
able in electric resonance beam experiments than in the
atomic beam experiments. However, they have the
disadvantage that signal intensities are lower.

It might be suggested that the Fabry-Perot inter-
ferometer, developed recently for the millimeter wave
region [15], would be particularly well suited to this
type of experiment. Q’s of 100,000 are attainable and
rather low-input powers can be used to excite the beam.
The uniform C field could be provided by applying a
voltage across the parallel Fabry-Perot plates. With
presently available generators, and by using a Fabry-
Perot resonator, it is perhaps not too optimistic to con-
sider observing transitions at 500 kMc. There is the ad-
ditional possibility of making a voltage standard from
an electric resonance beam device employing a Fabry-
Perot resonator.

The ammonia maser has application as a frequency
standard [16]-[19] and, in fact, it is the present fre-
quency standard of Switzerland.

Other masers designed for higher frequency are pres-
ently being investigated by a number of laboratories,
including the Bureau. These devices employ a Fabry-
Perot interferometer as the resonator. If these instru-
ments prove to be practical, they will have the advan-
tage of reducing the Doppler effect that exists in present
amnonia masers.

The “bounce box” technique suggested by Ramsey
[20] also shows promise in frequency standard applica-
tions. This device serves to store the atoms in the C-
field region of an atomic beam spectrometer, thus de-
creasing the spectral line width.

At the present time, the National Bureau of Stand-
ards Boulder Laboratories intends to make a thallium
beam, continue the research on the Fabry-Perot maser,
and control the excitation chain of the present stand-
ards directly with an ammonia maser. It may prove
practical to control the maser stabilized chain control-
ling the cesium excitation with a correction signal from
the cesium beam. Thus, the complete standard would
be composed of an ammonia maser that would provide
short-term stability and the cesium beam which would
determine the long-term stability.

VII. CoNCLUDING REMARKS

The longer of the two machines (NBS-II) is the
present United States Irequency Standard. The
shorter machine (NBS-I) is an alternate standard. The
frequency assumed for the (F=4, m,=0)-(F=3,
mp = 0) transition of cesiumin zero field is9,192,631,770.0
cps. At present, the best comparison between cesium
and Ephemeris Time is that given by Markowitz, Hall,
Essen and Parry as 9,192,631,770+20 cps [21].

Mockler, et al.: Atomic Beam Frequency Standards

131

Corrections for the 60-kc standard frequency broad-
casts of Station WWVB (formerly KK2XEI), Boulder,
Colo., are made each week and are available upon re-
quest. The corrections for the 20-kc transmission are
also available.

We believe that the experiments demonstrate that
with adequate care in construction and testing, atomic
beam standards can be expected to agree in frequency
without special recipes in design, and indeed they be-
have as one would predict from theory; one need only
know the values of the pertinent parameters to suffi-
cient accuracy. This information must be obtained
from appropriate tests.
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