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Abstract

ML

In our presently known laboratory and commercial cesium
standards, the so-called Ramsey cavity is employed. The
envelope of the associated Ramsey pattern is determined by the
distribution of atomic velocities in the atomic beam. The wider
the velocity distribution, the narrower will be the half-width
of the envelope of the Ramsey pattern. The envelope of this
Ramsey pattern 1is invariant against cavity phase shift. 1In
other words, the center of the envelope ~ in contrast to the
center of the main peak of the resonance — does not shift from
cesium atomic resonance frequency when the cavity phase shift is
varied.

Therefore, it is suggested that the systematic frequency
shift due to an rf phase difference between the two inter-
action regions of a normal Ramsey cavity can be eliminated by
using simultaneously two different frequencies around the
cesium resonance applied to two separated interaction regions
which are not part of the same cavity. To the atom this is
equivalent to a time-varying cavity phase shift between
the two interaction regions. A modulation of the frequencies
vy and vy applied to cavities 1 and 2 will preoduce signals
symmetrically spaced around true line center of the cesium
resonance. This technique is briefly described and the advan-
tages are noted.

An improvement in the achievable accuracy with labora-—
tory type primary frequency standards appears possible. Com- it
mercially produced small beam tubes may realize accuracies Sl b
presently achieved only with the much larger and more expen— il
sive laboratory units. 1In addition, long-term stability and S f
clock performance should be enhanced significantly in both :
laboratory and commercial versions of this now techaique.
An experimental program aimed at realizing these advantages
is presently under way.
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INTRODUCTION

Atomic clocks of many configurations have been studied, used, and

cormmercially produced. The most used and important example is the cesium

beam atomic frequency standard or clock. Devices of this type form the
basis for today's time services as well as for precision navigation and
communication systems. They are also used as the primary standard for
the unit of time. In addition to a number of laboratory built cesium -
beam clocks, a large number of commercial cesium atomic clocks is in
existence in the world.
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Figure 1. Schematic of a cesium beam frequency standard.

The basic configuration of a cesium standard is shown in Fig. 1.

An oscillator (usually a crystal oscillator) is controlled via a servo
loop by the cesium atomic resonator or beam tube. In order to lock the
oscillator to the atomic resonance, the resonance has to be interrogated
in order to produce an electronic signal at the detector which indicates
how large the frequency offset from the atomic line center is and on
which side of line center the frequency offset is located [1].

The properties of the microwave cavity to a high degree determine
the performance of this device as a frequency standard or clock in terms
of accuracy and long-term frequency stability. During the approximately
twenty-five years of development of cesium beam devices, different cavity
configurations and different modulation schemes have been tried. Most
notably, cavities of the Ramsey type are being employed, i.e., two
regions of interaction, spatially separated but part of the same micro-
vave cavity as shown in Fig. 1 [2]. The wodulation schemes for line-
center lock which have been employed are generally of the frequency and
phase modulation type, and sinewave or squarewave modulatioan has been
uscd.
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CAVITY PHASE SHIFT

The properties of the cavity affect the apparent frequency of the
cesium resonance, i.e., the interaction of the cavity with the resonating
cesium atoms may cause an apparent shift of the resonance frequency from
the true resonant frequency of the atom. Cavity phase shift is caused
by a non-uniform phase in the microwave cavity, either an end-to-eand
phase difference or a distribution of phases along and across the atomic
beam trajectories in the cavity [3]. This cavity phase shift currently
limits the absolute accuracy of the primary cesium standards to about

1 x 10—.13 aﬁd the accuracy of commercial units to about 7 x 10—12. There

is also evidence that a time-varying cavity phase shift causes long-term

frequency changes and instabilities (over the period of months to years)

in such devices, limiting their usefulness as clocks in time generation.
In an atomic cesium standard using a Ramsey cavity there exists

time dispersion between the two pulses (e.g., atomic beam with velocity

spread which uses the separated oscillatory field technique) and one can

observe the envelope of the resonance spectrum g(w—mo,ﬁ) (Ramsey pattern)

as shown in Fig. 2. This envelope (dashed curve in Fig. 2) is symmetric
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Figure 2. Microwave spectrum (Ramsey pattern) of a
cesium tube using a Ramsey cavity.
v = atomlc (angular) resonaunce frequency,
o)

§ = cavity phase difference,

<T> averayve time of flight between the
two cavity regions.
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with respect to rf phase shifts between the two interaction regions,
while the Ramsey pattern itself, in general, is not, due to the cavity
phase shift & [4]. The central peak of the Ramsey pattern occurs
approximately when w — w_ = &§/<T> where <T> is the average transit time
between interaction regions and where W, is the true atomic (angular)
resonance frequency.

ELIMINATION OF THE CAVITY PHASE SHIFT

The purpose of this paper is to describe briefly a variation of
Ramsey's separated oscillatory field technique. In the simplest form
of this new technique, the resonance sample is interrogated by two
time~delayed pulses of radiation as in the original technique [2]. 1t
differs in that the rf phase of the second pulse is allowed to advance
(or recede) at a constant rate; that is, the microwave frequency of the
second pulse is offset from that of the first. In its practical real-
ization, the two interrogation regions are not part of a single cavity
(as in the traditional Ramsey cavity) but rather independent cavities
driven by the frequencies v] and v; as shown in Fig. 3.
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Figure 3. 1TIn this example; v} = vy = Ve V2 = Vg T by, v} = v FAv
where &v = 1/T and vhere T is the approximate transit time
of atoms between cavities. The servo finds the condition
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These two frequencies have a fixed frequency relatiounship to each
other. The atoms are subjected to first the frequency v; in the inter-
action region 1, then to the frequency v, in the interaction region 2.
To the atom, this is equivalent to a time-varying cavity phase shift
between the two interaction regions; this cavity phase shift depends on
the time—of-flight of the atoms between the two interaction regions and
on the frequency difference vy - vj.

At the detector there is a sinusoidally varying "signal" at fre-
quency Av = v; - vy vwhose amplitude depends on v; - Yo and vy - v, where
Vo is the atomic resonance frequency. If frequencies v] and v} are now
applied to cavities 1 and 2 respectively where v — v] = — (vp = v1)
then the signal at the detector has the same amplitude only when

(vi + v])/2 = v, = (vo + v3)/2. For this "resonance” condition, any of

the applied frequencies (v}, v], vz, Vv3) can be directly related to v,
One example is given in Fig. 3.

One slight disadvantage of this method, as compared to traditional
cesium standards, is that the Ramsey envelope is broader than the central
Ramsey peak obtained in the usual arrangement. However, this loss of
resolution should not have to be more than a factor of two for a beam
with a broad (e.g., Maxwellian) distribution. '

CONCLUSTIONS
The advantages of the above scheme are several:

(1) First-order phase-shift problems such as the cavity phase shift
ave eliminated in the two frequency separated oscillatory field
method.

(2) Background pulling effects are greatly minimized in certain ex-
periments. TFor example, in cesium clock operation systematic
frequency pulling normally occurs due to overlap of the main line
with (generally asymmetric) field-dependent transitions [5] ("'Rabi®
patterns). Yo signal content occurs at frequeancy Av from these
overlapping transitions; this allows use of significantly reduced
operating vagnetic fields (which would normally increase this
backsiround pulling), thus greatly reducing magnetic field sensi-
tivity of the clock transition, or alternatively reducing masnotic

shividing requirements.
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(3) Separate interaction regions can be constucted with low Q. This is
an advantage because:

(a) Cavity pulling [3] can be made negligible. For example, in a
conventional atomic beam resonance apparatus using separated
oscillatory fields the Q of the resonant cavity is made very
high to make lGl small. In the two-frequency method, two sep-
arate cavities of low Q can be made by terminating shorted
pieces of waveguide at the input, thus making cavity pulling
negligible. (We note that rf levels do not have to be the
same in the two cavities.) '

(b) This may reduce fabrication complexity and cost. Moreover,
superconducting cavities could be installed in laboratory
standards such that only the end pieces were superconducting,
thus simplifying the required cooling and eliminating dis-—
tributed cavity phasa shifts (see below).

(4) 1In high-accuracy frequency determinations, beam reversal [3] is no
longer necessary, although it would provide a useful check of the
method. Elimination of beam reversal would greatly simplify con-
struction of laboratory standards and would give commercial cesium
atomic clocks higher accuracy without increased complexity.

(5) Long-term frequency stability of devices using the two~frequency
method should be increased. For example, in cesium beam frequency
standards greater insensitivity to magnetic field, state selection,
or cavity parameter changas should be obtained.

The above method does not completely eliminate systematic frequency
offsets due to "distributed cavity phase shifts" [3,6]. This problem
arises because the phase shift of the rf field may not be constant
across the cross—section of the beam due to losses in the microwave
cavity. However, the 'distributed phase shift" problem may be more
tractable with the two-frequency method. For example, the offset due
to distributed cavity phase vanishes if the shape of the velocity
distribution is the same on all the atomic trajectories through the
cavities. Furthermore, as noted above, the distributed phase shift
problem is completely eliminated by using superconducting cavities.

We have initiated an experimental program aimed at demonstrating
this new technique. We are modifying an existing cesium beam tube to
operate with this new cavity structure and a compatible electronic
system along the principles depicted in Fig. 3.
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