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ABSTRACT

This historical review of the development of
cesium beam frequency standards covers the
period from the announcement of the first atomic
frequency standard in 1949 to the present. It
describes the concepts as well as the key factors
affecting the development of the various cesum
standards.

HISTORY OF DEVELOPMENT

While the world' sfirst atomic frequency
standard, developed by Lyons and his colleagues
[1] at the National Bureau of Standards (NBS),
was completed in 1949, the basis for the
devel opment was established much earlier by the
molecular beam work of the Nobel laureste,

I.I. Rabi. He used molecular beams to detect
atomic and molecular resonances (transitions)
with unprecedented accuracy. It wasn't long
before people realized that these resonances
could also be used as frequency standards.

Thefirst NBS standard, based on atrangition
in ammonia, performed no better than the best
quartz oscillators of that period, but it opened
the door to subsequent developments. At the
same time that NBS was introducing its
standard, Ramsey, another Nobel prize winner,
was inventing the separated oscillatory field
method [2]. In this method, a molecular beam
passes through two regions of microwave field
separated by some distance aong the beam path.
This was amgor improvement over Rabi’s

earlier devices. It reduced the observed linewidth
and eliminated the first-order Doppler shift.
Following the lead of the molecular beam work
in the United States, Essen and Parry [3] of the
Nationa Physica Laboratory in England adapted
this method to cesum-beam frequency standards
inthe mid-1950's .

Cesium was favored for frequency standards
for severd reasons. Its relatively high resonance
frequency near 9.2 GHz was a good match to
the microwave technology that had been
developed during World War 11. Also, this
resonance was particularly narrow and relatively
insengitive to magnetic fields. Cesum beams are
easy to produce, and cesum is readily detected
with a hot filament and current detector. Cesum
was selected very early in the game; though
much research was conducted using other atoms,
none has yet emerged to replace cesum. The
cesium devices were so successful that in 1967
the second was redefined as “the duration of
9192 631 770 periods of the radiation
corresponding to the transition between the two
hyperfine levels of the ground state of the
cesium-133 atom.” This number was based on a
comparison, over a2 3/4 year period, of a
cesium beam frequency standard and very
careful astronomical observations [4].

The next 25 years saw gradual improvement
of the concepts developed in the 1950s and
1960s to a point where these standards could
redlize the atomic definition of the second with
an uncertainty of lessthan 1 x 10 ™3, Even during
this period of gradua evolution, the uncertainties
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of cesum frequency standards were dropping
more than an order of magnitude every 10 years.
Electronic components such as frequency
synthesizers and servo-control systems were
improved and the theory of the devices was
worked out in great detail. The separated-
oscillatory-field concept was used in dl of the
successful devices and the various forms of the
microwave cavities used to implement this
concept became known as Ramsey cavities.

The key problem in the design of these
cavities has been the very smal microwave phase
differences associated with losses in the cavities
and with inevitable manufacturing imperfections,
particularly as these affect the symmetry of the
cavity. These phase differences produce atom-
vel ocity-dependent frequency shifts that have
been difficult to handle in traditiona standards

where atoms have therma veocities ( ~200 nv/s).

The mogt traditiona form of Ramsey cavity
involves the centra (tee) feed of two equal-
length sections of waveguide that are shorted at
the ends to reflect the microwave sgna and
create standing waves. The atoms are typically
passed through apertures located A/2 from the
shorted ends. The phase-difference problemsin
such a cavity are of two types. Thefirst is called
end-to-end cavity phase shift. When atoms pass
through the fields in the ends of the cavity, they
produce a resonance frequency that is shifted by
any phase difference. Fortunately, the shift is
equa in magnitude and opposite in sign to that
produced when the atoms are sent through the
cavity in the opposite direction, so this problem
can be resolved.

The second phase shift of concern isthe
transverse (distributed) phase shift across the
apertures. Because of the distributed losses in
the walls of the cavity, the traveling waves are
dightly attenuated as they travel down the guide.
These losses result in a phase shift across the
aperture. This phase shift produces complex
frequency shifts that are compounded by the
broad velocity distribution in the beam and by
the magnet optics of the state selection and

detection systems (at both ends of the cavity). A
description of the problem is beyond the scope
of this paper, but sufficeit to say that distributed
cavity phase shift produces a critical systematic
error.

In the mid-1970's progress toward higher
accuracy dowed for two reasons. First, as
uncertainties became smdller, it became
progressively more difficult to correct for
systematic errors associated with the thermal
velocities of the atoms. For example, the second-
order Doppler shift at these velocities had
become larger than the overall uncertainty of the
standards. Furthermore, the high velocities limit
atom observation times to a few milliseconds
resulting in resonance linewidths of many tens of
hertz. This placed more stress on the servo-
control systems used to locate the center of the
resonance. The second reason for adowing in
progress involved the comparison of standards
congtructed in widely separated |aboratories.
Standards were compared using radio signals,
but propagation delays introduced comparison
errors that were greater than the uncertainties of
the standards. With no precise means for
comparison, motivation for further improvement
waned. This limit was removed by the
development of satellite time-transfer methods
that resulted in comparison improvements of
more than 2 orders of magnitude.

During the 1980's, physicists discovered
methods for using lasers to control the states and
motions of atoms setting the stage for a
revolution in frequency standards. We are now
in the midst of that revolution.

In 1993, NIST introduced NIST-7 [6], a
conceptualy new standard that uses optical-
pumping methods for both atomic state selection
and state detection and now achieves an
uncertainty of 5 x 10 >, Before this
development, al cesum beam standards used
Stern-Gerlach magnets for both atomic state
selection and the detection of transitions induced
in the Ramsey cavity. The optica pumping
methods result in a much higher atomic beam
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current, since atomsin the ‘wrong’ atomic states
areforced into the desired states rather than
discarded (as done in earlier standards).
Furthermore, elimination of the Stern-Gerlach
magnets dramaticaly simplified the atomic beam
opticsto alinear geometry.

NIST-7 uses an improved version of the
Ramsey cavity introduced by DeMarchi [6].
Rather than creating a standing wave at each end
using shorted waveguide, DeMarchi has
designed a cavity the splits the traveling wave (at
each end) and feeds these together at the
aperture. Thus, rather than terminating in a
short, each end consists of asmall tee-fed
waveguide ring with the aperture located
opposite the feed. The distributed cavity phase
shift isdramaticaly smdler in this cavity.

The next mgjor devel opment was the so-
called cesum fountain frequency standard. This
concept was first proposed in an oral
presentation in 1954 by Zacharias[7], but was
demonstrated only in recent years [8] because
the laser-cooling methods, essentid to its
operation, were not available then. In the
fountain standard, laser-cooled atoms are |ofted
vertically through a microwave cavity, and their
states are interrogated as they rise and then fall
back through this cavity under the influence of
gravity. The benefits of the concept are amuch
longer (x100) interrogation time, which results
in acomparable narrowing of the microwave
resonance, and alarge reduction in the second-
order Doppler shift. Additionaly, the end-to-end
cavity phase shift is eliminated, snce the atoms
turn around and go back through the same
cavity. Of course, the problem with distributed
cavity phase shift is aso reduced because the
atoms are moving more slowly.

The concept was first used for aprimary
frequency standard by Clairon and his colleagues
at the Laboratoire Primaire du Temps et des
Fréguencesin Paris[9]. The uncertainty for this
fountain standard is now 3 x 10 *, but it will
certainly go below 1 x 10 *° in the next few
years. It is aso reasonable to assume that this or

some other version of the cesium frequency
standard will achieve an uncertainty on the order
of 10" within the next decade.
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