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The Rydberg constant, R, relates the wavelengths
of the spectrum of atomic hydrogen to practical {abo-
ratory units. As such, R is the natural unit for mea-

surements of atomic energies and appears as an
auxiliary constant in many spectroscopic measure-

ments. The Rydberg frequency, c¢R . similarly

relates the atomic unit of frequency to laboratory
units. Although the speed of light ¢ is an exactly
defined quantity, the relation between the Rydberg
constant and the Rydberg frequency is not merely
formal. Wavelength metrology appears to have
reached its limit of precision, somewhat less than 1
part in 10". However, the precision with which a fre-
quency can be measured is limited in principle only

1 Professor, Wellesley College, Wellesley. Massachusetts.

by the precision of atomic clocks, which currently
exceeds 1 part in 10" and is expected to grow even
larger. Recent advances in optical frequency tech-

nigues have made possible measurements of cR_, at
better than 1 partin 10" .2

To make full use of the precision of lasers and mod-
ern laser spectroscopy and for applications in com-
munications, control, and metrology, general tech-
niques for measuring the frequency of light need to
be developed. As part of this effort, we propose to
help establish an atomic optical frequency standard
by measuring the Rydberg frequency directly.

Our approach involves measuring the frequency of
transitions in atomic hydrogen in a regime where the
frequencies can be compared directly to an atomic
clock. The experiment explores transitions between
highly excited "Rydberg" states of atomic hydrogen,
in the neighborhood of n=27-30. The transitions
between neighboring states occur at approximately
300 GHz. This signal is generated coherently from a
frequency standard based on an atomic clock. The
optical measurements, in contrast, rely on intermedi-
ate standards which have been previously calibrated.

2  B. de Beauvoir et al., "Absolute Frequency Measurement of the 25--8S/D Transitions in Hydrogen and Deuterium: New Determination
of the Rydberg Constant,” Phys. Rev. Lett. 78(3): 440-43 (1997); Th. Udem et al., "Phase-Coherent Measurement of the Hydrogen
15-28 Transition Frequency with an Optical Frequency Interval Divider Chain.” Phys. Rev. Lett. 79(14): 2646-49 (1997).
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The goals of our experiment are three-fold. First is
the reevaluation of ¢R_, providing an independent

check, in a different regime, of the optical measure-
ments. Second is the measurement of the ground
state Lamb shift. Because our measurements involve
high angular momentum states for which the Lamb
shift is extremely small, our results may be compared
with optical measurements of transitions between
low-lying states to yield an improved measurement of
the Lamb shift. Third is to provide a frequency cali-
bration of the spectrum of hydrogen, enabling the
creation of a comprehensive frequency standard
extending from the radic frequency regime to the
ultraviolet.

The experiment employs an atomic beam configura-
tion to reduce Doppler and collisional perturbations.
Atomic hydrogen is excited to the low angular
momentum n=27 or 29, m=0 state by two-photon
stepwise absorption. The excited atoms are then
transferred to the longer lived n=27, |m|=26 or n=29,
|m|=28 "circular" state by absorption of circularly
polarized radio frequency radiation.* The atoms enter
a region of uniform electric field in which the fre-
quency of the transition (n=27, |m|=26) — (n=28,
Im|=27) or (n=29, |m|=28) — (n=30, |m|=29) is mea-
sured by the method of separated oscillatory fields.
The final state distribution is analyzed by a state-sen-
sitive electric field ionization detector. The resonance
signal appears as a transfer of atoms from the lower
state to the upper state as the millimeter-wave fre-
quency is tuned across the transition.

Figure 1 and Figure 2 illustrate the main features of
the apparatus. Atomic hydrogen or deuterium is dis-
sociated from H, or D, in a radio frequency dis-
charge. The beam is cooled by collisions with a
cryogenic thermalizing channel in order to slow the
atoms and thereby increase the interaction time.
After the beam is collimated, the atoms pass through
two layers of magnetic shielding and an 80 K cryo-
genic shield before entering the interaction region.
The interaction region is logically divided into three
sections: the circular state production region, sepa-
rated fields region, and detection region. These are
described briefly below.

In the circular state production region, the hydrogen
atoms are excited from the 1s ground state, through
the 2p,, state, to the n=27 or 29, m=0 state by two-
photon stepwise excitation. The laser system has
been detailed in the 1995 and 1996 Progress
Reports.* The optical excitation is performed in an
electric field to provide selective population of a par-
ticular m=0 level. The electric field is then rapidly
reduced to an intermediate value as the atoms pass
through the center of a circle of four electrodes. The
antennas are fed by a 1.8 GHz RF source with a 90
degree phase delay between adjacent pairs. This
creates a circularly polarized field which drives the
atoms into the n=27, |m|=26 or n=29, m=|28| circular
state through a multiphoton absorption process. A
pulsed electric field ionization (EFI) detector in the
circular state production region monitors the effi-
ciency of the optical excitation and angular momen-
tum transfer processes.

After the atoms are prepared in the circular Rydberg
state, the beam enters the millimeter-wave separated
fields region. Because Rydberg atoms interact
strongly with external fields, accurate measurement
of the energy level structure requires careful control
of the interaction environment. Thermal radiation is
reduced by cooling the entire interaction region to
=4 K with a liquid helium flow system. The ambient
magnetic field is reduced by the double-wall high-
permeablility shields. A small electric field, which
defines the quantization axis of the atoms, is applied
with high uniformity by field plates above and below
the atomic beam. The millimeter-waves intersect the
atomic beam at two locations separated by 50 cm.
The millimeter-wave optical system was described in
the 1990 Progress Report® The millimeter-wave
zones inside the interaction region, however, have
been drastically modified this year and are described
below.

3 R. Lutwak, J. Holley, P.P. Chang, S. Paine, D. Kleppner, and T. Ducas, "Circular States of Atomic Hydrogen." Phys. Rev. A 56(2): 1443-

52 (1997).

4 D. Kleppner et al., RLE Progress Report 138: 217 (1995); 139: 209 (1996).

5  D.Kleppner at al., RLE Progress Report 133: 145 (1990).
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Figure 5. Rabiresonance curves for the n=29 —
n=30 transition in 80 K deuterium. Light line: running
wave geometry. Dark line: cavity geometry.
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In principle, the classical behavior of a dynamical
system can be found from its underlying quantum
structure; in practice, general methods do not exist.
Rydberg atoms have become prototype systems for
the experimental pursuit of the quantum-classical
relationship. Experimentally, they exist in the semi-
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classical regime where such connections should
occur, and they can be studied in exquisite detail by
laser spectroscopy. Theoretically, much of the phe-
nomena can be interpreted by a variation of
Gutzwiller’s periodic orbit theory” known as closed
orbit theory® Closed orbit theory can provide a
detailed theoretical descrption of Rydberg atoms in
many types of external fields.

Recurrence spectrosopy,® a method in which a pho-
toabsorption spectrum is measured under conditions
obeying classical scaling laws and then Fourier
transformed to yield a "recurrence spectrum,” reveals
the existence, action, period, and stability of the
closed orbits of the classical system. However, there
is much more to know about the classical motion—
e.g., initial conditions and trajectories. Previously, all
studies of recurrence spectra have used static fields.
We have taken a new approach by investigating the
spectrum of a Rydberg atom in an oscillating field. In
collaboration with John B. Delos, M. Haggerty, V.
Kondratovich, and J. Gao, we have been able to
interpret the spectra quantitatively. Furthermore, we
have found how to extract the trajectory of an elec-
tron if it propagated classically from quantum spec-
tra.

We study the Rydberg spectrum of lithium in a con-
stant electric field F = F(z), perturbed with a weak

oscillating field F, = F zcos(wt), using cw laser

spectroscopy. The experimental setup is similar to
that used in an earlier study of recurrence spectra in
a static field."” The major experimental challenge is
to measure and control the oscillating field strength,
which we calibrate by measuring sideband structure
on a low-lying Rydberg state. While the atoms are in
the combined fields, we measure the laser photoex-
citation rate from the 3s state to m=0 final states near
the field-free ionization limit.

The system can be described by the Hamiltonian for
hydrogen because the large-scale structure impor-
tant to these experiments is unaffected by the lithium
core electrons.” The Hamiltonian obeys a classical
scaling law and can be written

7 M.C. Gutzwiller, Chaos in Classical and Quantum Mechanics (Berlin: Springer-Verlag, 1990).
8 M.L. Duand J.B. Delos, "Effect of Closed Classical Orbits on Quantum Spectra: lonization of Atoms in a Magnetic Field. |. Physical

Picture and Calculation," Phys. Rev. A 38: 1896 (1988).

9 A Holle, J. Main, G. Wiebusch, H. Rottke, and K.H. Welge, "Quasi-Landau Spectrum of the Chaotic Diamagnetic Hydrogen Atom,"

Phys. Rev. Lett. 61: 161 (1988).

10 M. Courtney, N. Spellmeyer, H. Jiao, and D. Kleppner, "Classical, Semiclassical, and Quantum Dynamics in the Lithium Stark System,"

Phys. Rev. A51: 3604 (1995).
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Figure 7. Recurrence strength of the second

repetition ate = -0.4 and ®=0.32 versus f. Squares
are experimental recurrence strengths, circles are
from Floquet computa-tions. The sclid line is the
prediction of closed orbit theory.

This formula has been tested on spectra including
those shown in Figure 6. The results show good
agreement with the experiments and with "semiquan-
tal" Floquet computations of the spectra.’® As an ex-
ample, Figure 7 shows the strength of the recurrence
at the action of the second repetition of the uphill par-
allel orbit.

We have used this new type of spectroscopy in a
series of experiments in which we have measured
with finite time-resolution the z(t) components of the
classical trajectories of two orbits important in the

Stark system."” We measure recurrence spectra at a
series of increasing values of f, at a fixed frequency

o (see Figure 8) and extract the ac dipole moment of
the orbit by fitting to theory. We then find z(t) by
inverse Fourier transforming the measured ac dipole
moment over the experimental frequency range.
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Figure 8. Experimental recurrence spectra in an
oscil-lating electric field, e =-2.05, ®=1.4. The
recurrences at S = 7.23 correspond to the 2/3

orbit, those at S = 10.68 to the 3/4 orbit. The lines
are fits of the data to Eq.(4).

A major difficulty is the loss of the complex phase of

Zk((o). Physically, this phase indicates when the
electron left the atom relative to the phase of the
field. Fortunately, it is possible to recover the phase
in our system because all of the closed orbits in a
static electric field are time-reversal symmetric. For

orbits with this symmetry, it can be shown that 2K(&))
can be found from its magnitude if an orbit's static

dipole moment, Zx(w) , is known. This quantity can in
turn be found from the period of the orbit, which we
measure using recurrence spectroscopy. After the
phase has been reconstructed, we invert the mea-

sured ac dipole moment Zid by expressing it as a
sum of smooth basis functions and fitting to the data
to find the trajectory z, (1) .

We have studied two closed orbits of lithium, the
"2/3" and the "3/4" orbits.”® Figure 8 shows the recur-
rences corresponding to these orbits at a single

value of ® and a range of values of f. Seventeen
such series of measurements were made in the

14 N. Spellmeyer, D. Kleppner, M.R. Haggerty, V. Kondratovich, J.B. Delos, and J. Gao, "Recurrence Spectroscopy of a Time-Depen-
dent System: A Rydberg Atom in an Oscillating Field," Phys. Rev. Lett. 79: 1650 (1997).

15 Ibid.

16 V. Kondratovich and J.B. Delos, "Scaled-energy Floquet Spectroscopy in a Strong Electric Field: A Semiquantal Calculation of the

Recurrence Spectrum,” submitted to Phys. Rev. A.

17 M.R. Haggerty, J.B. Delos, N. Spellmeyer, and D. Kleppner, "Extracting Classical Trajectories from Atomic Spectra," submitted to

Phys. Rev. Lett.
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Atom interferometers, in which atom or molecule
deBroglie waves are coherently split and then recom-
bined to produce interference fringes, have opened
exciting new possibilities for precision and funda-
mental measurements with complex particles. The
ability to accurately measure interactions that dis-
place the deBroglie wave phase has led to qualita-
tively new measurements in atomic and molecular
physics, fundamental tests of quantum mechanics,
and new ways to measure acceleration and rotation:

+ Atom interferometers allow us to make completely
new investigations of atoms and molecules
including precision measurements of atomic
polarizabilities that test atomic structure models,
determination of long range forces important in
cold collisions and Bose-Einstein condensation,
and measurements of molecular polarizability ten-
Sor components.

« Atom interferometers allow us to make fundamen-
tal investigations in quantum mechanics. These
include measurements of topological and geomet-
ric phases, loss of coherence from a quantum
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system, quantum measurement, and investiga-
tions of multi-particle interferometry and entangle-
ment.

« The large mass and low velocities of atoms
makes atom interferometers especially useful in
inertial sensing applications, both as precision
accelerometers and as gyroscopes. They have a
potential sensitivity to rotations ~10'° greater than
optical interferometers of the same area.

- Atom interferometers may have significant appli-
cations to condensed matter physics, including
measurements of atom-surface interactions and
lithography using coherently manipulated fringe
patterns that are directly deposited onto sub-
strates.

« Longitudinal atom interferometers are easily
capable of measuring phase shifts due to velocity
changes of 1 part in 10™.

Our group has pioneered many of these areas,
including the first (and only) atom interferometry
experiments that employ physically separated paths
with different interactions on each. These investiga-
tions have proved to be of wide-spread general inter-
est to the scientific community and have received

notice in the popular scientific press.'

During 1997, we made significant progress towards
our long term goal of developing further applications
and expanding the intrinsic capabilities of atom inter-
ferometers. In particular, we (1) published a paper
demonstrating for the first time the remarkable sensi-
tivity of atom interferometers to rotation sensing ?° (2)
developed the theory’’ and experimental tech-
niques? for a longitudinal atom interferometer, and
(3) have substantially improved our apparatus.

19 Articles on recent work performed by our interferometer group have appeared in various publications including: P.F. Schewe and B.
Stein, AIP Phys. Bull. Phys. News, Jan. 4, 1996; T. Sudbery, Nature 379: 403 (1996); J. Hecht, Laser Focus World 32: 20 (1996);
D.H. Freedman, Discover 17: 58 (1996); Physics Today 50: 9 (1997); C. Seife, Sci. 275: 931 (1997); P. Yam, Sci. Am. 276(6): 124
(1997); R. Pool, Discover 18:103 (1997); M. Browne, "It's a Molecule. No, It's More Like a Wave,” NY Times (Science Section) August

15, 1995.

20 A.Lenef, T.D. Hammond, E.T. Smith, M.S. Chapman, R.A. Rubenstein, and D.E. Pritchard, “Rotation Sensing with an Atom Interfer-

ometer,” Phys. Rev. Lett. 78: 760 (1997).

21 D.E. Pritchard, R.A. Rubenstein, A. Dhirani, D.A. Kokorowski, T.D. Hammond, B. Rohwedder, and E.T. Smith, forthcoming.
22 E.T. Smith, A. Dhirani, D.A. Kokorowski, R.A. Rubenstein, T.D. Roberts, H. Yao, and D.E. Pritchard, forthcoming.
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Det
Source SG1 DSOF AM $G2  Wire

Figure 11. (Top) A schematic view of the
apparatus. Hair-pin coils at longitudinal positions xq

and x, with oscillatory fields at w4 and s,

respectively, constitute the DSOF region. The
amplitude modulator coil is located at x,,. The initial

(ground) state is selected by upstream Stern-Gerlach
magnet SG1, and the final (excited) state by SG2.
(Bottom) Wavenumber, k, versus the position, x, for
states that are overlapped and detected in the
longitudinal interferometer. Detuned transitions
between the ground and excited internal states give
rise to wavenumber changes Ak, and Ak, at the first

and second DSOF coils, respectively. Left (right)
hatched area denotes the differential phases accrued
by molecules excited at x4 and x,.

2.3.1 Longitudinal Atom Interferometry

The central idea of atom interferometry is that each
atom's deBroglie wave is split and sent over different
“paths” with resulting interference fringes where it is
recombined. Generally, the two paths differ in the
direction of the waves, but not the wavelength
(except for some difference in the local interactions,
as we have demonstrated in our “transverse” atom
interferometer). However, one may also envision
placing each atom's wave in a superposition involv-
ing different wavelengths corresponding to different
longitudinal momenta (and energy). Over the past
year, we have developed a theory showing that reso-
nance regions can create and recombine such longi-
tudinal momentum coherences, basically serving as
atomic beam splitters. By taking full advantage of the
freedom to apply different frequencies to successive
oscillatory field regions—termed DSOF, a generaliza-
tion of Ramsey's separated oscillatory field method—
we have demonstrated a “white fringe” longitudinal

interferometer capable of generating, rephasing, and
detecting coherences dephased because atoms with
different velocities accumulate different phases. Sev-
eral new applications of longitudinal interferometry
are described below.

2.3.2 Improvements to the Apparatus

We are continuing to make several important im-
provements to our apparatus. Collaborating with Pro-
fessor Henry |. Smith’s group at MIT to fabricate
improved atom transmission gratings using holo-
graphic lithography, we have demonstrated atom
interference fringes (unfortunately with low contrast)
using 100 nm period gratings. These gratings give
twice the beam separation of our standard 200 nm
gratings. We have also significantly upgraded our
apparatus. The separated beam atom optical ele-
ments have been placed on an optical platform sepa-
rate from the vacuum envelop which should
substantially improve the flexibility of the interferome-
ter as well as its thermal and vibration isolation. The
vacuum envelop itself has been replaced by a series
of standard six-way crosses, achieving greater
length, facilitating access to the equipment inside the
chamber, and permitting the rapid reconfiguration of
modular flanges which currently hold the atom optical
elements for our longitudinal interferometer. The new
apparatus should be very stable and allow the simul-
taneous pursuit of several different experiments.

2.3.3 Ongoing Investigations

Longitudinal interferometry: The extension of atom
interferometry to include longitudinal coherences
represents an exciting frontier. We are currently
using the DSOF geometry to measure the longitudi-
nal momentum density matrix of a molecuiar beam,
thereby resolving a longstanding controversy con-
cerning the longitudinal momentum structure of
atomic beams.? The extraordinary sensitivity of lon-
gitudinal interferometers to differential changes in
vel-ocity of the atom beam can be exploited to detect
very small forces. An example is the controversial
Anandan force that acts differentially on the compo-
nents of the wavefunction on opposite legs of a sepa-
rated atomic beam interferometer® Finally, the tech-

23 A. Dhirani, D.A. Kokorowski, R.A. Rubenstein, T.D. Hammond. B. Rohwedder, E.T. Smith, A.D. Roberts and D.E. Pritchard, “Determin-
ing the Density Matrix of a Molecular Beam using a Longitudinal Matter Wave interferometer,” J. Mod. Opt. 44(11/12): 2583 (1997).

24 J. Anandan, Phys. Rev. Lett. 48: 1660 (1982).
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nigues developed here will permit us to implement a
velocity multiplexing scheme for the precision mea-

surement of large interferometric phase shifts.*

Velocity dependent index of refraction: The physical
separation of beam paths in our transverse interfer-
ometer permits both amplitude and phase changes in
the interference pattern to be observed as one of the
interfering atom beams is exposed to some interac-
tion. Using this capability, we recently performed an
experiment measuring the index of refraction of vari-
ous gases and hence the role of atom-atom interac-
tions in collisions.*® We are planning to extend this
experiment to probe for velocity dependencies.
There is significant interest in the theoretical commu-
nity in such results as the interactions are determined
by the long range behavior of the atomic potentials;
for example, it is predicted that the index of refraction
should exhibit Glory oscillations as the velocity of the
impinging gas is varied.

Quantum decoherence: Scattering photons from
atoms while they are inside an interferometer causes
the atoms to change their state. We believe that
under suitable conditions, this will not destroy the
quantum coherence but rather will cause the atoms
to diffuse in momentum space. This experiment is
significant since it generalizes our recent realization
of Feynman's gedanken experiment®’ in which deco-
herence from single photon scattering was measured
and then recovered. Also, quantum decoherence is
just becoming accessible to study as an important
experimental barrier to constructing quantum com-
puters.

Geometric Phases: Precision measurements of the
Aharonov-Casher (AC) phase are planned. These
will allow a study of the dependence on the interfer-
ing particle’s dipole orientation for the first time. Mod-
ifications made to our interaction region (a device
which allows different potentials to be applied to
either arm of the interferometer) to introduce spatially
varying magnetic fields will permit investigations of
Berry's phase as well.
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2.4.1 Overview

We have recently published two papers®® which firmly
establish our measurements of atomic mass as the
most accurate in the world. Our mass table consists
of ten atomic masses of particular importance to
physics or metrology®® The accuracy of these
masses, typically 107°, represents one to three
orders of magnitude improvement over previously
accepted values. These results represent important
contributions in both fundamental physics and
metrology, including:

« 80-fold improvement of the current x-ray wave-
length standard by using E = Am c? to determine
the energies of gamma rays from neutron capture
by "N (which are widely used as gamma ray cali-
bration lines) from a measurement of the associ-
ated mass difference.

« QOur accurate determination of the atomic weight
of #Si opens the way for an atomic standard of
mass by replacing the “artifact” kilogram mass
standard with a crystal of pure silicon.

2.4.2 Recent Progress

In 1997, we made a number of improvements to our
single ion Penning trap and detector so that in 1998
we will be able to make a variety of important mea-
surements. These will enable us to (1) increase the
number of different masses measured and (2)
increase the accuracy of the masses we have
already measured by an order of magnitude.

Measurements of immediate interest to us include;

« Determination of the molar Planck constant, Nah,
by measuring the atomic mass and recoil velocity
of a Cs atom that has absorbed a photon of
known wavelength. Our upcoming measurement
of the mass of Cs, combined with ongoing experi-
ments in Chu’s lab at Stanford should provide a
direct measurement of Nph to an accuracy near

10, leading to a determination of the fine struc-

ture constant at 6 x 10"°which will check the QED
value.

+ Measurement of the °H - °He mass difference,
which is important in ongoing experiments to
determine the electron neutrino rest mass.

The improvements that will allow us to make these
measurements include methods for loading a wider
variety of ions into the trap, improvements to the ion
detector and improving the hardware and software
for directly controlling the amplitude and phase of a
single ion’s magnetron orbits. Using the new loading
technique we have demonstrated the ability to pro-
duce, trap and detect triply charged Cs ions. We
have upgraded our single ion detector, replacing the
rf squid with a much quieter dc squid, and developing
better superconducting coupling resonators that
increase the quality factor of our detector to Q=
50,000.

With these improvements, we have demonstrated
that the new detector has at least a factor of 10 less
instrumental noise. We can now circumvent some of
the limitations due to thermal noise in the coupling
circuit, the dominant source of noise in the system,
and may be able to measure and remove the 4K
thermal motion of the ion. The recent changes, along
with the demonstration of a squeezing technique to
reduce the relativistic shifts due to thermal noise,
make it possible for another dramatic improvement in
mass resolution to be obtained by comparing two
ions trapped in the same field. This will allow:

« Checking the relationship E = mc? to a part in 10’
by weighing neutron capture y-rays of silicon, sul-
fur, or chlorine whose wavelengths will be mea-
sured by a NIST group; this will also provide an
independent determination of Nph and the fine
structure constant;

- Determination of excitation and binding energies
of atomic and molecular ions by weighing the
associated small decrease in mass, Am = E,j4/c’
(we must reach our ultimate goal of a few times
10'? to make this a generally useful technique);

» Improvement of some traditional applications of
mass spectrometry resulting from our orders of
magnitude improvement in both accuracy and
sensitivity.

We achieve this accuracy by measuring the cyclotron
resonance of a single molecular or atomic ion in a
Penning trap, a highly uniform magnetic field in which

28 F. DiFilippo, V. Natarajan, M. Bradley, F. Palmer, and D.E. Pritchard, Physica Scripta T59: 144-54 (1995); F. DiFilippo, V. Natarajan, M.
Bradley, F. Palmer, and D.E. Pritchard, in Atomic Physics 14, (New York: American Institute of Physics Press, 1995).

29 F. DiFilippo, V. Natarajan, K. Boyce, and D.E. Pritchard, Phys. Rev. Lett. 73: 1481 (1994).
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confinement along the magnetic field lines is pro-
vided by much weaker electric fields. We monitor the
ion's axial oscillation by detecting the tiny currents
induced in the trap electrodes—the current induced
by a single ion can be as small as 107'°amps. Mea-
suring such a current requires an extremely sensitive
detector, and we are fortunate to have improved the
ultrasensitive superconducting electronics we devel-
oped for this application.®® This work in trapping and
precision resonance draws on techniques developed
by Dr. Hans Dehmelt at the University of Washington
and Dr. Norman Ramsey at Harvard, for which they
shared in the 1989 Ncbel Prize.

We have developed techniques for driving, cooling,
and measuring the frequencies of the three normal
modes of ion motion in a Penning trap. Thus, we can
manipulate the ion position reproducibly to within 30
microns from the center of the trap, correcting for
electrostatic shifts in the cyclotron frequency to great
accuracy. We use a m-pulse method to coherently
swap the phase and action of the cyclotron and axial
modes.®*" Therefore, although we detect only the
axial motion directly, we can determine cyclotron fre-
qguency by measuring the phase accumulated in the
cyclotron motion in a known time interval. We can
measure the phase of the cyclotron motion to within
10 degrees, leading to a precision of 107 for a one-
minute measurement. Our entire ion-making process
is fully automated, and the computer can cycle from
an empty trap to having a cooled single ion in about
three minutes under optimal conditions.

The typical statistical fluctuation in our magnetic field
limits our overall accuracy to at best 8 x 10" (see
Figure 12). While this is a significant accomplish-
ment, we have made major advances toward our
long term goal of improving our accuracy by more
than one additional order of magnitude. This will be
achieved by measuring the cyclotron frequencies of
two ions trapped in the same field at the same time to
eliminate the problem of field fluctuations and by
using squeezing techniques to reduce thermal noise.
We have modified our apparatus to allow excitation
and detection of two ions at the same time and dem-
onstrated the capability of two ion measurements to
reduce the effects of field fluctuations, however,
expansion of our previous theoretical understand-
ing® of two ion dynamics to include the effects of
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minute imperfections in the trapping fields has led us
to the conclusion that it will not be possible to place
two ions in the same trap at one time.
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Figure 12. Cyclotron frequency as a function of
time for alternate N," and CO* ions in our Penning

trap. The fre-quencies are obtained after a 50s
integration of cyclotron phase (see text). The solid
line is a polynomial fit to the drift in the field common
to both ions.

We are therefore pursuing a second method for over-
coming the limits due to magnetic field fluctuations:
placing two ions in closely adjacent traps. We have
investigated and modeled methods for swapping the
ions between the two traps, evaluated the leading
sources of error, and designed an arrangement of
superconducting coils that will prevent the magnetic
fields in the two traps from fluctuating independently.
We have machined a special “double trap” which
consists of two Penning traps axially aligned with
each other. This project is very promising, because
even if we run into unexpected problems simulta-
neously detecting two ions in separate traps, we can
use one of the traps as a “holding tank” for the ion of
a pair which is not being measured. This would sig-
nificantly decrease the time between measurements
and could increase the rate of measurement by as
much as a factor of four, decreasing our statistical
uncertainty by a factor of 2. The holding tank would

30 R. Weisskoff, G. Lafyatis, K. Boyce, E. Comnell, R. Flanagan, Jr., and D.E. Pritchard, J. Appl. Phys. 63: 4599 (1988).
31 E.A. Cornell, R.M. Weisskoff, K. Boyce, and D.E. Pritchard, Phys. Rev. A 41: 312 (1992).
32 E.A. Cornell, K. Boyce, D.L.K. Fygenson, and D.E. Pritchard, Phys. Rev. A 45: 3049 (1992).
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also be useful for measurements of radioactive ions

such as °H, since it would dramatically decrease the
buildup of radioactive material on the trap electrodes.

With either two-ion scheme, the primary source of
measurement noise will be the special relativistic
mass shift due to thermal fluctuations in cyclotron
amplitude. We have proposed several methods of
classical squeezing with parametric drives to reduce
amplitude fluctuations® and demonstrated the sim-
plest of these,* reducing the effects of thermal noise
by about a factor of two. In addition, with our new
detector, we should be able to surpass limitations
due to thermal noise power in our coupling circuit by
tuning the ion’s resonance away from the detector
resonance.
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The observation of Bose-Einstein condensation
(BEC) in dilute atomic gases® was the realization of
many long-standing goals: (1) to cool neutral atoms
into the ground state of the system, thus exerting ulti-
mate control over the motion and position of atoms
limited only by Heisenberg's uncertainty relation; (2)
to generate a coherent sample of atoms all occupy-
ing the same quantum state (this was subsequently
used to realize an atom laser, a device which gener-
ates coherent matter waves); and (3) to create a
quantum fluid with properties quite different from the
quantum liquids He-3 and He-4. This provides a test
ground for many-body theories of the dilute Bose gas
which were developed many decades ago, but never
tested experimentally. Bose-Einstein condensates
offer intriguing possibilities for further research. They
are predicted to show superfluidity and other mani-
festations of coherent behavior and are likely to find
use in a variety of applications, e.g., atom interferom-
etry, precision measurements, and atom optics.

Our major advances in 1997 were (1) the realization
of an all-optical trap for Bose-Einstein condensates
which eliminates many restrictions of the magnetic
traps used so far for further studies of atom lasers
and Bose-Einstein condensates, (2) a detailed study
of sound propagation and collective excitations in
Bose-Einstein condensates, and (3) a study of the
formation process of the condensate, which is based
on “matter wave amplification” and provides the gain
process for an atom laser.

2.5.2 All-optical Confinement of a Bose-
Einstein Condensate

Magnetic confinement of Bose-Einstein conden-
sates is incompatible with many precision measure-
ments and applications in atom optics. We have
realized an optical trap for a Bose-Einstein conden-

33 F DiFilippo, V. Natarajan, K. Boyce, and D.E. Pritchard, Phys. Rev. Lett. 68: 2859 (1992).
34 V. Natarajan, F. DiFilippo, and D.E. Pritchard, Phys. Rev. Lett.74: 2855 (1995).

35 M.H. Anderson, J.R. Ensher, M.R. Matthews, C.E. Wieman, and E.A. Cornell, "Observation of Bose-Einstein Condensation in a Dilute
Atomic Vapor,” Sci. 269: 198 (1995); K.B. Davis, M.-O. Mewes, M.R. Andrews, N.J. van Druten, D.S. Durfee, D.M. Kurn, and W. Ket-
terle, "Bose-Einstein Condensation in a Gas of Sodium Atoms," Phys. Rev. Lett. 75: 3969 (1995); C.C. Bradley, C.A. Sackett, and R.G.
Hulet, "Bose-Einstein Condensation of Lithium: Observation of Limited Condensate Number," Phys. Rev. Lett. 78: 985 (1997), see
also: C.C. Bradley, C.A. Sackett, J.J. Tollet, and R.G. Hulet, "Evidence of Bose-Einstein Condensation in an Atomic Gas with Attrac-

tive Interactions," Phys. Rev. Lett. 75: 1687 (1995).
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2.5.7 A Next-generation BEC Experiment

A major effort of our group is the design and con-
struction of an improved source of Bose condensed
atoms. The design includes a recirculating sodium
beam oven and an improved Zeeman slower which
should result in one to two orders of magnitude
improvements in the loading rates of atoms traps and
lead to considerably larger condensates than have
been obtained so far. The trapping chamber will be a
glass cell with high quality windows which will allow
high resolution imaging at short working distances.
Major parts of the experiment have already been
assembled and are currently being tested.

2.5.8 Two-step Condensation of the Ideal
Bose Gas in Highly Anisotropic Traps

The ideal Bose gas in a highly anisotropic harmonic
potential was studied.*® It was found that Bose-Ein-
stein condensation occurs in two distinct steps as the
temperature is lowered. In the first step the specific
heat shows a sharp feature, but the system still occu-
pies many one-dimensional quantum states. In the
second step, at significantly lower temperature, the
ground state becomes macroscopically occupied. It
should be possible to verify these predictions using
present-day atom traps. The two-step behavior can
occur in a rather general class of anisotropic traps,
including the box potential.
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Figure 19. Overview of the three different regimes
of BEC in an anisotropic harmonic oscillator potential
with @4 << , = m3 as a function of particle number N
and trap anisotropy w,/m4. The two-step BEC regime
separates the regime of “normal” three-dimensional
BEC and the regime of extreme anisotropy where the
system first becomes one-dimensional and then
undergoes 1D BEC.
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