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2.1.1 Introduction 

During the past year, we finally succeeded in our

search to observe Bose-Einstein condensation

(BEC) in atomic hydrogen. The techniques for trap-

ping and cooling hydrogen differ in many respects

from those used to achieve BEC in alkali metal

atoms, and we use a new tool for studying the con-

densate: high-resolution two-photon spectroscopy.

Bose-Einstein condensation is a pure quantum

mechanical phase transition which takes place when

the phase space density of a gas of atoms that obey

Bose statistics is approximately unity. (Hydrogen and

most alkali metal atoms obey Bose statistics because

the electron and nucleus separately obey Fermi sta-

tistics.) The condition for condensation is3

(1)

Here n is the density and  is the

thermal De Broglie wavelength. When condensation

occurs in an ideal system, a fraction of the gas drops

into the system’s ground quantum state: the atoms

come to rest or, more precisely, to the zero point

energy of the confining potential. In a real system,

interactions between the atoms elevate the conden-

sate’s energy.

Bose-Einstein condensation was first observed with

alkali metal atoms in 1995 by groups at JILA, MIT

and Rice University.4 The addition of hydrogen to the

list of condensed atoms has attracted wide attention

because of its different atomic properties and the dif-

1 Professor, Wellesley College, Wellesley, Massachusetts.

2 Eindhoven University of Technology, Eindhoven, The Netherlands.

3 K. Huang, Statistical Mechanics, 2nd ed. (New York: John Wiley, 1987).

4 M.H. Anderson, Sci. 269: 198 (1995); C.C. Bradley, Phys. Rev. Lett. 75: 1687 (1995); K.B. Davis, Phys. Rev. Lett. 75: 3969 (1995).
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ferent conditions at the transition. In particular, the

low mass of hydrogen permits a much higher transi-

tion temperature for a given atomic density n. Hydro-

gen also differs from other atoms in having an

anomalously small s-wave scattering length, a. The

weak repulsion between the atoms permits the cre-

ation of larger condensates than have been obtained

in the alkali metal condensates. The elastic collision

cross section σ = 8πa2, is much smaller than in other

atoms. The ultimate cooling step in hydrogen, as with

all BEC atoms, is by evaporation, and the evapora-

tion rate is limited by the elastic collision rate.

Because of hydrogen’s small cross section, evapora-

tion proceeds relatively slowly.

The techniques for trapping and cooling hydrogen

are described in detail elsewhere.5 The source of

cold atoms is a cryogenic RF-discharge operating at

a temperature of 300 mK. The emerging atoms are

confined in a cell of diameter 4 cm and length 60 cm.

The binding energy of hydrogen to the surface is

reduced to 1 K by covering the cell’s walls with a film

of superfluid 4He. Superconducting coils in a “Ioffe-

Pritchard” configuration provide a magnetic field with

a minimum in the center of the cell. Atoms in the

F = 1, mF = 1 hyperfine state are trapped in the

potential well while atoms in other hyperfine states

are either expelled or suffer a large collisional loss

rate. A maximum field of 0.9 T provides a magnetic

trap depth of 0.5 K. The trapped atoms are in a meta-

stable state, and collisions can induce spin-flips to

lower-lying untrapped states. This dipolar decay is

the main loss rate for trapped hydrogen. The two-

body decay rate constant is 1.2 x 10-15 cm3 s-1. 

Because the trapped atoms are not in thermal con-

tact with the wall they can be cooled far below the

cell temperature. Cooling is accomplished by evapo-

ration. During collisions, some atoms receive enough

energy to escape from the trap. If they happen to

move through the region of a saddlepoint in the mag-

netic potential, they can leave. The average energy

of the remaining atoms is reduced, and the system

equilibrates to a lower temperature. The equilibrium

temperature is a fraction of the trap depth, where the

numerical value for hydrogen is typically 0.1. As the

saddlepoint potential is lowered, the atoms cool. This

must be done slowly enough for the gas to maintain

thermal equilibrium. In addition, the time for an ener-

getic atom to escape must be short compared to the

time between collisions.

In our trap, the saddlepoint lies at the end of a long,

thin volume, and the area for escape is small com-

pared to the area of the trap. The time for an atom to

escape depends on the trap’s aspect ratio, and in our

trap this can be as large as 400:1 for low tempera-

tures. The potential experienced by the atoms

becomes increasingly harmonic as the atoms cool

and settle in the lowest region of the trap. This

decouples the motion in different directions. As a

result, an atom with a large excursion along the short

axis of the trap can only slowly transform its motion

into the axial direction, where it can escape. In such

a case the atom is likely to collide before leaving the

trap and fail to escape. In our trap, this effect limits

the saddlepoint evaporation to temperatures of about

100 µK.

To overcome this problem, we employ an escape

mechanism based on spin resonance,6 first demon-

strated for the alkali metal atoms.7 A radio-frequency

(RF) field is applied. Atoms that can reach the mag-

netic field in which they are in resonance are trans-

ferred to an untrapped state and leave the trap. This

process does not depend on any particular direction

of the motion of the atom, restoring the lost evapora-

tion efficiency. Implementing RF evaporation in our

low temperature apparatus required developing a

non-metallic trapping cell compatible with the cryo-

genic environment.8 Thermal conductivity of our all-

plastic cell is provided by a 2 mm thick jacket filled

with superfluid 4He. The coils for generating the RF-

field are wound directly on the plastic body. The fields

are up to 2 x 10-7 T, and frequencies can range up to

46 MHz. Typically we switch to RF-ejection at a trap

depth of 1.1 mK. This improvement allowed us to

cool hydrogen into the quantum degenerate regime.

5 T.J. Greytak, Bose-Einstein Condensation (Cambridge, England: Cambridge University Press, 1995), p. 131.

6 D.E. Pritchard, K. Helmerson, and A.G. Martin, Atomic Physics 11 (Singapore: World Scientific, 1989), p. 179.

7 W. Petrich, M.H. Anderson, J.R. Ensher, and E.A. Cornell, Phys. Rev. Lett. 74: 3352 (1995); K.B. Davis, M.O. Mewes, M.A. Joffe, M.R. 
Andrews, and W. Ketterle, Phys. Rev. Lett. 74: 5202 (1995).

8 D.G. Fried, Bose-Einstein Condensation of Atomic Hydrogen, Ph.D. diss., Department of Physics, MIT, 1999.
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To study the trapped gas, we use high-resolution

two-photon spectroscopy of the 1S-2S transition.9

The transition is excited at 243 nm by a stabilized

laser with a linewidth of about 1 kHz. The laser beam

passes along the axis of the trap and is retro-

reflected by a small mirror at the end of the trapping

cell, providing a standing wave. The two-photon tran-

sition is essentially field-independent so that the tran-

sition is narrow even in an inhomogeneous magnetic

field. Our detection scheme exploits the long lifetime

of the metastable 2S-state, 122 ms. The transition is

driven by a 0.4 ms-long laser pulse, and the excited

atoms remain in the 2S state. They are quenched to

the 2P state by applying an electric field pulse. The

emitted Lyman-α photons are detected by a micro-

channel plate.

Our advances in trapping and cooling allow us to

study the system at increasing densities and

decreasing temperatures. The narrow Doppler free

transition, in which photons from the two counter-

propagating beams are absorbed, allows us to mea-

sure the perturbation of the energy levels by the

other atoms. Because the frequency shift is propor-

tional to the density, this provides a powerful method

for monitoring the density (Figure 1). The resulting

frequency shift can be calculated from a collisional

approach10 or from a mean-field interaction picture.11

The frequency shift is given by

(2)

where ag-e is the s-wave scattering length for g state

-e state atom interaction, the atom’s mass is m, and

n1S is the density of ground state atoms. We have

measured the frequency shift as a function of the

density in our trap. The shape of the absorption

spectrum (Figure 2) is dominated by the inhomoge-

neous density distribution due to the trapping poten-

tial. (The peak density in the trap can be determined

independently by the density dependent loss due to

dipolar decay from the trap.)   We have observed the

expected linear relation between density and fre-

quency shift with a proportionality constant of

χ = -3.8(8) x 10-10 Hz cm3. With the theoretically well

calculated value for a1S-1S = 0.0648 nm we can

extract a1s-2s = -1.4(3) nm. This is in fair agreement

with a recent calculation of -2.3 nm.12 Once we have

calibrated the cold collision frequency shift, we can

use it to obtain the density distribution in our trap.
.

Figure 1.   Schematic diagram of the apparatus. Coils 
create a magnetic field with a minimum along the trap axis, 
which confines the sample. The 243 nm laser beam is 
focused to a 50 µm beam radius and retroreflected. A 400 
µs laser pulse promotes some atoms to the metastable 2S 
state. An electric field then Stark-quenches the 2S atoms, 
and the resulting Lyman-α fluorescence photons are 
counted by the microchannel plate. Not shown is the 
trapping cell which surrounds the sample and is thermally 
anchored to a dilution refrigerator. The actual trap is longer 
and narrower than indicated in the diagram.

Figure 2.   The energies of the atomic levels are perturbed 
by the presence of other atoms, proportional to the density 
n1S. At low temperature, this can be described by the cold 

collision frequency shift with a single parameter, the s-
wave scattering length a. We measure the shift in the 
transition energy by high-resolution two-photon 
spectroscopy.

9 C.L. Cesar, D.G. Fried, T.C. Killian, A.D. Polcyn, J.C. Sandberg, I.A. Yu, T.J. Greytak, D. Kleppner, and J.M. Doyle, Phys. Rev. Lett. 77: 
255 (1996).

10 B.J. Verhaar, J.M.V.A. Koelman, H.T.C. Stoof, and O.J. Luiten, Phys. Rev. A 35: 3825 (1987). 

11 R.K. Pathria, Statistical Mechanics (New York: Pergamon Press, 1972), p. 300.
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12 M.J. Jamieson, A. Dalgarno, and J.M. Doyle, Mol. Phys. 87: 817 (1996). 
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In addition to Doppler-free excitation, the 1S-2S tran-

sition can be excited by two co-propagating photons,

yielding a Doppler-broadened line. In addition to the

Doppler broadening, the transition is shifted because

of the photon-recoil energy that must be provided to

the atoms as a whole. The recoil velocity is about 3

m/s and induces a blue shift of the transition of 6.7

MHz. Our experiments have displayed the Doppler

profile for hydrogen’s 1S-2S transition for the first

time. Assuming a Maxwell-Boltzmann velocity distri-

bution, the rms width of the spectrum provides a

direct measure of the temperature of the sample. The

width is about 2 MHz for a temperature of 40 µK.

Figure 3.   (a) The spectrum of the 1S-2S transition 
frequency at different densities. For a high density, the 
signal is larger because there are more atoms in the trap 
and is further red-shifted by the cold collision frequency 
shift. The solid lines are model calculations taking the 
density distribution into account. (b) The center of the line 
shows a linear dependence on the density.

Bose-Einstein condensation results in a macroscopic

population of the lowest momentum state of the trap.

Condensation results in a large narrow spectral fea-

ture at the center of the Doppler profile (Figure 3).

Due to the cold collision frequency shift, the conden-

sate’s spectrum is red-shifted and broadened. This

shift also allows us to observe the condensate in the

Doppler-free excitation, causing it to be red-shifted

further than the normal gas signal. The spectra from

Doppler-free and Doppler-sensitive excitation have

the same width, indicating that we are, in fact,

observing condensation in momentum space.

The primary loss mechanism, dipolar decay, limits

the condensate fraction to a few percent. We deter-

mine the density in the condensate from the maxi-

mum frequency shift, 0.6 MHz, which corresponds to

a density of 3x1015 cm-3. The number of condensed

atoms is found from the density and the known

geometry of the trap. For the data shown in Figure 4

the number is 109 atoms. The density of the normal

gas at the transition, found from its frequency shift, is

2x1014 cm-3. The temperature at the transition is

found from the width of the Doppler profile and is

60(20)µK.

Figure 4.   Spectrum of magnetically trapped atomic 
hydrogen in the presence of a condensate. The spectra at 
positive detainees are from absorption of two co-
propagating photons. It reflects the momentum distribution 
in the trap. Bose-Einstein condensation is a macroscopic 
population of the lowest momentum state. Thus its signal is 
near the center of the broad Doppler profile. It is shifted 
and broadened by the cold collision frequency shift. In 
addition, this shift allows us to observe the condensate by 
Doppler-free absorption of two counter propagating 
photons. Its signature is the large red-shift indicating a 
region of high density. (Note, that the frequency scale 
changes near the origin.)

Now that the goal of observing BEC has been

achieved, the way is open to major improvements in

the technique. We believe that it is possible to make

much larger condensates and to observe them with

much higher detection efficiency. In addition to mak-

ing it possible to study BEC in a new medium, our

advances raise the possibility of making an intense

coherent atom source and open the way to numer-
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ous atomic studies including atomic collision pro-

cesses in hydrogen’s metastable state and

interactions in more highly excited states. Further-

more, our development of 1S-2S Doppler-free spec-

troscopy of cold trapped hydrogen opens the way to

a major improvement in the precision of one of the

most interesting energy intervals in atomic physics.

2.1.2 Journal Articles

Fried, D.G., T.C. Killian, L. Willmann, D. Landhuis,

S.C. Moss, T.J. Greytak, and D. Kleppner. “Bose-

Einstein Condensation of Atomic Hydrogen.”

Phys. Rev. Lett. 81(18): 3811 (1998).

Killian, T.C., D.G. Fried, L. Willmann, D. Landhuis,

S.C. Moss, T.J. Greytak, and D. Kleppner. “Cold

Collision Frequency Shift of the 1S-2S Transition

in Hydrogen.” Phys. Rev. Lett. 81(18): 3807-10

(1998).

2.1.3 Doctoral Dissertations

Killian, T.C. Cold Collision Frequency Shift of the 1S-

2S Transition in Atomic Hydrogen. Ph.D. diss.

Department of Physics, MIT, 1999.

Fried, D.G. Bose-Einstein Condensation of Atomic

Hydrogen. Ph.D. diss. Department of Physics,

MIT, 1999.
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The Rydberg frequency, cR∞, sets the frequency

scale for the spectrum of hydrogen atoms. From a

frequency measurement of one transition in hydro-

gen, cR∞ can be extracted, and the frequency of any

other transition can be predicted, assuming the rela-

tivistic, QED, and proton structure corrections can be

computed to the desired accuracy. Recent advances

in optical frequency techniques have made possible

measurements of cR∞ at better than 1 part in 1011.13

The goal of this experiment is to measure the fre-

quency of a particular transition in atomic hydrogen

which is not in the optical but the millimeter-wave

region of the hydrogen spectrum. This transition is

between two highly excited “circular Rydberg” states,

each with a principal quantum number, n, between

27 and 30. The QED and proton structure corrections

to these states are small and are not a barrier to

extracting the Rydberg frequency to our accuracy

goal of 1 part in 1011. The frequencies of transitions

between these circular Rydberg states are relatively

small, around 300 GHz, and can easily be measured

with respect to a cesium clock. The optical measure-

ments, in contrast, rely on intermediate standards

which have been previously calibrated and on sepa-

rate measurements to account for QED and proton

structure corrections. Thus our result will be an inde-

pendent check, in a different regime, of the optical

measurements. Furthermore, our measurement will

help provide a frequency calibration of the spectrum

of hydrogen, enabling the creation of a comprehen-

sive frequency standard extending from the radio fre-

quency 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 circu-

larly polarized radio frequency radiation.14 The atoms

enter a region of uniform electric field in which the

frequency of the transition (n = 27, |m| = 26) → (n=28,

|m| = 27) or (n = 29, |m| = 28) → (n = 30, |m| =29) is

measured by the method of separated oscillatory

fields. The final state distribution is analyzed by a

state-sensitive electric field ionization (EFI) detector.

The resonance signal appears as a transfer of atoms

from the lower state to the upper state as the millime-

ter-wave frequency is tuned across the transition.

13  B. de Behavior, “Absolute Frequency Measurement of the 2S-8S/D Transitions in Hydrogen and Deuterium: New Determination of the 
Rydberg Constant,” Phys. Rev. Lett. 78(3): 440-43 (1997); T. Udem, “Phase-Coherent Measurement of the Hydrogen 1S-2S Transition 
Frequency with an Optical Frequency Interval Divider Chain,” Phys. Rev. Lett. 79(14): 2646-49 (1997).

14 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). 
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Figure 5 and Figure 6 illustrate the main features of

the apparatus. Atomic hydrogen or deuterium is dis-

sociated from H2 or D2 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, separated

fields, and detection regions. These are described

briefly in the following.

Figure 5.   Schematic top view of the apparatus.

Figure 6.   Top view of the atomic beam vacuum 
apparatus. 

In the circular state production region, the hydrogen

atoms are excited from the 1s ground state, through

the 2p3/2 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 RLE

Progress Reports. The optical excitation is performed

in an electric field to provide selective population of a

particular 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°
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

EFI detector in the circular state production region

monitors the efficiency of the optical excitation and

angular momentum 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 RLE Progress Report. The millimeter-wave

zones inside the interaction region consist of two

Fabry-Perot cavities which will be described below.

The state distribution of the atoms emerging from the

interaction region is analyzed by a state-selective EFI

detector. Within the detector, the atoms enter a

region of increasing electric field produced by a pair

of symmetric ramped plates held at constant poten-

tial. Atoms in different states are selectively ionized

at different fields, and the charged nuclei are

detected at different positions. The detection elec-

tronics record the state and arrival time of each atom

to reach the detector. Because the laser system is

pulsed, the time resolution of the ionization signal

allows contributions to the resonance pattern from

each velocity class to be analyzed individually, pro-

viding a valuable check on possible systematic

errors. 

To find the frequency of the circular state to circular

state transition, we measure the population inversion

as the millimeter-waves are tuned through reso-

nance. The inversion is defined as 

(3)

where Nlower and Nupper are the number of ion counts

detected in each electron multiplier. As a preliminary

diagnostic step, we can leave open only one of the

millimeter-wave ports, in which case the resonance

curve is a single peak—a “Rabi curve.” If both milli-

I
N N

N N

upper lower

upper lower

=
−
+
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meter-wave ports are open, we see the interference

fringe characteristic of the Ramsey separated oscilla-

tory fields technique.

This year we have concentrated on the elimination of

systematic errors in our measurement of the Ryd-

berg frequency. We have increased the signal rate to

the point that our statistical error is about 3 parts in

1011 for one day of data acquisition. This allows us to

vary parameters and make a reasonably accurate

determination of their effect on the data. Parameters

we have varied include the static electric field, mag-

netic field, intensity of the atomic beam, polarization

of the excitation lasers, RF power used in the circu-

larization process, method of applying the millimeter-

wave radiation to the atoms, and time standard

employed for the frequency measurement. This work

has allowed us to identify and control some of the

sources of systematic error.

The most conspicuous systematic error was evident

as broad wings on the Rabi resonance curves due to

millimeter-wave radiation which (1) scattered off the

box’s entrance and exit apertures or (2) was not

properly absorbed in the beam dumps. To resolve

this problem, we installed two confocal Fabry-Perot

cavities to confine the radiation and give it a well-

characterized spatial mode. The cavities employ a

novel design for the input coupler. Normally a small

hole in the center of a mirror is used to couple the

radiation into the cavity. This approach was not

acceptable because too much of the incoming radia-

tion would be scattered out of the cavity. Instead, we

used an epoxy to adhere a 500 line/inch copper

mesh to the concave surface of a lens. This pro-

duced a highly reflective, spherical surface that effi-

ciently couples radiation into the cavity. The

introduction of these cavities greatly reduced the

scattered millimeter-wave radiation inside the box

enclosure. This in turn produced a vast improvement

in the symmetry of the Rabi curves as can be seen in

Figure 7 which compares results with the running

wave geometry and the cavity geometry.

The second major systematic problem was an asym-

metry of the Ramsey fringes due to polarization of

the electron spins in the hydrogen beam. This polar-

ization produces an uncertainty in our measurement

because it affects the relative weighting of two fine

structure transitions, which we do not completely

resolve. We have found that a small magnetic field

(50 milligauss) applied in the production region

reduces the polarization to less than one or two per-

cent, thereby reducing the associated uncertainty in

the extracted Rydberg frequency to an acceptable

level. Figure 8 shows a typical Ramsey fringe taken

under these conditions.

Figure 7.   Comparison of Rabi curves for running wave 
and cavity geometries.

Figure 8.   Ramsey fringe for the n = 27 → n = 28 transition 
in hydrogen, with a 50 milligauss magnetic field applied in 
the production region. The fitted electron spin polarization 
is less than about one or two percent. 

We are now concerned with understanding the elec-

tric fields in the interaction region. It is necessary to

apply a uniform electric field, large compared to any

stray fields, in order to orient the circular state atoms.

The electric field causes a quadratic shift in the tran-

sition frequency. By varying the strength and direc-

tion of the applied electric field, we may extrapolate

to the zero-field frequency (see Figure 9). However, it

is still possible for stray fields to skew the result.

Thus we have taken care to reduce charge buildup

on the exposed surfaces in the interaction region. We

can use information from electric field-sensitive tran-
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sitions between near-circular states, as well as from

the scaling of the quadratic Stark shift with n, to

check that the uncertainty from stray fields is small.

Figure 9.   Variation with applied electric field of the center 
frequencies of eight separate Ramsey fringes. 

With these measures in place to reduce systematic

errors, we are now continuing to acquire resonance

data and check the reproducibility of our Rydberg fre-

quency measurements. The accumulation of several

experimental runs will allow us to approach an uncer-

tainty of 1 part in 1011.

2.2.1 Doctoral Dissertation

Holley, J.R. Precision Spectroscopy of Circular Ryd-

berg States of Hydrogen. Ph.D. diss. Department

of Physics, MIT, 1998.
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2.3.1 Introduction

Atom interferometers, in which atom or molecule de

Broglie waves are coherently split and then recom-

bined to produce interference fringes, have opened

up exciting new possibilities for precision and funda-

mental measurements of complex particles. The abil-

ity to accurately measure interactions that displace

the de Broglie wave phase has led to qualitatively

new measurements in atomic and molecular physics,

fundamental tests of quantum mechanics, and new

ways to measure acceleration and rotation:

• Atom interferometers permit completely new 

investigations of atoms and molecules including 

precision measurement of atomic polarizabilities 

that test atomic structure models, determination of 

long range forces important in cold collisions and 

Bose-Einstein condensation, and measurement of 

molecular polarizability tensor components.

• Atom interferometers can make fundamental 

investigations in quantum mechanics. These 

include measurement of topological and geomet-

ric phases, quantum decoherence, and investiga-

tions of multiparticle interferometry and 

entanglement.

• 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 ~1010 greater than 

in optical interferometers of the same area.

• Atom interferometers may have significant appli-

cations to measurement of atom-surface interac-

tions in condensed matter physics.

• Atom interferometers may have uses in lithogra-

phy using coherently manipulated fringe patterns 

that are directly deposited onto substrates.

• Atomic clocks are essentially sensitive longitudi-

nal atom interferometers, capable of easily mea-

suring phase shifts due to velocity changes of 1 

part in 1010. 

Our group has pioneered many of these areas,

including the first atom interferometry experiments

that employed physically separated paths to make
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precision measurements,15 the first quantitative dem-

onstration of an atom interferometer inertial sensor,16

and a unique longitudinal atom interferometer.17

2.3.2 Longitudinal Atom Interferometry

Over the past year, we have performed a series of

atom optical experiments using a new longitudinal

interferometer (see Figure 10). In this interferometer,

which consists of a pair of differentially detuned, sep-

arated oscillatory fields (DSOF), the two interfering

paths are separated in longitudinal momentum space

rather than position space (the usual case in matter-

wave interferometry). In the first experiment,17 we

demonstrated that the velocity-induced dephasing of

an amplitude modulated atomic beam can be

reversed, using DSOF, in a process analogous to half

a spin echo. Turning the process around, we were

able to produce “remote” amplitude modulation at

any desired location in the beam. We went on to

measure the quantum state of a beam which had

been non-trivially modulated18 in the first demonstra-

tion of our general technique for using DSOF to

determine the longitudinal density matrix of such sys-

tems.19 Finally, we performed a search of our super-

sonic beam source,20 looking for evidence of inherent

coherences which would be undetectable using con-

ventional techniques. The results of this last experi-

ment have resolved a long standing controversy over

the correct quantum description of the atomic beams

used in all sorts of atomic physics experiments. We

have also developed a fully quantum mechanical

formalism19 for describing molecular beam reso-

nance. This formalism provides a perspective on the

resonance phenomena which should lead to further

theoretical and experimental advances in the area of

longitudinal atom optics.

Rephased Amplitude Modulation

When high-frequency (> 100 kHz) amplitude modula-

tion is applied to our atomic beam, the “packets” of

atoms produced quickly begin to overlap due to the

distribution of their atomic velocities. A detector

placed more than a few centimeters downstream will

see no evidence of the modulation, but instead sim-

ply a constant flux of atoms. The DSOF interferome-

ter, however, introduces a velocity dependent phase

shift that can be tailored to cancel this natural

dephasing. This allows us to detect the “hidden”

amplitude modulation, which appears as a time-inde-

pendent interference signal easily observed by a

slow detector with no response above 5 kHz.

Figure 10.   Longitudinal interferometer: the interfering 
paths are separated in momentum and internal state 
space, rather than position space. Atoms incident in the 
ground state are excited either in the first or second of two 
differentially detuned separated oscillatory fields (DSOF) 
coils. As the atoms are excited, they also receive a 
momentum kick proportional to the detuning of the field coil 
from resonance. Beyond the second region, the two paths 
overlap to produce an interference pattern.

Measuring the Density Matrix of a Matter-

Wave Beam

As indicated above, amplitude modulation of an

atomic beam can be detected using the DSOF inter-

ferometer. The exact nature of the resulting interfer-

15 D.W. Keith, C.R. Ekstrom, Q.A. Turchette, and D.E. Pritchard, “An Interferometer for Atoms,” Phys. Rev. Lett. 66(21): 2693-96 (1991).

16 A. Lenef, T.D. Hammond, E.T. Smith, M.S. Chapman, R.A. Rubenstein, and D.E. Pritchard, “Rotation Sensing with an Atom Interferom-
eter,” Phys. Rev. Lett. 78(5): 760-63 (1997).

17 E.T. Smith, A. Dhirani, D.A. Kokorowski, R.A. Rubenstein, T.D. Roberts, H. Yao, and D.E. Pritchard, “Velocity Rephased Longitudinal 
Momentum Coherences with Differentially Detuned Separated Oscillatory Fields,” Phys. Rev. Lett. 81(10): 1996-99 (1998).

18 R.A. Rubenstein, D.A. Kokorowski, A. Dhirani, T.D. Roberts, S. Gupta, J. Lehner, W.W. Smith, E.T. Smith, H.J. Bernstein, and D.E. Prit-
chard, “Measurement of the Density Matrix of a Longitudinally Modulated Atomic Beam,” submitted to Phys. Rev. Lett.

19 D.E. Pritchard, R.A. Rubenstein, A. Dhirani, D.A. Kokorowski, E.T. Smith, T.D. Hammond, and B. Rohwedder, “Longitudinal Atom Optics 
Using Localized Oscillating Fields: A Fully Quantum Mechanical Treatment,” Phys. Rev. A, forthcoming.

20 R.A. Rubenstein, A. Dhirani, D.A. Kokorowski, T.D. Roberts, E.T. Smith, W.W. Smith, H.J. Bernstein, J. Lehner, S. Gupta, and D.E. Prit-
chard, “Search for Off-diagonal Density Matrix Elements for Atoms in a Supersonic Beam,” Phys. Rev. Lett., forthcoming.
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ence pattern encodes a great deal of information

about the amplitude modulator itself. The modulation

frequency can be deduced by the relative detunings

of the two DSOF coils, and the modulator’s location

can be inferred from the average detuning. We have

actually gone much further in characterizing the mod-

ulation, however. A Fourier transform of the interfer-

ence fringes determines a slice of the atomic density

matrix. Building up the entire density matrix we

obtained a complete set of knowable information

about the quantum state of our atomic beam. In a

recently completed experiment, we measured the

density matrix of a beam that had been doubly ampli-

tude modulated. In Figure 11 our results are plotted

showing “slices” of the density matrix for this system,

as determined using our DSOF interferometer.

Figure 11.   Measured amplitude (a) and phase (b) of the 
doubly amplitude modulated density matrix with modulation 
frequency ωm = 2π ×  60.9 kHz. The solid lines are a 
theoretical predictions based on the parameters of the 
modulation.

Searching for Coherences

Using the same Fourier transform technique as in the

density matrix measurement, we have performed a

search of our atomic beam source for any intrinsic

momentum coherences (which would appear as

amplitude modulation) up to a frequency of 100 kHz.

To do this, we simply looked for interference fringes

at all possible modulation frequencies. Our data pri-

marily indicate the absence of any such intrinsic

modulation. This confirms a long standing, yet never

proven, assumption that the density matrix of an

atomic beam is essentially diagonal—that is, there

are no detectable correlations between different

momentum components of the beam. This implies

that there is no regular emission of wavepackets

from the oven, for example. This knowledge will be

important to the field of atom optics as we attempt to

exert ever finer control over the quantum state of

atomic beams (e.g., in atom lithography).

2.3.3 Ongoing Investigations

While pursuing the longitudinal interferometry experi-

ments described above, we have also made signifi-

cant upgrades to our transverse interferometer

apparatus, including increased vibrational and ther-

mal isolation and a redesigned vacuum chamber

which provides greater access to the experimental

components. Having made these improvements, we

plan now to emphasize new and more precise mea-

surements in atomic physics as well as fundamental

experiments in quantum mechanics. Exploiting the

capability of our separated beam interferometer to

apply well-defined interactions to only one arm of the

interferometer, we aim to significantly improve our

knowledge of atomic and molecular properties that

are inaccessible by any other experimental means.

Polarizability of Multiple Alkalis

The polarizability of an atom governs its interaction

with electric fields and is an important parameter in

Van der Waals interactions, electric dipole transition

rates, and long-range interatomic potentials. We will

measure the polarizabilities of the alkali metals

through cesium to <0.1% accuracy—more than an

order of magnitude better than current values—to

measure their relative polarizability at the 0.01%

level. The species-independence of our gratings ver-

sus light gratings allows us to switch alkalis easily,

and velocity multiplexing will increase our accuracy

and precision to the 0.1% and 0.01% targets. Our rel-

ative measurements will ultimately be normalized by

a single, higher precision experiment using a sodium

BEC.

Anisotropic Polarizability of Sodium 

Molecules

We will also make the first measurement of both par-

allel and perpendicular components of the polariz-

ability of the dimer molecule Na2. This will permit
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tests of various approximations used in molecular

structure calculations. The asymmetry of the polariz-

ability causes the electric field-induced phase shift to

depend on the molecule’s rotational state. The beat-

ing of interference patterns for molecules in different

rotational states generates considerable structure as

a function of field strength and permits accurate

determination of both polarizability components.

Velocity Dependent Index of Refraction

We were the first to investigate the index of refraction

of gasses for sodium matter waves by measuring the

phase shift when the sodium (and molecular sodium)

de Broglie waves in one arm of our interferometer

passed through a gas cell.21 We now propose to

extend our study by varying the velocity of our

sodium beam to adjust the average center of mass

energy of the inter-atomic collisions and to reduce

the uncertainty in center-of-mass energy by cooling

the gas cell to liquid nitrogen temperatures. In optical

terminology, we will measure the dispersion, i.e., the

variation of index with wavelength. These measure-

ments will refine the shapes of the long-range poten-

tials between sodium and other gases and test the

new theoretical predictions inspired by our earlier

work. We hope to observe glory oscillation, a novel

interference effect which manifests as oscillations in

the index of refraction as a function of velocity.22

Decoherence

In a recent experimental realization23 of Feynman’s

gedanken experiment, we explicitly demonstrated

that the loss of interference due to scattering a single

photon from an atom in our interferometer is directly

related to the degree of “which-path” information con-

tained in the final state of the scattered photon. While

this supports the general picture of decoherence as

“monitoring by the environment,” theorists warn24 that

the intuition derived from simple experiments does

not necessarily extend to cover more realistic sys-

tems such as might be encountered in quantum com-

puters. We will extend our previous experiment to

approach the limit of a single quantum object inter-

acting with a thermal environment (i.e., blackbody

radiation), the mechanism most often invoked to

explain the fragility of superposition states in quan-

tum computation.
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21 J. Schmiedmayer, M.S. Chapman, C.R. Ekstrom, T.D. Hammond, S. Wehinger, and D.E. Pritchard, “Index of Refraction of Various 
Gases for Sodium Matter-waves,” Phys. Rev. Lett. 74: 1043 (1995).
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2.4.1 Introduction

The observation of Bose-Einstein condensation

(BEC) in dilute atomic gases25 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 focus in 1998 was experiments with optically

trapped Bose-Einstein condensates. In the previous

year, we had realized pure optical confinement of a

condensate,26 thus eliminating the limitations of mag-

netic trapping for further studies of BEC. Magnetic

traps require large-scale inhomogeneous magnetic

fields which might interfere with applications in preci-

sion atom optics. For example, in the first demonstra-

tion of an atom laser,27 coherent atomic pulses were

coupled out into an inhomogeneous magnetic field

which served to confine the remaining condensate.

Thus, during propagation, the pulses were exposed

to Zeeman shifts. While these shifts were mitigated

by producing mF = 0 atoms, quadratic Zeeman shifts

may preclude precision experiments on such pulses.

The unprecedented control over the motion and posi-

tion of neutral atoms realized by BEC should offer

major advantages for metrology. However, magnetic

traps cannot trap atoms in the “non-magnetic” mF = 0

state, which is preferable for atomic clocks and other

precision experiments, thus limiting the use of

trapped condensates for metrology.

More generally, magnetic traps can confine only

weak-field seeking hyperfine states. Since the atomic

ground state is always strong-field seeking, weak-

field seeking states can inelastically scatter into the

ground state (dipolar relaxation) resulting in heating

and trap loss. This restriction to weak-field seeking

states also limits the use of BEC for studies of vari-

ous atomic properties which depend crucially on the

hyperfine state, such as collision resonances, or for

examinations of condensates composed of various

combinations of hyperfine states.

25 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).

26 D.M. Stamper-Kurn, M.R. Andrews, A.P. Chikkatur, S. Inouye, H.-J. Miesner, J. Stenger, and W. Ketterle, "Optical Confinement of a 
Bose-Einstein Condensate," Phys. Rev. Lett. 80: 2072 (1998).

27 M.R. Andrews, C.G. Townsend, H.-J. Miesner, D.S. Durfee, D.M. Kurn, and W. Ketterle, "Observation of Interference Between Two Bose 
Condensates," Sci. 275: 637 (1997); M.-O. Mewes, M.R. Andrews, D.M. Kurn, D.S. Durfee, C.G. Townsend, and W. Ketterle, "Output 
Coupler for Bose-Einstein Condensed Atoms," Phys. Rev. Lett. 78: 582 (1997).



223

Part II, Section 1, Chapter 2. Basic Atomic Physics

These limitations have led us to the development of

an all-optical trap for Bose-Einstein condensates.26 In

1998, we exploited the various new possibilities pro-

vided by optical confinement:

• Optical traps allow precise spatial (micrometer) 

and temporal (microseconds) manipulation of 

Bose-Einstein condensates. This should allow the 

realization of box traps, atom guides, and optical 

lattices. We have used the spatial resolution 

afforded by optical traps to create a new “dimple” 

trap in which BEC was created adiabatically and 

thus reversibly (Section 2.4.2).

• Optical traps have a new external degree of free-

dom: they can be operated at arbitrary external 

magnetic fields. We have used this feature for the 

observation of Feshbach resonances for strong 

field seeking states of sodium which cannot be 

confined magnetically (Sections 2.4.3 and 2.4.4).

• Optical traps offer a new internal degree of free-

dom: the orientation of the atom's magnetic 

moment. This resulted in the generation of spinor 

condensates, condensates which populate all 

three hyperfine states of the F = 1 state of sodium 

(Sections 2.4.6 and 2.4.7) and possess a three-

component vectorial order parameter.

2.4.2 Reversible Formation of a Bose-

Einstein Condensate

In an ordinary cryostat, the experimenter can raise

and lower the temperature of a sample reversibly. In

contrast, evaporative cooling is irreversible due to

the loss of the evaporated atoms. Even if the temper-

ature is raised again by (internal or external) heating

of the sample, some number of atoms lost during the

cooling stage cannot be recovered.

In recent experiments, we could cross the BEC tran-

sition reversibly by slowly changing the shape of the

trapping potential using a combination of magnetic

and optical forces.28 This process conserves entropy

while changing the local phase space density.

By ramping up the power of an infrared beam

focused into the center of the magnetic trap, we

could increase the phase-space density by a factor of

50. The reversibility of crossing the BEC phase tran-

sition was demonstrated by preparing a magnetically

trapped cloud just above the critical temperature and

then sinusoidally modulating the infrared power. We

could reversibly cycle at least 15 times back and

forth across the BEC transition (Figure 12).

Figure 12.   Adiabatic cycling through the phase transition 
by sinusoidally modulating the optical trapping potential. 
Shown is the condensate fraction versus time. The solid 
lines are guides to the eye.

2.4.3 Observation of Feshbach Resonances 

in a Bose-Einstein Condensate

All the essential properties of Bose condensed sys-

tems—the formation and shape of the condensate,

the nature of its collective excitations and statistical

fluctuations, the formation and dynamics of solitons

and vortices—are determined by the strength of the

atomic interactions. In atomic gases, the strength of

the interaction, characterized by the scattering

length, varies dispersively near a Feshbach reso-

nance which occurs at a specific value of the external

magnetic field.

Our recent observation of Feshbach resonances in

an optically trapped condensate29 was the first such

observation for cold atoms. The strength of the inter-

action was inferred from the measured release

energy. Figure 13 displays the predicted dispersive

shape and shows evidence for a variation in the scat-

tering length by more than a factor of ten. Our obser-

vation of the dispersive variation of the scattering

length confirms the theoretical predictions about “tun-

ability” of the scattering length with the prospect of

“designing” atomic quantum gases with novel proper-

ties.

28 D.M. Stamper-Kurn, H.-J. Miesner, A.P. Chikkatur, S. Inouye, J. Stenger, and W. Ketterle, “Reversible Formation of a Bose-Einstein Con-
densate," Phys. Rev. Lett. 81: 2194 (1998).

29 S. Inouye, M.R. Andrews, J. Stenger, H.-J. Miesner, D.M. Stamper-Kurn, and W. Ketterle, "Observation of Feshbach Resonances in a 
Bose-Einstein Condensate," Nature 392: 151 (1998).
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Figure 13.   Observation of the Feshbach resonance at a 
magnetic field of 907 G using time-of-flight absorption 
imaging. The figure shows the normalized scattering length 
versus external magnetic field, together with the predicted 
shape.

2.4.4 Strongly Enhanced Inelastic 

Collisions in a Bose-Einstein 

Condensate near Feshbach 

Resonances 

The properties of Bose-Einstein condensed gases

can be strongly altered by tuning the external mag-

netic field near a Feshbach resonance. Feshbach

resonances affect elastic collisions and lead to the

observed modification of the scattering length. How-

ever, we found that this is accompanied by a strong

increase in the rate of inelastic collisions. The

observed three-body loss rate increased when the

scattering length was tuned to both larger or smaller

values than the off-resonant value.30 The maximum

measured increase of the loss rate was several

orders of magnitude. Sweeps of the magnetic field

through the resonance resulted in loss of most of the

atoms in one microsecond. These observations are

not explained by theoretical treatments and indicate

molecular and many-body physics which is not yet

accounted for. The strong losses impose severe limi-

tations for using Feshbach resonances to tune the

properties of Bose-Einstein condensates. A new

Feshbach resonance in sodium at 1195 G was

observed with a region of negative scattering length

on the low field side. This field can therefore be

directly approached without crossing any resonance.

2.4.5 Analytical Description of a Trapped 

Semi-ideal Bose-Gas

One focus of our research on dilute gas Bose-Ein-

stein condensates is the study of thermodynamic

quantities such as the transition temperature to

Bose-Einstein condensation and the condensate

fraction, which is the ratio of the number of atoms in

the condensate to the total number in the gas. In par-

ticular, for the dilute gas Bose condensates, the weak

interactions between particles and their low density

allow for an accurate theoretical description of the

effect of interactions in a many-body system starting

from a microscopic understanding of two-particle col-

lisions. In collaboration with Dr. Martin Nara-

schewski,31 a member of our group, Dan M. Stamper-

Kurn, explored the effect of interactions on trapped

partially-condensed gas using an intuitive and acces-

sible description of the interactions between the con-

densed and non-condensed atoms. In this “semi-

ideal” picture, interactions between condensed

atoms are treated by the simple and verified Tho-

mas-Fermi approximation, while the uncondensed

fraction is treated as an ideal gas for which the trap-

ping potential and the chemical potential are altered

by repulsion from the condensate. This led to analyti-

cal expressions for the condensate fraction and the

density of the trapped gas that can be used directly in

the comparison between theory and experimental

data.

2.4.6 Spinor Bose-Einstein Condensates in 

Optical Traps

We have studied the equilibrium state of spinor con-

densates in an optical trap.32 In contrast to magneti-

cally trapped condensates, spinor condensates have

the orientation of the spin as a degree of freedom

which can be described by a multicomponent wave-

function (one for each magnetic sublevel). In an F = 1

spinor condensate subject to spin relaxation, two

mF = 0 atoms can collide and produce an mF = 1 and

an mF = −1 atom and vice versa. The most dramatic

effect was seen when we started with a condensate

in a pure mF = 0 state. Depending on the external

magnetic field, the formation of three domains of

mF = +1, 0, −1 atoms was observed.

30 J. Stenger, S. Inouye, M.R. Andrews, H.-J. Miesner, D.M. Stamper-Kurn, and W. Ketterle, "Strongly Enhanced Inelastic Collisions in a 
Bose-Einstein Condensate Near Feshbach Resonances," Phys. Rev. Lett. 82: 2422 (1999).

31 Institute for Theoretical, Atomic, and Molecular Physics, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts.

32 J. Stenger, S. Inouye, D.M. Stamper-Kurn, H.-J. Miesner, A.P. Chikkatur, and W. Ketterle, "Spin Domains in Ground State Spinor Bose-
Einstein Condensates," Nature 396: 345 (1998).
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Figure 14 shows a sequence of images with different

dwell times in the optical trap. Starting with either the

pure mF = 0 component (upper series) or with a 50-50

mixture of the mF = ±1 components (lower series), the

same equilibrium distribution was reached.

Comparison of images like those in Figure 14 to a

theoretical model revealed that the spin-dependent

interaction  between two sodium atoms in the

F = 1 state is anti-ferromagnetic (i.e., c > 0). Further-

more, the experimental results showed clear evi-

dence for the miscibility of mF = −1 and mF = +1

components and the immiscibility of mF = ±1 and

mF = 0. This opens the possibility for detailed studies

of miscible and immiscible multicomponent conden-

sates.

Figure 14.   Absorption images of spinor condensates 
released from the optical trap, after 25 ms of ballistic 
expansion. The different mF states were separated by an 
axial field gradient (Stern-Gerlach filter). The images taken 
after various dwell times in the trap show how the atoms 
evolved into the same equilibrium distribution although 
they were initially prepared in a pure mF = 0 state (upper 
row) or in equally populated mF = ±1 states (lower row). The 
height of the images is 2.7 mm.

2.4.7 Metastable Bose-Einstein 

Condensates

During the studies of the spinor ground states, we

encountered two different types of metastability that

we investigated in more detail.33 In one case, a two-

component condensate in the mF = 1,0 hyperfine

states was stable in spin composition, but spontane-

ously formed a metastable spatial arrangement of

spin domains. In the other, a single component

mF = 0 condensate was metastable in spin composi-

tion with respect to the development of mF = +1,�1

ground-state spin domains. In both cases, the energy

barriers which caused the metastability (as low as

0.1 nK) were much smaller than the temperature of

the gas (about 100 nK) which would suggest a rapid

thermal relaxation. However, since the thermal

energy is only available to uncondensed atoms, this

thermal relaxation was slowed considerably due to

the high condensate fraction and the extreme dilute-

ness of the uncondensed cloud.

The upper part of Figure 14 shows the time evolution

of a condensate initially prepared in the mF = 0 state,

with a metastability time of 0.8 sec. For the coldest

and most diluted condensates metastability for as

long as 5 sec was observed.

2.4.8 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 an intense slow atomic

beam which should result in one to two orders of

magnitude improvements in the loading rates of atom

traps and lead to considerably larger condensates

than have been obtained so far. All major parts,

including a glass trapping chamber and a tightly con-

fining magnetic trap are assembled. The experimen-

tal setup will allow high-resolution imaging at short

working distances. Laser-cooled atoms were recently

transferred into the magnetic trap and will now be

cooled further by evaporative cooling.

cF cF1 2•

33 H.-J. Miesner, D.M. Stamper-Kurn, J. Stenger, S. Inouye, A.P. Chikkatur, and W. Ketterle, “Observation of Metastable States in Spinor 
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