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Coherence properties of Bose-Einstein condensates and atom lasers
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~Received 21 May 1997!

We discuss various aspects of coherence of a Bose-Einstein condensate, and summarize the experimental
evidence obtained thus far. It is shown that the mean-field energy of a condensate is a measure of second-order
coherence. ‘‘Release-energy’’ measurements therefore provide direct evidence of the suppression of density
fluctuations in a condensate compared to a thermal cloud.@S1050-2947~97!00810-X#

PACS number~s!: 03.75.Fi, 05.30.Jp, 05.70.Fh
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One fascinating aspect of Bose-Einstein condensa
~BEC! is the nature of coherence in a macroscopic quan
system. Theoretically, the condensate should be describe
a macroscopic wave function, behaving like a ‘‘giant mat
wave’’ which is characterized by long-range order. The fi
experiments on BEC focused on the energetics of Bo
Einstein condensation, i.e., they showed that Bose-Eins
condensates spread out with a very narrow momentum
tribution when released from the atom trap@1,2#. The coher-
ence properties of the Bose-Einstein condensate have
directly addressed only in very recent experiments@3,4#. It is
the purpose of this Brief Report to discuss various aspect
coherence and their experimental evidence. We show
rigorous derivation that the interaction energy of a cond
sate is proportional to the second-order spatial correla
function ~at zero relative position!, which is a measure of the
local-density fluctuations. We will show that previous e
periments on the mean-field energy of a condensate ca
reinterpreted as a determination of its second-order co
ence.

Observation of a low-energy cloud:The first evidence of
Bose-Einstein condensation was obtained by observing
sudden appearance of a low-energy component of the c
in addition to the thermal component@1,2#. Subsequently,
similar experiments were done by direct imaging where
sudden appearance of a dense core was observed@5,6#. These
results provided clear evidence of quantum occupan
~phase-space densities! much larger than one which is on
aspect of coherence. However, it was not possible to in
pret these results as the macroscopic occupation of a s
quantum state or even a few quantum states, since the
served energy release was considerable larger than the
point energy of the trap. The largest part of the release
ergy came from the repulsive interactions between the ato
In the case of large condensates of sodium atoms in the
verleaf trap @7#, the number of harmonic-oscillator leve
with an energy less than the system’s chemical potential
about 105 ~the chemical potential is 3.5 times the observ
release energy of typically 100 nK!. For condensates of 400
Rb atoms, the number of harmonic-oscillator levels bel
the chemical potential was about 100@8#. The actual level
density is even higher when the repulsive interactions
taken into account, since they effectively weaken the tra

A system which has ‘‘condensed’’ to energy levels w
energies smaller than the mean-field energy can be loc
coherent, but globally incoherent, and is then called a qu
561050-2947/97/56~4!/3291~3!/$10.00
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condensate@9#. Once the system establishes long-range or
@10#, it is a ‘‘true’’ condensate which is described by a ma
roscopic wave function, where~almost! all the atoms occupy
the Hartree-Fock ground state of the system@11#. The obser-
vations of a bimodal density distribution with a dense co
did not distinguish between condensates and quasicon
sates.

The phase fluctuations of a quasicondensate cost a
tional kinetic energy. Careful energy release measurem
can therefore distinguish between ‘‘true’’ and quasicond
sates, and may give a lower bound on the coherence le
@12#. This method should work for small condensates@8#, but
not for large ones: In the cloverleaf trap, an additional ax
kinetic energy of about 1 pK is a negligible contributio
compared to the 100-nK mean-field energy@7#.

Mean-field energy:Quantitative agreement has bee
found between the energy release of a Bose-Einstein con
sate obtained from time-of-flight measurements and the
dictions of mean-field theory@7,8# As we show below, these
measurements can be reinterpreted as a direct measure
of the second-order correlation function. We first express
potential-energy operatorÛ in second quantization usin
field operatorsĈ(r ) @13,14#:

Û5 1
2 E dr1dr2Ĉ†~r 1!Ĉ†~r 2!U~r 12r 2!Ĉ~r 2!Ĉ~r 1!.

The expectation value for the interaction energy is

^U&5 1
2 E dr1dr2U~r 12r 2!n~r 1!n~r 2!g~2!~r 1 ,r 2!, ~1!

where the second-order correlation functiong(2)(r 1 ,r 2) is
defined as

g~2!~r 1 ,r 2!5^Ĉ†~r 1!Ĉ†~r 2!Ĉ~r 2!Ĉ~r 1!&/n~r 1!n~r 2!,

andn(r )5^Ĉ†(r )Ĉ(r )& is the atomic density.
For a short-range potential, we can use the pseudopo

tial U(r )5(4p\2a/m)d(r ), to obtain the leading-order term
from Eq. ~1!,

^U&5~2p\2/m!ag~2!~0!E dr@n~r !#2, ~2!
3291 © 1997 The American Physical Society
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where a is the s-wave scattering length andm the atomic
mass, and we have usedg(2)(r )5g(2)(R,R1r ), assuming
that g(2)(r 1 ,r 2) depends only onr 12r 2.

For a pure condensate,g(2)(0)51, and Eq.~2! reduces to
the normal expression for the mean field energy used in
nonlinear Schro¨dinger equation@15#. Thus the validity of this
equation and of the ‘‘standard’’ mean-field expression for
condensate is based on the assumption thatg(2)(0)51, i.e.,
that density fluctuations are absent. Thermal density fluc
tions are characterized byg(2)(0)52, as recently observe
for neon atoms by measuring the intensity correlation fu
tion @16#. The value of 2 forg(2)(0) for a thermal cloud can
be traced back to an exchange term in the interaction ma
element. This exchange term arises whenever the system
cupies different quantum states which have spatial ove
@14#. g(2)(0)51 implies that the system can be describ
locally by a single wave function, but it does not rule out t
population of numerous nonoverlapping quantum states.
factor of 2 in the interaction energy already appears fo
pure state which has many singly occupied quantum lev
the thermal average is performed by averaging over m
such configurations. Therefore, the factor of 2 is not due
thermal fluctuations, but rather due to quantum fluctuatio

An important conclusion from this derivation is that th
interaction energy of a condensate is a direct measur
g(2)(0). This is intuitively obvious, because for a short-ran
potential, the interaction energy is proportional to the pro
ability that two atoms are at the same position, which
proportional tog(2)(0).

Previous measurements of the release energy of sod
condensates were compared to Eq.~2! assumingg(2)(0)51,
and used to determine the scattering lengtha. Since
g(2)(0)51 had not been experimentally verified befor
these experiments actually determined the productg(2)(0)a.
Combining our earlier result ofa565630a0 @7# with the
recent spectroscopic determination of the scattering len
a5(5265)a0 @17#, leads tog(2)(0)51.2560.58. Castin and
Dum analyzed similar time-of-flight data and extracteda
5(42615)a0 @18#, implying g(2)(0)50.8160.29. Even
more accurate time-of-flight measurements were done w
Rb condensates@8#. The authors quoted that assuming a sc
tering length which deviates by more than 20% from t
spectroscopic value would be inconsistent with the resu
This implies g(2)(0)51.060.2. Thus all measurements o
the interaction energy are consistent with the prediction
g(2)(0)51 for a pure condensate. The experimen
g(2)(0) values are significantly smaller than 2, and are the
fore strong evidence for the suppression of local density fl
tuations in a Bose-Einstein condensate.

Inelastic collisions: Analysis of the mean-field energ
yields anabsolutevalue for g(2)(0). This determination of
g(2)(0)is based on elastic collisions~which give rise to the
mean-field energy!. The parameter describing the elastic c
lisions, the scattering lengtha, is precisely known from pho-
toassociation spectroscopy. Similarly,n-body inelastic colli-
sions can be used to determine higher-order a
correlations, since the rate ofn-body collisions~per unit vol-
ume! is proportional tog(n)(0) times the density to the
powern @19#. However, since the rate coefficients for inela
tic collisions at very low temperature are not accurat
e
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known, one can only compare the rate of inelastic collisio
in a thermal cloud and a condensate and obtain arelative
value ofg(n)(0) for a thermal cloud compared to a conde
sate. For a noninteracting Bose gas, this ratio was predi
to ben!, and simply reflects the counting statistics of boso
The n! change in the~density-normalized! rate of inelastic
collisions was suggested as a method to monitor the for
tion of a condensate@19#.

In an important experiment, Burtet al. recently compared
the trap loss due to three-body recombination of a Rb c
densate to that of a thermal cloud, and obtained 7.462 for
the ratio of theg(3)(0)values in good agreement with th
predicted value of 6@4#. This experiment is a clear demon
stration of the third-order coherence of a Bose-Einstein c
densate. The condensate density was inferred from the n
ber of atoms in the condensate assuming that the den
profile is an inverted parabola. The factora g(2)(0) in Eq.
~2! which determines the width of the parabola, was tak
from Ref. @8#, assuming thatg(2)(0) has the same value a
for the small condensates of Ref.@8#. The peak density of the
condensate scales with the assumed valuex for g(2)(0) as
x23/5 and the g(3)(0) ratio as x6/5. A determination of
g(3)~0! which does not rely on release-energy measurem
is possible when the density of a condensate is directly m
sured. Direct density measurements have been recently
using phase-contrast imaging@20#. Any model or experiment
which determines the density profile of a trapped conden
contains information about the density fluctuations, and p
vides an absolute value ofg(2)~0! when combined with the
spectroscopic determination of the scattering lengtha.

Interference of two condensates:Measurements of mean
field energy and collisions probe onlyshort-rangecorrela-
tions in a Bose-Einstein condensate, and cannot disting
between quasicondensates, which lack long-range corr
tions, and ‘‘true’’ condensates@9#. The recently reported in-
terference of two condensates@3# provides direct evidence
for long-rangecoherence in a Bose-Einstein condensate
was a direct measurement of first-order coherence, and
vided evidence that the correlations extended over the wh
sample. The contrast of the matter wave interference
estimated from the observed fringe contrast to be betw
50% and 100%. A more precise value could not be giv
because finer details of the probing and imaging of the in
ference pattern were not quantitatively accounted for. Th
retical simulations of the interference showed that the res
were consistent with numerical solutions of the nonline
Schrödinger equation, which assumed 100% coherence@21#.

If one assumes that the condensate is 100% spatially
herent, then the pulse-to-pulse fluctuations in the numbe
condensed atoms contain further information on the at
statistics. This is similar to the comparison of a pulsed th
mal source which is passed through a single-mode filter
a pulsed single-mode laser beam. In both cases, the pu
are 100% coherent~single mode!, but they differ in the shot-
to-shot fluctuations. The thermal-like statistics is charac
ized by an exponential distribution for which the most pro
able value is zero, whereas the laserlike distribution is
much narrower Poissonian distribution@22,23#. The number
fluctuations in creating Bose-Einstein condensates or c
pling out pulses of a Bose-Einstein condensate were sm
~typically 10%, probably determined by the reproducibili
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of loading the atom trap!, and therefore ‘‘laserlike’’ rather
than ‘‘thermallike.’’ Of course, this just reflects the fact th
the Bose-Einstein condensate is not filtered out of a la
reservoir, which would result in large fluctuations in th
atom number.

This Brief Report has summarized the current evide
for coherence of Bose-Einstein condensates, and empha
that there are many different aspects of coherence. The
periments discussed here have provided several piece
evidence for first-, second-, and third-order coherence,
for long-range first-order correlations. All these measu
ments are consistent with the standard interpretation tha
Bose-Einstein condensate is characterized by a single m
roscopic wave function, but more experiments are neede
reduce the ‘‘error bar’’ on this statement and to fully cha
acterize the coherence of Bose-Einstein condensates.

All the measurements done so far show the strong a
ogy between Bose-Einstein condensed atoms and laser
tons, and suggest that ‘‘atom laser’’ is a descriptive name
atom sources based on Bose-Einstein condensates. We
used this name to describe several advances toward
‘‘ideal’’ atom laser @24# which we have made recently: th
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direct evidence of long-range correlations@3#, the realization
of an output coupler for a Bose-Einstein condensate@25#, the
generation of multiple pulses of coherent matter waves@25#,
and the explicit demonstration of the coherence of bea
extracted from a Bose-Einstein condensate@3#. However,
whether one wants to adopt this use of ‘‘atom laser,’’ or u
this name already for trapped Bose-Einstein condens
~‘‘intracavity’’ atoms!, or reserve it for the demonstration o
a cw source of coherent matter waves is rather a questio
personal taste, since a rigorous definition of a laser does
exist, even for the optical laser.

The ideas presented here were developed in discuss
on the interference of condensates@3#, and after presenta
tions of preliminary results on three-body recombination@4#.
We are grateful to E. Cornell for valuable comments on
manuscript, and to M. Raymer, M. Holland, M. Andrews,
Kurn, D. Pritchard, and D. Kleppner for helpful discussion
This work was supported by ONR, NSF, Joint Services El
tronics Program ~ARO!, and the Packard Foundation
H.-J. M. acknowledges support from Deutscher Akadem
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