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Coherence, Correlations, and Collisions: What One Learns
about Bose-Einstein Condensates from Their Decay
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We have used three-body recombination rates as a sensitive probe of the statistical correlations
between atoms in Bose-Einstein condensates (BEC) and in ultracold noncondensed dilute atomic gases.
We infer that density fluctuations are suppressed in the BEC samples. We measured the three-body
recombination rate constants for condensates and cold noncondensates from number loss in theF 
1, mf  21 hyperfine state of87Rb. The ratio of these is7.4s2.6d which agrees with the theoretical
factor of 3! and demonstrates that condensate atoms are less bunched than noncondensate atoms.
[S0031-9007(97)03611-9]

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj, 42.50.Dv
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The onset of Bose-Einstein condensation (BEC) is d
fined by the sudden accumulation of many bosons in
single quantum state. The symmetry property of boso
is such that if a gas is indeed composed of many ide
tical bosons all occupying the same single-particle sta
the gas will exhibit a collection of correlation proper
ties known as coherence. While most early experimen
on dilute-gas BEC [1–3] have shown good quantitativ
agreement with the simple physical model of macroscop
occupation of a single state, no dilute-gas experiment e
plicitly addressed the issue of coherence in the conde
sate until the striking observation by Andrewset al. [4]
of first-order coherence in a sodium condensate. In th
paper we describe collision-rate measurements that pro
the higher-order coherence properties of thermal an
Bose-condensed rubidium atoms [5]. In particular, th
coherence of the BEC ground state is contrasted with t
chaotic fluctuations of the ultracold noncondensed state

The correlation properties of degenerate samples
ideal bosons have already been extensively studied in
context of quantum optics [6]. In fact, the close analogie
between the macroscopically occupied state of a laser be
(characterized as a “coherent state”) and that of a Bo
condensate have prompted the use of the term “atom las
to describe some aspects of BEC [7]. Quantum opti
teaches that a laser beam is described by a quantum fi
that exhibits both (i) “first-order coherence,” meaning tha
a measurement of the phase of the field at one point
space and time may be used to predict the phase of the fi
at some other point [8] and (ii) “higher-order coherences
meaning in essence that the intensity fluctuations in
coherent sample are suppressed relative to those in
thermal sample with the same mean intensity.

The analog of intensity fluctuations in a beam o
photons is density fluctuations in a gas of atoms. F
example, Fig. 1(a) shows the calculated [9] three-bod
correlation function for a gas of thermal (i.e., noncon
densed) bosons. Note that there is an enhanced pro
bility for finding three bosons close together. The sam
0031-9007y97y79(3)y337(4)$10.00
e-
a

ns
n-
te,
-
ts
e
ic
x-
n-

is
be

d
e
he
s.
of

the
s
am
se
er”
cs
eld
t
in
eld
,”
a
a

f
or
y
-
ba-
e

physics accounts for short-time photon bunching in a th
mal light beam (the Hanbury-Brown-Twiss effect [10]
for the two-atom bunching that has been observed
beams of ultracold (but not condensed) atoms [11], a
for three-pion correlations inpp annihilations [12,13].
To paraphrase Walls and Milburn [14] (who were in fa
actually discussing two-photon correlations), the physi
origin of such correlations may be understood in ter
of a noisy quantum field: There is a high probability th
the first boson is found at a high intensity fluctuation, a
hence an enhanced probability for finding a second a
third atom boson nearby. The correlations in the po
tions of multiple, identical bosons thus strongly depe
on the type of fluctuations that exist in the density. F
example, for Gaussian (thermal) fluctuations, the aver
of the square of the density is a factor of 2 larger th
the square of the average density, and this is precis
the factor of 2 observed in two-boson correlation expe
ments. The atom-bunching effect is expected to van
in a condensate, precisely as photon bunching does in
ideal laser beam—see Figs. 1(b) and 1(c).

In principle, with sufficiently high spatial and tempora
resolution, the density fluctuations in a dilute gas cou
be imaged directly [15], or detected as coincidence cou
in a beam experiment [11]. Kagan and Shlyapnikov [1
have pointed out, however, that an easier experimental
proach to probing fluctuations is to take advantage of
observable that is directly sensitive to the probability
finding three atoms near each other, that is, the loss rat
atoms due to three-body recombination. They calcula
that three-body recombination in a condensate would b
factor of 3! less rapid than in a thermal cloud at thesame
mean density, and proposed that this change in recom
nation rate could be a useful signature for detecting
onset of BEC. It is this proposal that motivates our e
perimental approach, although in the current experime
the empirical onset of BEC is independently identified
the appearance of a sharp feature in the center of the
ordinate and momentum-space atom distribution. We
© 1997 The American Physical Society 337
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FIG. 1. (a) Calculated third-order correlation function,gs3d

[6], for noncondensed ideal bosons. Given a particle at t
origin, and a second particle a distancex from the origin, the
z axis gives the relative, conditional probability for finding a
third particle a distancey from the origin. The de Broglie
wavelength is defined byld  hys2pmkBT d1y2, wherem is the
particle’s mass andT is temperature. The calculation assume
a cloud in the dilute limit and is not valid for distancesx andy
less than or equal to the range of two-body interactions. (b)
sample cut through the surface shown in (a), withx set equal
to y for ease of display. Note that in a thermal cloud one
3! times more likely to find three atoms close together than o
would naively assume given the mean density. The factor of3!
vanishes for the Bose-condensed atoms. Thus if one has Bo
condensed and non-Bose-condensed samples at similar den
one would expect a factor of3! less three-body recombination
(c) A cut through the surface shown in (a) with the thir
particle held well away from the originsxyld  2d. Here the
surface reduces to a familiar two-boson correlation functio
showing the factor of 2 at the origin well known in photon
bunching experiments. Preliminary measurements of the “at
bunching” in a thermal atom beam have been reported
Yasuda [11].

the shape of the mean density distribution to normali
the observed three-body loss rate, and thus extract a
constant. The central result of this paper is that our co
parison of the three-body recombination rate constant
condensed and noncondensed samples provides a qu
tative confirmation of the predicted factor of3! [17], and
thus provides very strong evidence for the existence
higher-order coherence in Bose-condensed rubidium.

In this experiment, collisional rate constants were i
ferred from the loss rate of atoms from the trap. It
known that there are three loss processes for ultrac
atoms in a magnetic trap: (1) collisions with backgroun
gas, (2) dipolar relaxation, and (3) three-body recombin
tion. However, prior to this work the rate constants fo
these three processes in very cold rubidium clouds, eit
condensed or noncondensed, were not accurately kno
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We use the fact that these loss processes have diffe
density dependencies to distinguish their respective co
tributions. Measurement of the loss rate of atoms fro
the trap as a function of density is most easily done
preparing a sequence of identical samples and then m
suring the number and density of the sample as a funct
of time. The density decreases with time because of b
the loss of atoms and the rise in the sample temperat
due to heating.

The experimental apparatus and techniques used
make and study the cold clouds have been described p
viously [18]. Using a double magneto-optic trap (MOT
we collect 109 atoms. These are optically pumped int
theF  1, mf  21 state and loaded into a baseball-co
magnetic trap. The bias field is determined by an ad
tional set of Helmholtz coils. The net bias is1.6 G with
a radial field gradient of300 Gycm and axial curvature
84 Gycm2. The atoms are then cooled by radio frequen
(rf) evaporation. After being evaporatively cooled to th
desired temperature, the cloud is held in the magnetic t
for varying intervals of timet. It is then released from
the trap and imaged using absorption, or recaptured in
MOT. We find the temperatureT of the cloud from the
velocity distribution of the noncondensate atoms observ
in the absorption image. Although the number of atomsN
can also be obtained from this image, we find that we c
determineN more precisely by detecting fluorescence o
a photodiode from atoms recaptured in a MOT. To stu
cold noncondensates we evaporatively cool the atoms t
temperature of800 nK, slightly above the transition tem-
perature of670 nK. At this point we have7 3 106 atoms
at a peak density of5 3 1013 cm23. To study conden-
sates, we cool the atoms to and have250 nK and have
2 3 106 atoms at a peak density of5 3 1014 cm23.

A typical set of data is shown in Fig. 2. It can be see
that at long times, or equivalently, low densities, the lo
rate is exponential, indicating that it has no dependen
on the density of the sample. The deviation from th
exponential line at short times indicates that at high
densities the loss rate is primarily density dependent.
determine the dependence we must determine the den
of each sample. We obtain this from the temperature a
number of atoms in the sample. We fit the absorptio
images with a thermal Bose-Einstein distribution to find th
sample temperature. To avoid problems with large optic
depths we fit the absorption images only in the wing
The number of atoms in the trap is simply found from th
photodiode fluorescence signal using the known scatter
rate per atom. For noncondensate clouds we calculate
original density in the unreleased trap for each hold tim
from the measured temperature and number and the kno
spring constants for the harmonic potential.

We do not measure condensate density directly b
instead measure total numberN and temperatureT
and infer density from experimentally well-establishe
properties of alkali condensates. From measuredN and
T we infer [2] the condensate occupation numberN0. We
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FIG. 2. The natural log of the number of atoms as a functio
of time in a typical set of data (in this case, for noncondensa
atoms). At long times the number loss is due to backgrou
collisions and is independent of density. When plotted in th
way, the data fall on a straight line with slope equal to th
negative inverse of the lifetime,t, set by background collisions,
or about 250 s. The deviation of the data from this straight lin
at short times is the density-dependent loss.

model the condensate density profilensxd as an inverted
parabola proportional toU0 2 Usxd, whereUsxd is the
trapping potential andU0 is a function of N0. The
function U0sNd can be determined from the Thomas
Fermi limit of the Gross-Pitaevski (GP) [19] equation
combined with molecular spectroscopy data [20], but w
need not assume the validity of the GP equation n
indeed even of quantum mechanics to justify the inverte
parabola shape. The shape is due to balance of forces
will be valid as long as the cloud is dilute and kinetic
energy (KE) is a small contribution to the condensa
energy [21]. We determine the form ofU0sNd (i.e.,
U0 ~ N0.4) and the prefactor for rubidium from published
condensate expansion data [3], again assuming only t
KE is small in the condensate, and that the condens
self-interacts in a dilute fashion [21].

This gives the density of the clouds as a functio
of time. The loss due to three-body recombination
modeled by the rate equations

dN
dt

 2Km

Z
V

nmsx, tdd3x sm  1, 2, or 3d , (1)

or equivalently

ln
Nstd
Ns0d

 2Km

Z t

0
dt0

Z
V

nmsx, t0d
Nst0d

d3x

sm  1, 2, or 3d . (2)

The rate constant for anm-body process,Km, is deter-
mined from a fit to Eq. (2),n is the density, andNstd is
the number after timet. The condensate clouds contain
some noncondensate fraction and, in general, the rate c
stants for the two parts will be different.

We find that all of the density-dependent loss w
observe is due to three-body recombination. This can
seen in Fig. 3. Equation (2) shows that when the da
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are plotted as shown a single three-body loss proc
appears as a straight line with a slope equal to t
negative of the desired rate constant. The differe
slopes for noncondensate and condensate data give
rate constants,Knc

3  4.3s1.8d 3 10229 cm6ys andKc
3 

5.8s1.9d 3 10230 cm6ys, respectively. This value forKnc
3

is in good agreement with a calculation by Fedichevet al.
[23], even though it is not clear that the experiment
system satisfies the claimed range of validity for th
theory. The ratio of the noncondensate to the condens
rate constants is7.4s2.6d. This is in agreement with the
theoretical value of3! (for noninteracting atoms) and is
dramatically different from 1. This proves that, relative t
thermal atoms, the density fluctuations are suppressed
condensate atoms (“higher-order coherence”) as in a la
or any macroscopically occupied state of ideal bosons.

The rate constants are quite sensitive to uncertaint
in the determination of temperature and number. The
uncertainties then are the primary cause for the erro
in the rate constants. The heating that we observe a
has a density dependence, under some conditions, rais
concerns that there may be an associated loss that wo
distort our results. To check that this was not the cas
we took data with the rf evaporative field on and s
to different frequencies during the hold time. Thes
frequencies are well above that used to determine
initial sample temperature, but have a dramatic effect
the heating rate. As shown in Fig. 3, the loss rates fro
the samples were the same although the heating rates w
very different.

FIG. 3. The natural log of the number of atoms as
function of

Rt
0kn2sx, t0dl dt0 [22] where we definekn2sx, t0dl 

1
Nst0d

R
V n3sx, t0d d3x [see Eq. (2)]. On the vertical axis,tyt

accounts for loss due to background collisions. Circles a
triangle refer to separate runs with different heating rate
Closed symbols refer to condensate data and open symb
refer to noncondensate data. When a line is fit to the da
the slope gives the negative of the rate constant. A slig
deviation from a straight line in the condensate data is d
to terms involving mixtures of condensate and noncondens
atoms. These terms are included in the analysis by which r
constants are determined, but left out here for clarity.
339
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We could see no indication of a loss rate that was line
in density which would be the signature of the two-bod
process dipolar relaxation. With our statistical uncertain
ties, we can set an upper bound on the dipolar relaxati
loss rate constant for theF  1, mf  21 state of87Rb
in a 1.6 G field of Knc

2 # 1.6 3 10216 cm3ys. This is
consistent with the small values predicted for alkali atom
in theF  1, mf  21 state [24].

This work represents a quantitative demonstration th
BEC atoms have the higher-order coherence characte
tic, for instance, of laser photons. We have also show
that the dominant loss process for cold noncondensa
and condensates in theF  1 state of87Rb is three-body
recombination. The rate constant that we have determin
sets a limit on attainable lifetimes and densities in conde
sate samples of87Rb.
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acknowledges the support of an NSF graduate fellowsh

[1] M.-O. Meweset al.,Phys. Rev. Lett.77, 416 (1996); D. S.
Jin et al., Phys. Rev. Lett.77, 420 (1996); M.-O. Mewes
et al.,Phys. Rev. Lett.77, 988 (1996); C. C. Bradley, C. A.
Sackett, and R. G. Hulet, Phys. Rev. Lett.78, 985 (1997).

[2] J. R. Ensheret al., Phys. Rev. Lett.77, 4984 (1996).
[3] M. J. Holland, D. S. Jin, M. L. Chiofalo, and J. Cooper,

Phys. Rev. Lett.78, 3801 (1997); M.-O. Meweset al.,
Phys. Rev. Lett.77, 416 (1996); Y. Castin and R. Dum,
Phys. Rev. Lett.77, 5315 (1996).

[4] M. R. Andrewset al., Science275, 637 (1997).
[5] It has recently been pointed out that data on condensa

expansion energy, combined with spectroscopic scatteri
length measurements, can be interpreted as showi
second-order coherence in alkali condensates; W. Kette
and H. J. Miesner (to be published).

[6] For a discussion of the formal aspects of first-, second
and third-order coherence, see, for example, D. F. Wa
and G. J. Milburn, Quantum Optics(Springer-Verlag,
Berlin, 1994). The fact that the primary difference be
tween a maser field and a chaotic field is demonstrat
by higher-order correlation functions was first explored b
Glauber [R. J. Glauber, Phys. Rev.130, 2529 (1963)].

[7] M.-O. Meweset al., Phys. Rev. Lett.78, 582 (1997). The
term atom laser has also been used to refer to continuo
process evaporation models, [e.g., M. Hollandet al., Phys.
Rev. A 54, R1757 (1996)] and to optical pumping-based
proposals [e.g., R. J. C. Spreeuw, T. Pfau, and M. Wilken
Europhys. Lett.32, 469 (1995)].

[8] First-order coherence can be imposed, albeit over a limite
spatial range, on a thermal beam of photons by means o
narrow-band filter and a pin hole, and in atoms by spati
filtering and supersonic expansion. First-order coheren
340
ar
y
-

on

s

at
ris-
n

tes

ed
n-

rly
ns

s
.

ip.

te
ng
ng
rle

-,
lls

-
ed
y

us-

s,

d
f a
al
ce

has been probed in atom interferometry experiments [se
e.g., J. Schmiedmayeret al.,Adv. At. Mol. Phys., Suppl.3,
2 (1997)]. First-order coherence is a natural and drama
consequence of the macroscopic single-particle BEC sta
and it should extend over the entire condensed samp
This was beautifully confirmed by Andrewset al.[4].

[9] The thermal field which gives the noncondensate surfa
in Fig. 1 obeys Gaussian statistics with zero mean am
plitude. Consequently Wick’s theorem may be iterativel
applied to reduce all higher-order correlation functions t
simple functionals of the first-order correlation function.

[10] R. Hanbury Brown and R. Q. Twiss, Nature (London)177,
27 (1956).

[11] M. Yasuda and F. Shimizu, Phys. Rev. Lett.77, 3090
(1996); M. Kasevich (private communication) is perform
ing a similar measurement.

[12] G. Goldhaberet al., Phys. Rev.120, 300 (1960).
[13] I. Juricic et al., Phys. Rev. D39, 1 (1989).
[14] O. F. Walls and G. J. Milburn,Quantum Optics(Ref. [6]),

p. 40.
[15] Direct imaging of “density noise” may yet be a practi-

cal technique, particularly near the critical temperature
C. Gardiner (private communication).

[16] Y. Kagan, B. V. Svistunov, and G. V. Shlyapnikov, JETP
Lett. 42, 209 (1985).

[17] The calculated value of3! is for an ideal gas. Interaction-
induced three-body correlations [16] lead to a correc
tion that is smaller than the sensitivity of the presen
experiment.

[18] C. J. Myatt et al., Opt. Lett. 21, 290 (1996); C. J. Myatt
et al., Phys. Rev. Lett.78, 586 (1997).

[19] D. A. Huse and E. D. Siggia, J. Low Temp. Phys.46, 137
(1982).

[20] P. S. Julienne, F. H. Mies, E. Tiesinga, and C. J. Williams
Phys. Rev. Lett.78, 1880 (1997); see also J. Burke, Jr
et al.,Phys. Rev. A55, R2511 (1997); H. M. J. M. Boesten
et al., Phys. Rev. A55, 636 (1997).

[21] The assumption that KE in a condensate is small is co
sistent with all empirical observations, including expan
sion energy measurements. It is amusing to note that t
central result of this paper, that fluctuations in density ar
much smaller in a condensate than in a thermal clou
does not depend on the small KE assumption: If KE
were not negligible, published expansion data would yiel
only an upper limit on condensate size such that the val
we quote for the suppression of three-body correlation
7.4(2.6), would be only alower limit.

[22] The error bars in Figs. 2 and 3 represent plus or minu
one standard error and are derived from the statistics
the data. They do not include systematic errors explicitly
but due to systematic drifts during the experiment som
systematic error is implicitly included. Consequently the
error bars are larger than they would be if they wer
purely statistical.

[23] P. Fedichev, M. Reynolds, and G. V. Shlyapnikov, Phys
Rev. Lett. 77, 2921 (1996); see also B. D. Esryet al.,
J. Phys. B29, L51 (1996).

[24] F. H. Mies, C. J. Williams, E. Tiesinga, and P. S. Julienn
(private communication); H. M. J. M. Boesten, A. J.
Moerdijk, and B. J. Verhaar, Phys. Rev. A54, R29
(1996).


