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Observation of Transverse Bose-Einstein Condensation via Hanbury Brown—-Twiss Correlations
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A fundamental property of a three-dimensional Bose-Einstein condensate is long-range coherence;
however, in systems of lower dimensionality, not only is the long-range coherence destroyed but
additional states of matter are predicted to exist. One such state is a “‘transverse condensate,” first
predicted by van Druten and Ketterle [Phys. Rev. Lett. 79, 549 (1997)], in which the gas condenses in the
transverse dimensions of a highly anisotropic trap while remaining thermal in the longitudinal dimension.
Here, we detect the transition from a three-dimensional thermal gas to a gas undergoing transverse
condensation by probing Hanbury Brown-Twiss correlations.
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The behavior of a physical system can be profoundly
affected by its dimensionality. A gas of atoms confined in a
highly anisotropic harmonic trap, with thermal energy
(kgT) that is small compared to the oscillation energies
in one or two dimensions, results in the ‘““freezing out of
dynamics” in these dimensions and thus demonstrates
strikingly different properties than those of a three-
dimensional (3D) gas [1]. For example, in contrast to a
3D gas, effective interparticle interactions become stronger
with decreasing particle number density in the 1D regime,
enabling a Tonks-Girardeau gas [2] to be formed. Such a
gas corresponds to a system of impenetrable (hard-core)
bosons, and its behavior in many respects mimics that of
free fermions.

The coherence properties of lower-dimensional systems
are limited primarily due to thermal fluctuations; however,
at sufficiently low temperatures, quantum fluctuations
dominate. Many nontrivial phases of interest exist for
both 1D and 2D ultracold clouds, including the Tonks-
Girardeau regime of ‘“‘fermionization” in the strongly
interacting 1D Bose gas [3], quasicondensation and the
decoherent quantum regime in weakly interacting Bose
gases [1,4-6], transverse condensation in an ideal Bose
gas [7,8], and the Berezinsky-Kosterlitz-Thouless transi-
tion in a 2D Bose gas [9].

Transverse condensation occurs in highly anisotropic

systems for which the 3D critical temperature (Té(l)))

) is
higher than that in 1D (Ti%)). For harmonically trapped
gases, these reference temperatures are given, respectively,
by T = n@[N/g5(1)]'/3 /kp, where g5(1) = 1.202, and
Ti%) = Nhw._/[kgIn(2N)] [7], where N is the total number
of atoms and @ = (w,w,w,)'/? is the geometric mean of
the three trap frequencies w; (i = x, y, z). This unusual
situation arises when the number of particles is of order of
the trap aspectratioN ~ w | /w,, where w| = w, = w, s
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the frequency in the transverse direction, assuming a
radially symmetric case. As a high-temperature, thermal
gas is cooled below the 3D critical transition temperature,
the population of excited states in the tightly confining
dimension saturates, producing transverse condensation
of the gas, while the gas remains thermal along the weak
trapping dimension. Transverse condensation produces a
gas with highly anisotropic coherence properties, in which
long-range order is established only in the transverse
dimension [7].

The parameter space over which transverse condensa-
tion occurs is bounded by the mutual requirements of the
gas being in the 3D regime (kzT = hw | ) and for the 1D
critical temperature to be less than the 3D critical tempera-

ture (Tﬁ))) < T§(1]))) [7]. These mutual requirements can be
expressed in terms of two variables, the trap aspect ratio
and atom number, which can be rewritten in the following
form:

N[gz (D] [N 32 < w) /w, <N/gs(1). (1)

The occurrence of the atom number on both extremes of
these inequalities leads to a limited parameter space over
which transverse condensation can occur; for typical ex-
perimentally realizable ratios of w, /w_, one is restricted
to work with a total number of atoms in the hundreds.
Moreover, the mutual requirements of the bounds result in
transverse condensation occurring in the region approach-
ing the 1D crossover, so that a transversely condensing
cloud will always have a significant transverse ground-
state population due to simple 1D physics emerging
when the thermal energy kzT becomes smaller than the
transverse excitation energy of hw | .

The coherence properties of a transversely condensed
gas exhibit striking differences from that of a high-
temperature thermal gas or a true 3D condensate. Hence,
measuring higher-order correlations along the transverse
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dimension yields evidence of the transition from a 3D
thermal gas to transverse condensation.

Here, we report on the observation of transverse con-
densation in a cloud of ultracold atoms, first predicted by
van Druten and Ketterle in 1997 [7], via the measurement
of the Hanbury Brown-Twiss correlations [10-15]. The
experimental apparatus is similar to that previously
described in Refs. [16,17], and a simplified schematic of
the setup is depicted in Fig. 1. In detail, “He* atoms are
initially evaporatively cooled in our biplanar quadrupole
ioffe configuration magnetic trap [18] to just above the 3D
Bose-Einstein condensation transition temperature. A
dimple is subsequently formed in the trap by overlapping
a red detuned focused laser beam with the magnetic trap
and ramping up the laser power adiabatically over a period
of 100 ms. This results in the formation of a cloud with
high phase-space density in the dimple [19]. The magnetic
trap is then switched off, leaving a small degenerate cloud
of atoms (~10* atoms) in the optical dipole trap at a
temperature of ~1 wK. To probe different regions of
parameter space, we reduce the number of atoms in the
optical trap using a weak pulse of near-resonant light with
an intensity of about 100 times lower than the saturation
intensity. As the trap depth is much less than the atomic
recoil energy, atoms that absorb a photon exit the trap
rapidly with minimal heating of the trapped atoms. The
temperature of the remaining trapped thermal atoms was
then evaporatively cooled by ramping down the laser
power over 200 ms.

The optical dipole trap is highly anisotropic and aligned
with its weak axis in the direction of gravity (z axis).
To enter the transverse condensation regime, we require
that the atom number be of order of the aspect ratio of the

Dipole Beam
&

Atom Cloud

./
[
X

Fall

Distance

FIG. 1 (color online). Experimental setup used to measure
momentum correlations using a multichannel plate and delay-
line detector.

trap. Our data sets span three distinct regimes shown in
Figs. 2 and 3 below (to be discussed shortly): (a) a 3D
thermal gas with N = 2800, T = 1.7 uK, and T/Tg%) =
2.74; (b) a partially transversely condensed cloud with N =
820, T = 155 nK, and T/Tg?)) = (.72; and (c) a more pure
transversely condensed cloud with N = 370, T = 63 nK,
and T/ Té%) = (.52. For the data sets (a)—(c), the trapping
frequencies are (w,, wy, w.)/2m = (5400, 4500, 38) Hz,
(2700,2300,21) Hz, and (2350,1700,13) Hz, respectively.
Each data set represents of order of 1000 realizations of the
experiment.

Momentum correlation functions are measured in the
far field by switching off the optical trap, thus allowing
the atoms to fall for tp,p = 416 ms onto a multichannel
plate and delay-line detector located 848 mm below, where
the arrival time and position of each atom are measured.
Single *He* atoms are efficiently detected due to their large
internal energy 19.8 eV and long lifetime 7860 s [20].
The detector has a spatial resolution of ~100 uwm in the
(x, ¥) plane and an effective spatial resolution in the
vertical direction (z axis) of the order of nanometers
(temporally, a few nanoseconds). Using the resulting single
atom arrival positions and times, an average many-body
correlation function can be calculated for both the
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FIG. 2 (color online). Left panels: Longitudinal slices n(0, 0, z)
of the density distribution of the cloud at the detector and
theoretical fits (solid red lines, ideal Bose gas model) for the
three sets of data: (a) N = 2800, T/T$) = 2.74; (b) N = 820,
T/TY = 0.72; and (c) N = 370, T/T\) = 0.52. Right panels:
The corresponding longitudinal second-order correlation func-
tions g@(Az). To determine the atom number in each cloud, we
use the quantum efficiency as a fitting parameter, allowing it to
vary in the range 0.2 to 0.3, which is consistent with quantum
efficiency measurements we have made for our detector.
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FIG. 3 (color online). Scaled transverse correlation length
197 /1D as a function of T/ Tg(]))). Three points are shown for
three different parameter regimes, described in the text as
(a)—(c). The insets show the measured second-order correlation
functions g@(Ax) for each case. The correlation length /™ is
defined as the rms width of the function g@(Ax) — 1 and is
scaled with respect to a reference length scale—the correlation
length at the detector for a classical (Boltzmann) ideal gas given
by the rms width of a Gaussian I\ = haw tros/2mksT [22].
The dashed (red) and solid (green) lines in the insets are
theoretical curves from the ideal Bose gas and the classical ideal
gas models, respectively, produced using the number and tem-
perature values extracted from fits to the data; in (a), these two
lines overlay each other. The dashed (red) curve in the main
figure is produced using ideal Bose gas theory; however, the
theoretical curve below T 5%) has a weak dependence on atom
number which is not constant for (b) and (c); thus, we show the
average curve which results from using the parameters of (b) and
(c). To calculate the rms width of the measured correlation
function, we use an ideal Bose gas best fit. The error bars
on the data points in the main graph represent our uncertainty
in T (10%), N (25%), w; (10%), and the measured correlation
length (5%).

transverse directions (x or y axis) and for the longitudinal
direction (z axis).

The second-order correlation function along one of the
transverse directions (here chosen to be the x direction)
was calculated using atom counting bins 6 mm X 160 um
in size for the (y, z) plane and using the following equation:

[&rGP(r,r + e, Ax)

gan) = [ Prin@)n(r + e, Ax)’

(2)

Here, e, is a unit vector in the x direction, GP(r, r,) =
(n(r))n(r,)) is the unnormalized two-body correlation
function, and n(r) is the spatial density distribution on
the detector. The longitudinal correlation functions

g®(Az) were calculated by binning individual atom

detection events, in the horizontal (x, y) plane, into
8 mm X 5 mm bins for (a) and 1 cm X 1 c¢cm bins for (b)
and (c). To calculate g(z)(Az), we use a similar equation to
the one above, simply replacing Ax with Az and e, withe_.

The measured atomic density profiles, along the z axis,
at the detector and the corresponding longitudinal correla-
tion functions for each data set are shown in Fig. 2. The
density profiles can be transformed to the momentum
distributions of the trapped sample by applying the ballistic
expansion transformation hk, = mz/tr.r. Note that, as the
temperature of the gas is cooled below Tgl))), there is no
evidence of a true Bose-Einstein condensation; the shapes
of the time-of-flight profiles in all dimensions remain
thermal and are well fitted by the ideal Bose gas model
in a 3D harmonic trap (solid red lines) [21,22]. These fits
were also used to derive the quoted temperature of each
sample. We will return to the discussion of the longitudinal
correlation functions (right panels in Fig. 2) after discus-
sing the correlation measurements in the transverse
direction.

The transverse condensation transition is illustrated in
Fig. 3, where we plot a scaled transverse correlation length
for three different degeneracy parameters. In the high-
temperature 3D regime (a), the second-order correlation
function g®(Ax) is simply a Gaussian consistent with a
classical Boltzmann gas model [22]. As the gas is cooled
further, we enter the transverse condensation regime (b),
and this is reflected in the difference between the dashed
(ideal 3D Bose gas model) and solid (classical Boltzmann
gas) curves. In this case, an ideal Bose gas model yields a
transverse ground-state population of 51%; however,
applying a simple Boltzmann calculation results in a popu-
lation of 29%. Finally, in (c), after further cooling, we
observe a dramatic increase of the transverse correlation
length, which now exceeds the cloud size at the detector,
and we calculate a much higher (82%) transverse ground-
state population from the ideal Bose gas model (as opposed
to 61% from the Boltzmann gas). As we mentioned earlier,
the temperatures were derived from a fit to the longitudinal
time-of-flight density profile, and importantly no discern-
ible longitudinal ground-state fractions were observed

even at temperatures as low as ~O.5T§%)—in agreement
with the prediction for a transversely condensed gas [7].

The critical transition temperature Tg(l))), which we use as
a reference temperature, corresponds to the 3D condensa-
tion temperature in the thermodynamic limit [7]. Although
there is no unique definition of the transition temperature
for finite-size systems, the effect of having a finite number
of atoms is known to result in lowering the critical tem-
perature to [23]

0.7275%;
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This explains why the dramatic increase of the trans-
verse correlation length in Fig. 3 occurs at temperatures
somewhat lower than Tg%). We also point out that the finite-
size effects for our clouds of a relatively small total number
of atoms render the transition to the transverse condensate
as a smooth crossover rather than as a sharp phase
transition.

The realization of a nearly pure transverse condensate,
as in Fig. 3(c), enables us to produce matter waves with
somewhat unique correlation properties. This is due to the
gas being transversely coherent but longitudinally incoher-
ent, where interference between the many occupied longi-
tudinal modes occurs over the entire transverse extent of
the cloud. Indeed, these modal properties led to transverse
condensation to be alternatively described as “multimode
condensation” [7]. The peak amplitude for the coldest
cloud (c) is in good agreement with the maximum value
of 2! [24] expected for the second-order correlation func-
tion for a thermal gas, while as the temperature increases
and the correlation length shortens in (b) and (a), the finite
bin sizes used in our data analysis result in a reduction of
the peak bunching amplitude [11-15]. Note that differ-
ences between the peak bunching amplitude observed
transversely and longitudinally can result from different
bin choices in those axes. The respective longitudinal
correlation lengths are far smaller than the cloud size.
This absence of long-range order longitudinally demon-
strates that the gas remains thermal in the z dimension
while condensing transversely.

We emphasize that the nature of the critical transition to a
transversely condensed gas, which enabled us to measure
the maximum second-order correlation amplitude of
g?(0) = 2, is a quantum degeneracy driven (rather than
interaction driven [25]) transition in an ideal Bose gas
confined to a highly anisotropic trap. As discussed in
Refs. [7,8], this occurs due to the saturation of population
in the transversely excited states, hence the term ‘‘trans-
verse condensation.” Our measurements of the transverse
properties of the gas, such as the fraction of the atoms in the
transverse ground state and the transverse correlation func-
tion, are indeed in excellent agreement with the predictions
of the theory of a harmonically trapped ideal Bose gas. On
the other hand, the measured shape of the longitudinal
second-order correlation function (see Fig. 2), especially
well below the critical temperature, appears to be inter-
mediate between the theory of a highly degenerate ideal
Bose gas and a weakly interacting 1D quasicondensate [26].

For example, for the coldest sample [Fig. 2(c)], the
measured longitudinal correlation length on the detector
(~ 0.4 mm) is about 4 times larger than the prediction of
the ideal Bose gas theory. The origin of this discrepancy is
not well understood; however, given our small clouds, we
expect the finite-size effects to be significant, which means
that the physics in the longitudinal dimension is dominated
by broad crossovers between that of a pure noninteracting

gas and a weakly interacting gas approaching the quasi-
condensate regime.

As a crude alternative estimate of the longitudinal
momentum-momentum correlation length, we can use
the theory of a uniform 1D Bose in the quasicondensate
regime [26]. Applying it to the central part of our trapped
cloud, assuming a local density approximation, one can
estimate the characteristic momentum correlation length to
be given by Ak, ~ (214)~! (in wave-number units), where
ly = h?n,p/mkgT is the characteristic phase coherence
length and np is the local 1D density equal to np =
2.0 atoms/ u in our case (c). Converting this to the spatial
correlation length after time-of-flight expansion gives a
longitudinal correlation length on the detector of
0.85 mm. Thus, our measured value of ~0.4 mm is indeed
intermediate between the predictions of the ideal Bose gas
theory and the theory of a 1D quasicondensate. Our esti-
mates of the 1D dimensionless interaction parameter y =
mg/h>n,p (Where g = 2hw | a is the 1D coupling and a is
the 3D s-wave scattering length) and the dimensionless
temperature T = 2mkgT/h>n?y, [4] also support this con-
clusion. Indeed, the estimated values are y =~ 0.006 and
7 = (.26 for our case (c). The temperature 7 in this case is
just 3 times larger than the crossover boundary (7 ~ ,/y)
separating the so-called decoherent quantum (or a nearly
ideal Bose gas) regime (7 > ,/y) and the quasicondensate
regime (17 < ,/y) [4,27].

In conclusion, we have used Hanbury Brown-Twiss
correlations to demonstrate the existence of transverse
condensation, a state of matter that has coherence proper-
ties of a condensate along its transverse dimensions, while
exhibiting thermal characteristics along its remaining lon-
gitudinal dimension. These coherence properties make a
transversely condensed Bose gas an ideal candidate for
high resolution atomic coherence tomography, analogous
to optical coherence tomography [28]. Moreover, the
precise measurements of second-order correlation lengths
are a useful tool for discerning phase diagrams of various
ultracold atom systems, especially systems of lower
dimensionality where the physics is dominated by the
stronger role of quantum fluctuations and correlations,
leading to a number of nontrivial phases absent in 3D
systems.
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