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Abstract
The transition from a thermal cloud to a Bose–Einstein condensate (BEC) in an interacting
ultra-cold Bose gas is a prototype in a universality class of diverse phase transitions. For a
trapped ultra-cold Bose gas, we were able to study the critical regime both above and below
the critical temperature with a Talbot–Lau interferometer, observing a peak in the correlation
length. From this peak, we managed to determine the universal critical exponents for this
phase transition as well as the finite-size and interaction corrections to the critical temperature.
The results are all in quantitative agreement with theory. This work demonstrates the potential
application of the Talbot–Lau interferometer to a wide range of critical phase transitions in
ultra-cold atomic gases.

S Online supplementary data available from stacks.iop.org/LPL/10/125502/mmedia

1. Introduction

Near the second-order phase transition [1–3] from a normal
fluid to a superfluid characterized by a complex order
parameter, the diverging spatial correlation length around the
critical temperature is the driving force behind various critical
phenomena. There has been enormous experimental effort
to study the critical phase transition to superfluid in liquid
helium [4–6]. One of the endeavors was even carried out
in space to get rid of the deviation caused by gravity [7].
Many critical phenomena, which had long eluded direct

experimental study, have now been studied experimentally
with ultra-cold Bose [8–11] and Fermi gases [12]. Recently,
there have also been intensive theoretical studies on the
critical behavior with cold atoms [13–18].

The second-order phase transition from a normal state
to a superfluid state has been studied in a landmark
experiment [19], where the critical behavior in the correlation
length was revealed by detecting the interference of two
released atom beams. However, this study was limited to
only the critical regime above Tc. In this work, we explore
the spatial correlation with a different interference technique,

11612-2011/13/125502+05$33.00 c© 2013 Astro Ltd Printed in the UK & the USA

http://dx.doi.org/10.1088/1612-2011/10/12/125502
mailto:xjzhou@pku.edu.cn
mailto:xionghw@zjut.edu.cn
http://stacks.iop.org/LPL/10/125502
http://stacks.iop.org/LPL/10/125502/mmedia


Laser Phys. Lett. 10 (2013) 125502 W Xiong et al

Figure 1. Effects on a pure condensate and a thermal gas by the Talbot–Lau interferometer, where two optical lattice pulses are separated
by an interval τf equal to the odd times of half a Talbot time. The two-dimensional experimental TOF images are for (a1) a pure condensate
and (a2) a thermal gas before the first lattice pulse; the momentum distributions of (b1) a BEC and (b2) a thermal gas after the first pulse;
and the momentum distributions of (c1) a BEC and (c2) a thermal gas after the second pulse.

the temporal Talbot–Lau (TL) interferometer. In such an
interferometer, the interference effect is greatly enhanced
because all correlated atoms are manipulated rather than the
two released atomic beams in [19], offering the possibility to
observe the critical behavior for the spatial correlation on both
sides of the critical temperature.

With this TL interferometer, we explore how the spatial
correlation in an ultra-cold atomic gas varies as it undergoes
the phase transition from a thermal gas to a Bose–Einstein
condensate (BEC). At the critical temperature, we observe
a bi-modal density distribution after the application of the
TL interferometer. When the fraction of the narrower density
distribution is measured, we find a clear peak in the critical
regime and the peak position agrees well with the critical
temperature calculated for this Bose gas by including the
finite-size and interaction effects. We have also extracted
the critical exponents from the measured peak and they
are very close to the theoretical critical exponents for the
correlation length, suggesting that the fraction measured in
our experiment is proportional to the correlation length.

2. The temporal TL interferometer for ultra-cold
atoms

The TL interferometer has been widely used to reveal the
interference properties of different systems [20]. Here we
use a temporal TL interferometer [21, 22] to experimentally
study the phase transition to a BEC. Our TL interferometer
(figure 1) consists of two optical lattice pulses separated by a
time interval τf equal to the odd times of half a Talbot time
TT = mλ2/2h [21, 22], with λ being the laser wavelength, m
the atomic mass and h Planck’s constant. In our experiment,
the wavelength λ = 852 nm, the interval τf = 3TT/2, the
pulse width τ0 = 3 µs, and the lattice depth U0 = 80ER,
with ER being the recoil energy of an atom absorbing one
lattice photon. The lattice depth is calibrated experimentally
by the Kapitza–Dirac scattering. The ultra-cold atoms of 87Rb
were prepared in a magnetic trap with an axial frequency
of 20 Hz and a radial frequency of 220 Hz [23]. The TL

interferometer was applied to the ultra-cold atomic gas along
the axial direction. The time-of-flight (TOF) images were
obtained with the standard absorption imaging method after
switching off the magnetic field and 30 ms free expansion.

During the first lattice pulse, the atomic gas is divided
into hundreds of disk-shaped atomic gases that are physically
separated due to the strength of the pulse. After the pulse,
these disk-shaped atomic gases start to merge and interfere
for a given time. The second lattice pulse again divides the
atomic gas into hundreds of disk-shaped atomic gases, leading
to a second interference. For an initial atomic gas without
correlation, the interference is in fact for each individual atom
itself. The overall interference pattern is a simple addition
of the interference intensities for all the individual atoms
in the gas. Such a simple addition does not apply for an
atomic gas with spatial correlation larger than the spatial
period of the pulsed lattice. Due to the correlation, one should
instead sum up first the interference wavefunctions for the
correlated atoms within the correlation length, then square
the amplitude of the summed wavefunction to obtain an
enhanced interference. This enhancement suggests that the
TL interferometer would be powerful for the detection of the
spatial correlation among atoms.

Our TL interferometer is effectively an interferometer for
atoms around zero momentum and with spatial correlation
larger than the spatial period of the pulsed optical lattices.
To clearly see this, we turn to the momentum space, where
the experimental observation is made, and focus on atoms
with momenta very close to zero. For these atoms, after the
first optical lattice pulse, a significant proportion of the atoms
will be transferred to momenta around±2nh̄k (k = 2π/λ, n =
1, 2, 3, . . .) with almost no atoms left at zero momentum;
after the second optical lattice pulse, the atoms with momenta
around ±2nh̄k will be brought back to momenta around
0h̄k [24]. This effect is verified and illustrated experimentally
with a pure condensate in the left column of figure 1.

With this in mind, it is straightforward to see how our
interferometer will affect a thermal atomic cloud without
correlation: a very small fraction of atoms that are in states of

2



Laser Phys. Lett. 10 (2013) 125502 W Xiong et al

Figure 2. Revelation of the critical phase transition from a thermal cloud to a BEC by the TL interferometer. The first row shows the
density distributions of the atomic gases before the TL interferometer for five different temperatures T/T0

c = 1.10, 0.95, 0.92, 0.89, 0.70.
The density distributions after the TL interferometer are shown in the second row. The dotted blue lines and dotted red lines in (c1)–(c5)
give the one-dimensional density distributions after the integration of the two-dimensional density distributions along the vertical direction
for (a1)–(a5) and (b1)–(b5), respectively. A bi-modal structure emerges after the TL pulses in (b3) and reveals the critical phase transition
occurring around T/T0

c = 0.92. In (c1)–(c5), the solid black lines give the Gaussian fitting to the broad peak of the density distribution after
the TL interferometer.

momentum zero are similarly transferred away and brought
back to momentum zero by our interferometer; for the
majority of the atoms with non-zero momenta, they will not
be brought back to their original momentum states. The end
result is an atomic cloud with a much wider distribution in
momentum space (see the right column of figure 1). For
the thermal atomic cloud, because of the lack of correlation
between different momentum states, it is expected that there
is a trivial mapping before and after the TL interferometer.
Both experiment and theoretical simulation show that the
momentum distribution is still a Gaussian distribution after
the TL interferometer.

Far below the critical temperature which comprises both
condensate and thermal atoms, after the application of the
TL interferometer, we expect a bi-modal density distribution
because the condensate will still lead to a narrower central
peak, as experimentally shown in figure 2(b5).

When the system is close to the critical temperature,
there is strong spatial correlation between atoms, which
will enhance the interference, as reported in [19]. As our
TL interferometer is essentially an interferometer for atoms
around momentum zero, this enhancement is expected to
increase the population around momentum zero, causing
the momentum distribution around zero to deviate from
the Gaussian distribution after the application of the TL
interferometer. Such a deviation from the Gaussian should
be larger for stronger correlation. In a sense, the existence
of an order parameter for the correlated atoms within the

critical regime makes these atoms have similar behavior to a
condensate after the application of the TL interferometer. This
physical picture will lead to a bi-modal density distribution
after the application of the TL interferometer, similarly to the
system far below the critical temperature.

Within the critical regime marked by the Ginzburg
temperature TG, i.e. |T − Tc| < TG, the correlation length
diverges near the critical temperature Tc as [1–3]

ξ = ξ0/(T − Tc)
ν for T > Tc, (1)

ξT = ξ
T
0 /(Tc − T)νT for T < Tc, (2)

where the critical exponents ν = νT = 0.67. This is for the
infinite system in the thermodynamic limit. For the finite
system in our experiment, the correlation length no longer
diverges. Nevertheless, the correlation is still strongest at the
critical temperature Tc and the correlation length should have
a peak around Tc. Within the critical regime, this implies
that the deviation from the Gaussian distribution after the TL
interferometer is largest at Tc.

3. Observation of the critical phase transition

With the above expectations, we have surveyed the ultra-cold
atomic gases with the TL interferometer over a wide range
of temperatures with particular attention paid to the range
where the critical phase transition from a thermal cloud to
a BEC occurs. The results for five typical temperatures are
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shown in figure 2. The system temperature is expressed
in terms of T0

c = 0.94h̄ωhoN1/3/kB, the critical temperature
of the corresponding ideal Bose gas without the finite-size
correction [25]. ωho = (ωxωyωz)

1/3 is the geometric average
of the harmonic trapping frequencies and N is the total particle
number.

The first row of the figure shows TOF images before
the application of the TL interferometer. The corresponding
integrated density distributions are shown as dotted blue lines
in the third row. There is a clear bi-modal distribution at
temperature T/T0

c = 0.7 (figure 2(a5)) and a minor bi-modal
distribution at temperature T/T0

c = 0.89 (figure 2(a4)).
There is no obvious condensate fraction at three other
higher temperatures. However, after the application of the
TL interferometer, a clear bi-modal (i.e., non-Gaussian)
distribution emerges at T/T0

c = 0.92 (figure 2(b3)). In
contrast, at a temperature well above the critical temperature
(T/T0

c = 1.1), and temperatures (T/T0
c = 0.89) and (T/T0

c =

0.95), there are no obvious bi-modal structures after the
application of the TL interferometer. This shows that the
emergence of the bi-modal distribution at T/T0

c = 0.92 is
the result of the diverging correlation length near the critical
temperature.

To quantify the observed critical behavior, we use the
fraction of atoms in the central peak of the bi-modal structure
after the TL pulses for different temperatures. For each density
distribution obtained after the TL interferometer, we fit it
along the direction of the TL pulses with a bi-Gaussian
function, and compute the fraction of the central narrow peak
with fr = 1 − Ab/AT, where Ab is the area under the broad
peak and AT is the total area in the bi-modal structure. Note
that it is an assumption that the non-Gaussian distribution of
momentum observed near Tc is bi-modal. This assumption is
reasonable, as indicated in figure 2(b3) (see the supplementary
material (available at stacks.iop.org/LPL/10/125502/mmedia)
for further discussion).

In figure 3, we show how this fraction fr changes with
temperature. Near the critical temperature, a clear peak around
T/T0

c = 0.92 is seen. We also notice a small dip in the
peak, which may due to the uncertainty in the temperature
calibration which is about 0.01T0

c . Because the central peak
after the TL interferometer physically originates from the
spatial interference of the atoms, within the critical regime,
it is expected that the larger the correlation length, the larger
the fraction fr. Hence, this peak implies the critical phase
transition from a thermal cloud to a BEC.

As the correlation length diverges at the critical
temperature, this peak position can be regarded as the
critical temperature of the system. Above this critical
temperature, the fraction fr increases with decreasing
temperature, very similarly to what was observed with the
method of matter–wave interference [19]. Below this critical
temperature, we see that fr decreases with decreasing system
temperature within the critical regime.

From the peak in figure 3, we are able to determine
the critical temperature Tc. We find Tc/T0

c = 0.92 ± 0.01,
indicating a negative shift from the critical temperature
T0

c of the ideal Bose gas. The negative shift is due to

Figure 3. The measured fraction fr of the central peak as a function
of temperature. Each point is an average over about ten
experimental data within a temperature step δT/T0

c = 0.01. The two
solid lines are fittings to the data near the peak with equations (1)
and (2). The colored areas represent the uncertainties with a 95%
confidence. The vertical dashed line shows the location of the
theoretical critical temperature.

the finite-size and interaction corrections of the critical
temperature. Simultaneous consideration of the finite-size and
interaction corrections to the critical temperature [26, 27]
gives a negative shift of about 0.08, agreeing well with our
experimental result Tc/T0

c = 0.92 ± 0.01. The correction
to the critical temperature also agrees with previous
experiments [29–32]. These agreements further confirm the
observation of the critical phase transition in this work. It
is worth pointing out that we have computed the Ginzburg
temperature TG/T0

c [26]. The result is that |TG − Tc|/T0
c ≈

0.06, which agrees with the peak width in figure 3.
Below the critical temperature and within the critical

regime, there is a decrease of fr. This is because the fraction
fr has two origins, the condensate fraction that has perfect
coherence and the correlated thermal fraction that obeys
equation (2). Within the critical regime, the contribution from
the correlated thermal fraction dominates, causing the fraction
fr to decrease. In fact, we measured the condensate fraction
without the TL interferometer. The results agree with the
theoretical result by taking into account the finite-size and
interaction corrections [26–28]. At T = 0.85T0

c , just outside
the critical regime and where the fraction starts to increase,
our experiment shows that the condensate fraction without
the interferometer is about 0.08, which is of the order of
fr in figure 3. We emphasize that this understanding of
the whole system consisting of two parts, condensate and
correlated thermal atoms, is phenomenological in the spirit of
the two-fluid model for liquid helium. A more rigorous theory
is needed to fully understand the strongly correlated quantum
many-body state just below the critical temperature and how
it responds to an interferometer.

4. Discussion and outlook

Within the critical regime, it is clear that the fraction fr is
a monotonic function of the correlation length. It is natural
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to fit the data on the right side of the peak with a/(T/T0
c −

Tc/T0
c )
ν̃
+ b and the left side with a′/(Tc/T0

c − T/T0
c )
ν̃′
+

b′ + c′(Tc/T0
c − T/T0

c ). The additional term for the left
side is to account for the condensate fraction which appears
below the critical temperature. Rigorously speaking, the
correlation length should display a smooth evolution within
the critical regime due to the finite-size characteristic of our
experiment. Similarly to [19], because of the uncertainty in
the temperature calibration, we do not discuss the finite-size
effect on the correlation length in this work.

From the data fitting, we get ν̃′ = 0.70 ± 0.08 and ν̃ =
0.70±0.11. The uncertainties correspond to a 95% confidence
level. These two critical exponents are very close to ν = νT =

0.67, the theoretical value of the correlation length’s critical
exponent for the universality class of the three-dimensional
XY model [33, 34]. If we assume that fr ∼ ξα and the
theoretical value of the critical exponent is exact, we have
α ≈ 1.04 ± 0.12. This experimental result indicates that the
fraction fr near the peak in figure 3 is proportional to the
correlation length.

This encouraging indication is supported by a phe-
nomenological theory (see the supplementary material avail-
able at stacks.iop.org/LPL/10/125502/mmedia). However, we
still do not have a rigorous theory of how a strongly
correlated system responds to an interferometer, as the action
of the interferometer can no longer be regarded as a small
perturbation. This is different from known measurements on
critical systems, for example, heat capacity measurements on
liquid helium, which can be regarded as perturbations and
have negligible effects on the systems.

In summary, we have studied the critical behavior
of interacting ultra-cold Bose gases with a temporal TL
interferometer. A peak in the fraction of the narrower peak of
the density distribution was clearly observed across the phase
transition from a thermal gas to a BEC. This observation of the
peak is a direct revelation of the diverging correlation length
around the critical temperature, as the critical temperature
obtained from this lambda peak agrees with the theoretical
prediction. This experimental study of ultra-cold atomic
gas within the critical regime opens a route to relevant
theoretical studies of critical dynamics, which has many open
problems [1–3]. It also gives a new method to measure
the critical temperature. We anticipate that the temporal TL
interferometer will be used to study a wide range of critical
phase transitions, such as the quantum phase transition from
superfluid to Mott insulator for cold atoms in an optical
lattice [8], ultra-cold Fermi gas [12] and quantum magnetism
with cold atoms and molecules as a quantum simulator
[9, 35–37].
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