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Temperature, as a measure of thermal motion, is a significant parameter characterizing a cold atomic ensemble optical
quantum memory. In a cold gas, storage lifetime strongly depends on its temperature and is associated with the spin wave
decoherence. Here we experimentally demonstrate a new spin wave thermometry method relying on this direct dependence.
The short-wavelength spin waves resulting from the counter-propagating configuration of the control and the probe laser
beams make this thermometry highly suitable for probing in situ the atomic motion in elongated clouds as the ones used
in quantum memories. Our technique is realized with comparable precision for memories that rely on electromagnetically
induced transparency as well as far-detuned Raman storage.

Keywords: optical quantum memory, temperature measurement, collective atomic excitation, electromagnet-
ically induced transparency
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Quantum repeaters based on laser-cooled atomic ensem-
bles have already shown their potential to act as the entangle-
ment nodes in metropolitan-scale quantum networks.[1,2] For
entanglement distribution long storage lifetimes are essential,
and therefore the predominant mechanisms of decoherence of
the stored spin waves, such as thermal motion and inhomoge-
neous broadening, must be addressed.

Significant efforts have been made to reduce the decoher-
ence from the inhomogeneous broadening, mainly originating
from the uncompensated magnetic fields.[3–5] Extending the
storage lifetime limited by the finite momentum of the stored
spin waves caused by the unavoidable atomic thermal motion
still remains a challenge. An efficient way to solve this prob-
lem is to increase the wavelength of the stored spin waves by
a colinear arrangement of write and read beams,[6] and such
an approach can lead to an extension of the lifetime to the or-
der of milliseconds. However, an inherent limitation of the
colinear configuration is the difficulty to avoid the strong scat-
tering from the write/read beams in the Duan–Lukin–Cirac–
Zoller scheme,[7] and the control beam in electromagnetically
induced transparency (EIT)[8] or the Raman[9] scheme. In all
these cases, a small angle is necessary to achieve a trade-off
between long storage times and the detrimental effect of the
scattering noise.

Therefore, for finite separation angles, lowering the tem-
perature of the atomic ensembles, by slowing down the atomic
thermal motion, becomes a necessary step to further improve
the storage lifetimes. Confining the atoms in a small volume
by an optical dipole trap has led to coherent memories with

second-scale lifetimes,[5,10,11] but at the expense of atom num-
ber and thus limited optical depth (OD), which is directly re-
lated to the storage efficiency.[12] Alternatively, applying sub-
Doppler cooling directly to the magneto–optical trap (MOT)
loaded atoms, such as polarization gradient cooling (PGC),[13]

dark-state cooling[14] can provide a simple and robust way
to limit decoherence. In both cases, a precise way to probe
the temperature of the atomic ensembles, especially along the
photon propagation, is particularly crucial.

The simplest and most commonly used thermometry
method for cold atomic ensembles is the time-of-flight (TOF)
measurement during which the temperature is determined by
the ballistic expansion behavior after the atoms are released
from the trap. Several realizations of this technique have been
developed over the years including release and recapture,[15]

absorption imaging,[16] and fluorescence imaging,[17] among
others. In a typical experimental configuration for an atomic
quantum memory, the signal beam propagates in the direction
of the long axis to utilize the highest available atom number,
and thus, maximize its storage efficiency. As a result, the TOF
technique can be in that case challenging since cold atomic en-
sembles have a cylindrical shape with a very high aspect ratio,
which makes the necessary times of flight for observing the
longitudinal expansion particularly large, and also a nonuni-
form distribution, which can make the fitting for temperature
retrieval less accurate.[18–20]

Several studies have attempted to precisely evaluate
the temperature along the stored light propagation direc-
tion. The most relevant ones to an atomic quantum memory
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rely on probing the spectral profile of the EIT transmission
window,[20–22] which has a width associated with thermal mo-
tion dephasing. An accompanying limitation is that the spec-
tral width and the level of transparency are very sensitive to
the power of the control beam, the overlap of the probe and
the control beam, as well as the wavevector mismatch. The
idea that enables our thermometry method originates in the
realization that the EIT-driven slow and stored light are very
sensitive to the atomic motion.[5,6,19]

In this work, we demonstrate a robust thermometry tech-
nique to quantify the atomic motion in a cold ensemble based
on EIT- and Raman-driven stored light. The decay of short-
wavelength spin waves created by a slight deviation from
a counter-propagating configuration of the probe/stored and
control beams is directly associated to the temperature of the
atomic ensemble. While being particularly sensitive to the
atomic motion and thus the ensemble temperature, this setup
is not affected by the angle fluctuations and the magnetic field-
induced inhomogeneous broadening.

Here, we firstly elucidate how the storage lifetime of a
short-wavelength spin wave can directly provide the temper-
ature of a thermal gas.[6] A stored spin wave imprinted in an
atomic ensemble of N atoms can be described by |ψ(t)〉 =
S†(t)|g1, . . . ,g j, . . . ,gN〉, where

S(t) =
1√
N ∑

j
e−i∆𝑘·𝑟 j(t)|g〉 j〈s|

is the collective atomic excitation operator.[7] The wavevector
of a light-induced spin wave is written as ∆𝑘= 𝑘c−𝑘p, where
𝑘c and 𝑘p are respectively the wavevectors of the control and
the probe beams of Figs. 1(a)–1(c), and 𝑟 j(t) is the position
vector of the j-th excited atom.
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Fig. 1. Experimental setup. (a) Signal probe light beam from a fiber cou-
pler (FC) is focused by a lens to the center of an elongated atomic cloud.
A counter-propagating collimated control beam enters the atomic ensemble
with a large separation angle θ . The probe beam, after passing from the
atoms, is collected by an FC and detected by a photomultiplier tube (PMT)
via a single mode polarization-maintaining fiber (SMPF). (b) The three-level
scheme for EIT (|δ |= 0) and Raman (|δ | � Γ ) storage. Γ is the decay rate
of the excited state |e〉. (c) The wavevectors 𝑘c and 𝑘p of the control and
probe beams that determine the spin wave wavelength.

After a storage time τ , the j-th atom, in a collisionless
gas, moves to the position 𝑟 j(t + τ) = 𝑟 j(t) + 𝑣 jτ . The re-
trieval efficiency η is proportional to the overlap between the

final evolution state and the initial one

η ∝ |〈ψ(t + τ)|ψ(t)〉|2

=

∣∣∣∣∣ 1
N ∑

j
e i∆𝑘·𝑣 jτ

∣∣∣∣∣
2

=

∣∣∣∣∫ g(𝑣)e i∆𝑘·𝑣τ d𝑣
∣∣∣∣2 , (1)

where g(𝑣) is the velocity distribution of the atomic ensemble
for a continuum approximation. For thermal atoms at tem-
perature T , their motion follows the Maxwell–Boltzmann dis-
tribution g(𝑣) ∝ e−m𝑣2/2kBT and after integration over all the
possible velocities in Eq. (1), we obtain

η ∝ e−τ2/τ2
d , (2)

where τd = λ/2πvs is the storage lifetime with one-
dimensional average velocity vs =

√
2kBT/m for atoms with

mass m, and kB is the Boltzmann constant. λ = 2π/∆k is the
wavelength of the spin wave. Thus, we derive a simple rela-
tion between the storage lifetime and the temperature of the
atomic gas

τd =
1

∆k

√
m

2kBT
. (3)

In the nearly counter-propagating configuration with a
large separation angle θ between the probe and the control
beam, the wavevector ∆k = kp− kc cosθ ' kp + kc of the spin
wave corresponds to a very short wavelength compared with
the length of the atomic cloud. As is evident from Eq. (3),
the spin wave lifetime is impervious to the angle, as shown in
Fig. 2, while it is particularly sensitive to the atomic motion
and thus appealing for thermometry. For a typical rubidium
MOT temperature T ∼ 100 µK, and an angle θ = 178◦, the
lifetime is τd ≈ 0.6 µs. We note that such lifetimes are in-
tentionally sufficiently short to isolate the contribution of the
thermal motion from other common decay mechanisms, such
as inhomogeneous broadening decoherence from uncompen-
sated magnetic fields, that are significant in longer time scales.
For example, in a 50-mGs (1 Gs = 10−4 T) residual magnetic
field the estimated lifetime[5] of the stored spin wave is around
100 µs� τd.
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Fig. 2. Theoretical spin wave lifetimes at different angles as a function of
temperatures. Evidently, the storage lifetimes are largely insensitive for a
wide range of separation angles θ . The dashed lines show how the tem-
perature in a typical rubidium MOT is uniquely determined by the storage
lifetime.
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In our experiment, more than 109 85Rb atoms are loaded
in a two-dimensional MOT created in an ultrahigh vacuum
glass cell. Three pairs of counter-propagating, with opposite
circular polarizations, trapping beams come from a tapered
amplifier seeded by an external cavity diode laser (ECDL).
Two repumping beams, along the horizontal and vertical di-
rections, covering the whole atomic cloud are also derived
from an ECDL, and they have the same Gaussian profile as
the trapping beams. To increase the atomic density and, conse-
quently, the storage efficiency, we implement a dark-line MOT
by imaging a wire with a 4 f -configuration on both repumping
beams. A racetrack-shaped coil in anti-Helmholtz configura-
tion generates a zero magnetic field line along the long MOT
axis and as a result the trapped atomic cloud is cigar-shaped
with a length of approximately 2.5 cm and a transverse e−2

diameter of 0.54 mm. The magnetic field gradient is switched
off 1.5 ms before the trapping beams and remains off for a to-
tal of 3.2 ms. The trapping beams stay on for another 1.0 ms
and their frequency and power are varied by an acousto–optic
modulator (AOM), in order to cool atoms further by PGC. An
extra 0.3 ms of trapping beam illumination after the repuming
light switched off is applied to initialize all the atoms to the
|5S1/2,F = 2〉 ground state. The experimental cycle has a rep-
etition rate of 50 Hz and it is synchronized with the 220-V AC
power.

Probe and control beams come from the same ECDL
locked at the crossover transition between |5S1/2,F = 3〉 →
|5P1/2,F = 2〉 and |5S1/2,F = 3〉 → |5P1/2,F = 3〉. The
frequency of the probe beam is upshifted 3.217 GHz by
an AOM to be on resonance with the transition |5S1/2,F =

2〉 → |5P1/2,F = 3〉. The frequency of the coupling beam is
shifted by +181 MHz to be on resonance with the transition
|5S1/2,F = 3〉 → |5P1/2,F = 3〉. The probe beam has a power
of 200 nW and is focused to an e−2 radius of rp = 125 µm at
the center of the MOT, and it is collected by a coupling lens
to a fiber before detection by a photomultiplier tube (PMT) on
the opposite side of the cigar-shaped atomic cloud as shown
in Fig. 1(a). The control beam with 1-mW power, is approxi-
mately counter-propagating, spatially separated with an angle
of 178◦ with respect to the probe beam, and collimated with
a radius of rc = 600 µm, which is wide enough to cover the
whole atomic cloud.

The temporal profile of the probe and control beams is
amplitude modulated to a Gaussian pulse shape of approxi-
mately 1-µs full width at half maximum (FWHM) by an AOM,
with a time delay that maximizes the conversion efficiency of
the probe light to the stored spin wave. After the storage time,
a second control pulse with the same power as the initial one
and a pulse width of 10 µs is applied to retrieve the stored
spin wave by converting it back to a light pulse with the same
wavelength as the probe beam, and is detected by the PMT.

As illustrated above, the lifetime of a short-wavelength
spin wave is sensitive to the thermal motion, and therefore can
be used to determine the temperature of the atomic medium.
To control the temperature in a systematic way, we vary the
driving radio frequency (RF) of the trapping laser AOM to
change its frequency detuning ∆ with respect to the atomic
transition |5S1/2,F = 3〉 → |5P3/2,F = 4〉 from −20 MHz to
−35 MHz with a 5-MHz step size as well as the power of the
trapping beams.

We record the retrieved signal pulses with an oscilloscope
working in average mode for 128 traces. The time separation
between each retrieval point is 100 ns, and the full duration of
each measurement is 4 µs. To determine the storage efficiency,
we integrate the area of the output light signal pulse and nor-
malize it to the corresponding input pulse for each measure-
ment. The measured temporal decay of the probe light con-
verted to spin waves, and the gas temperature, as determined
from Eq. (3), are shown in Figs. 3(a) and 3(b).
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Fig. 3. Thermometry for the EIT scheme. (a) Retrieval efficiency of the
stored spin waves as a function of time for different cooling light detun-
ings that correspond to different temperatures. The points are experimental
data and the curves are least-squares fits. (b) Calculated temperatures from
the measured spin wave 1/e lifetimes τs. The temperature calibration solid
curve is based on the assumption that the lifetime and temperature still fol-
low the relation of Eq. (3) for a separation angle 178◦.

For the on-resonance EIT scheme (|δ | = 0), the lifetime
decays when the detuning is decreased, and the resulting tem-
peratures increase, as shown in Fig. 3(a), but with a slightly
faster rate than expected. To achieve an accurate fitting with
the experimental data, an amendment of Eq. (2) is required
since the resonant probe pulse experiences a slow light ef-
fect with strong re-absorption[19] especially for our large opti-
cal depth OD ≈ 300, which is essential for sufficiently high
storage efficiency. To phenomenologically model the slow
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light effect and other mechanisms related with homogeneous
broadening decoherence we multiply the decay function with
e−τ/τγ (T ), where τγ(T ) ∝ 1/

√
T is the spin wave relaxation

time. Other potential mechanisms that can lead to exponen-
tial decays include thermal motion induced Doppler detuning,
and leakage of control light during the storage which can in-
troduce dynamic populations in the excited sate with a sponta-
neous emission loss.[23,24] The extracted temperatures for the
various measured storage lifetimes of the EIT are shown in
Fig. 3(b).

For the off-resonance Raman scheme (|δ | � Γ ), the
aforementioned complications are much less relevant and a
clear Gaussian trend is observed (Fig. 4(a)). We avoid the
strong re-absorption effect and the control leakage induced
loss by shifting the frequency of the probe and control fields by
δ . The atomic medium is practically transparent to the probe
signal which is absorbed only when it is in two-photon reso-
nance with the control light. The extracted temperatures for
the various measured storage lifetimes of the Raman scheme
are shown in Fig. 4(b). For both schemes we extract the 1/e
lifetime τs(T ) of the stored spin wave from a general decay
function of the form η ∝ e−τ2/τd(T )2

e−τ/τγ (T ).[25,26]

Fig. 4. Thermometry for the Raman scheme. (a) Retrieval efficiency of
the stored spin waves as a function of time for different cooling light detun-
ings. The points are experimental data and the curves are least-squares fits.
(b) Calculated temperatures from the measured spin wave lifetimes. The
solid curve is based on the relation of Eq. (3) for θ = 178◦.

In Table 1, all our thermometry results together with es-
timations from TOF along the transverse directions are given.
We note that for such an elongated ensemble the longitudi-
nal temperatures cannot be reliably measured by TOF, mainly
because of the need of long falling times for appreciable ex-
pansion and the distribution inhomogeneity. The difference in
the temperatures along the long axis measured by the storage-
based schemes compared with the ones from TOF, which is

used for the transverse directions, can be attributed to the ab-
sence of magnetic field gradient along z, which can affect the
relevant velocity distribution. We note that different temper-
atures along the radial and axial directions are observed in
transverse cooling, Zeeman slowing, and even when the ve-
locity distribution of a fully thermalized gas is filtered by a
tube.[27] Our thermometry method qualitatively reproduces the
results of the well-established TOF method, while both the
EIT- and Raman-driven spin wave schemes provide quantita-
tive information on the temperatures on the longitudinal direc-
tion. Excluding the day-to-day system parameters fluctuation,
the mismatch may come from the cooling effect in different
directions of the atomic cloud. Furthermore, the EIT-created
spin wave gives systematically a higher temperature compared
to the Raman-driven spin wave and the TOF result, because
of the probe absorption and the control leakage induced de-
cay mechanism. In the high temperature regime, the relation
curve between storage lifetime and temperature has a low gra-
dient and consequently gives a large temperature disparity in
this side. It is also remarkable that our method is expected to
achieve higher precision in low temperature regime since the
lifetime–temperature curve is exceptionally steep and feasible
even in the sub-microKelvin regime where storage in a dipole
trap-loaded ultracold atomic gas has been explored.[28,29]

Table 1. Temperatures extracted from three different measurement
schemes. The uncertainties of the EIT and the Raman methods are
given by least-squares fitting, while the standard deviation of the TOF
method is determined by multi-shot measurements of atomic expansion
along the transverse direction.

T (µK)
∆ (MHz)

−20 −25 −30 −35

EIT 114(15) 88(9) 45(5) 33(3)
Raman 74(18) 52(4) 38(9) 21(3)
TOF 92(12) 63(13) 20(2) 18(5)

In conclusion, we experimentally demonstrated an EIT-
and a Raman-driven short-wavelength spin wave thermome-
try for a counter-propagating configuration of the probe and
control light beams. This method relies on the direct relation
between the lifetime of the spin wave and the atomic thermal
motion, i.e., temperature. Its robustness to misalignment and
residual magnetic field fluctuations are also shown. The rela-
tive short lifetimes resulting from the short spin wave spatial
wavelength are beneficial for thermometry since most of the
other decoherence mechanisms act in longer time scales. The
EIT method is suitable for lower OD with weak re-absorption
and high conversion efficiency while for higher OD case, the
Raman method is more reliable and the relatively low conver-
sion efficiency of the Raman spin wave can be improved by
simply increasing the power of control field. For a quantum
memory, the decoherence mainly comes from the atomic mo-
tion along the major axis on which the signal light propagates
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and thus our results enable precise probing of this mechanism
and benefit memory-based system optimization.[30] Measur-
ing the temperature in the long axis of a laser-cooled atomic
ensemble in situ can complement the standard TOF method.
This new thermometry method can be applied not only to free-
space laser-cooled atoms, but also other physical systems that
support optical storage like atoms trapped in the nanophotonic
structures,[31] rare earth ion crystals,[32] and diamond vacancy
centers.[33]
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