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K. N. Trivedi ,1,2 M. Carminati ,1 Èlia Solé Cardona ,2,* T. Bonaccorsi ,1,† R. Donofrio ,1,‡

B. Bégoc ,1,§ and O. Morsch 1,2,∥
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We demonstrate a technique for spatially resolved temperature measurement utilizing Rydberg Doppler
broadening thermometry. This method employs two focused laser beams arranged perpendicularly to excite
laser-cooled atoms from the ground state to a Rydberg state via a two-photon absorption process.
Temperature is obtained through Doppler broadening of the spectral line. The perpendicular configuration
allows for selective probing of a specific position within the atomic cloud, enabling localized temperature
measurement. This technique, in principle, offers a temperature resolution on the order of nK, attributed to
the exceptionally narrow natural linewidth of the involved rubidium Rydberg transition line. Furthermore,
the setup enables the measurement of position-velocity correlations within the cold atom ensemble. The
velocity information is extracted through the Doppler shift, whereas the spatial information is inferred from
the arrival time of ions detected by a channel electron multiplier detector. We use our method to measure the
local temperature in a magneto-optical trap.
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Laser cooling and trapping are well-established tech-
niques for preparing cold samples of atoms and molecules.
Such samples are essential for applications including atomic
clocks [1,2], the creation of Bose-Einstein condensates [3],
and precision quantum sensing [4,5]. A large body of
experimental work has investigated the properties of mag-
neto-optical traps (MOTs) [6–10]. In particular, MOTs are
known to exhibit rich dynamical behavior, including non-
linear dynamics [11–13], phase transitions, and instabilities
[14–16]. A key property of these ultracold ensembles is their
temperature, a primary parameter that underpins coherence,
their phase-space density, and the sensitivity of precision

measurements. Conventionally, temperature is measured
using time-of-flight (TOF) expansion or release-and-recap-
ture methods [17–23]. These methods are based on the
assumption of a linear position-velocity correlation of atoms
and typically require a large number of atoms to achieve a
good signal-to-noise ratio. To overcome this limitation, one
can instead use spectroscopic techniques based on the
Doppler effect [24]. The application of this technique
requires a transition with a natural linewidth significantly
narrower than the Doppler width. Recent advances in two-
photon excitation [25] to Rydberg states provide access to
resonances with natural linewidths well below the Doppler
width (typically kHz level) [26–28]. This allows, in prin-
ciple, for temperaturemeasurements with nK resolution (see
SupplementalMaterial [29] for additional details). However,
while previous studies have demonstrated Rydberg-based
thermometry in MOTs [26–28,30], these approaches typi-
cally averaged over the entire atomic cloud, thus discarding
local spatial information essential for studying nonequili-
brium features such as heat transport [31] and Doppler
heating [32]. Recently, spatially resolved temperature mea-
surements have also been demonstrated using Raman
spectroscopy [33,34]. While such Raman-based methods
provide a powerful and complementary approach, they
generally require comparatively large excitation volumes
to maintain sufficient Raman transfer efficiency, which
limits their applicability for microscopic local thermometry.
Here, we demonstrate spatially selective temperature

measurements of an atomic cloud of ultracold 87Rb atoms
using Rydberg Doppler broadening thermometry. By
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addressing localized regions with laser beams an order of
magnitude smaller than the dimensions of the atomic cloud,
we can measure spatial variations in temperature across the
sample. Beyond spatial resolution, our technique offers
several additional advantages. We demonstrate temperature
measurements over a broad range, from the μK to mK
regime. Moreover, by probing atoms after a period of free
expansion, we measure position-velocity correlations, an
observable previously studied using complementary phase-
space tomography techniques [35,36]. Our implementation
provides a distinct route based on velocity-selective
Rydberg excitation and field ionization detection.
In our experiments, we excite laser-cooled 87Rb atoms to

the 70S1=2 Rydberg state in a standard magneto-optical trap
(MOT) containing ∼106 atoms with a 1σ radius of 160 μm
(Gaussian density profile). The excitation to the Rydberg
state [37] is achieved through the two-photon absorption
process (Fig. 1), in which atoms absorb photons from two
linearly polarized laser beams at 420 nm and 1012 nm,
respectively, arranged in a perpendicular configuration, to
transition from j5S1=2i, F ¼ 2 to j70S1=2i Rydberg state
via the intermediate j6P3=2i, F’ ¼ 3 state, detuned by
þ200 MHz. Depending on the measurement, we use
different beam-waist configurations. For global thermom-
etry, both excitation beams are expanded to waists of

1.6 mm (10 times the MOT radius). For position-velocity
correlation measurements, we use a small 420 nm beam
(waist 16 μm) together with a large 1012 nm beam (waist
1.6 mm), providing spatial selectivity in one dimension.
For local temperature measurements, both beams are small,
with waists of 16 μm and 36 μm for 420 nm and 1012 nm
beams, respectively. To detect Rydberg atoms, we employ a
field ionization process [38–42]. The ions produced by
field ionization are accelerated toward a channel electron
multiplier (CEM) using the same electric field applied for
ionization. Individual ions are detected as voltage peaks on
an oscilloscope connected to the CEM and counted by a
peak finding procedure in LabVIEW software with an overall
detection efficiency of 40% [43]. The arrival times of the
individual ions are also recorded and are used to infer the
position of the Rydberg atoms.
The combination of using excitation beams in a

perpendicular configuration and exciting atoms to
Rydberg states allows us to probe the local dynamics of
atoms in a small volume within the atomic cloud.
Additionally, the small number of atoms in the selected
region does not pose a limitation since only a few atoms
excited to Rydberg states are sufficient to achieve a good
signal-to-noise ratio.
In a single experimental cycle, after a loading time of

100 ms, we switch off the MOT magnetic field to minimize
the Zeeman broadening. After 600 μs (at this point, the
quadrupole field has decayed sufficiently; see
Supplemental Material [29] for further details), the cooling
beams are switched off, and the Rydberg excitation beams
are pulsed on for 10 μs. Excited atoms are then detected
using field ionization. After the measurement, the cooling
beams and magnetic field are switched on again to reload
the MOT for the next experimental cycle. For each data
point, the sequence is repeated 200 times to accumulate
sufficient statistics.
To test our method, we first measure the global temper-

ature of the atoms in the MOTusing large excitation beams.
Figure 2(a) shows the number of Rydberg atoms as a
function of the laser detuning Δr for two different temper-
atures of the atomic cloud. The experimental data are fitted
with a Gaussian profile to extract the total full width at half
maximum (FWHM) ΔfTotal. The measured linewidth con-
tains contributions from Doppler broadening ΔfD, and
non-Doppler mechanisms, dominated by laser-frequency
jitter ΔfL (see Supplemental Material [29]). Additional
contributions include power broadening, natural linewidth,
and Zeeman broadening in the presence of magnetic fields.
In our experiments, the excitation beam intensities are
sufficiently low so that power broadening can be neglected
(below 100 kHz). The largest peak intensities used in the
experiment are about 2.5 W=cm2 for the 420 nm laser and
46 W=cm2 for the 1012 nm laser. The natural linewidth of
the Rydberg transition, 0.95 kHz, is also negligible.
Moreover, because the magnetic field is switched off before

FIG. 1. Excitation and detection scheme. 1012 nm (k1
!
) and

420 nm (k2
!
) laser beams (large or small) are used in perpendicular

configuration to excite the atoms into Rydberg state jri from
ground state jgi via an intermediate state jii. Δ, Δr are the
detunings of 420 nm and 1012 nm laser beams, respectively, and
Ωig, Ωri are the single photon Rabi frequencies. The angle

between the effective wave vector k⃗ and k2
!

(blue laser) is 22.5°.
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the excitation pulse, Zeeman broadening is negligible,
contributing less than 90 kHz as estimated from measure-
ments of the residual magnetic-field decay. Consequently,
the dominant non-Doppler broadening mechanism is the
laser jitter ΔfL, which we measured to be 1.39(0.18) MHz
by two independent methods: (i) the standard deviation of
the peak position recorded by the LabVIEW-based laser-
frequency stabilization feedback loop, and (ii) a compari-
son of spectra taken in co- and counterpropagating beam
geometries (see Supplemental Material [29]). From method
(ii), we can also infer that the laser jitter can be described by
a Gaussian distribution. Consequently, the total FWHM
linewidth is given by the quadrature sum of the two
Gaussians, the Doppler, and laser broadening:

ΔfTotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δf2D þ Δf2L
q

; ð1Þ

where the Doppler contribution is

ΔfD ¼
ffiffiffiffiffiffiffi

ln 2
p

π
jk⃗1 þ k⃗2jU: ð2Þ

Here, U is the most probable thermal speed,

U ¼
ffiffiffiffiffiffiffiffiffiffiffi

2kBT
m

r

; ð3Þ

and jk⃗1 þ k⃗2j is the effective two-photon wave vector
[27,28]. For two wave vectors k⃗1 and k⃗2 enclosing an
angle β,

jk⃗1 þ k⃗2j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k21 þ k22 þ 2k1k2 cos β
q

: ð4Þ

Using Eq. (1), together with the measured ΔfTotal and the
independently measured laser-broadening contribution
ΔfL, we obtain the Doppler width ΔfD and subsequently
determine the temperature via Eq. (2). In Fig. 2(a), two
scans are shown. In the first scan, the detuning of the MOT
beams is kept at standard value used for MOT operation of
-2Γ (where Γ is the natural linewidth of the transition
5S1=2 → 5P3=2), resulting in a measured temperature of
210ð50Þ μK, compatible with typical values reported for
87Rb MOTs [44–46] and with the Doppler temperature
TD ¼ 146 μK. The second scan was taken after switching
the MOT beams to resonance for 200 μs. In this case, the
atomic cloud is heated to 4.8(2) mK by photon scattering.
By varying this heating time, we also demonstrate the
ability of our method to measure temperature over several
orders of magnitude from ∼100 μK to 20 mK, as shown in
Fig. 2(b). As expected, the measured temperature increases
linearly with heating time, corresponding to a heating rate
of 22.9ð6Þ K=s. A simple theoretical estimate based on
scattering-rate calculations predicts a heating rate of
approximately 6 K=s. The difference from the experimen-
tally observed value may be attributed to uncertainty in
the exact resonance frequency of the cooling beams. In
particular, a small blue detuning, on the order of 200 kHz,
would give rise to anomalous Doppler heating [32,47],
leading to an enhanced experimental heating rate.
The accessible temperature range is bounded from below

by the laser-induced linewidth. Because the linewidths can
only be measured with finite precision, the Doppler
contribution must exceed its propagated uncertainty to
be reliably resolved. Assuming a 10% uncertainty in both
the measured total width and the independently determined
laser broadening, we estimate a minimum accessible
temperature of ∼68 μK for our setup. Experimentally,
the lowest temperature we measure is 63ð40Þ μK, obtained
for an optical molasses prepared with a cooling-laser
detuning of −4Γ.
Our experimental setup also allows us to infer the

position of Rydberg atoms using arrival times of the ions,
and we can use this information to measure the position-
velocity correlation of the atoms. Figure 3(a) shows the
histogram of ion arrival times for two distinct velocity
classes, −0.43 m=s and 0.53 m=s, corresponding to Δr ¼
−1.21 MHz and 1.5 MHz, respectively. The data were
taken after heating the cloud for 400 μs, followed by 1 ms
of ballistic expansion. The peaks of the two arrival time
distributions are separated in arrival time by 0.14 μs. To
calibrate the mapping between ion arrival time and posi-
tion, we translated the MOT by shifting the magnetic-field
zero by a known distance and measured the resulting
change in arrival time (see Ref. [48] for details). Using
this calibration, we infer that the two velocity classes are
separated spatially by 636 μm. To measure the correlation,

(a) (b)

FIG. 2. Excitation spectrum and heating rate. (a) Number of
Rydberg excitations (70S1=2) as a function of excitation laser
detuning Δr; the corresponding atomic velocities are indicated on
the top axis. Triangular and circular data points correspond to
4.8(2) mK and 210ð50Þ μK, respectively. The solid red and blue
curves are Gaussian fits to the experimental data. The dashed
curve shows broadening due to frequency jitter, and the narrow
Lorentzian function indicates the natural linewidth. (b) Temper-
ature of the atomic cloud versus heating time Δt. The dashed line
is a linear fit, yielding a heating rate of 22.9ð6Þ K=s.

PHYSICAL REVIEW LETTERS 137, 113401 (2026)

113401-3



we select a specific velocity class via the Doppler shift and
then measure the number of atoms in that class, as well as
their arrival time. Results are shown in Fig. 3(b). Triangular
data points represent the measurement of the correlation
without letting the cloud expand. As expected, no corre-
lation is observed between the atomic position and velocity
in the initial cloud, consistent with thermal equilibrium.
After resonant heating for 400 μs (squares), a correlation
begins to emerge. Letting the cloud undergo an additional
1 ms of ballistic expansion further enhances this correlation
(circles) by approximately a factor of 12. The observed
linear relation between position and velocity arises natu-
rally during free expansion, as atoms with higher velocities
travel farther from their initial positions. More generally, in
situations where the position-velocity relation is not
expected to be linear, this method can still be used to
reconstruct the spatial distribution associated with different
atomic velocity classes [32,47].
Finally, our method enables local probing of the atomic

cloud using small excitation beams. To test this capability,
we measured the ballistic expansion both globally and
locally. For local measurements, we define a small probing
volume (an order of magnitude smaller than the atomic
cloud) near the center of the atomic cloud. An atomic
sample with an initial temperature of ∼2 mK is prepared by
resonant heating, after which the MOT beams are switched
off. After a variable expansion time up to 1500 μs, we

measure the velocity spread in the volume. Because the
expanding cloud is out of thermal equilibrium, a unique
thermodynamic temperature is not well defined; we, there-
fore, report an equivalent temperature, defined from the
local mean velocity. Figure 4 shows the equivalent temper-
ature as a function of the expansion time. For local probing
(circles), the equivalent temperature decays rapidly. During
ballistic expansion, only atoms with small velocity remain
within the probe volume. In contrast, the global measure-
ment with excitation beams 10 times larger than the MOT
radius (squares) yields an almost constant equivalent
temperature over the first millisecond, followed by a slower
decay. The dashed lines in Fig. 4 represent simulation
results that show good qualitative agreement with the
experimental data. In these simulations, we generate an
ensemble of particles whose velocities follow Maxwell-
Boltzmann distribution and whose spatial density has a
Gaussian profile. For simplicity, the excitation region is
approximated by a spherical volume with a radius equal to
the measured excitation beam waist, and the cloud expan-
sion is then modeled using simple kinematic relations. This
approximation could explain why there is deviation
between the simulated and experimental decay of the
equivalent temperature. Furthermore, uncertainty in the
resonance condition could lead to Doppler heating (as
discussed above) [32,47] and, hence, a larger width of the
initial velocity distribution, resulting in faster decay of the
measured equivalent temperature.
We then used this method to measure the temperature

variation along a single dimension in the MOT using small

(a) (b)

FIG. 3. Position-velocity correlation measurements. (a) Histo-
gram of ion arrival times for two selected velocity classes. The
measurement was performed after heating the cloud for 400 μs,
followed by 1 ms of ballistic expansion. Two velocity classes,
−0.43 m=s and 0.53 m=s, corresponding to the right peak (black
bars) and left peak (blue bars), originate from positions
þ0.19 mm and −0.44 mm relative to the cloud center, respec-
tively. (b) Relative position with respect to atoms with zero
velocity as a function of the velocity component projected along
the 420 nm beam, as inferred from the Doppler shift. The
projected velocity was calculated by multiplying the measured
velocity by cosð22.5°Þ. Triangles correspond to a sample in
thermal equilibrium, while squares and circles denote the dis-
tributions measured immediately after resonant heating and after
1 ms of ballistic expansion, respectively. The dashed lines show
linear fits to the data points, and the solid line represents the
theoretically calculated position after 1 ms of expansion time.

FIG. 4. Equivalent temperature as a function of expansion time.
Circular and square data points represent the equivalent temper-
ature measurement using small and large excitation beams,
respectively. The temperatures are normalized to their values
at zero expansion time. Dashed curves are the simulation results.
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excitation beams. A previous theoretical study [49] predicts
that a temperature gradient must exist in the MOT for the
density solution to remain physically valid. The measure-
ment position within the MOT was selected by translating
the 1012 nm excitation beam while keeping the 420 nm
excitation beam fixed. The resulting beam displacement
was monitored with a CCD camera positioned along the
propagation direction of the translated beam. The results
are shown in Fig. 5. The MOT temperature is clearly
nonuniform and exhibits a spatial gradient, with higher
temperatures in the wings and lower temperatures near the
center. The temperature in the wings is approximately 3
times higher than that measured in the center of the MOT.
A significant temperature difference becomes apparent
beyond a distance of approximately 2.5σ from the center
of the cloud.
We note here that similar measurements have been

performed in optical molasses using Raman-based spec-
troscopy [33], which showed a similar inhomogeneous
temperature distribution.
Local temperature fluctuations may arise from spatial

inhomogeneities in the atomic density induced by inter-
ference fringes generated by counterpropagating cooling
beams.
In conclusion, we have experimentally demonstrated that

Rydberg Doppler-broadening thermometry enables precise,
local measurements over a wide temperature range span-
ning from μK to mK. We use this technique to reveal

position-velocity correlations through spatially resolved
Rydberg Doppler thermometry, complementing previous
approaches based on phase-space tomography [35,36]. To
confirm the method’s spatial locality, we then analyzed the
ballistic expansion behavior for different excitation beam
configurations. Finally, we validated the technique’s
robustness by mapping the local temperature distribution
across the MOT. Although the present Letter focuses on
demonstrating the method, future experiments could use it
to systematically investigate how local temperature gra-
dients depend on MOT parameters, such as cooling-beam
intensity, detuning, polarization, and magnetic-field
gradient.
These results establish Rydberg Doppler thermometry as

a powerful tool for spatially resolved thermometry in cold
atom systems, with applications to nonequilibrium studies
such as heat transport and Doppler-heating dynamics
within the atomic cloud. Looking ahead, reducing the
laser-frequency jitter that dominates the non-Doppler line-
width would lower the minimum accessible temperature
and improve the resolution. In the limit of negligible laser-
induced broadening, the intrinsically narrow Rydberg
resonance would enable thermometry with nanokelvin
resolution.

Acknowledgments—We gratefully acknowledge funding
by the Julian Schwinger Foundation Grant No. JSF-18-12-
00, the H2020 ITN “MOQS” (Grant Agreement
No. 955479), and the PNRR MUR Project
No. PE0000023-NQSTI.

Data availability—There are no publicly available
research data or software supporting this manuscript.
Requests for further information or data should be sent
to the authors.

[1] S. A. Diddams, T. Udem, J. C. Bergquist, E. A. Curtis, R. E.
Drullinger, L. Hollberg, W.M. Itano, W. D. Lee, C. W.
Oates, K. R. Vogel, and D. J. Wineland, An optical clock
based on a single trapped 199Hgþ ion, Science 293, 825
(2001).

[2] M. Takamoto, F. L. Hong, R. Higashi, and H. Katori, An
optical lattice clock, Nature (London) 435, 321 (2005).

[3] K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. van
Druten, D. S. Durfee, D. M. Kurn, and W. Ketterle, Bose-
Einstein condensation in a gas of sodium atoms, Phys. Rev.
Lett. 75, 3969 (1995).

[4] T. L. Gustavson, P. Bouyer, and M. A. Kasevich, Precision
rotation measurements with an atom interferometer gyro-
scope, Phys. Rev. Lett. 78, 2046 (1997).

[5] D. Budker and M. Romalis, Optical magnetometry, Nat.
Phys. 3, 227 (2007).

[6] C. G. Townsend, N. H. Edwards, C. J. Cooper, K. P. Zetie,
C. J. Foot, A. M. Steane, P. Szriftgiser, H. Perrin, and J.
Dalibard, Phase-space density in the magneto-optical trap,
Phys. Rev. A 52, 1423 (1995).

FIG. 5. Local temperature as a function of position across the
MOT. The horizontal axis shows the position of the probed local
volume in units of the MOT radius. Vertical error bars indicate the
uncertainty in temperature due to error in total broadening
measurements, and horizontal error bars indicate the uncertainty
in determining the position of the excitation laser beam. The
dashed curve is included as a guide to the eye.

PHYSICAL REVIEW LETTERS 137, 113401 (2026)

113401-5

https://doi.org/10.1126/science.1061171
https://doi.org/10.1126/science.1061171
https://doi.org/10.1038/nature03541
https://doi.org/10.1103/PhysRevLett.75.3969
https://doi.org/10.1103/PhysRevLett.75.3969
https://doi.org/10.1103/PhysRevLett.78.2046
https://doi.org/10.1038/nphys566
https://doi.org/10.1038/nphys566
https://doi.org/10.1103/PhysRevA.52.1423


[7] A. M. Steane, M. Chowdhury, and C. J. Foot, Radiation
force in the magneto-optical trap, J. Opt. Soc. Am. B 9, 2142
(1992).

[8] K. Kim, K.-H. Lee, M. Heo, H.-R. Noh, and W. Jhe,
Measurement of the trap properties of a magneto-optical
trap by a transient oscillation method, Phys. Rev. A 71,
053406 (2005).

[9] H. J. Williams, S. Truppe, M. Hambach, L. Caldwell, N. J.
Fitch, E. A. Hinds, B. E. Sauer, and M. R. Tarbutt, Char-
acteristics of a magneto-optical trap of molecules, New J.
Phys. 19, 113035 (2017).

[10] X. Xu, T. H. Loftus, M. J. Smith, J. L. Hall, A. Gallagher,
and J. Ye, Dynamics in a two-level atom magneto-optical
trap, Phys. Rev. A 66, 011401(R) (2002).

[11] T. Pohl, G. Labeyrie, and R. Kaiser, Self-driven nonlinear
dynamics in magneto-optical traps, Phys. Rev. A 74,
023409 (2006).

[12] G. Moon, M. S. Heo, Y. Kim, H. R. Noh, and W. Jhe,
Nonlinear, nonequilibrium and collective dynamics in a
periodically modulated cold atom system, Phys. Rep. 698, 1
(2017).

[13] K. Pandey, C. C. Kwong, M. S. Pramod, and D. Wilkowski,
Linear and nonlinear magneto-optical rotation on the narrow
strontium intercombination line, Phys. Rev. A 93, 053428
(2016).

[14] G. Labeyrie, F. Michaud, and R. Kaiser, Self-sustained
oscillations in a large magneto-optical trap, Phys. Rev. Lett.
96, 023003 (2006).

[15] M. Gaudesius, R. Kaiser, G. Labeyrie, Y.-C. Zhang, and T.
Pohl, Instability threshold in a large balanced magneto-
optical trap, Phys. Rev. A 101, 053626 (2020).

[16] M. Gaudesius, Y.-C. Zhang, T. Pohl, R. Kaiser, and G.
Labeyrie, Phase diagram of spatiotemporal instabilities in a
large magneto-optical trap, Phys. Rev. A 103, L041101
(2021).

[17] P. D. Lett, R. N. Watts, C. I. Westbrook, W. D. Phillips, P. L.
Gould, and H. J. Metcalf, Observation of atoms laser
cooled below the Doppler limit, Phys. Rev. Lett. 61, 169
(1988).

[18] U. Schünemann, H. Engler, M. Zielonkowski, M.
Weidemüller, and R. Grimm, Magneto-optic trapping of
lithium using semiconductor lasers, Opt. Commun. 158, 263
(1998).

[19] G. A. Vishnyakova, E. S. Kalganova, D. D. Sukachev, S. A.
Fedorov, A. V. Sokolov, A. V. Akimov, N. N. Kolachevsky,
and V. N. Sorokin, Two-stage laser cooling and optical
trapping of thulium atoms, Laser Phys. 24, 074018 (2014).

[20] S. Chu, L. Hollberg, J. E. Bjorkholm, A. Cable, and A.
Ashkin, Three-dimensional viscous confinement and cool-
ing of atoms by resonance radiation pressure, Phys. Rev.
Lett. 55, 48 (1985).

[21] L. Russell, R. Kumar, V. B. Tiwari, and S. Nic Chormaic,
Measurements on release–recapture of cold 85Rb atoms
using an optical nanofibre in a magneto-optical trap, Opt.
Commun. 309, 313 (2013).

[22] C. J. Cooper, G. Hillenbrand, J. Rink, C. G. Townsend, K.
Zetie, and C. J. Foot, The temperature of atoms in a
magneto-optical trap, Europhys. Lett. 28, 397 (1994).

[23] A. Vorozcovs, M. Weel, S. Beattie, S. Cauchi, and A.
Kumarakrishnan, Measurements of temperature scaling

laws in an optically dense magneto-optical trap, J. Opt.
Soc. Am. B 22, 943 (2005).

[24] G. Casa, A. Castrillo, G. Galzerano, R. Wehr, A. Merlone,
D. Di Serafino, P. Laporta, and L. Gianfrani, Primary gas
thermometry by means of laser-absorption spectroscopy:
Determination of the Boltzmann constant, Phys. Rev. Lett.
100, 200801 (2008).

[25] K. D. Bonin and T. J. McIlrath, Two-photon electric-dipole
selection rules, J. Opt. Soc. Am. B 1, 52 (1984).

[26] J. Tallant, K. R. Overstreet, A. Schwettmann, and J. P.
Shaffer, Sub-Doppler magneto-optical trap temperatures
measured using Rydberg tagging, Phys. Rev. A 74,
023410 (2006).

[27] V. A. Sautenkov, S. A. Saakyan, A. A. Bobrov, E. V.
Vilshanskaya, B. B. Zelener, and B. V. Zelener, Differential
two-photon spectroscopy for nondestructive temperature
measurements of cold light atoms in a magneto-optical
trap, J. Opt. Soc. Am. B 35, 1546 (2018).

[28] B. B. Zelener, E. V. Vilshanskaya, S. A. Saakyan, I. D.
Arshinova, A. A. Bobrov, V. A. Sautenkov, and B. V.
Zelener, Differential two-photon spectroscopic measure-
ments of cold atoms temperature with variable angle
between probe beams, Laser Phys. 30, 025501 (2020).

[29] See Supplemental Material at http://link.aps.org/suppleme
ntal/10.1103/kbfx-l9zk for details on the measurement of
the decay time of the induced magnetic field, the extra
FWHM broadening due to laser-frequency jitter, and the
calculation of the minimum resolvable temperature.

[30] G. Clausen, S. Scheidegger, J. A. Agner, H. Schmutz, and F.
Merkt, Imaging-assisted single-photon Doppler-free laser
spectroscopy and the ionization energy of metastable triplet
helium, Phys. Rev. Lett. 131, 103001 (2023).

[31] S. Krinner, T. Esslinger, and J.-P. Brantut, Two-terminal
transport measurements with cold atoms, J. Phys. Condens.
Matter 29, 343003 (2017).

[32] E. S. Cardona, K. N. Trivedi, M. Carminati, and O. Morsch,
Doppler heating in cold atoms (to be published).

[33] K. Weng, C. Chu, J. Tang, M. Zheng, P. Ding, Q. Wang, J.
Bian, W. He, Z. Zhang, B. Cheng, B. Wu, X. Wang, and Q.
Lin, Spatial mapping of cold atom clouds using velocity-
selective Raman pulses in differential atom interferometers,
Opt. Express 33, 39510 (2025).

[34] C. Shkedrov, G. Ness, Y. Florshaim, and Y. Sagi, In situ
momentum-distribution measurement of a quantum degen-
erate Fermi gas using Raman spectroscopy, Phys. Rev. A
101, 013609 (2020).

[35] G. Afek, J. Coslovsky, A. Courvoisier, O. Livneh, and N.
Davidson, Observing power-law dynamics of position-
velocity correlation in anomalous diffusion, Phys. Rev.
Lett. 119, 060602 (2017).
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