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Alkali-metal vapor cells are the core sensing components of atomic magnetometers. To achieve high-sensitivity
magnetic field measurements, the cells require heating and stabilization at high temperatures. Here, we propose an in-situ
temperature measurement method for a vapor cell of an atomic magnetometer based on spin-relaxation analysis. This
technique establishes a direct functional correlation between the cell temperature and the spin-relaxation rate under low
pumping power conditions. Experimental validation within the temperature range of 90 °C—130 °C confirms the accuracy
of this approach. We further investigate the effects of magnetic fields on measurement precision and demonstrate the long-
term, high-precision capabilities of temperature detection. This non-invasive technique presents a critical advantage for

precise thermal optimization of atomic magnetometers.
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1. Introduction

Magnetic field measurement serves as a critical tech-
nology in diverse domains, including biomagnetism, '~

891 and fundamental

mineral exploration,’~7) navigation,
physics.[1121 Among various sensing techniques, atomic
magnetometers based on the detection of Larmor spin pre-
cession of optically pumped atoms have emerged as the
most promising magnetic sensors, owing to their ultrahigh
sensitivity>-17! and sub-millimeter spatial resolution.!!3:1%]
The vapor cell containing a small amount of alkali metal
atoms is the core component of atomic magnetometers. To
enhance signal strength and stability, a closed-loop heating
system is employed to maintain an elevated and precisely
controlled atomic density. This system typically consists
of a temperature sensor (e.g., a thermocouple or resistance-
temperature detector) and a feedback-controlled heater.!?%-!]
However, the inevitable magnetic interference generated by
conventional temperature sensors degrades the sensitivity of
atomic magnetometers. Furthermore, these sensors are hard
to measure the internal temperature due to the sealed cell.
In recent years, several studies have been conducted on in-
situ cell temperature measurement. The light absorption
methods>>2* have been successfully employed to quan-
tify the atomic density number in cells and enable closed-

loop temperature control for SERF magnetometers. !>} Fur-
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thermore, through steady-state linewidth analysis, the inter-
nal temperature of the vapor cell in a pump—probe configured
magnetometer can be determined. [26] However, these studies
have yet to establish a definitive correlation between cell tem-
perature and spin-relaxation rates. More critically, the impact
of magnetic fields on thermal measurement accuracy remains
insufficiently investigated, which compromises measurement
precision in practical applications.

In this study, we present a method for measuring the va-
por cell temperature in a single-beam atomic magnetometer.
Under the spin exchange relaxation dominated regime, we de-
rive a quantitative dependence between the transverse relax-
ation rate and cell temperature. Experiments are conducted
in the temperature range of 90 °C to 130 °C to validate the
method, and the influence of magnetic fields is systematically
studied. The results show that our approach achieves a 1% rel-
ative deviation compared to reference sensor measurements.
The proposed setup achieves significant simplification by re-
quiring only a single circularly-polarized light source, render-

ing it ideally suited for compact magnetometers. >7-28]

2. Principle

The basic principle of the scalar magnetometer relies on
the interaction between the magnetic field and the atomic
spins. A circularly polarized laser resonant with the 8’Rb D1

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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transition transfers its angular momentum to the ensemble of
atoms. Polarized atoms in an external magnetic field precess
at the Larmor frequency, which is dependent on the magnetic
field. The evolution of the spin polarization can be described

by the Bloch equation2%-3%!

Set+5,5  (S:—S0)2
T T

where S is the polarization vector and Sy is the equilibrium

S—yBxS- , M

spin polarization in the absence of all magnetic fields. B is the
total magnetic field vector including a radio frequency mag-
netic field Byf and a static magnetic field By, 7 is the gyro-
magnetic ratio. 71 and 7> are the longitudinal relaxation time
and transverse relaxation time, respectively. Figure 1 illus-
trates the directions of By, B¢, and light propagation, with 6
defined as the angle between By and the wave vector k.

By

Laser beam

Atomic vapor cell

Fig. 1. Principle of an atomic magnetometer. The directions of the magnetic
field and light propagation are specified. LP: linear polarizer, A /4: quarter-
wave plate.

The transverse relaxation time 7 is given by the rates
of the various mechanisms that cause dephasing between pre-
cessing atoms, 311

1 1 1

?2 = ; (Rrel JFRop) +§Rse+Rgr7 2
where Ry, is the optical pumping rate, which is proportional
to the light intensity.’?! Ry, is the spin-exchange relaxation
rate, Ry is the relaxation rate due to other collisions, Ry, is
the rate of relaxation due to magnetic field gradient. g is the
slowing-down factor, which relies on the polarization. The
spin-exchange broadening factor gse depends on the ambient
magnetic field and the alkali vapor density.

The 7, measurements can be carried out through dif-

[33,34

ferent methods. | Here, we obtain T» by the fitting-ratio

method.®> The phase shift ¢ of the light power with respect
to the driving magnetic field By is

71
¢ = arctan ° i o 3

where w-wy is the frequency detuning from the Larmor fre-

quency @p. Usually, Ry is much larger than any other spin-
relaxation mechanism.3®) With a low pump beam intensity,

the expression for the transverse relaxation time 75 is simpli-
fied:

L~ R = — (i X Ose X 7), )

fp) qse qse
where o is the alkali—alkali spin-exchange cross-section,
O = 1.9 x 1071 cm™2 for 8’Rb atoms.!3”) The relative ther-
mal velocity V = \/W , kg is the Boltzmann constant,
T is the temperature in Kelvin, and ﬁ = ﬁ + m%; is the re-
duced mass of the two alkali metal atoms A and B, given by the
masses mp of the alkali atom and mp of the perturber. Thus,
the relationship between the transverse relaxation time 7> and
the corresponding saturated density ngy is

qse

ok = ———. 5
W T X Oy x 7 )
The saturated density of the alkali vapor in units of cm ™3
at a Kelvin temperature T is given by the equation>®!
Lo 866+A-B/T ©)

Nalk = T

for rubidium in the liquid phase, A = 4.312, B = 4040. By
combining Egs. (5) and (6), the temperature 7 can be ex-
pressed as a function of the transverse relaxation rate Tz_1

- —~2BIn(10) o
W (~2B1n(10) x 1072 x (a7 ')*)
qse
a=— T 8
Oge X \/8kp /M ®)
b=121.866+A4, ©)

where W (z) is the Lambert W-function, a and b are the param-
eters. Details on the derivation of Eq. (7) are provided in Sup-
porting information. Once the relaxation rate is determined,
the temperature of the atomic cell can be derived from Eq. (7).
The validity of the proposed method is confirmed through sub-
sequent experiments and simulations.

3. Experimental design and configuration

We use the single-beam configuration shown in Fig. 2. A
cubical alkali metal cell with a 20-mm length is filled with a
droplet of 3’Rb atoms and 700 Torr (1 Torr = 1.33322x 10? Pa)
of nitrogen. It is placed inside a boron nitride oven with four
symmetrically arranged heating wires and heated by an alter-
nating current heating device. A Pt1000 temperature sensor
affixed to the cell is used to monitor the setting temperature.
The triaxial coils are mounted to apply the oscillating mag-
netic field and bias magnetic field, respectively. A four-layer
cylindrical magnetic shield is utilized to isolate the external
magnetic field.
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Fig. 2. Photograph (a) and schematic diagram (b) of the experimental setup. A circularly polarized light propagates along the z-axis, and the
transmitted light intensity is detected by the photodetector behind the vapor cell. The outer layer of the cell and oven is a thermal insulation
structure, located in a multilayer magnetic shield to suppress external field fluctuation. BS: beam splitter, BE: beam expander, A /2: half-wave
plate, LP: linear polarizer, A /4: quarter-wave plate, PD: photodetector.

The laser beam propagating along the z-axis is tuned to 794.9989 nm. After passing through a linear polarizer and a
quarter-wave plate in sequence, this beam transforms into circularly polarized light. The transmitted beam through the vapor
cell is collected by a photodiode. The converted light signal is then sent to a lock-in amplifier (Zurich Instruments MFLI) to
measure the phase shift of the photocurrent with respect to the driving magnetic field. A uniform static magnetic field of 7.15 pT,
generated by a current source, is applied in the Y Z-plane at 45° to the z-axis. Simultaneously, an oscillating magnetic field with
an amplitude of 13.2 nT, generated by the lock-in amplifier output, is applied along the z-axis, with its frequency @ swept across
the Larmor frequency.

90 °C 110 °C 130 °C

YZ
90.188 110.21 130.29
90.165 110.18 130.26
90.142 110.15 130.22
90.119 110.12 130.18
90.096 110.09 130.15
90.072 110.06 130.11
90.049 110.04 130.07
90.026 110.01 130.04
90.003 109.98 130
89.98 109.95 129.96
89.957 109.92 ¢ 129.93
89.934 109.89 = 129.89
89.911 109.86 129.85
89.888 109.83 129.82
89.865 {l 109.8 129.78

XZ

Fig. 3. Simulation results of the steady-state temperature distribution of the cell. White dashed lines delineate the cell’s inner surfaces. The YZ
plane lies perpendicular to the experimental platform, while the XZ plane lies parallel to it.
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Using ANSYS Workbench, we simulate thermally steady
states of the vapor cell at various temperatures. As shown in
Fig. 3, where white dashed lines indicate the cell’s inner sur-
faces, the XZ plane bisects the cell parallel to the horizontal
plane, while the YZ plane bisects it perpendicularly. Temper-
ature distributions reveal cold zones near access holes, con-
trasting with heat concentration around heating wires in the
XZ plane, whereas the YZ plane exhibits low-temperature re-
gions near the upper and lower surfaces. These findings in-
dicate that optimal thermistor placement requires positioning
near the cell’s outer surface while maintaining adequate dis-
tance from both access holes and heating wires to ensure tem-
perature measurements accurately reflect internal conditions.
Additionally, to minimize measurement bias induced by spa-
tial temperature heterogeneity, a thermal equilibrium waiting
period exceeding 40 minutes is implemented after initial tem-
perature stabilization in all experiments.

4. Results and discussion

According to Eq. (4), we first determine the light power
used in the experiment. The oscillating magnetic field is gener-
ated via coils controlled by the reference output of the lock-in
amplifier. The vapor cell temperature is set to 100 °C. As the
driving frequency is swept from 49 kHz to 52 kHz, the phase
shift between the photodiode output and the driving magnetic
field is measured. In Fig. 4(a), the magnitude of the phase sig-
nal and frequency detuning are fitted by Eq. (3) to obtain the
relaxation rate 7, I As shown in Fig. 4(b), the total relaxation
rate decays progressively and approaches 230 Hz with reduced
optical pumping intensity. When the light intensity falls below
25 uW, the signal-to-noise ratio (SNR) of the phase signal is
further reduced, leading to an inaccurate 75> value extracted via
fitting. Therefore, the incident optical power is set at 25 uW.

500

Test data _‘m
S —— Fitting results : 450
E 400
k) =
p 2,
< 350
Y §
\{;.; —E 300
X —
% < 2
0 ()] £%0 (b)
Pl & 900
49 50 51 52 0 100 200 300 400

Frequency (kHz) Light power (uW)

Fig. 4. Experimental data and fitting curve by scanning the frequency ® of
the oscillating magnetic field. (a) The relative phase shift between the os-
cillating magnetic field and the modulated optical transmission signal. The
circles and solid curve are test data and fitting results, respectively. (b) Ex-
perimentally evaluated Tz’] as a function of the light intensity.

The atomic density numbers and corresponding vapor cell
temperatures are shown in Figs. 5(a) and 5(b), respectively.
When the temperature varies from 90 °C to 130 °C, the atomic
density numbers estimated from the saturated vapor pressure
equation and the transverse relaxation rate exhibit close agree-
ment. Due to the consistency of the atomic density numbers,
the validity of the temperature calculation based on the relax-

ation rate analysis can be expected. Figure 5(b) compares tem-
peratures acquired through conventional sensor measurements
(blue circles) and the proposed method (red triangles). The
agreement between these data validates the accuracy of our
approach.

—— Saturated vapor pressure (a)ﬂ

o The proposed method

Atomic number density (103 cm~3)

85 90 95 100 105 110 115 120 125 130
Temperature (°C)

130 T T T - : : .
1251 A The proposed method s (b)

o Cell temperature
120} 8

115} 2
110} a
105+ R

1001 a

95+ 8

904

820 95 100 105 110 115 120 125 130

Setting temperature (°C)

Comparison of temperature (°C)

Fig. 5. Verification of atomic number density and corresponding tem-
perature. The temperature range spans from 90 °C to 130 °C. (a) The-
oretical predictions of the atomic density numbers are calculated from
the saturated vapor pressure (solid line) and the proposed method (red
circles), respectively. (b) Comparisons between the cell temperature
measured by temperature detectors (blue circles) and the one estimated
based on relaxation rate analysis (red triangles).

We then evaluate the influence of magnetic field ampli-
tude variations on temperature measurement. Experiments are
performed at 99.19 °C and 109.13 °C, respectively. Both tem-
perature and relaxation rate exhibit similar trends as the mag-
netic field varies. In Fig. 6(a), the variation range of the oscil-
lating magnetic field is set as 13.2 nT to 66 nT. The enhanced
amplitude of the oscillating magnetic field induces an eleva-
tion of the obtained temperature. This occurs since the larger
oscillating amplitudes lead to an increase in the relaxation rate,
as shown in Fig. 6(b). The amplitude should therefore be cho-
sen to enable an enhanced signal without greatly affecting the
relaxation rate. Figure 6(c) illustrates that a similar trend of
theoretical temperature exists when the static magnetic field
increases. The primary mechanism arises from the amplified
magnetic field gradient across the vapor cell under stronger
magnetic field conditions. This heightened gradient renders
the Ry non-negligible, thereby violating the approximation
validity established in Eq. (4). Experimental data in Fig. 6(d)
demonstrate a consistent increase in the relaxation rate with
rising static magnetic fields (from 7.15 uT to 35.7 uT) at dif-
ferent temperatures.
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Fig. 6. Effects of (a) oscillating and (c) static magnetic field on temperature estimation. The corresponding total relaxation rates are plotted as
a function of the magnetic field in subfigures (b) and (d), respectively. The experiments are conducted under two temperature conditions: the
red curve shows results at 99.19 °C and the blue curve shows results at 109.13 °C.

To illustrate the reliability and accuracy of the proposed
approach, Table 1 compares the monitored cell temperatures
with the predictions based on relaxation rate analysis. Setting
temperatures of 100 °C, 110 °C, and 120 °C are applied, while
the actual temperatures are monitored using the sensor. Each
cell temperature value represents the average over 50 sampling
points. Experimental results demonstrate a < 1% relative de-
viation from the cell temperature reference values. Since the
spin-exchange relaxation is approximated by the measured to-
tal spin relaxation rate, the calculated temperature is system-
atically overestimated, generating a consistent positive bias.

Table 1. The comparison between the measured temperature and the
one obtained from the proposed method.

Cell The proposed Relative
Temperature (°C) method (°C) deviation (%)
99.198 99.52 0.324
99.185 99.51 0.327
99.187 99.54 0.355
109.123 109.5 0.345
109.122 109.56 0.401
109.125 109.74 0.563
119.064 119.98 0.769
119.065 120 0.785
119.065 119.98 0.768

Figure 7 shows the continuous temperature measurement
results. The blue curve represents the temperature fluctuations
measured by the sensor, and the red curve represents the cal-
culation results using the given method. The cell temperature
fluctuates around 99.18 °C, while the calculated temperature is
approximately 99.5 °C. Long-term temperature measurement

data remain stable, with the relative error maintained at ap-
proximately 0.32%. We note that the calculated results are
slightly higher than the cell temperature. This discrepancy
originates from the measured total relaxation rate 7, ' exceed-
ing the spin exchange relaxation rate Rg.. This deviation con-
sequently amplifies the computational output of Eq. (7).

99.55 ; . i '
99.50+ |
——Cell temperature
—~ 99 .45} —=—The proposed method ]
8 ' 99.201
© 99.40+ 5 99:200 ‘ ]
% 5 99.199
3 99.35¢ ‘g 99.198 E
g 99.30+} g 99.197 |
ﬁ & 99.106
99.25¢ 99.195 = . , 4
20 25 30 35 40
Time (min
99.20 (min) |
99.15 . ] . . .
0 10 20 30 40 50 60

Time (min)

Fig. 7. Results of continuous temperature monitoring over one hour.
The red curve depicts calculated values, while the blue curve shows
actual sensor measurements. The insert plot represents continuous tem-
perature measurements recorded over 20 minutes.

5. Conclusion and perspectives

In summary, this study presents an in-sifu temperature
measurement method for single-beam optically pumped mag-
netometers through relaxation rate analysis. A general expres-
sion relating the vapor cell temperature to the spin-relaxation
rate is derived and verified. The relaxation rate is obtained un-
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der low pumping power conditions to ensure the dominance of
the spin-exchange relaxation. This monitoring method coin-
cides well with the density saturated vapor pressure curve and
the actual temperature recorded by a Pt1000. We analyzed
the influence of the oscillating magnetic field and the static
magnetic field experimentally. The magnetic field amplitudes
should be moderate to suppress other relaxation mechanisms
that amplify the total spin relaxation rate beyond the spin-
exchange-dominated regime. The proposed model achieves
<1% relative deviation between reference sensor measure-
ments and computational predictions in the temperature range
of 100 °C to 120 °C. The developed method can also be
applied to temperature optimization and regulation for other
alkali-metal magnetometers.
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