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The fluctuation of the vapor cell temperature leads to the variations of the density of the alkali metal atoms, which
seriously damages the long-term stability of the spin-exchange relaxation-free (SERF) comagnetometer. To address this
problem, we propose a novel method for suppressing the cell temperature error by manipulating the probe laser frequency.
A temperature coefficient model of the SERF comagnetometer is established based on the steady-state response, which
indicates that the comagnetometer can be tuned to a working point where the output signal is insensitive to the cell tem-
perature fluctuation, and the working point is determined by the relaxation rate of the alkali metal atoms. The method
is verified in a K–Rb– 21Ne comagnetometer, and the experimental results are consistent with the theory. The theory and
method presented here lay a foundation for the practical applications of the SERF comagnetometer.

Keywords: spin-exchange relaxation-free, atomic comagnetometer, cell temperature error, probe laser fre-
quency
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1. Introduction
The alkali metal–noble gas comagnetometer has found

a wide spectrum of applications in the fundamental physics,
geodesy, and inertial navigation with the development of
the quantum precision measurement technology.[1–4] One of
the most promising comagnetometer is the spin-exchange
relaxation-free (SERF) comagnetometer due to the ultrahigh
theoretical precision and possibilities of miniaturization.[5–7]

The SERF comagnetometer is presented by Romalis group
based on a K– 3He spin ensemble for the first time in 2005.[8]

Since then, an intense research effort is devoted to im-
prove the sensitivity and long-term stability of the SERF
comagnetometer.[9–12] At present, a rotation sensitivity of
2.1×10−8 (rad/s)/Hz1/2 and a bias drift of 10−2 ◦/h are re-
alized in a K–Rb– 21Ne comagnetometer.[13,14]

The SERF comagnetometer, consists of the spin coupled
ensemble of the alkali metal and noble gas atoms, senses the
inertial rotation with a high precision by detecting the preces-
sion of the noble gas atoms utilizing the alkali metal atoms
operated in SERF regime.[15] The high density of the alkali
metal atoms is one of the essential conditions to operate the
alkali metal atoms in SERF regime and contributes to enhance
the response of the comagnetometer, which can be realized
by maintaining the alkali metal atoms at high temperature.[16]

Nonetheless, the fluctuation of the vapor cell temperature leads
to the variation of the density of the alkali metal atoms,[17,18]

which further causes the variation of the polarizations of the
electron spins and nuclear spins,[19] and eventually results in
the drift of the output of the SERF comagnetometer. There-
fore, the vapor cell temperature error is an important lim-
iting factor to improve the long-term stability of the SERF
comagnetometer.[20] In general, the vapor cell temperature er-
ror can be suppressed by improving the precision of tempera-
ture control system or reducing the sensitivity of the comag-
netometer to the temperature fluctuation.[21,22] With the im-
provement of the performance of the comagnetometer, the pre-
cision of the temperature control system needs to be increas-
ingly high. The promotion of the precision of temperature con-
trol system is finite, which limits the further improvement of
the precision of the comagnetometer. The method for reducing
the sensitivity to the temperature fluctuation is more hopeful
to suppress the cell temperature error. For convenience, the
coefficient of the output signal of the comagnetometer chang-
ing with the cell temperature is defined as the temperature co-
efficient, which can reflect the sensitivity of the output sig-
nal to the temperature fluctuation. It has been presented that
the temperature coefficient for the SERF comagnetometer can
be reduced by adjusting the cell temperature or pump laser
power.[20,23] However, by using this method, the temperature
or pump laser power needs to be tuned in a large range to find
the zero point of the temperature coefficient, which is time-
consuming because it takes several hours for the coupled en-
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semble to reach a stable state when the temperature or pump
laser power is changed a lot. In addition, the method to reduce
temperature coefficient for the SERF magnetometer has been
presented by setting the optical depth (OD) of the probe laser
close to one,[24] which is a promising method for suppressing
the temperature error, while the method has not been applied
in the SERF comagnetometer and the related theory and ma-
nipulation method are urgently need to be established.

In this paper, we propose a novel method for suppressing
the vapor cell temperature error of the SERF comagnetometer
by manipulating the probe laser frequency. In order to analyze
the impact of temperature fluctuation on the output signal, a
temperature coefficient model of the SERF comagnetometer
is established based on the steady-state response. According
to the model, we found that the comagnetometer can be tuned
to a working point where the output signal is insensitive to the
cell temperature fluctuation, and the working point is deter-
mined by the relaxation rate of the alkali metal atoms. Then,
the method is verified in a K–Rb–21Ne comagnetometer. The
theory and method presented here are of great significance to
improve the performance of the SERF comagnetometer.

2. Principle and method
The dynamics of the spin ensembles of the electron spins

and nuclear spins is the foundation of the SERF comagne-
tometer for rotation sensing, which can be phenomenologi-
cally described by a set of Bloch equations.[25] The evolution
of the electron spin polarization 𝑃 e and the nuclear spin po-
larization 𝑃 n can be described as follows:[8,26]

∂𝑃 e

∂ t
=

γe

Q
(𝐵+λMn𝑃 n +𝐿)×𝑃 e +𝛺×𝑃 e

+
(Rp𝑠

p +Ren
se𝑃

n +Rm𝑠
m −Re

tot𝑃
e

Q(𝑃 e)
,

∂𝑃 n

∂ t
= γn (𝐵+λMe𝑃 e)×𝑃 n +𝛺×𝑃 n

+Rne
se𝑃

e −Rn
tot𝑃

n. (1)

The first term describes the precession of the electron spins
and nuclear spins. The electron spins precess in the ambi-
ent magnetic field 𝐵, the polarized magnetic field of the nu-
clear spins λMn𝑃 n and the light shift 𝐿. Similarly, the nu-
clear spins precess in the ambient magnetic field 𝐵 and the
polarized magnetic field of the electron spins λMe𝑃 e. γe and
γn are the gyromagnetic ratios of the electron spins and nu-
clear spins, respectively. Q is the slowing-down factor, which
is a function of the electron spin polarization.[27] The second
term is the rotation term, where 𝛺 is the input inertial ro-
tation. The third term is the relaxation term. Re

tot and Rn
tot

are the total relaxation rates of the electron spins and nuclear
spins. Re

tot consists of the pumping rates Rp and Rm, the to-
tal spin-destruction relaxation rate Re

sd and the spin-exchange

rate from nuclear spins to electron spins Ren
se . Rp and Rm

are the pumping rates from the pump laser and probe laser,
which are determined by the power density and frequency of
the laser. 𝑠p and 𝑠m represent the degree of circular polariza-
tion. The total spin-destruction relaxation Re

sd can be described
as Re

sd = Ree
sd +Ren

sd +Req
sd = neσ ee

sd ν̄ee + nnσ en
sd ν̄en + nqσ

eq
sd ν̄eq,

where Ree
sd, Ren

sd , and Req
sd are the relaxations caused by the col-

lisions with alkali atoms, noble gas atoms, and the quench-
ing gas atoms. ne, nn, and nq are the densities of the alkali
metal atoms, the noble gas, and quenching gas atoms. σ ee

sd ,
σ en

sd , and σ
eq
sd are the spin-destruction cross sections for dif-

ferent colliding pairs. ν̄ is the mean relative velocity, which
differs between colliding pairs. Similarly, Ren

se = nnσ en
se ν̄en,

where σ en
se is the spin-exchange cross section for alkali metal

and noble gas atoms. According to the saturated vapor pres-
sure formula ne =

(
1021.866+A−B/T

)
/T , the density of the al-

kali metal atoms ne is directly determined by the cell tempera-
ture T .[17] Whereas the densities of the noble gas and quench-
ing gas atoms are determined by the initial pressure, which
are hardly affected by the fluctuations of the cell temperature.
Therefore, the fluctuation of the cell temperature mainly af-
fects the spin-destruction relaxation rate Ree

sd. Since the vari-
ation of mean relative velocity between atoms is 0.1%/K un-
der our measurement condition, the temperature dependence
of the mean relative velocity between atoms can be neglected.
For convenience, the total electron spin relaxation can be de-
fined as Re

tot = Ree
sd +RiT

rel, where RiT
rel is the relaxation rate in-

dependent on the cell temperature.
The output signal of the SERF comagnetometer sensing

the inertial rotation can be obtained by solving Eq. (1). Since
the light shift can be zeroed by tuning the frequency of the
laser to atomic resonance line or compensated by the longitu-
dinal magnetic field,[28,29] the light shift is regarded as zero in
the following analysis. The relaxation rate of the electron spins
Re

tot is much larger than the relaxation rate of the nuclear spins
Rn

tot, so the value of Rn
tot can be ignored in the derivation.[30] In

general, the spin ensembles in the SERF comagnetometer are
polarized along z-axis by the pump laser, and the transverse
components of the electron spin polarization are detected by
the probe laser to obtain the inertial rotation. Supposing the
probe laser is along x-axis, the electron spin polarization in
the x direction can be acquired as follows:

Pe
x =

γeRp

γn
(
Ree

sd +RiT
rel

)2 Ωy. (2)

According to Eq. (2), the electron spin polarization Pe
x is pro-

portional to Ωy. In the comagnetometer, Pe
x can be measured

by the optical rotation angle of the linearly polarized probe
laser using Faraday effect,[31] which is given by

θ =−π

2
lnecrePe

x fD1 Im
[
L
(
νpr −νRb

)]
. (3)

120701-2



Chin. Phys. B 33, 120701 (2024)

Here l is the optical path length. c is the speed of light, re is the
classical radius of electron, and fD1 is the oscillator strength.

L(νpr −νRb) = [Γ /2+ i
(
νpr −νRb

)
]/
[
(νpr −νRb)

2 +Γ
2/4
]

is the Lorentz function of the probe laser frequency, where Γ

is the pressure broadening of optical absorption curve, νpr is
the probe laser frequency and νRb is the natural resonant fre-
quency of Rb atoms. Taking into account absorption of the
probe laser, the output signal of the comagnetometer can be
described as

Vout = KsIiθ e−OD, (4)

where Ks is the conversion coefficient, Ii is the probe laser
power before the cell. OD is the optical depth of the probe
laser, which is a function of the probe laser frequency νpr and
can be shown as follows:

OD = nelcre fD1 Re
[
L
(
νpr −νRb

)]
. (5)

According to the above analysis, the variation of the density of
alkali metal atoms ne is the main term when the cell tempera-
ture fluctuates, which leads to the variations of the relaxation
rate and polarization of the electron spins, and further results
in the drift of output signal of the SERF comagnetometer. In
order to study the influence of fluctuation of the cell tempera-
ture on the output signal, the derivation of the output signal to
the cell temperature T is defined as the temperature coefficient
KT, which is shown as follows:

KT =
∂Vout

∂ne

∂ne

∂T

= −
ne (B ln10−T )γePe

x K1Ωy e−OD

2γnT 2Re
tot

2

×
[
Ree

sd (OD+1)+RiT
rel (OD−1)

]
, (6)

where K1 = KsIilrec fD1 Im
[
L
(
νpr −νRb

)]
. The zero point of

the temperature coefficient of SERF comagnetometer can be
derived by setting the left-hand side of Eq. (6) to 0. When
the OD satisfies the condition in Eq. (7), the temperature co-
efficient is zero, which implies that the output signal of SERF
comagnetometer is not changed with the variation of the cell
temperature. Therefore, the sensitive of the output signal to
the fluctuation of the cell temperature can be suppressed by
manipulating the probe laser frequency.

OD =
RiT

rel −Ree
sd

Re
tot

. (7)

In order to further verify the results, the dependence of the
temperature coefficient of SERF comagnetometer on the de-
tuning frequency of probe laser from Rb D1 resonance line
is simulated and shown in Fig. 1. The OD as a function of

the probe laser frequency is also plotted in Fig. 1. The simu-
lations are based on the K–Rb– 21Ne comagnetometer with a
typically temperature of 453 K. At this temperature, the re-
laxation rates Ree

sd and RiT
rel are calculated as 303.6 s−1 and

557.8 s−1. According to the simulation result, the temper-
ature coefficient KT is zero when the detuning frequency is
±170 GHz or within the range of −50 GHz to 50 GHz. In
order to reduce the optical pumping introduced by the probe
laser, the probe laser frequency is set to far detune from D1
resonance line of Rb atoms. The comagnetometer operates
at the zero point of the temperature coefficient when the de-
tuning frequency is ±170 GHz, and the corresponding OD is
0.29, which is consistent with the prediction of Eq. (7).

- -   

Detuning frequency (GHz) 

-

-







.

.

.

.

.

.

.

.

.

.

T
e
m

p
e
ra

tu
re

 c
o
e
ff
ic

ie
n
t 
K

T
 (

m
V

/
K

)

O
D

OD

KT

Fig. 1. Simulation of the temperature coefficients of the SERF comagne-
tometer as the function of the detuning frequency of probe laser from Rb
D1 resonance line. When the OD is equal to the ratio of the difference of
the relaxation of the electron spins independent on temperature and the spin-
destruction relaxation of electron spins to the total relaxation of the electron
spins, the temperature coefficient reaches zero.

3. Experimental setup
The method for suppressing the cell temperature er-

ror is investigated in a K–Rb– 21Ne comagnetometer, whose
schematic is shown in Fig. 2. The center of the comag-
netometer is an 8-mm-diameter aluminosilicate glass cell,
which contains a mixture of Rb atoms and K atoms, 2-atm
(1 atm= 1.01325×105 Pa) 21Ne for providing the nuclear
spins and 60-Torr (1 Torr= 1.33322×102 Pa) N2 for quench-
ing. The high alkali-metal atoms density and near-zero envi-
ronmental magnetic field are important conditions to operate
the alkali-metal atoms in the SERF regime. On one hand, the
cell is installed in a boron-nitride ceramic oven and heated to
453 K by a homemade 199-kHz ac electrical heater. A plat-
inum resistor sensor is used to sample the temperature of the
cell stem, and a proportional-integral-differential temperature
control system is used to control the cell temperature. On the
other hand, the cell and oven are placed in two layers of high-
permeability µ-metal cylindrical magnetic shields and an inner
MnZn ferrite barrel for shielding the environmental magnetic
field, and the residual magnetic fields around the cell are fur-
ther compensated by the three-axis magnetic coil system.

120701-3



Chin. Phys. B 33, 120701 (2024)

Pump
laser

BE P PLCVR λ/2 

PD1

GT λ/4 

Probe
laser

BE P PLCVR λ/2 GT

Controller
PD2

PD3

DAQ

PD4

Function  
generator

Controller
Y X

Z

Fig. 2. Schematic diagram of the SERF comagnetometer. BE: beam expander; P: linear polarizer; LCVR: liquid-crystal variable retarder; GT:
Glan–Taylor polarizer; DAQ: data acquisition system.

The orthogonal pump-probe configuration is adopted in
the comagnetometer. The pump laser is emitted from a dis-
tributed Bragg reflector (DBR) diode laser with the frequency
of D1 line of K atoms. The pump laser is converted to a cir-
cularly polarized light and propagate through the cell along
z-axis to polarize the alkali metal and noble gas atoms. The
probe laser is generated by a distributed feedback (DFB) diode
laser and converted to a linearly polarized light. The frequency
of the probe laser is set to detune with the D1 line of Rb atoms.
The probe laser pass through the cell along x-axis to detect
the precession of the atoms. The power fluctuations of the
pump and probe lasers are suppressed by a homemade laser
intensity controller. The output signal of the comagnetome-
ter is obtained by the balanced photodetector consisting of
the polarizing beamsplitter and photodetectors (PD3 and PD4,
Hamamatsu, S1227-66BR), and recorded by a data acquisition
(DAQ) system.

4. Results and discussion

With several hours of the continuous pumping and heat-
ing, the spin coupled ensemble in the cell of the comagne-
tometer reaches a stable equilibrium state. The temperature
coefficient of the SERF comagnetometer is measured, which
is obtained by measuring the steady-state response of the co-
magnetometer with the fluctuation of the cell temperature. The
experiment is implemented when the cell temperature is set to
453 K, and the steady-state responses are measured with the
temperature range of 452.7 K to 453.3 K, which are shown in
Fig. 3(a). The experimental data are fitted by a linear model,
and the slope is the temperature coefficient. In order to verify
the method for suppression of the vapor cell temperature error,
the temperature coefficients with different detuned frequencies
of probe laser are measured and summarized in Fig. 3(b).
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Fig. 3. The measurement of the temperature coefficient of the SERF comag-
netometer. (a) The steady state responses of the SERF comagnetometer with
the fluctuation of the cell temperature, which are fitted by a linear model to
obtain the temperature coefficients. (b) The variations of temperature co-
efficients and OD with detuning frequencies, which is coincident with the
simulation in Fig. 1.

The OD with different detuned frequencies is also mea-
sured by detecting the light intensity before and after the cell.
The experimental setup for measuring OD is modified based
on the setup of SERF comagnetometer, where the pump laser
of the comagnetometer is turned off. A polarizing beamsplit-
ter (PBS) is added in front of the cell, and a photodetector is
used to detect the bypass light intensity of the PBS, which can
reflect the light intensity before the cell. The balanced pho-
todetector after the cell in Fig. 2 is taken out, and a photode-
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tector is used to detect the light intensity after the cell. The
signals of the photodetectors are amplified by the benchtop
photodiode amplifier (Thorlabs PDA200C), which is ideally
suited for ultra-low-noise amplification of very small photo-
diode currents. Therefore, the precise measurement of OD
can be realized in the experimental setup. The correspond-
ing OD are also obtained by measuring the probe laser pow-
ers before and after the cell, and plotted in Fig. 3(b). The
results show that the temperature coefficients change from
−3.99 mV/K to 5.95 mV/K with the detuning frequency
changes from −208 GHz to −132 GHz. When the detun-
ing frequency is −167 GHz, the temperature coefficient is
−0.11 mV/K, which is approximately zero. And the corre-
sponding OD is 0.26, which is coincident with the simulation
in Fig. 1 and verify the validity of the method.

For systematically studying the variation of the tempera-
ture coefficient with different conditions, the temperature co-
efficients with different pump laser power densities and tem-
peratures are simulated based on Eq. (6), which are shown in
Figs. 4(a) and 4(b) respectively. For convenience, the detun-
ing frequency of the zero point of the temperature coefficient
is denoted as f0. The results indicate that f0 increases with
the decrease of the pump laser power density and the increase
of the cell temperature, which is caused by the relation of the
relaxation rate RiT

rel and Ree
sd. In the SERF comagnetometer,

the pumping rate Rp is the main component of RiT
rel, which is

proportional to the pump laser power density. With the de-
crease of the pumping optical power density, the difference
between RiT

rel and Ree
sd decreases, which cause to the decrease

of OD according to Eq. (7). Since OD is inverse proportional
to the detuning frequency, the f0 increases with the decrease
of OD. When the relaxation rate RiT

rel is smaller than the Ree
sd,

there is no zero point of temperature coefficient, which corre-
sponds to the simulation with the pump laser power densities
of 26 mW/cm2 shown in Fig. 4(a). However, the pumping
rate Rp is typically larger than RiT

rel in the comagnetometer for
promoting the polarization of the electron and nuclear spins,
and suppressing the low-frequency magnetic noise.[26] Con-
sequently, the method for suppressing the temperature fluctu-
ation error proposed in this work is effective in the normal
working conditions of the comagnetometer. Similarly, since
the relaxation rate Ree

sd increases with the temperature, the dif-
ference between RiT

rel and Ree
sd decreases with the temperature,

which cause the simulation result in Fig. 4(b). Therefore, f0

can be adjusted by manipulating the pump laser power density
and temperature in the comagnetometer.

In order to evaluate the suppression effect of the temper-
ature fluctuation, the long-term stability of the SERF comag-
netometer is studied. The output signal of the SERF comag-
netometer is recorded for two hours with the sample rate of
200 Hz when the comagnetometer is kept static. The Allan

deviation analysis of the output signal with different temper-
ature coefficients is shown in Fig. 5(a). The minimum of the
Allan deviation can reflect the bias instability of the SERF co-
magnetometer. The result indicates that the bias instability is
improved as the temperature coefficient decreases, and a bias
instability of 0.015 ◦/h is acquired when the temperature coef-
ficient is approximately zero, which is promoted by 34% com-
pared with the temperature coefficient of 5.95 mV/K. There-
fore, the long-term stability of the comagnetometer is im-
proved by 34% after adjusting the comagnetometer to a work-
ing point that insensitive to the cell temperature fluctuation.
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Fig. 4. The simulations of the temperature coefficient of the SERF co-
magnetometer with different pump laser power densities (a) and tem-
peratures (b).

In addition, the sensitivity of the SERF comagnetome-
ter operated at different temperature coefficients are compared
and shown in Fig. 5(b), which is obtained by calculating the
power spectral density of the 200-s output signal of the SERF
comagnetometer and averaging for each 0.05-Hz bin. Similar
with the variation of the bias instability with the temperature
coefficient, the sensitivity is also improved with the decrease
of the temperature coefficient. When the temperature coeffi-
cient is approximately zero, the sensitivity of the SERF co-
magnetometer is 4.3×10−6 (◦/s)/Hz1/2.

The output signal strength of the comagnetometer in the
zero point of the temperature coefficient is not the maximum
output signal, but this does not mean the decrease of the signal-
to-noise ratio. This is because that the noise induced by the
fluctuations of cell temperature affects the polarization of elec-
tron spins and couples into the output signal, resulting in an
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increase in noise as the output signal strength increases. The
signal-to-noise ratio of the comagnetometer can be improved
by suppressing the cell temperature fluctuation error. There-
fore, both the long-term stability and sensitivity of the SERF
comagnetometer are improved by suppressing the temperature
fluctuation error using this method.
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Fig. 5. The Allan deviation curves (a) and sensitivity (b) of the SERF co-
magnetometer operated at different temperature coefficients. The results
show that both the long-term stability and sensitivity are improved with the
decrease of the temperature coefficient.

5. Conclusion
In conclusion, we have proposed a novel method for sup-

pressing the vapor cell temperature error of the SERF comag-
netometer by manipulating the probe laser frequency. A tem-
perature coefficient model of the SERF comagnetometer has
been established based on the steady-state response to analyze
the impact of the temperature fluctuation on the comagnetome-
ter. The results indicate when the OD is equal to the ratio of
the difference of the relaxation rate of the electron spins in-
dependent on temperature and the spin-destruction relaxation
rate to the total relaxation of the electron spins, the output sig-
nal of the comagnetometer is insensitive to the cell tempera-
ture fluctuation. In order to verify this method, the temper-
ature coefficients and OD of a K–Rb– 21Ne comagnetometer
with different probe laser frequencies are measured, and the
experimental results are consistent with the theory. Based on
this method, both the long-term stability and sensitivity of the
SERF comagnetometer are improved. The theory and method
presented here are beneficial for improving the performance of

SERF comagnetometer, and are of great significance to prac-
tical applications of the SERF comagnetometer.
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