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A robust performance evaluation method for vapor cells used in magnetometers is proposed in this work. The per-
formance of the vapor cell determines the sensitivity of the magnetic measurement, which is the core parameter of a mag-
netometer. After establishing the relationship between intrinsic sensitivity and the total relaxation rate, the total relaxation
rate of the vapor cell can be obtained to represent the intrinsic sensitivity of the magnetometer by fitting the parameters
of the magnetic resonance experiments. The method for measurement of the total relaxation rate based on the magnetic
resonance experiment proposed in this work is robust and insensitive to ambient noise. Experiments show that, compared
with conventional sensitivity measurement, the total relaxation rate affected by magnetic noise below 0.9 nT, pump light
frequency noise below 1.5 GHz, pump light power noise below 9%, probe light power noise below 3% and temperature
fluctuation of 150+ 3 °C deviates by less than 2% from the noise-free situation. This robust performance evaluation method
for vapor cells is conducive to the construction of a multi-channel high-spatial-resolution cardio-encephalography system.
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1. Introduction

Ultrasensitive magnetic measurement based on quantum
phenomena has found numerous applications, such as mag-
netic target localization, current sensing, magnetocardiog-
raphy (MCG), and magnetoencephalography (MEG).!!"* A
state of the art spin-exchange relaxation-free (SERF) magne-
tometer can achieve the best fundamental sensitivity with the
advantage of a flexible configuration and low cost, making
it the most promising technology in this field.>~"! The core
component of a SERF magnetometer is an atomic vapor cell
containing an alkali metal and buffer gas;®% its performance
determines the sensitivity of the magnetic measurement.!'%!1]

Artificial operations during the fabrication process affect
the components of the vapor cells, resulting in inconsistent pa-

rameters in the same batch.!%!3

I The vapor cell and other
components that make up a miniaturized magnetometer are
rigidly connected and cannot be disassembled without dam-
age. Therefore, it is necessary to evaluate the performance of
the vapor cell before assembling the magnetometer. For ex-
ample, Perry et al. evaluated the red detuning of more than 60
cells to select similar ones for assembly.!'*] Wang ez al. opti-
mized the gas pressure of a Rb vapor cell through an experi-
ment measuring sensitivity, which is the conventional evalua-

s.[15.16] However, there is a lack of

tion method for vapor cell
research on the robustness of vapor cell evaluation methods.
The conventional method for evaluating sensitivity requires

high system stability and low environmental noise. When
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there is a considerable magnetic noise due to a poor mag-

17181 or the frequency and power of the

19,20

netic shielding effect,!
laser beam are unstable,['>?%1 or the system has temperature
fluctuations, 21->?! the experimental sensitivity is dominated by
external noise and cannot represent the performance of the va-
por cell. Therefore, it is of great significance to find a more
robust method for evaluating vapor cells.

We propose a robust performance evaluation method for
vapor cells used in magnetometers. After establishing the re-
lationship between the total relaxation rate Ry and the intrin-
sic sensitivity, the total relaxation rate Ry of the vapor cell
can be obtained by fitting the parameters of the magnetic res-
onance experiment to evaluate the performance of the vapor
cell.[?324] This method can operate reliably under unstable
factors such as magnetic noise, optical frequency noise, op-
tical power noise and temperature fluctuations.

2. Theoretical principles

The sensitivity of a magnetometer can be defined through
8B = By /SNR,!?! where SNR is the signal-to-noise ratio,
B, is the calibration magnetic field, which is a fixed value,
and OB is the sensitivity. There are two main sources of noise.
The first is magnetic noise, Nmag, that still exists when the
magnetometer is not operating, such as magnetic noise from
nearby metals. This noise can be theoretically calculated with
the Johnson-current-induced noise formula. The second is

probe noise, Nprope, Which contains the spin-projection noise,
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photon-shot noise and technical noise. This noise remains al-
most the same for different vapor cells. The noise strength in
the SNR can be expressed by Ny = N%ag +N§r0be, which
can be regarded as approximately invariant. Therefore, the
sensitivity of the magnetometer is inversely proportional to the
signal strength.

The signal strength of the magnetometer can be obtained

by solving the Bloch equation, *6271 which is simplified from

the density matrix equation!?®!
ES*L BxS+R 1sfS — RS (1)
dr - q(P) Ye op B rel )

where g(P) is the slowing-down factor which is related to atom
spin polarization P, y, = 27 x 2.8 MHz-G~! is the electron
gyromagnetic ratio, B is the applied magnetic field, R,y is the
optical pumping rate, s is the optical pumping vector, whose
magnitude is the degree of circular polarization of the pump
light and whose direction is the same as the pump light, and
Ry is the relaxation rate which contains the spin exchange
relaxation rate R, spin destruction relaxation rate Ry, wall
collision relaxation rate Ry, and the relaxation rate due to the
probe light Ry,

Assuming that the circularly polarized pump light propa-
gates along the x-axis, the linearly polarized probe light propa-
gates along the z-axis and the magnetic field to be measured is
along the y-axis, the response to the calibration magnetic field
By is

YeRopB,y

2(Rop + Reet)?” @)

S, =

The response information can be extracted from the optical ro-
tation angle O through the balanced polarimetry technique. [*°!
Truncating the Taylor series expansion of the result appropri-

ately, we can get
I — L =Iysin(20) =~ 21,0, 3

where 1 and I, are the light intensity of the two output detec-
tion beams with different polarization directions and

1
0= EszlrecnSz 4)

V—Vp2 ’
where fpr = 0.668 is the oscillator strength of the rubid-
ium D2 line, [ = 3 mm is the inner diameter of the vapor
cell, 7, = 2.82 x 10~!° m is the classical electron radius, ¢ =
299792458 m-s~! is the speed of light, n = 1.01 x 102° m~3 is
the rubidium saturated vapor density at 150 °C, v is the probe
light frequency and vpy is the rubidium D2 line frequency.

Assuming that the conversion coefficient from optical
power to voltage is G, the output signal strength U can be ob-
tained by combining Egs. (2)—(4) as

1 YeRopBy

. ®))
—Vp2 (Rop JFchl)2

1
U= EGlolrecnfm v

Since the probe light deviates from the rubidium D2 line over
100 GHz in our experiment, the difference caused by (v — vpy)
can be ignored for different vapor cells. With the pump light
intensity unchanged, which means that R, is approximately
the same for different vapor cells, we can conclude that the
magnetometer sensitivity is proportional to the square of the
total relaxation rate

2BcalNallRt20t
Glolre cnfD2 Ye RopBy ’

SEN = 6)
where Rt = Rrel + Rop. Thus, the relationship between the
magnetometer sensitivity and the total relaxation rate is estab-
lished.

In the magnetic resonance experiment, the bias magnetic
field By is applied on the x-axis and the oscillating field By, =
B’ cos(wt) is applied on the y-axis. Assuming that § =S, +iS,,
B = B, +iB,, we can get the following equation from Eq. (1):

d . 1 ~ .
—S — +i S =1Y5,B 7
i +<T2+1w0> 1YS0B, 7
Rop+Rpe Ye
where Aw = Tiz = %,BOJ wy = YBy, ¥ = L and So =
Rop

Rop -] Ignoring the oscillation attenuation term, we can

solve the steady state of Eq. (7) to get

= SoB’
5. =RefS] = ~L5= (M+N].
_ Awcos(ot) + (@ + ax) sin( o)
N A®? + (0 + op)? ’

®)

A0? + (wy — )2

This result can be demodulated in the lock-in amplifier to
obtain the in-phase term, which is the Lorentzian absorption
type, and the out-of-phase term, which is the Lorentzian dis-
persion type. Synthesizing the two parts, the output signal is

, Aw? + »?
¥SoB 2 2 2 21
[A0? + (@ + @)*|[A0 + (0 — @p)?]
By fitting the experimental results, we can obtain @y and Aw

and then calculate Ryt = Rop + Rrel = A®Y.Bo/ . By fitting
the relationship between the total relaxation rate and the bias

C))

magnetic field with a quadratic function, the zero-field total
relaxation rate can be obtained.3!-3?!

3. Experimental setup

The system for sensitivity measurement and the magnetic
resonance experiments is shown in Fig. 1. The pump laser
and the probe laser entered the prototype through the fiber.
The fiber ports contained collimating lenses to ensure that the
outgoing laser beams were parallel beams with a diameter of
2.7 mm. The wavelength of the pump laser was set as the ab-
sorption peak of different vapor cells, and the wavelength of
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the probe laser was set as 780.020 nm. The pump laser passed
through the linear polarizer and quarter-wave plate to become
circularly polarized. Then the pump laser was reflected by the
reflecting mirror to travel along the x-axis through the vapor
cell. The probe laser passed through the linear polarizer and
half-wave plate to become linearly polarized. The probe laser
then traveled through the vapor cell along the z-axis and was
split by the lateral displacement polarized beam splitter into a
P beam and an S beam. Afterward, the probe light was de-
tected by the difference photodiode and converted into a volt-
age signal through the transimpedance amplifier (TIA). After
that, the signal was filtered by a 10 kHz low-pass filter to avoid
the influence of the heating current. The vapor cell was put
into a boron nitride oven and its temperature was stabilized in
the range of 150+ 0.02 °C through closed-loop control. The
wave generator generated DC signals to realize magnetic field
compensation through the coils. The wavelength was tested
by a wavelength meter with a sampling frequency of 500 Hz
and absolute accuracy of 60 MHz.

A,

T
[T1a
Summator
[LPE
Lock-in ‘Wave
Coils )\/2| |)\/4 amplifier| |generator

LP LP
] Gig]
FP FP

Fig. 1. Schematic diagram of the experimental system (FP, fiber port;
LP, linear polarizer; A/4 and A/2, quarter-wave and half-wave plates,
respectively; RM, reflecting mirror; PD, photodiode; LDPBS, lateral dis-
placement polarized beam splitter; TIA, transimpedance amplifier; LPF,
low-pass filter; DAQ, data acquisition).

The inner wall of the cell was 3 mm x 3 mm x 3 mm and
there was a droplet of 8’Rb and nitrogen between 0.4 amg and
2.7 amg in the cell (1 amg is defined as the number density of
an ideal gas at standard temperature and pressure). In the sen-
sitivity calibration experiment, the pump light power was set to
100 uW and the probe light power was set to 250 pW. The sig-
nal passing through the low-pass filter was collected directly
for power spectral density analysis to obtain the sensitivity. In
the magnetic resonance experiment, the pump light power was
set to 20 uW and the probe light power was set to 100 uW.
The lock-in amplifier generated a 1 nT peak frequency sweep
modulation voltage on the coils. The signal passing through
the low-pass filter was demodulated by the lock-in amplifier.

The bias magnetic field was changed in steps of 4.446 nT, and
14 sets of different bias magnetic fields were scanned. Each
sweep curve changed from 10 Hz to 350 Hz, 200 sampling
points were taken and each point was tested for 0.5 s for aver-
aging.

In the following experiments, magnetic noise, optical fre-
quency noise and optical intensity noise were applied to the
magnetometer. Among these, magnetic noise was generated
by applying the voltage noise from the signal generator to the
coils, as shown in Fig. 2(a). As for optical frequency noise,
because the pump laser was generated by an external cavity
semiconductor laser whose frequency was controlled by the
piezoelectric ceramics, different amplitudes of voltage noise
were applied to the ceramics to generate different optical fre-
quency noises, as shown in Fig. 2(b). Additionally, since the
pump light and probe light entered the magnetometer through
the fiber, an acousto-optic modulator (AOM) was introduced
at the fiber interface. By controlling its input voltage, the light
power noise was realized, as shown in Fig. 2(c). The above
three types of noise were rooted in the voltage noise generated
by the signal generator, which is Gaussian noise, and we set
its frequency band as 0 Hz—200 Hz.
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Fig. 2. (a) Magnetic noise. The four parts in the figure relate to 0 nT,
0.3 nT, 0.6 nT, and 0.9 nT noise, respectively. (b) Optical frequency noise.
The four parts in the figure relate to 0 GHz, 0.5 GHz, 1 GHz, and 1.5 GHz
noise, respectively. (c) Optical power noise. The four parts in the figure
relate to 0%, 3%, 6%, and 9% noise, respectively.

4. Results and discussion

The theoretical foundation of this method is that the probe
noise of the magnetometer remains constant with different va-
por cell parameters, which can be obtained through experi-
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ments. The pump light is turned off in the pump—probe con-
figuration magnetometer, and the acquired signal is the probe
noise alone. Figure 3 shows the results for probe noise mea-
surement with different nitrogen pressures, which fluctuate be-
tween 5.6 x 107> V-Hz~!/2 and 6.2 x 1075 V-Hz~'/2. In ad-
dition, among the components of the total relaxation rate Ry,
the differences in the pump light term R, and the probe light
term Ry, are of the order of a few Hertz for different vapor cells
on the condition that the pump and probe light power remains
unchanged. Besides, the spin exchange relaxation rate Rg, is
mainly related to the magnetic field, which does not need to
be considered in the zero-field total relaxation rate obtained
after the quadratic fitting. In addition to the above relaxation
terms, the total relaxation rate only comprises the cell-related
relaxation rate R, which contains the spin destruction relax-
ation rate Ryq and the wall collision relaxation rate Ry,;;. This
term, which is about several hundreds of Hertz, is related to
the vapor cell parameters. Therefore, Ry, can represent the
performance of the vapor cell.
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Fig. 3. The results of probe noise measurement for different nitrogen
pressure vapor cells.

The sensitivity and total relaxation rate under different
nitrogen pressures are shown in Fig. 4(a). The nitrogen pres-
sure was tested through the light absorption method below
120 °C.1333%] The trends of sensitivity and total relaxation rate
are almost the same. They are relatively poor in the lower
and higher nitrogen pressure sections, and the optimum value
is reached at around 1.13 amg. Theoretical analysis shows
that when the nitrogen pressure is low, the alkali metal atoms
are more likely to collide with the cell wall, resulting in the
loss of spin directivity. In contrast, when the nitrogen pres-
sure is high, the alkali metal atoms will have more collisions
with the buffer gas, causing spin destruction. Therefore, there
is a trade-off value of nitrogen pressure that minimizes the
total relaxation rate and optimizes the sensitivity. Wang et
al.!"! concluded that the N, optimal pressure is 1.2 amg—
2.2 amg under different pump light intensities, which is close
to our experimental results. The relationship between sen-
sitivity SEN and nitrogen pressure P can be expressed by
SEN = 4.0596P + 5.2054 /P, whose R? is 0.9327. Similarly,
the total relaxation rate can also be related to the nitrogen pres-
sure, R2, = 7919.8P + 10092 /P, whose R? is 0.8505. We re-

2

processed the data in Fig. 4(a). Using R:, as the horizontal

axis and sensitivity as the vertical axis, the correlation between
the two parameters is highlighted in Fig. 4(b). The fitting rela-
tion can be expressed by SEN = 4.0519 +3.1786 x 10~#R2,
whose R? is 0.8086. Therefore, the relationship between the
total relaxation rate Ry, and the intrinsic sensitivity is ob-
tained.
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Fig. 4. (a) The results of sensitivity and total relaxation rate measure-
ment for different nitrogen pressure vapor cells. The blue dots and line
represent the sensitivity, and the red dots and line represent the square of
the total relaxation rate. (b) The relationship between the square of the
total relaxation rate and the sensitivity. The vertical error bar represents
the results of five sensitivity measurements, and the horizontal error bar
represents the results of nine relaxation rate measurements.
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Fig. 5. The sensitivity of different nitrogen pressure cells with 1 nT mag-
netic noise whose bandwidth is 200 Hz along the x-axis.

When there is disturbance from external noise, the intrin-
sic sensitivity of the cells with different nitrogen pressures is
covered by the noise, which makes sensitivity measurement to
characterize the performance of the cell impossible. Taking
the application of 1 nT magnetic noise whose bandwidth is
200 Hz on the x-axis as an example, the test results for differ-
ent nitrogen pressure cells are shown in Fig. 5. The sensitiv-
ity results for vapor cells containing 0.43 amg, 1.49 amg, and
2.68 amg nitrogen under the 1 nT noise are 82.32 fT-Hz /2,
84.08 fT-Hz!/2, and 89.28 fT-Hz~!/2, respectively. The ex-
perimental sensitivity of the magnetometer contains the intrin-
sic sensitivity of the vapor cell and the external noise interfer-
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ence, which prevents effective evaluation of the performance
of the vapor cell. On the contrary, the total relaxation rate Ry
is obtained by fitting thousands of data points, so the magnetic
resonance method is more robust for characterizing the per-
formance of the vapor cell and its ability to overcome noise
disturbance is more potent.

Sensitivity measurements and magnetic resonance exper-
iments were carried out under different noises. The noise
sources for the magnetometer include the magnetic noise in
different directions, the frequency and power noises of the
pump light, the frequency and power noises of the probe light
and the temperature fluctuations of the vapor cell. Among
these, the probe light frequency deviates far from the reso-
nance center so its influence can be ignored. The follow-
ing experiments were carried out with a vapor cell contain-
ing 1.49 amg nitrogen, whose pump light absorption peak is
795.00708 nm under 150 °C.

First, experiments related to magnetic noise were carried
out. Magnetic noises with a bandwidth of 200 Hz and ampli-
tudes of 0.3 nT, 0.6 nT, and 0.9 nT were applied on the x-, y-,
and z-axis, respectively. The sensitivity measurement results
with 0.9 nT noise are shown in Fig. 6(a). The sensitivity de-
teriorates rapidly in the presence of magnetic noise, especially
on the y-axis. Noise affects the z-axis more severely than the
x-axis, as shown in Fig. 6(c). The effect of noise on sensi-
tivity is proportional to the noise amplitude, consistent with
the previous analysis of the signal-to-noise ratio. The sweep
curves with 0.9 nT noise are shown in Fig. 6(b). Only the mag-
netic resonance curves with bias magnetic fields of 17.78 nT,
31.12 nT, and 44.46 nT are shown. The effect of noise can
be seen from the random fluctuation of the curve. This effect
can be characterized by the parameter C-RMSE, shown in Ta-
ble 1. C-RMSE is obtained by calculating the square sum of
the root mean square error (RMSE) in the fitting process of a
set of magnetic resonance experimental curves and taking the
square root. The larger the C-RMSE, the more the fitted curve
is affected by noise. The noise of the same amplitude has the
most serious impact on the y-axis, followed by the z-axis, with
the x-axis being almost unaffected. The pump light is along
the x-axis and the probe light is along the z-axis, making the
rubidium atoms inherently more sensitive to the magnetic field
on the y-axis. When the bias magnetic field along the x-axis
gradually increases beyond 10 nT, the noise below 1 nT can be
ignored, causing the x-axis noise situation to be the closest to
the noise-free situation. Figure 6(d) shows the test results for
the total relaxation rate under different noise conditions. Tak-
ing the measurement result with no external noise at 150 °C
as the standard, which is 127.46 Hz, the deviations of noise
below the 0.9 nT measurement results are characterized by the
relative error (RE) in Table 1 and are all within +0.6%.
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Fig. 6. (a) The sensitivity measurement results with 0.9 nT 200 Hz noise
on the x-, y-, and z-axis. The red line is the sensitivity measurement re-
sult without noise, and the noise floor is shown as the black dotted line.
(b) The magnetic resonance curves with 0.9 nT 200 Hz noise on the x-, y-,
and z-axis. The red line is the magnetic resonance curve without noise.
(c) Sensitivity measurement results under different noise conditions. Ev-
ery error bar represents the results of three measurements. (d) The total
relaxation rate measurement results under different noise conditions. Ev-
ery error bar represents the results of three measurements.

In addition to magnetic field noise, the stability of light is
also an important factor affecting vapor cell evaluation. Fig-
ure 7(a) shows the sensitivity results corresponding to differ-
ent pump light frequency noises with a bandwidth of 200 Hz
and figure 7(b) shows the sensitivity results corresponding to
different pump light and probe light power noises with a band-
width of 200 Hz. The light power noise of the same magnitude
has a much more significant influence on the probe light than
the pump light. Similar to the results for magnetic noise, the
sensitivity is proportional to the noise amplitude. The influ-
ences of optical frequency and power noise on the total re-

laxation rate are shown in Figs. 7(c) and 7(d). The effects
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of noise on the magnetic resonance curves are shown in Ta-
ble 1 through C-RMSE. The influence of the frequency noise
on the magnetic resonance curve is almost negligible. The in-
fluence of the probe light power noise is more significant than
the pump light power noise, but is still of the same order of
magnitude. Again, taking the measurement result with no ex-
ternal noise as the standard, the deviations of pump light fre-

quency noise measurements below the 1.5 GHz condition are
all within +0.2%, the deviations of pump light power noise
below the 9% condition are all within +0.7% and the devia-
tions of probe light power noise below the 3% condition are
all within £+0.7%, as shown in Table 1. The above results re-
flect the high robustness and anti-noise characteristics of the
magnetic resonance method.

Table 1. Influence of different noises on magnetic resonance experiments.

Noise Ryt (Hz) RE C-RMSE Noise Riot (Hz) RE C-RMSE
No noise 127.49 0.00% 2.59% 1073
y-0.3 nT 127.83 0.27% 472%x1073 0.5 GHz 127.47 —0.01% 2.85x% 1073
y-0.6 nT 127.00 —0.38% 7.00 x 1073 1 GHz 127.55 0.05% 2.80 x 1073
y-0.9 nT 127.76 0.22% 9.87 x 1073 1.5 GHz 127.42 —0.05% 271 x 1073
z-0.3 nT 127.48 —-0.01% 3.74 % 1073 pump 3% 127.77 0.22% 2.96 x 1073
z-0.6 nT 127.73 0.19% 5.66 x 1073 pump 6% 127.41 —0.06% 417 x 1073
z-0.9 nT 127.93 0.35% 7.46 x 1073 pump 9% 126.83 —0.51% 4.00x 1073
x-0.3 nT 127.40 —0.07% 3.05% 1073 probe 1% 127.42 —0.05% 3.15% 1073
x-0.6 nT 127.62 0.11% 2.78 x 1073 probe 2% 127.94 0.35% 4.04 %1073
x-0.9 nT 127.31 —0.14% 2.64 x 1073 probe 3% 127.83 0.27% 9.26 x 1073
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Fig. 7. (a) and (b) The sensitivity results corresponding to different pump
light frequency noises, different pump light power noises and different
probe light power noises with a bandwidth of 200 Hz. (c) and (d) The to-
tal relaxation rate results corresponding to different pump light frequency
noises, different pump light power noises and different probe light power
noises with a bandwidth of 200 Hz. Every error bar in the four figures
represents the results of three measurements.

Another critical factor affecting vapor cell evaluation is
the temperature. The temperature difference between the in-
side of the vapor cell and the Pt resistance measurement point
will cause systematic errors. It takes a long time for the tem-
perature to stabilize, leading to significant random errors. We
tested Ry at different stable temperatures, and marked the er-
ror of Ry relative to 150 °C on the right axis, as shown in
Fig. 8. The experiment indicates that within the temperature
range 150+ 3 °C, the error in Ry is less than 2%. In con-
trast, the number density of alkali metal atoms at 147 °C is
8.69 x 10" m~3. The corresponding response signal will de-
teriorate by 13.92%. The above results characterize the stabil-
ity of the total relaxation rate measurement results relative to
the sensitivity.

axis is the relative error with the 150 °C result as the standard. Every
error bar represents the results of three measurements.

In essence, the sensitivity evaluation standard relies on
power spectral density analysis. As the spectral measurement
monitors the power per bandwidth, the sensitivity measure-
ment effectively measures the power influence of the zero-
mean noise source. Therefore, the noise sources with zero-
mean average over periods, for example, of tens of millisec-
onds, have a non-negligible impact on sensitivity. In contrast,
each acquisition point of the magnetic resonance curve has
been averaged for 0.5 s. The nonlinear least squares method
is used in sweep curve fitting and total relaxation rate fitting,
which also has the function of eliminating or reducing noise.
Therefore, the total relaxation rate measurement method based
on the magnetic resonance experiment proposed in this work
is more robust and insensitive to ambient noise. The non-zero-
mean noise can be seen as an offset plus the zero-mean noise.
The biased magnetic field has a severe impact on sensitivity.
For example, the dynamic range of the commercial atomic
magnetometer QuSpin is £1.5 nT, beyond which the signal
intensity will deviate from the linear region. However, mag-
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netic fields of several nT have a negligible influence on the bias
magnetic field, which is beyond 10 nT in the magnetic reso-
nance measurement. Therefore, from the perspective of non-
zero-mean magnetic noise, the magnetic resonance method is
more resistant to noise. In addition, the effect of pump light
power and probe light power on the total relaxation rate is
measured. Fitting the total relaxation rate under different op-
tical power, we get Riot = 0.0386 X Byrope (LW) +0.5949 x
Ppump (HW) 4 111.73. This formula shows that changes in
the pump light power and probe light power of the order of
uW have little effect on the total relaxation rate, which also
represents that the magnetic resonance method still has good
resistance to the non-zero mean optical noise.

5. Conclusion and perspectives

In conclusion, the theoretical connection between magne-
tometer sensitivity and the total relaxation rate of a vapor cell
is established, and the measurement methods are given. Ex-
periments show that this magnetic resonance method can ob-
tain the relaxation parameters and further predict the intrinsic
sensitivity of a vapor cell. Different noises with a bandwidth
of 200 Hz were carried investigated. The effect of magnetic
noise below 0.9 nT under different axes, pump light frequency
noise below 1.5 GHz, pump light power noise below 9%, and
probe light power noise below 3% on the total relaxation rate
is less than +0.7%, and the corresponding relative error with
the temperature range 150+ 3 °C is less than 2%. In contrast,
the sensitivity measurement results under these noises cover
the intrinsic sensitivity of the vapor cell, which is between
8 fT-Hz /2 and 14 fT-Hz /2, rendering the vapor cell evalu-
ation invalid. Therefore, the total relaxation rate measurement
method based on the magnetic resonance experiment proposed
in this work has high robustness and can evaluate a vapor cell
under the disturbance of external environmental noise. We will
focus on the generality of this method for vapor cells with dif-
ferent components.
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