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Abstract: This article introduces the influence of laser’s spin projection noise on the sensitivity of Cs atom magnetometer

and concludes that the theoretical value of the spin projection noise is aboutl.23fT-Hz

2 under the optimization condi-

tions of the atom steam chest, namely temperature as 105°C, volume as 0.0785cm® and molecular density as 1.7x10"
cm™. Such research has provided us with the necessary basis for the experimental study on Cs atom magnetometer.
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1. INTRODUCTION

The accurate weak magnetic field detection technology
plays an irreplaceable important role in various fields such as
medical science [1-5], military [1-5], physical geography and
industry. Therefore, improving magnetometer sensitivity has
become the research direction of the science researchers
since 1950s. In 1960s, the superconducting quantum magne-
tometer was made from superconducting materials on the
basis of Josephson Effect, with extremely high measuring
sensitivity able to reach 10"°T-Hz ", but it also had obvious
limitation that it could only work under liquid nitrogen envi-
ronment at low temperature. Cs atoms are used as the work-
ing medium in order to achieve the self-exchange relaxation-
free (SERF) atom magnetometer at about 100°C. Under the
working mechanism of this kind of magnetometer, the spin
interaction rate is greatly more than Larmor precession rate
[6, 7]. Therefore, the relaxation depending on the spin inter-
action crash is eliminated. At present, the scientists in such
countries as U.S., Russia are positively researching and de-
veloping the self-exchange relaxation-free atom magnetome-
ter. In 2004, NIST team developed the atom magnetometer
device with SERF-k sensitivity able to reach 50pT~Hz'l/2 [8],
and such device has been improved for several times, with
the sensitivity able to approach to 10fT Hz2 [9] in 2009.
Afterwards, Professor M.V. Romalis and his student Doctor
S.J. Seltzer developed SERF-K atom magnetometer with the
sensitivity of 1pT-Hz*[10] and able to work under the un-
shielded condition. Additionally, the factors influencing the
sensitivity of SERF-Cs include incident intensity [8, 9], tem-
perature [8, 9] of Cs atom steam chest, pressure [11] of Cs
atom steam chest, spin projection noise [12], etc. Therein,
the restraining influence of spin projection noise on band-
width is put forward in document [12], but the influence of
temperature, pressure, volume and molecular density of the
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atom steam chest, spin projection, etc. on Cs atom magne-
tometer sensitivity is not mentioned. In this article, the nu-
merical calculation is adopted to analyze the factors influ-
encing SERF-Cs atom magnetometer sensitivity, and mean-
while, the relation between the spin projection noise and the
laser frequency detuning is numerically calculated.

2. WORKING PRINCIPLE OF CS ATOM MAGNE-
TOMETER

SERF-Cs atom magnetometer is composed of pumping
laser, probe laser, Cs atom steam chest and signal detection
system. The schematic diagram is as shown In Fig. (1).

The pumping light is the right-handed circularly polar-
ized light working at 894nm (corresponding to D, transition
of Cs atoms). The light spots with the diameter of 4mm
spread along the positive direction of Z-axis and enable the
atoms to generate the transition of

‘62s m =—1/2>—>‘62p1/2,ms =1/2>. Due to the unstable

excited state, electrons spontaneously radiate back to the
stationary state. However, under the continuous action of the
pumping light, all atoms are wunder the state of

‘625l ,em =1/ 2> (without considering the transverse relaxa-

1/2°

tion).

Macroscopically, all Cs atoms are directionally aligned
along Z-axis to generate magnetic moment, in other words,
atoms are magnetized along Z-axis. In case of applying a
weak magnetic field B along Y-axis, the magnetic moment
will generate Larmor procession in XOZ plane around Y-
axis. Due to the existence of transverse relaxation, the pro-
cession and the relaxation of the atoms can reach balance
and generate an equivalent magnetic moment along X-axis.
The change cycle of this magnetic moment is proportional to
B, and then the magnetic moment along X-axis is equivalent
to the population difference of the spin quantum number on
the two energy levels projected along X-axis. When the
probe laser (linearly polarized light spreading along X-axis
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Fig. (1). Schematic diagram of SERF-Cs atom magnetometer.

and polarizing along Z-axis) with the wavelength detunes to
D, resonant frequency by 0.2nm interacts with Cs atoms, the
energy level population number will cause the left-handed
and right-handed polarized light to sense different atomic
dispersion parameters. In this way, after the probe laser
passes through Cs bubble, the polarization plane thereof will
have deflection. Therefore, the strength of the magnetic field
B applied to Y-axis can be calculated through measuring the
rotation angle of the probe laser at the polarization direction,
to achieve the purpose of weak magnetic field detection. In
this experiment, the polarization elements along Z-axis and
Y-axis are separated by the polarization beam splitter (PBS),
and then the rotation angle of the polarization plane can be
obtained through the calculation on the light intensity of the
two arms of PBS.

3. THEORETICAL
TION NOISE

ANALYSIS OF SPIN PROJEC-

According to the interaction of light and atoms, we can
know that the magnetometer sensitivity is influenced by the
basic process of the spin projection noise which restrains the
further improvement of SERF-Cs atom magnetometer sensi-
tivity. Now, we theoretically analyze the source and the pro-
duction mechanism thereof and meanwhile calculate the in-
fluence degree of the noise.

The spin projection noise is the performance of the cor-
puscular property of the quantized laser field, and such noise
is different from the noise of the classic theoretical light field
due to the limitation of Heisenberg uncertainty relation. In
the classic theoretical light field, all noises can be regarded
as the physical noise source to be treated and can be elimi-
nated in principle. However, the spin projection noise is the
physical quantity for quantum optics description and cannot
be eliminated.

In the atom magnetometer, the photons of the probe laser
beam continuously measure Fx. If the repeated measuring
speed of a specific atom is faster than the transverse relaxa-
tion time T,, then the measurement has correlation [13].
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An expression is put forward in reference [13], and after the
continuous measurement period, the uncertainty of Fx can be
expressed as:

SFYY 2.
[<'()‘—F>] :%JO(l—T/t)K(T)dT (1)

The correlation function of the spin time is defined ac-
cording to the relaxation time T,, namely:

K(t)=exp(-7/T)) 2)

Since the experiment is focused on the long-term meas-
urement, t is assumed to be infinity when t is greatly more
than T,:

2T,q(P)

(o8 )= o1 22D) ®

The polarization root-mean-square uncertainty of the
electron spin along X-axis is as follows:

(r)=22 @
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In the formula, N=nV, wherein n is Cs atomicity density
and V is the volume of Cs steam chest. In all electrons, the
polarization can be defined as the overall average expected
value of the electron spin orientation, namely P:E2<S_,>.
Zero polarization means that the overall spin orientation is
random. Additionally, the complete polarization along Z di-

rection is expressed by Py =1

(p)== 2781,

x _F_2 2
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The spin projection noise influences the sensitivity of the
atom magnetometer due to the polarization uncertainty
caused by the angular momentum uncertainty. The relation
between the noise and the polarization is as follows:

6B
spn_ % (7)
B D,

According to formulae (5), (6) and (7), we can deduce
the spin projection noise generated due to the influence of
the uncertainty on the probe laser. The expression of the spin
projection noise is as follows:

N
spn ,}/ n VTVZ
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Fig. (2). The relation between the total transverse relaxation coefficient of Cs atom magnetometer and the temperature.

In the formula, 7, = ——

total

transverse relaxation coefficient of Cs atoms; under the self-

exchange relaxation-free condition, the expression is as fol-
lows:

, wherein R, is the overall

R ~ R:dnlli.vian.r +Rp(z)+RD (9)

total

The physical meanings of these symbols are respectively
shown as follows; R : Cs spin-destruction relaxation
coefficient; R : Cs scattering relaxation coefficient; R (2) :
Cs atom relaxation coefficient caused by pumping light (also
called pumping coefficient). We consider the approximation
of Cs spin-destruction relaxation coefficient R =~ 240s~"

and then Cs atom relaxation coefficient caused by pumping
light R (z) is expressed as follows:

R, "
_ p0 Ry, X —no(vy)z
R,(2)= R /e o] (10)

sd
In the formula, R,is the pumping coefficient of the
pumping laser rate at the position x=0 in the space, o(vg) is

the atomic absorption cross section of the pumping light at
resonance, and W[x] is the inverse function of Lambert W
function [14].

Another factor is the scattering relaxation coefficient Rp
of Cs atom container wall and the expression of Rpis as
follows [15]:

273+T 1 =&
R,= lI(P)O'D\f 273 p—(;)2
He

(1D

In the formula, 0,=24x10"cm’ is the scattering

across section of Cs atoms in He buffer gas; T, Py, and
a=1.25cm are respectively the gas temperature, the pressure
of He buffer gas and the radium of Cs bubble. The relation
between the total transverse relaxation coefficient of Cs atom
magnetometer and the temperature is as shown in Fig. (2).

The transverse relaxation time is related to the probe la-
ser frequency, so we can obtain the relation between the spin
projection noise and the probe laser frequency detuning, as
shown in Fig. (3).

The spin projection noise expression (8) shows that the
noise intensity is not depended on the moderation factor of
the nucleus but is influenced by the molecular density, the
volume and the total relaxation. According to Fig. (4), the
larger the molecular density, the smaller the spin projection
noise; according to Fig. (5), the larger the volume of Cs
steam chest, the smaller the spin projection noise. In conclu-
sion, the noise intensity is inversely proportional to the vol-
ume, the molecular density and the total relaxation coeffi-
cient.

CONCLUSION

We have analyzed Cs atom magnetometer and concluded
that under the optimization condition of Cs atom steam
chest, namely temperature as 105 [/C, volume as 0.0785cm’
and molecular density as 1.7x10"%cm™, the spin projection
noise of Cs atom magnetometer is about 1.23fT-Hz'
Therefore, Cs atom magnetometer has the advantages of low
noise level, low power consumption, etc. and can be used in
many special occasions, thus to have great application pro-
spect. Meanwhile, these researches have provided us with
necessary theoretical basis for the experimental study on
SERF-Cs atom magnetometer.
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Fig. (3). Relation between Spin Projection Noise of Molecular Density Cs Atom magnetometer and Probe beam detuning.
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