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The hybrid optical pumping spin exchange relaxation free (HOPSERF) atomic co-magnetometers make ultrahigh
sensitivity measurement of inertia achievable. The wall relaxation rate has a big effect on the polarization and funda-
mental sensitivity for the co-magnetometer, but it is often neglected in the experiments. However, there is almost no
work about the systematic analysis of the influence factors on the polarization and the fundamental sensitivity of the
HOPSERF co-magnetometers. Here we systematically study the polarization and the fundamental sensitivity of 39K–
85Rb–21Ne and 133Cs–85Rb–21Ne HOPSERF co-magnetometers with low polarization limit and the wall relaxation rate.
The 21Ne number density, the power density and wavelength of pump beam will affect the polarization greatly by affect-
ing the pumping rate of the pump beam. We obtain a general formula on the fundamental sensitivity of the HOPSERF
co-magnetometers due to shot-noise and the fundamental sensitivity changes with multiple systemic parameters, where the
suitable number density of buffer gas and quench gas make the fundamental sensitivity highest. The fundamental sensitivity
7.5355×10−11 rad·s−1·Hz−1/2 of 133Cs–85Rb–21Ne co-magnetometer is higher than the ultimate theoretical sensitivity 2×
10−10 rad·s−1·Hz−1/2 of K–21Ne co-magnetometer.
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1. Introduction

In recent years, ultrahigh sensitive co-magnetometers
have become a hotspot in research of inertial navigation,
geophysics,[1,2] gravitational wave detection,[3] downhole ori-
entation sensing[4] and general relativity test.[5] Ring laser
gyroscopes and fiber optic gyroscopes based on the Sagnac
effect are widely used in sea and space navigation.[6] With
the rapid development of quantum physics, the spin exchange
relaxation free (SERF) atomic spin co-magnetometer[7] uses
hyperpolarized nuclear spins to sense rotation. Atomic co-
magnetometers[8,9] use two or more spin species with differ-
ent gyromagnetic ratios occupying the same volume to can-
cel the sensitivity of the co-magnetometers to random chang-
ing magnetic field and this leaves them only sensitive to ro-
tation or other fields. Atomic co-magnetometers are also
used to search violation of local Lorentz invariance,[10,11]

to study spin-dependent forces[12–15] and to search elec-
tric dipole moments.[16] A SERF atomic co-magnetometer
based on K–3He[17] reached rotation sensitivity of 5 ×
10−7 rad·s−1·Hz−1/2 in 2005. A Cs–129Xe co-magnetometer
was also studied.[18] Due to the formation of van der Waals

molecules between Cs and 129Xe,[19] the Cs relaxation rate
is much larger than that of the Rb in a Rb–21Ne pair. A K–
Rb–21Ne co-magnetometer ensures high sensitivity for rota-
tion sensing. Theoretical analysis shows that the fundamental
rotation sensitivity[17] of a K–21Ne atomic co-magnetometer
could reach 2×10−10 rad·s−1·Hz−1/2 with 10 cm3 sense vol-
ume as the density of K is 1× 1014 cm−3, the number den-
sity of buffer gas 21Ne is 6× 1019 cm−3. A dual-axis K–Rb–
21Ne comagnetometer can suppress the cross-talk effect and
carry out high-precision rotation sensing along two sensitive
axes simultaneously and independently[20] and a parametri-
cally modulated dual-axis Cs–Rb–Ne atomic spin gyroscope
can effectively suppress low frequency drift and achieve a bias
instability of less than 0.05 deg/h.[21] The synchronous mea-
surements of inertial rotation and magnetic field in a K–Rb–
21Ne comagnetometer based on the nuclear spin magnetization
of the 21Ne self-compensation magnetic field and enhance-
ment of the rotation signal[22] and the real-time closed-loop
control of the compensation point[23] in a K–Rb−21Ne comag-
netometer become the focus of research for rotation sensing.

In this paper, we study the polarization and fundamen-
tal sensitivity of the HOPSERF co-magnetometer taking the
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wall relaxation rate into account, which has a big effect on
the polarization and fundamental sensitivity, but usually it
is neglected in the experiments. We obtain a general for-
mula on the fundamental sensitivity with a low polarization
limit, which describes the fundamental sensitivity of the co-
magnetometer changing with the number density of buffer
gas and quench gas, wavelength of pump beam, mole frac-
tion of 85Rb, power density of pump beam, external mag-
netic field, cell effective radius (the shape of the cell is
roughly spherical), measurement volume and cell tempera-
ture. We have investigated 39K–85Rb–21Ne and 133Cs–85Rb–
21Ne HOPSERF atomic magnetometers (39K (133Cs)–85Rb–
21Ne co-magnetometers), then found that the fundamental sen-
sitivity of 133Cs–85Rb–21Ne co-magnetometer is higher than
the 39K–85Rb–21Ne co-magnetometer at the same cell temper-
ature in the SERF regime with the same frequency detuning of
a pump beam when (1) the external magnetic field is smaller
than about 1.7884× 10−8 T, (2) the mole fraction of 85Rb is
larger than about a critical value 0.9662, or (3) the power den-
sity of the pump beam is smaller than about 0.229 W/cm2 un-
der our chosen conditions. Optimizing the co-magnetometer
parameters is advantageous to improve the sensitivity of the
co-magnetometer in measuring weak rotation signal.

Furthermore, we obtain a higher fundamental sensitiv-
ity of about 7.5355×10−11 rad·s−1·Hz−1/2 with 133Cs–85Rb–
21Ne co-magnetometer when (1) the polarization of 85Rb atom
is about 8.193× 10−4, (2) the measurement time is 1 s, cell
temperature is 406.696 K, (3) the number density of Rb is
about 1× 1014 cm−3, (4) cell effective radius a = 2 cm,
measurement volume is 10 cm3, (5) external magnetic field
B = 1× 10−12 T, (6) the number density of quench gas N2

is 6.3× 1018 cm−3, and (7) the number density of buffer gas
21Ne is 6× 1019 cm−3, and the fundamental sensitivity is
higher than the fundamental rotation sensitivity[17] of a K–
21Ne atomic co-magnetometer of 2× 10−10 rad·s−1·Hz−1/2.
These findings not only optimize the parameters for the SERF
regime, but also provide an experimental guide for design of
SERF co-magnetometers.

2. The principle of the HOPSERF atomic co-
magnetometers

2.1. The number density of alkali-metal atoms

The SERF atomic co-magnetometers have some proper-
ties similar to the SERF atomic magnetometers. As we dis-
cussed in our previous work,[24] we take the alkali metal va-
por cell (the shape of the cell is roughly spherical) of the
SERF atomic co-magnetometers based on HOP containing
two types of alkali metal atoms, 39K–85Rb or 133Cs–85Rb,
we take 39K or 133Cs as atom A, select 85Rb as atom B in
the SERF regime,[24,25] 21Ne as buffer gas to suppress the
spin relaxation and N2 as quench gas to restrain radiative de-
excitation of alkali metal atoms.[26] The saturated density[27]

of the alkali-metal atoms vapor in units of cm−3 at cell tem-
perature T in Kelvin is nsat =

1
T 1021.866+A1−B1/T . A1 and B1

are phase parameters,[25] where AK
1 = 4.402, ARb

1 = 4.312,
ACs

1 = 4.165, BK
1 = 4453, BRb

1 = 4040 and BCs
1 = 3830 for

the temperature higher than 400 K. Because the SERF regime
can be reached by operating with sufficiently high alkali metal
number density (at higher temperature) and in sufficiently low
magnetic field,[28,29] as we discussed in our previous work,[24]

we choose T = 457.5 K as the highest temperature to reduce
the corrosion of alkali metal atoms to the vapor cell and make
the co-magnetometers be in the SERF regime.

2.2. The polarization of alkali-metal atom

Considering the spin exchange between alkali-metal
atoms A and B in the hybrid vapor cell, we assume that the
vapor densities obey Raoult’s law,[30] nB ≈ fBnB

sat, where fB

is the mole fraction of atom B in the metal and nB
sat is the sat-

urated vapor density for pure atom B metal. When the mole
fraction of atom B is 0.97, we can obtain the number density
of atoms A and B, nA ≈ 0.03nA

sat, nB ≈ 0.97nB
sat. For K–Rb–

21Ne atomic co-magnetometer, we suppose that in an alkali-
metal vapor cell filled with K, Rb, and 21Ne atoms, the density
ratio of K to Rb is Dr = nK/nRb (where nK and nRb are the
number densities of K and Rb, respectively). K atom spins
are directly polarized by the D1 line light and Rb atom spins
are polarized through spin exchange with K atom spins. If the
frequency rate of the laser beam, ν , is tuned away from the ab-
sorption center of the pressure[31] and the power-broadened[32]

D1 absorption line, there will be an AC Stark shift of K, which
is denoted as LK

z in the light propagation direction,[35] where
the light propagation direction is in the z direction. For Rb
atom spins, the far-off-resonant laser will cause an AC Stark
shift LRb

z on the D1 and D2 line transitions of Rb atoms. K
atom spins polarize Rb atom spins by the spin-exchange in-
teraction. The spin transfer rate from Rb to K is given by
RSE

Rb−K = nRbσ
Rb−K
SE v̄Rb−K, where σ

Rb−K
SE is the spin-exchange

cross section between Rb and K[33] and vRb−K is the relative
velocity between Rb and K. Thus the spin transfer rate from K
to Rb is RSE

K−Rb = DrRSE
Rb−K.

The full Bloch equations are given as follows:[34,35]
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Fig. 1. The wall relaxation rates change with the 21Ne number density nNe in (a), the N2 number density nN2 in (b), the cell temperature T in
(c), and the cell effective radius a in (d).

Here PK, PRb, and Pn are the polarizations of K, Rb and
21Ne atom spins, respectively; Ω is the input rotation veloc-
ity; Q(Pe

K) and Q(Pe
Rb) are the slow-down factors caused by

the rapid spin exchange.[36] The rapid spin exchange between
the K and Rb spins can change the slow-down factors of both
K and Rb atom spins and the slow-down factors will be the
same when they involve collision with each other.[35] 𝐵 is the
external magnetic field. LK and LRb are the AC Stark shifts
of the K atoms and Rb atoms respectively. Rp is the pump-
ing rate of K atoms (or the pumping rate of Cs atoms for the
SERF atomic co-magnetometers based on 133Cs–85Rb), which
is mainly determined by pumping laser parameters,[17] while
𝑠p gives the direction and magnitude of photon spin polariza-
tion. Here λRb−NeMn

0𝑃
n is the magnetic field produced by the

21Ne atom spins through spin-exchange interaction with Rb
atom spins;[37] λRb−Ne = 8πκRb−Ne/3, κRb−Ne is a spin ex-
change enhancement factor resulting from the overlap of the
Rb electron wave function with the 21Ne nucleus and is ap-
proximately 35.7.[38] Mn

0 = µNenNe, µNe is nuclear magnetic
moment and nNe is the 21Ne atom number density. Rb atom
spins also produce a magnetic field λRb−NeMRb

0 𝑃Rb, which is
experienced by the 21Ne spins. We take 1/T2e and 1/T1e as
the transverse and longitude relaxation rates of Rb atom spins,
respectively;
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 ,

1/T 1e = RRb
SD + DrRp + RRb

Wall, RRb
SD = nRbσ

Rb−Rb
SD v̄Rb−Rb +

nNeσ
Rb−Ne
SD v̄Rb−Ne + nN2 σ

Rb−N2
SD v̄Rb−N2 + nRbσ

Rb−K
SD v̄Rb−K,

RRb
Wall is the relaxation rates due to diffusion of Rb atoms to the

wall (the wall relaxation of Rb atoms),[17]

RRb
Wall = Q(Pe

Rb)DRb
Ne

(√
1+T/273.15

PNe/1 amg

)(
π

a

)2

+Q(Pe
Rb)DRb

N2

(√
1+T/273.15

PN2/1 amg

)(
π

a

)2
,

DRb
Ne is the diffusion constant of the alkali atom Rb within the

buffer gas Ne[39–41] in units of cm2/s and is given at 1 amg
and 273 K, DRb

N2
is the diffusion constant of the alkali atom

Rb within the quench gas N2
[40–42] in units of cm2/s and

is given at 1 amg and 273 K, 1 amg = 2.69× 1019 cm−3,
DRb

Ne = 0.2 cm2/s, DRb
N2

= 0.19 cm2/s, PNe is the pressure of
buffer gas Ne in amg, PN2 is the pressure of quench gas N2 in
amg, a is the equivalent radius of vapor cell. The transverse re-
laxation rate of Rb atom spins comes from the spin-exchange
relaxation rate of Rb atoms[43,44] Q(Pe

Rb)/T SE
2 , and 1/T1e,

1/T 2e = 1/T1e +Q(Pe
Rb)/T SE

2 . Rse
Rb−Ne is the spin-exchange

transfer rate from Rb to 21Ne atom spins. The AC Stark shift
of Rb atom spins is measured by measuring the polarization
of Rb atom spins along the x direction Pe

xRb, with a probe laser
whose wavelength is tuned to the Rb D1 line. Suppose that a
Bz magnetic field is applied to the co-magnetometer. The vir-
tual magnetic fields of K and Rb caused by AC Stark shifts are
in the z direction. At steady state, ∂Pe

K/∂ t = 0, ∂Pe
Rb/∂ t = 0
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and ∂Pn/∂ t = 0. For the low polarization limit,

RRb
Wall = Q(0)Rb DRb

Ne

(√
1+T/273.15

PNe/1 amg

)(
π

a

)2

+Q(0)Rb DRb
N2

(√
1+T/273.15

PN2/1 amg

)(
π

a

)2
.

We can find that the relaxation rates for diffusion of
85Rb in the 21Ne gas to the wall of 39K–85Rb–21Ne co-
magnetometer RRb−Ne

wall−K−Rb−Ne, the total relaxation rates for
diffusion of 85Rb in the 21Ne gas to the wall of 39K–
85Rb–21Ne co-magnetometer RRb−Ne−N2

wall−K−Rb−Ne, the relaxation
rates for diffusion of 85Rb in the 21Ne and N2 gas to the
wall of 133Cs–85Rb–21Ne co-magnetometer RRb−Ne

wall−Cs−Rb−Ne
and the total relaxation rates for diffusion of 85Rb in the
21Ne and N2 gas to the wall of 133Cs–85Rb–21Ne co-
magnetometer RRb−Ne−N2

wall−Cs−Rb−Ne decrease when 21Ne atom
number density nNe increases in Fig. 1(a), because the
buffer gas 21Ne atom suppresses the spin relaxation caused
by wall collisions. The relaxation rates for diffusion of
85Rb in the N2 gas to the wall of 39K–85Rb–21Ne co-
magnetometer is RRb−N2

wall−K−Rb−Ne, the relaxation rates for dif-
fusion of 85Rb in the N2 gas to the wall of 133Cs–85Rb–
21Ne co-magnetometer is RRb−N2

wall−Cs−Rb−Ne. RRb−N2
wall−K−Rb−Ne,

RRb−Ne−N2
wall−K−Rb−Ne, RRb−N2

wall−Cs−Rb−Ne and RRb−Ne−N2
wall−Cs−Rb−Ne decrease

when nN2 increases for N2 gas colliding with excited al-
kali metal atoms and absorbing the energy, which restrains
radiative de-excitation of the excited alkali metal atoms,
RRb−Ne

wall−K−Rb−Ne and RRb−Ne
wall−Cs−Rb−Ne do not change when nN2

increases because they are not related with nN2 in Fig. 1(b).
The RRb−N2

wall−K−Rb−Ne, RRb−Ne−N2
wall−K−Rb−Ne, RRb−N2

wall−Cs−Rb−Ne,
RRb−Ne−N2

wall−Cs−Rb−Ne, RRb−Ne
wall−K−Rb−Ne, and RRb−Ne

wall−Cs−Rb−Ne increase
with increasing cell temperature T in Fig. 1(c) because the in-
creasing T makes the number density and relative velocity of
85Rb atoms greater and more 85Rb atoms move towards the
wall. The Rwall decreases when the cell effective radius a in-
creases in Fig. 1(d) for the 85Rb atoms colliding more 21Ne
atoms and N2 atoms with the increasing a when 85Rb atoms
move towards the wall, which will decrease the wall relaxation
rate.

The polarization in the z direction could be calculated
by[35]

Pe
zK ≈ Pe

zRb ≈
DrRp

DrRp +RRb
SD +Q(0)Rb/T1e

,

for Rp� RSE
Rb−K, Dr� 1,

Pn
z ≈

Rse
Rb−Ne

Rse
Rb−Ne +1/Tn

.

The angle between the spins polarization and the z direc-
tion is small by applying a small magnetic field By, and the
polarizations of K, Rb and 21Ne are approximately constant

in the z direction, then the coupled Bloch equations can be
simplified.[35] In the x direction, the polarizations of K and Rb
can be solved and are given by[35]
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zRb
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2

, (4)

where

Pe
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,

1
T1e
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2 ,

Rp = RK
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,

δBz = Bz−Be−Bn, Be ≈ 8
3

πµ0κRb−NeMRb
0 Pe

zRb,

MRb
0 ≈ µBnRb,

Bn ≈ 8
3

πµ0κRb−NeµNenNe
Rse

Rb−Ne

Rse
Rb−Ne +1/T1n

,

T1n ≈ 214×60×2.69×1019/nNe, µ0 = 4π×10−7 Tm/A,

µNe = 3.33×10−27 J/T, Rse
Rb−Ne = κ

se
Rb−NenRb,

κ
se
Rb−Ne = σ

Rb−Ne
SD v̄Rb−Ne, Lz = DrLK

z +LRb
z ,

LK
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D1rec f K

D1
Atγe
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(νK−νK
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2 +(Γ K
D1/2)2 ,

Γ
K
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K

P−D1
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1+

3λ 3IK
PI

πhcΓ K
P−D1

,

Γ
K

P−D1 =
nNeP0T

T0×2.69×1019/cm3 ×7.8 GHz/atm,

LRb
z =

ΦK
D1rec f Rb

D1
Atγe

(
1

νK−νRb
0D2
− 1

νK−νRb
0D1

)
,

T0 = 273.15 K, P0 = 101.325 kPa= 1 atm, 1/T2n, and 1/T1n

are the transverse and longitude relaxation rates[38] of the
21Ne atom spins, respectively. We can obtain the polariza-
tions of Cs and Rb in the x direction for 133Cs–85Rb–21Ne
co-magnetometers by replacing the K atoms by Cs atoms in
Eq. (4). The linewidth of the Cs–Ne pressure broadening
Γ Cs

P−D1 = nNeP0T
T0×2.69×1019/cm3 × 8.2 GHz/atm, κRb−Ne ≈ 35.7, IK

PI

(ICs
PI ) is the power density of pump beam for 39K (133Cs)–

85Rb–21Ne co-magnetometers, the 21Ne relaxation is dom-
inated by the electric quadrupole interaction. During bi-
nary collisions, the interaction between the induced electric-
field gradients and the nuclear quadrupole moments produce
torques on the spins, thus cause relaxation.[46] The resonance
transition of λ K

0D1 is 770.108 nm, νK
0D1 = c/λ K

0D1 ≈ 3.895×

043206-4



Chin. Phys. B Vol. 29, No. 4 (2020) 043206

105 GHz, the D1 transitions of Rb and Cs in vacuum are
λ Rb

0D1 = 795 nm and λ Cs
0D1 = 894.6 nm, respectively. There-

fore, νRb
0D1 = c/λ Rb

0D1 ≈ 3.773× 105 GHz, νCs
0D1 = c/λ Cs

0D1 ≈
3.353× 105 GHz, the D2 transitions of K and Rb in vac-
uum are λ K

0D2 = 766.7 nm and λ Rb
0D2 = 780.2 nm, respec-

tively, νRb
0D2 = c/λ Rb

0D2≈ 3.845×105 GHz; f K
D1 = 0.324, f Cs

D1 =

0.347, f Rb
D1 = 0.332, f Rb

D2 = 0.668.[47] ΦK
D1 is the photon num-

ber flux, ΦK
D1 = λKIK

PIπa2
p/hc and At is the transverse area of

the pumping light, At = πa2
p, re is the classical electron radius,

re = 2.817938×10−15 m, and c is the velocity of light, fD1 is
the oscillator strength[48] and γe is the electron gyromagnetic
ratio, Γ K

D1 is the linewidth (full width at half maximum) of the
pressure and power-broadened K D1 absorption line,[49] and
νK

0D1 is the absorption center frequency rate of the absorption
line. The far-off-resonant pump laser will cause an AC Stark
shift of Rb atoms. δBz is the compensation magnetic field.

For small atomic polarization, the spin precession rate is
given by ω0 = gµBB/Q(Pe)}, which is the Larmor frequency,
TSE is the spin-exchange time, 1/T Rb

SE = nRbσ
Rb−Rb
SE v̄Rb−Rb,

where σ
Rb−Rb
SE is the spin-exchange cross section between

Rb and Rb, and v̄Rb−Rb is the relative velocity between Rb
and Rb. Q(Pe) is the slow-down factor for polarization and
nuclear angular momentum,[27,50] Q(Pe)85Rb = (38+ 52P2 +

6P4)/(3+ 10P2 + 3P4) for the 85Rb atom. In this limit spin
exchange contributes to transverse relaxation only in sec-
ond order and vanishes for zero magnetic field,[17] 1/T SE

2 =

ω2
0 TSE

[
Q(Pe)2− (2I +1)2

]
Q(Pe)2/2Q(Pe)2, for low polar-

ization limit and small magnetic fields, spin-exchange relax-
ation is quadratic in the magnetic field, I is nuclear spin of
the alkali-metal atoms, we consider the relaxation rate due to
85Rb–85Rb, 85Rb–39 K spin-exchange collisions, then

1
T SE

2
=
( gµBB

Q(0)Rb}

)2[Q(0)2
Rb− (2IRb +1)2

2nRbσ
Rb−Rb
SE v̄Rb−Rb

+
Q(0)2

Rb− (2IRb +1)2

2nRbσ
Rb−K
SE v̄Rb−K

]
. (5)

For 39K, 85Rb and 133Cs, IK = 3/2, IRb = 5/2, ICs = 7/2, the
relaxation rate for alkali-alkali spin-exchange collisions reads

RRbRb
SE =

(
gµBB

Q(0)Rb}

)2 Q(0)2
Rb− (2IRb +1)2

2nRbσ
Rb−Rb
SE v̄Rb−Rb

, (6)

RKRb
SE =

(
gµBB

Q(0)K}

)2 Q(0)2
K− (2IK +1)2

2nKσ
K−Rb
SE v̄K−Rb

, (7)

RRbK
SE =

(
gµBB

Q(0)Rb}

)2 Q(0)2
Rb− (2IRb +1)2

2nRbσ
Rb−K
SE v̄Rb−K

, (8)

RKK
SE =

(
gµBB

Q(0)K}

)2 Q(0)2
K− (2IK +1)2

2nKσ
K−K
SE v̄K−K

, (9)

where B is the external magnetic field. With sufficiently high
alkali metal number density (at higher temperature) and in suf-
ficiently low magnetic field, RKK

SE ≈RRbRb
SE ≈RRbK

SE ≈RKRb
SE ≈ 0.

In the absence of spin-exchange relaxation, spin destruction
collisions due to the spin-rotation interaction[46] become a
limiting factor. For low polarization limit, we take Q(Pe

K) ≈
Q(0)K, Q(Pe

Rb) ≈ Q(0)Rb, σ
K−Rb
SE is the spin-exchange cross

section of 39K and 85Rb by spin-exchange collisions with each
other, the values of relevant parameters are given in Table 1.

Table 1. Parameters used for the calculation.

Parameter Value
Boltzmann’s constant kB 1.38×10−23 J/K
Atomic mass unit m 1.660539040(20)×10−27 kg
π 3.14
21Ne nuclear gyromagnetic ratio[59] 2.1×107 rad/s/T
Electron spin g factor 2×1.001159657
Planck’s constant h̄ 1.054589×10−34 J·s
Bohr magneton µB 9.27408×10−24 J/T
σK

SE
[55] 1.8×10−14 cm2

σRb
SE

[52] 1.9×10−14 cm2

σCs
SE

[52] 2.1×10−14 cm2

σK
SD

[62] 1×10−18 cm2

σRb
SD

[46] 1.6×10−17 cm2

σCs
SD

[63] 2×10−16 cm2

σ
K−Ne
SD

[36,39] 1×10−23 cm2

σ
Rb−Ne
SD

[56] 5.2×10−23 cm2

σ
Cs−Ne
SD

[57] 1×10−22 cm2

σ
K−N2
SD

[27,58] 7.9×10−23 cm2

σ
Rb−N2
SD

[27,36] 1×10−22 cm2

σ
Cs−N2
SD

[27,36] 5.5×10−22 cm2

2.3. The fundamental sensitivity of the HOPSERF co-
magnetometer

To improve the practicability of the HOPSERF co-
magnetometers, it is necessary for us to investigate the fun-
damental sensitivity of the co-magnetometers to improve the
sensitivity, stability of the co-magnetometers and to realize the
miniaturization of the co-magnetometers. The fundamental
shot-noise-limited sensitivity of an atomic gyroscope based on
the co-magnetometer is given by[17,59]

δΩ =
γn

γe
√

nT2Vt
, (10)

where γn is the nuclear gyromagnetic ratio of the noble gas
atom, γe = gµB/},[27,59] g is the electron g-factor, µB is the
Bohr magneton, n is the density of alkali metal atoms, V
is the measurement volume, t is the measurement time, T2

is the transverse spin relaxation time, 1/T2 = Rwall +RSD +

Q(Pe)Ree
SE. For the transverse spin relaxation time of the

co-magnetometers, we need consider the spin destruction re-
laxation RSD caused by Ne, N2, alkali metal atoms A and
B, the relaxation rates due to diffusion of alkali metal atoms
A and B to the wall,[17] i.e., RA

wall and RB
wall, the relaxation

rate due to alkali-alkali spin exchange collisions, i.e., Ree
SE,[60]

Ree
SE = RAA

SE +RBB
SE +RAB

SE +RBA
SE , which cannot be ignored for

large external magnetic field B and is negligible in SERF
regime (when T is higher than 418.3 K, B is smaller than
10−10 T, Ree

SE ≈ 0), the pumping rate of pump beam Rp and
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the pumping rate of atom B RB (RB is a function of Rp), hence
1/T2 = RA

SD +RB
SD +RA

wall +RB
wall +Rp +Q(Pe)Ree

SE +RB, we
substitute this term into Eq. (10) and obtain

δΩ =
γn
√

RWall +RAB
SD +Q(Pe)Ree

SE +Rp +RB

γe
√

nVt
, (11)

where RAB
SD = RA

SD +RB
SD, RWall = RA

wall +RB
wall. However, be-

cause alkali metal atom B is the probed atom, only these items
associated with atom B will be considered in the experiments,
we do not consider those items irrelevant to atom B, for the
low polarization limit, we acquire the fundamental sensitivity
of the co-magnetometers due to the shot-noise as follows:

δΩ
′ =

γn
√

RB
wall +RSD +RB +Q(0)BREE

SE

γe
√

nBVt
, (12)

where

RB
wall = Q(0)BDB

buffer

√
1+T/273.15

Pbuffer/1 amg

(
π

a

)2

+Q(0)BDB
quench

√
1+T/273.15

Pquench/1 amg

(
π

a

)2

,

Dbuffer and Dquench are the diffusion coefficients of the alkali
atom within Ne and N2 in units of cm2/s and is given at 1 amg
and 273 K respectively, 1 amg= 2.69× 1019 cm−3, Pbuffer is
the pressure of buffer gas in amg, Pquench is the pressure of
quench gas in amg, a is the equivalent radius of vapor cell,

RSD = nBσ
B−B
SD v̄B−B +nNeσ

B−Ne
SD v̄B−Ne +nN2σ

B−N2
SD v̄B−N2

+nBσ
B−A
SD v̄B−A +nAσ

A−B
SD v̄A−B,

RB = DrRp, REE
SE = RBB

SE +RBA
SE ,

RBB
SE =

(
gµBB

Q(0)B}

)2 Q(0)2
B− (2IB +1)2

2nBσ
B−B
SE v̄B−B

,

RBA
SE =

(
gµBB

Q(0)B}

)2 Q(0)2
B− (2IB +1)2

2nBσ
B−A
SE v̄B−A

.

In the limit of fast spin-exchange and small magnetic
field, the spin-exchange relaxation rate vanishes for suffi-
ciently small magnetic field.[36] In Eq. (12), we can find that
the fundamental sensitivity of the co-magnetometers increases
when part or all of RB

wall, RSD, RB, RBB
SE , and RBA

SE (the latter
two terms are approximately zero in sufficiently low magnetic
field and the co-magnetometer is in the SERF regime, which is
helpful for us to study how B influence the SERF regime and
fundamental sensitivity of the co-magnetometers) decrease, nB

and V increase. For the expressions of RB
wall, RSD, RB, RBB

SE ,
RBA

SE , nB, and V , we just need to consider the fundamental sen-
sitivity of the co-magnetometers change with one of the cell
effective radius a, nNe, nN2 , cell temperature T , wavelength of
pump beam (λK and λCs), power density of pump beam (IK

PI

and ICs
PI ), pump beam spot radius ap, the mole fraction of 85Rb

fRb, external magnetic field B and measurement volume V .

3. Results and discussion
3.1. The calculation details of the polarization and funda-

mental sensitivity

Because the slow-down factors are different in the
polarization of 39K–85Rb–21Ne and 133Cs–85Rb–21Ne co-
magnetometers, we take the slow-down factors at a low polar-
ization limit for convenience of the theoretical analysis. The
number density of the 21Ne, the power density of pump beam
and the pump beam wavelength will affect the polarization
greatly by affecting the pumping rate of pump beam. We sys-
tematically studied the variations of the pumping rate of the
pump beam, frequency shift, Bn, Be, the relaxation rate for the
alkali-alkali spin-exchange collisions. We obtain the follow-
ing results by MATLAB and take several points to plot with
Origin 8.

3.2. The calculation result of the polarization

We choose one of 21Ne number density nNe, N2 number
density nN2 , cell temperature T , wavelength of pump beam
λK(λCs), mole fraction of 85Rb fRb, cell effective radius a, and
power density of pump beam IK

PI (ICs
PI ), the input rotation veloc-

ity in the x direction Ωx and y direction Ωy, external magnetic
field in the y direction By and z direction Bz by Eq. (4) as a
variable (other parameters are invariable) to obtain the results
that the polarization of the 39K(133Cs)–85Rb–21Ne HOPSERF
co-magnetometer changes with the variable. From the for-
mula of Rp, we can find that Rp, the frequency shift and Be

do not change with the increasing ap due to ap in ΦK
D1 (ΦCs

D1)
and At are canceled out. Depending on suggestions and the
typical conditions of the experiment group,[34,35,54] in order to
facilitate the theoretical analysis, we take the mole fraction of
85Rb atom as fRb = 0.97, nNe = 2× 1019 cm−3, nN2 = 2×
1017 cm−3, IK

PI = ICs
PI = 0.06 W/cm2, Ωx = 7.292×10−6 rad/s,

Ωy = 7.292×10−5 rad/s, By = 1×10−12 T, Bz = 7×10−11 T,
a = 1 cm, ap = 1 cm, λK = 769.808 nm, λCs = 894.3 nm, and
T = 457.5 K, at the moment, 39K, 85Rb, and 133Cs are in the
SERF regime.

To ensure the validity of the low polarization limit and
considering that the noble gas has enough magnetic moment
which can compensate for the external magnetic field and the
system can be a co-magnetometer, we make the 85Rb polar-
ization smaller than about 0.08 and larger than 10−4. We dis-
cuss the variations of pumping rate of the pump beam, the fre-
quency shift, the Bn, the Be, the alkali-alkali spin-exchange
collision relaxation rate related with 85Rb atoms. Figure 2
demonstrates the 85Rb polarization of 39K (133Cs)–85Rb–21Ne
co-magnetometers changes with nNe, nN2 , λK(λCs) and T , re-
spectively.
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Figure 2(a) shows that 85Rb polarizations decrease with
the increasing nNe in 39K–85Rb–21Ne and 133Cs–85Rb–21Ne
co-magnetometers. The 85Rb polarization of 133Cs–85Rb–
21Ne co-magnetometer is larger than the one of 39K–85Rb–
21Ne co-magnetometer.

From the formula of RRb
SD, Rp, T1n, frequency shift,

Bn, and Be, we can find that RRb
SD increases with the in-

creasing nNe, RRb−Ne
wall−K−Rb−Ne, RRb−Ne

wall−Cs−Rb−Ne, RRb−Ne−N2
wall−K−Rb−Ne,

RRb−Ne−N2
wall−Cs−Rb−Ne decrease when 21Ne atom number density nNe

increases in Fig. 1(a), Rp, Bn and Be increase with increas-
ing nNe, T1n, LK

K−Rb−Ne, LK−Rb
K−Rb−Ne, LCs

Cs−Rb−Ne and LCs−Rb
Cs−Rb−Ne

decrease with increasing nNe.The change value of 85Rb polar-

ization, which is mainly determined by the RRb
SD, RRb

wall, and Rp.

Figure 2(b) demonstrates that 85Rb polarization decreases

with increasing nN2 . From the formulae of RRb
SD, RWall

and Be, we can find that RRb
SD increases with the increas-

ing nN2 , RRb−N2
wall−K−Rb−Ne, RRb−N2

wall−Cs−Rb−Ne, RRb−Ne−N2
wall−K−Rb−Ne, and

RRb−Ne−N2
wall−Cs−Rb−Ne decrease when nN2 increases. RRb−Ne

wall−K−Rb−Ne

and RRb−Ne
wall−Cs−Rb−Ne do not change when nN2 increases in

Fig. 1(b), Be decreases slowly with increasing nN2 . Here 85Rb

polarization is mainly determined by the RRb
SD and RRb

wall.
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Fig. 2. The 85Rb polarization of 39K (133Cs)–85Rb–21Ne co-magnetometers versus the number density of the buffer gas 21Ne in (a), the number
density of the quench gas N2 in (b), the wavelength of pump beam in (c), and the cell temperature in (d).

Figure 2(c) shows that 85Rb polarization of 39K (133Cs)–
85Rb–21Ne co-magnetometer increases when λK (λCs) in-
creases but is smaller than the value of about 770.085 nm
(894.5032 nm), decreases when λK (λCs) is larger than the
value of about 770.1309 nm (894.696 nm) (85Rb polarization
is about 0.08). From the formulae of the 85Rb polarization,
Rp, Lz, and Be, we can find that Rp, LK

K−Rb−Ne (LCs
Cs−Rb−Ne)

and Be increase and LRb
K−Rb−Ne (L

Rb
Cs−Rb−Ne) decreases with in-

creasing λK (λCs) when the λK(λCs) is smaller than the value
of about 770.085 nm (894.5032 nm). Rp and Be decrease with
increasing λK (λCs) when the λK(λCs) is larger than the value
of about 770.1309 nm (894.696 nm). Therefore, the change of
85Rb polarization with λK (λCs) is mainly determined by the
pumping rate of the pump beam, the frequency shift and Be.

Figure 2(d) demonstrates that 85Rb polarization de-
creases with the increasing T . The 85Rb polariza-
tion of 133Cs–85Rb–21Ne co-magnetometer is larger than
the one of 39K–85Rb–21Ne co-magnetometer. From

the formula of the RRb
SD and Fig. 1(c), Rp, frequency

shift, Bn, Be, alkali-alkali spin exchange collision relax-
ation rate, we can find that RRb

SD increases with increas-
ing T . RRb−N2

wall−K−Rb−Ne, RRb−N2
wall−Cs−Rb−Ne, RRb−Ne−N2

wall−K−Rb−Ne,
RRb−Ne−N2

wall−Cs−Rb−Ne, RRb−Ne
wall−K−Rb−Ne, and RRb−Ne

wall−Cs−Rb−Ne increase
with increasing T in Fig. 1(c) because the increasing T makes
the number density and relative velocity of 85Rb atoms larger
and more 85Rb atoms move towards the wall. RK

p and RCs
p in-

crease with increasing T , due to the fact that the increasing
T can increase the linewidth of the K–Ne and Cs–Ne pres-
sure broadening, which make RK

p and RCs
p increase. LK

K−Rb−Ne,
LCs

Cs−Rb−Ne, LK−Rb
K−Rb−Ne, and LCs−Rb

Cs−Rb−Ne decrease slowly with
increasing T , due to the fact that the increasing T increases
the linewidth of the K–Ne and Cs-Ne pressure broadening,
which make LK

K−Rb−Ne, LCs
Cs−Rb−Ne, LK−Rb

K−Rb−Ne and LCs−Rb
Cs−Rb−Ne

decrease. However, LRb
K−Rb−Ne and LRb

Cs−Rb−Ne do not change
with T because LRb

K−Rb−Ne and LRb
Cs−Rb−Ne have nothing to do

with the T . Bn increases with increasing T due to the fact that
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Rse
Rb−Ne changes with T from the equation of Bn and Rse

Rb−Ne
increases with the increasing T . Be increases with increasing
T . RRbK

KRbNe, RRbCs
CsRbNe, RRbRb

KRbNe, RRbRb
CsRbNe, REE

KRbNe, REE
CsRbNe de-

crease with the increasing T because the increasing T makes
RSE

Rb−K, RSE
Rb−Rb and RSE

Rb−Cs increase, which is inversely pro-
portional to the RRbK

KRbNe, RRbRb
KRbNe, RRbCs

CsRbNe, RRbRb
CsRbNe in Eq. (5),

respectively. Therefore, the total effect of the RRb
SD, the pump-

ing rate of the pump beam (RK
p and RCs

p ), the frequency shift
(LK

K−Rb−Ne, LCs
Cs−Rb−Ne, LK−Rb

K−Rb−Ne and LCs−Rb
Cs−Rb−Ne), Bn, Be

and the alkali-alkali spin-exchange collision relaxation rate
(RRbK

KRbNe, RRbCs
CsRbNe, RRbRb

KRbNe, RRbRb
CsRbNe, REE

KRbNe, REE
CsRbNe) make

the 85Rb polarization decrease with the increasing T .
Figure 3 shows that the 85Rb polarization of 39K (133Cs)–

85Rb–21Ne co-magnetometers changes with the mole fraction
of 85Rb fRb, cell effective radius a and power density of pump
beam IPI.

Figure 3(a) shows that 85Rb polarizations decrease with
increasing mole fraction of 85Rb fRb. From the formulae of
the Dr, RRb

SD, Be and alkali-alkali spin exchange collision re-
laxation rate, we can find that Dr, Be and alkali-alkali spin
exchange collision relaxation rate decrease and RRb

SD increases
with the increasing fRb. Therefore, the decrease process of the
85Rb polarization is determined by Dr, RRb

SD, Be and RRbK
KRbNe,

RRbCs
CsRbNe, RRbRb

KRbNe, RRbRb
CsRbNe, REE

KRbNe, REE
CsRbNe, where Dr and RRb

SD

play important roles.

0.84 0.87 0.90 0.93 0.96 0.99
10-4

10-3

10-2

10-1

8
5
R

b
 p

o
la

ri
z
a
ti
o
n

8
5
R

b
 p

o
la

ri
z
a
ti
o
n

Mole fraction of 85Rb 
1 2 3 4 5 6

0

1.50

3.00

4.50

6.00

7.50

9.00

8
5
R

b
 p

o
la

ri
z
a
ti
o
n
/
1
0

-
3

Cell effective radius/cm

0 0.12 0.24 0.36

Power density of pump beam/WScm-2

39K-85Rb-21Ne
133Cs-85Rb-21Ne

39K-85Rb-21Ne
133Cs-85Rb-21Ne

39K-85Rb-21Ne
133Cs-85Rb-21Ne

10-4

10-3

10-2

10-1

(a) (c)(b)

Fig. 3. The 85Rb polarization of 39K (133Cs)–85Rb–21Ne co-magnetometers versus the mole fraction of 85Rb (a), the cell effective radius (b),
and the power density of pump beam (c).
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Figure 3(b) demonstrates that 85Rb polarizations decrease

with increasing cell effective radius a. From the formula of the
85Rb polarization, RWall and Be, we can find that the wall re-

laxation rate RRb−N2
wall−K−Rb−Ne, RRb−N2

wall−Cs−Rb−Ne, RRb−Ne−N2
wall−K−Rb−Ne,

RRb−Ne−N2
wall−Cs−Rb−Ne, RRb−Ne

wall−K−Rb−Ne and RRb−Ne
wall−Cs−Rb−Ne decrease

when a increases in Fig. 1(c) and Be increases with increas-
ing a. Therefore, the decrease process of the 85Rb polarization
is determined by RWall and Be, where the wall relaxation rate
plays a decisive role.

Figure 3(c) shows that 85Rb polarization increases when
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IK
PI (I

Cs
PI ) increases. From the formula of Γ K

D1 (Γ Cs
D1 ), Rp, fre-

quency shift and Be, we can find that Γ K
D1 (Γ Cs

D1 ) increases
with the increasing IK

PI (ICs
PI ), which lead to Rp, frequency

shift and Be increase with increasing IK
PI (ICs

PI ). Rp plays
a decisive role for the change of 85Rb polarization with
IK
PI (ICs

PI ). The 85Rb polarization in the 39K–85Rb–21Ne co-
magnetometer is smaller than the one in the 133Cs–85Rb–21Ne
co-magnetometer.

Figures 4(a) and 4(b) demonstrate that the 85Rb polar-
izations increase with increasing input rotation velocity in the
x direction Ωx and the y direction Ωy, respectively. Ω/γn is
equivalent to a magnetic field, which can be compensated by
the compensation magnetic field δBz. When Lz is some nega-
tive value, Ωy

γn + Lz
RRb

tot /γe

Ωx
γn = 0, which can help to eliminate the

effect of the input rotation velocity Ωx and Ωy on the 85Rb po-
larization. Figure 4(c) shows that 85Rb polarizations decrease
with increasing external magnetic field in the y direction By. A
By modulation method could be utilized to measure the mixed
AC Stark shifts.[43] Figure 4(d) demonstrates that 85Rb polar-
izations increase with increasing external magnetic field in the
z direction Bz. The change of Bz will make the compensation
magnetic field δBz change, which will affect the 85Rb polar-
ization.

3.3. The calculation result of the fundamental sensitivity

We take 39K (133Cs) as the A atom, 85Rb as the B atom,
one of the fRb, nNe, nN2 , T , λK (λCs), IK

PI(I
Cs
PI ), a, B (it is helpful

for us to study how B influence the SERF regime and funda-
mental sensitivity of the co-magnetometers) and V in Eq. (12)
as a variable (other parameters are invariable) to obtain the re-
sults that the fundamental sensitivity of the co-magnetometers

based on 39K–85Rb–21Ne and 133Cs–85Rb–21Ne change with
the variable. Depending on suggestions and the typical con-
ditions of the experiment group,[34,35,54] in order to facili-
tate the theoretical analysis, we take nNe = 2× 1019 cm−3,
nN2 = 2× 1017 cm−3, λK = 769.808 nm, λCs = 894.3 nm,
IK
PI = ICs

PI = 0.06 W/cm2, B = 10−12 T (Ree
SE ≈ 0), T = 457.5 K,

a = 1 cm, ap = 1 cm, fRb = 0.97, V = 1 cm3, and t = 1 s.
Figure 5(a) represents that the fundamental sensitivity of

39K (133Cs)–85Rb–21Ne co-magnetometer augments with the
increasing number density of 21Ne nNe when nNe is smaller
than a critical value about 1.6230× 1019 cm−3 and decreases
when nNe is larger than the value. For this phenomenon, just
as we discussed in our previous work,[24] we think that more
alkali-metal atoms diffuse to the cell wall and less spin ex-
change collisions between alkali-metal atoms A and B when
nNe is smaller than the value and decrease. Less alkali-metal
atoms diffuse to the cell wall and more spin exchange colli-
sions between alkali-metal atoms and buffer gas so that there
are less spin exchange collisions in alkali-metal atoms when
nNe is larger than the value and increase. Hence, if we take
the critical value as nNe, spin exchange collisions in alkali-
metal atoms are the most, we can obtain the highest funda-
mental sensitivity of the co-magnetometer. From Eq. (12),
Fig. 1(a) and Rp, we can find that RSD increases with the
increasing nNe, RRb−Ne

wall−K−Rb−Ne and RRb−Ne
wall−Cs−Rb−Ne decrease

with increasing nNe, RK
p and RCs

p increase with increasing nNe

when nNe increases, other systemic parameters in Eq. (12) do
not change with nNe, hence there is a smallest nNe to make the
fundamental sensitivity highest, which is determined by RSD,
RRb−Ne

wall−K−Rb−Ne (RRb−Ne
wall−Cs−Rb−Ne) and RK

p (R
Cs
p ).
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Fig. 5. The fundamental sensitivity of 39K (133Cs)–85Rb–21Ne co-magnetometers versus the number density of the buffer gas 21Ne in (a),
number density of the quench gas N2 in (b), the wavelength of pump beam in (c), and the power density of pump beam in (d).
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Figure 5(b) shows that the fundamental sensitivity of
39K(133Cs)–85Rb–21Ne co-magnetometer increases with the
increasing N2 number density nN2 when nN2 is smaller than
a critical value about 1.2407×1019 cm−3 and decreases when
nN2 is higher than the value. From Eq. (12) and Fig. 1(b),
we can find that RSD increases with the increasing nN2 ,
RRb−Ne−N2

wall−K−Rb−Ne and RRb−Ne−N2
wall−Cs−Rb−Ne decrease with increasing

nN2 , other systemic parameters in Eq. (12) do not change
with nN2 , hence there is a smallest nN2 to make the funda-
mental sensitivity highest, which is determined by RSD and
RRb−N2

wall−K−Rb−Ne (RRb−N2
wall−Cs−Rb−Ne).

Figure 5(c) demonstrates that the fundamental sensitivity
of 39K (133Cs)–85Rb–21Ne co-magnetometers decrease when
the wavelength of pump beam λK (λCs) increases but is
smaller than the value of about 770.085 nm (894.5032 nm)
and increase when λK (λCs) is larger than the value of about
770.1309 nm (894.696 nm) (85Rb polarization is about 0.08).

Figure 5(d) shows that the fundamental sensitivity de-
creases with the increasing power density of pump beam
IK
PI (I

Cs
PI ). In the experiment, IPI is usually a few hundreds of

mW/cm2. Here λK (λCs) and IK
PI (I

Cs
PI ) affect the fundamental

sensitivity by changing RK
p (RCs

p ).
Figure 6(a) describes that the fundamental sensitivity of

39K (133Cs)–85Rb–21Ne co-magnetometers decrease with the
increasing external magnetic field B. The increasing B will
make the relaxation rate due to alkali-alkali spin-exchange col-
lisions REE

SE increase, which makes the fundamental sensitivity
decrease. The fundamental sensitivity of 39K (133Cs)–85Rb–
21Ne co-magnetometers increases with the increasing cell tem-
perature T in Fig. 6(b) and we can know that the fundamental
sensitivity of 39K–85Rb–21Ne co-magnetometer is lower than
the one of 133Cs–85Rb–21Ne co-magnetometer from the illus-
tration. From Eq. (12), Fig. 1(c), the formula of Rp and alkali-
alkali spin exchange collision relaxation rate, we can find that
RSD and nB (nRb) increase with the increasing T , Rwall in-
creases rapidly when the T increases and Rp increases slowly
with the increasing T . However, there is a larger increase
for the 85Rb number density and a decrease for REE

SE(R
EE
SE ≈ 0)

when the T increases. Hence, the fundamental sensitivity in-
creases with the increasing T , which is mainly determined by
the 85Rb number density.
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Fig. 6. The fundamental sensitivity of 39K (133Cs)–85Rb–21Ne co-magnetometers change with the external magnetic field in (a), the cell
temperature in (b), the cell effective radius in 6(c), and mole fraction of 85Rb in (d).

The fundamental sensitivity of 39K (133Cs)–85Rb–21Ne
co-magnetometers increase with the increasing cell effective
radius a, respectively in Fig. 6(c) due to the fact that the in-
creasing a makes the Rwall decrease, which will increase the
fundamental sensitivity. The fundamental sensitivity of 39K
(133Cs)–85Rb–21Ne co-magnetometers does not change with
increasing ap. From the formula of Rp, we can find that Rp

does not change with the increasing ap due to the fact that ap

in ΦK
D1 (ΦCs

D1) and At are canceled out.
Figure 6(d) describes that the fundamental sensitivity in-

creases with the increasing mole fraction of 85Rb fRb, due
to the alkali-alkali spin exchange collision relaxation rate de-
creases and 85Rb number density increases with the increas-
ing fRb. When the fRb is larger than about 0.9662, the fun-
damental sensitivity of 133Cs–85Rb–21Ne co-magnetometer
is higher than the one of 39K–85Rb–21Ne co-magnetometer.
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From Eq. (12), the fundamental sensitivity of 39K (133Cs)–
85Rb–21Ne co-magnetometers increases with increasing mea-
surement volume.

As a result, the polarization of the 85Rb atom of the co-
magnetometer based on 133Cs–85Rb–21Ne is larger than the
one based on 39K–85Rb–21Ne in Figs. 2–4. The fundamen-
tal sensitivity of 133Cs–85Rb–21Ne co-magnetometer is higher
than the 39K–85Rb–21Ne co-magnetometer at the same cell
temperature in the SERF regime with the same frequency de-
tuning of the pump beam when (1) the external magnetic field
is smaller than about 1.7884×10−8 T, (2) the mole fraction of
85Rb is larger than about 0.9662, or (3) the power density of
pump beam is smaller than about 0.229 W/cm2 in Figs. 5 and
6 under our chosen conditions.

We obtain a fundamental sensitivity of about 7.542×
10−11 rad·s−1·Hz−1/2 with 39K–85Rb–21Ne co-magnetometer
with 85Rb polarization is about 4.4892 × 10−5 and
nK/nRb ≈ 5.1228× 10−4, a fundamental sensitivity of about
7.5355 × 10−11 rad·s−1·Hz−1/2 with 133Cs–85Rb–21Ne co-
magnetometer with 85Rb polarization is about 8.193× 10−4

and nCs/nRb ≈ 0.0043 when nNe = 6× 1019 cm−3, nN2 =

6.3× 1018 cm−3, T = 406.696 K, fRb = 0.99, IK
PI = ICs

PI =

0.06 W/cm2, λK = 769.938 nm, λCs = 894.43 nm, a = 2 cm,
ap = 1 cm, V = 10 cm3, B = 10−12 T, and t = 1 s. The funda-
mental sensitivity of 39K(133Cs)–85Rb–21Ne co-magnetometer
is higher than the angular velocity sensitivity of 2.1 ×
10−8 rad·s−1·Hz−1/2 of K–Rb–21Ne comagnetometer.[61] By
optimizing the above parameters, we obtain a fundamental
sensitivity of about 3.9993×10−11 rad·s−1·Hz−1/2 with 39K–
85Rb–21Ne co-magnetometer for the polarization of the 85Rb
atom is about 0.0021 and nK/nRb ≈ 7.5791× 10−4, a fun-
damental sensitivity of 3.8221× 10−11 rad·s−1·Hz−1/2 with
133Cs–85Rb–21Ne co-magnetometer for the polarization of
the 85Rb atom is about 0.0224 and nCs/nRb ≈ 0.0049 with
nNe = 8.3407 × 1018 cm−3, nN2 = 6.2035 × 1018 cm−3,
T = 457.5 K, fRb = 0.99, IK

PI = ICs
PI = 0.06 W/cm2, λK =

770.038 nm, λCs = 894.53 nm, a = 2 cm, ap = 1 cm,
V = 10 cm3, B = 10−12 T and t = 1 s, with higher fun-
damental sensitivity possible at larger measurement volume,
proper amount of buffer gas and quench gas, smaller pumping
rate of pump beam and higher temperature.

4. Conclusion
We find that the 85Rb polarization of 133Cs–85Rb–21Ne

co-magnetometer is larger than the one of 39K–85Rb–21Ne co-
magnetometer in our chosen conditions. The fundamental sen-
sitivity of 133Cs–85Rb–21Ne co-magnetometer is higher than
the one of 39K–85Rb–21Ne co-magnetometer when (1) the ex-
ternal magnetic field is smaller than about 1.7884× 10−8 T,
(2) the mole fraction of 85Rb is larger than about 0.9662, or

(3) the power density of pump beam is smaller than about
0.229 W/cm2.

To obtain a higher fundamental sensitivity between
39K–85Rb–21Ne and 133Cs–85Rb–21Ne co-magnetometers, we
should choose 133Cs–85Rb–21Ne co-magnetometer [when (1)
the external magnetic field is smaller than about 1.7884×
10−8 T, (2) the mole fraction of 85Rb is larger than about
0.9662, or (3) the power density of pump beam is smaller
than about 0.229 W/cm2] with 21Ne atoms as the buffer gas,
take the critical values of 21Ne number density and quench
gas N2 number density, increase the cell effective radius,
the measurement volume, the cell temperature (when the
quantity of alkali metal atoms are enough) and mole frac-
tion of 85Rb atoms, reduce the external magnetic field and
power density of pump beam, choose suitable wavelength
of pump beam based on actual demand of the fundamen-
tal sensitivity and spatial resolution. We estimate the fun-
damental sensitivity limit of the co-magnetometers due to
the shot noise superior to 7.5355 × 10−11 rad·s−1·Hz−1/2

with 133Cs–85Rb–21Ne co-magnetometer, which is higher
than the one of a K–21Ne atomic co-magnetometer of 2×
10−10 rad·s−1·Hz−1/2. We could choose suitable conditions
on the basis of the experiment requirements to gain a higher
sensitivity of the co-magnetometers, keep the costs down and
carry forward the miniaturization and practical application of
the co-magnetometers.
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[1] Schreiber K U, Klügel T, Wells J P, Hurst R B and Gebauer A 2011

Phys. Rev. Lett. 107 173904
[2] Schreiber K U and Wells J P R 2013 Rev. Sci. Instrum. 84 041101
[3] Shahriar M S and Salit M 2008 J. Mod. Opt. 55 3133
[4] Stedman G E 1997 Rep. Prog. Phys. 60 615
[5] Everitt C W F, DeBra D B, Parkinson B W et al 2011 Phys. Rev. Lett.

106 221101
[6] Lefevre H C 2013 Opt. Fiber. Technol. 19 828
[7] Kominis I K, Kornack T W, Allred J C and Romalis M V 2003 Nature

422 596
[8] Kornack T W, Ghosh R K and Romalis M V 2005 Phys. Rev. Lett. 95

230801
[9] Meyer D and Larsen M 2014 Gyroscopy Navigation 5 75

[10] Brown J M, Smullin S J, Kornack T W, Romalis M V 2010 Phys. Rev.
Lett. 105 151604

[11] Smiciklas M, Brown J M, Cheuk L W, Smullin S J and Romalis M V
2011 Phys. Rev. Lett. 107 171604

[12] Vasilakis G, Brown J M, Kornack T W and Romalis M V 2009 Phys.
Rev. Lett. 103 261801

[13] Tullney K, Allmendinger F, Burghoff M, Heil W, Karpuk S, Kilian W,
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