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

Polarization and fundamental sensitivity of K (3*Cs)-*'Rb-?'Ne
co-magnetometers”

Jian-Hua Liu(X)Z4)13, Dong-Yang Jing(3% %< %)%, Lin Zhuang(FEH#)*,
Wei Quan(4f§)°, Jiancheng Fang(55 & %)°, and Wu-Ming Liu(XIff )12 1

1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100190, China

3 School of Science, Beijing Technology and Business University, Beijing 100048, China
4School of Physics, Sun Yat-Sen University, Guangzhou 510275, China

5 School of Instrument Science and Opto-Electronics Engineering, and Science and Technology on Inertial Laboratory,
Beihang University, Beijing 100191, China

(Received 11 October 2019; revised manuscript received 28 February 2020; accepted manuscript online 9 March 2020)

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 3°K—
85Rb—?!Ne and '33Cs—85Rb-2!Ne HOPSERF co-magnetometers with low polarization limit and the wall relaxation rate.
The 2!Ne 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
7.5355x 10! rad-s~!-Hz~1/2 of 133Cs-35Rb-2!Ne co-magnetometer is higher than the ultimate theoretical sensitivity 2x

1010 rad-s~1-Hz~1/2 of K-2!Ne 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, 2] gravitational wave detection,?! downhole ori-
entation sensing!¥ and general relativity test.’] Ring laser
gyroscopes and fiber optic gyroscopes based on the Sagnac
effect are widely used in sea and space navigation.!®) With
the rapid development of quantum physics, the spin exchange
relaxation free (SERF) atomic spin co-magnetometer!’! uses
hyperpolarized nuclear spins to sense rotation. Atomic co-

magnetometers!>]

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,!'%-11]
to study spin-dependent forces!'>!31 and to search elec-
tric dipole moments.!') A SERF atomic co-magnetometer
based on K—He!'”! reached rotation sensitivity of 5 x
107 rad-s~!'-Hz~1/2 in 2005. A Cs—'?Xe co-magnetometer

was also studied.!'8! Due to the formation of van der Waals
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molecules between Cs and 29Xe, 9] the Cs relaxation rate
is much larger than that of the Rb in a Rb—?>!Ne pair. A K—
Rb—?'Ne co-magnetometer ensures high sensitivity for rota-
tion sensing. Theoretical analysis shows that the fundamental
rotation sensitivity!!”! of a K—?!Ne atomic co-magnetometer
could reach 2 x 10710 rad-s~'-Hz~'/2 with 10 cm? sense vol-
ume as the density of K is 1 x 10! cm™3, the number den-
sity of buffer gas 2!Ne is 6 x 10!° cm™3. A dual-axis K-Rb—
2INe comagnetometer can suppress the cross-talk effect and
carry out high-precision rotation sensing along two sensitive
axes simultaneously and independently?”) 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.!?!! The synchronous mea-
surements of inertial rotation and magnetic field in a K-Rb-
2INe comagnetometer based on the nuclear spin magnetization
of the 2!Ne self-compensation magnetic field and enhance-
ment of the rotation signal®? and the real-time closed-loop
control of the compensation point!>3! in a K-Rb—2!Ne 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 8Rb, 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 3°K-3Rb—?!Ne and '3*Cs-3"Rb—
2INe HOPSERF atomic magnetometers (K (133Cs)-*5Rb-
2INe co-magnetometers), then found that the fundamental sen-
sitivity of 133Cs—8 Rb—?'Ne co-magnetometer is higher than
the 3°K-3Rb—?'Ne 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 x 10~8 T, (2) the mole fraction of 3Rb 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/cm? 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 x 10~ rad-s~'-Hz~'/2 with '33Cs—85Rb-
2INe co-magnetometer when (1) the polarization of 3>Rb atom
is about 8.193 x 10~*, (2) the measurement time is 1 s, cell
temperature is 406.696 K, (3) the number density of Rb is
about 1 x 10 cm™3, (4) cell effective radius a = 2 cm,
measurement volume is 10 cm?, (5) external magnetic field
B =1x10"'2 T, (6) the number density of quench gas N,
is 6.3 x 10'® cm™3, and (7) the number density of buffer gas
2INe is 6 x 10" cm™3, and the fundamental sensitivity is
higher than the fundamental rotation sensitivity!!”! of a K—
2INe atomic co-magnetometer of 2 x 10710 rad-s~!-Hz /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,?#! 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 K or 133Cs as atom A, select 3°Rb as atom B in
the SERF regime,?*>! 2INe as buffer gas to suppress the
spin relaxation and N; as quench gas to restrain radiative de-
excitation of alkali metal atoms. %! The saturated density!*’!

of the alkali-metal atoms vapor in units of cm ™ at cell tem-
perature T in Kelvin is ng, = %102]'86°+A1’B'/T. A1 and B;
are phase parameters,>! where AK = 4.402, AR® = 4.312,
A§S = 4.165, BX = 4453, BR® = 4040 and B$® = 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

28,291 35 we discussed in our previous work, 24

magnetic field,!
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

B
sat>

is the mole fraction of atom B in the metal and n2, is the sat-

vapor densities obey Raoult’s law,*Y! ng ~ fgnB,, where fz
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 =~ 0.03n%,, ng ~ 0.97n2,. For K-Rb-
2INe atomic co-magnetometer, we suppose that in an alkali-
metal vapor cell filled with K, Rb, and 2! Ne atoms, the density
ratio of K to Rb is D; = ng /ngp (where ng and ngy, 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, v, is tuned away from the ab-
sorption center of the pressure>!! and the power-broadened!*?!
D1 absorption line, there will be an AC Stark shift of K, which
is denoted as L? in the light propagation direction,*! 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 LR® 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

=K i the spin-exchange

Rb—K - R
Riqi%« =nrpOgg  VRb—Ko> where Oy
cross section between Rb and K33 and vgy,_k is the relative
velocity between Rb and K. Thus the spin transfer rate from K

s pSE SE
to Rbis Ry~ p, = DiRpp_k-

The full Bloch equations are given as follows: [3+3>]
JPg
K- _(ByIX)x B
i Q(R)
Rpsp — Ry P + Ryi,_ ¢ (Pgy — PX) )
0 (FY) ’
9 Py Ye
= B+ Ay NeM{P" + LX) x P
ot Q (Plgb) ( + ARb—Ne 0 + Rb
_,rDrRﬁEb—K (Plg_Plgb) _ 1 Plgb (2)
Q (Plgb) TZCa T2€7 Tie Q (P}Sb)
E — Rb pe n n
3% ’)/n B+}LRb—NeM0 PRb xP"+ 02 x P
, 1
Ry Py, —P")— ——P".
* Rb=Ne ( Rb ) T2n7 T2n7 Tin (3)
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Fig. 1. The wall relaxation rates change with the 21Ne number density nne in (a), the N number density ny;, in (b), the cell temperature 7' in

(c), and the cell effective radius a in (d).

Here Px, Prp, and P" are the polarizations of K, Rb and
2INe atom spins, respectively; Q is the input rotation veloc-
ity; Q(Pg) and Q(Fg,) are the slow-down factors caused by
the rapid spin exchange.*®! 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.*>! B is the
external magnetic field. Lx and Ly, are the AC Stark shifts
of the K atoms and Rb atoms respectively. R, is the pump-
ing rate of K atoms (or the pumping rate of Cs atoms for the
SERF atomic co-magnetometers based on '33Cs—8Rb), which
is mainly determined by pumping laser parameters,!'”! while
sp, gives the direction and magnitude of photon spin polariza-
tion. Here Agy—neM( P" is the magnetic field produced by the
2INe atom spins through spin-exchange interaction with Rb
atom spins; 7! Arp_Ne = 8TKRp_Ne/3, KRb_Ne iS @ Spin ex-
change enhancement factor resulting from the overlap of the
Rb electron wave function with the >'Ne nucleus and is ap-
proximately 35.7.138 My = UNenNe, Une is nuclear magnetic
moment and 7y is the 2'Ne atom number density. Rb atom
spins also produce a magnetic field Arp—NeMK® Prp, which is
experienced by the 2!Ne spins. We take 1/T3 and 1/Tj. as
the transverse and longitude relaxation rates of Rb atom spins,
respectively;

1 pe 1 pn

Tae iR R

1 Pe — LPC 1 n_| _1 pn
Rb— | T yRb | » -\ B )

T267T267TIC %c }c T2n7T2n7Tln %n yn

7o PR 7P

VRb—Rb +
NNe 651])3 “PRb—Ne + NN, 0512 *VRb—N, + MRb G;,%’*KVRb—K,
R%};H is the relaxation rates due to diffusion of Rb atoms to the
wall (the wall relaxation of Rb atoms), 7]

1/T . = R§Y + DRy + Ry, RSD = npyogy "%

147/273.15
Pye/1 amg

1+7/273.15
Py, /1 amg

Rb
Ry = Q(Pg,) DY

(2
(2"

+0( lgb)D§];

Dﬁb is the diffusion constant of the alkali atom Rb within the

buffer gas Nel3#1]

in units of cm?/s and is given at 1 amg
and 273 K, Dﬁb is the diffusion constant of the alkali atom
Rb within the quench gas N,[4%#?! in units of cm?/s and
is given at 1 amg and 273 K, 1 amg = 2.69 x 10'° cm~3,
Dﬁg = 0.2 cm?/s, D§2 = 0.19 cm?/s, Py is the pressure of
buffer gas Ne in amg, Py, is the pressure of quench gas N 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!***4 Q(pg,)/TSE, and 1/Tie,
1/Ty. = 1/Tic+ Q(Pﬁb)/TgE. Ry, _Ne is the spin-exchange
transfer rate from Rb to >'Ne atom spins. The AC Stark shift
of Rb atom spins is measured by measuring the polarization
of Rb atom spins along the x direction P&, , with a probe laser
whose wavelength is tuned to the Rb D1 line. Suppose that a
B, 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, dPg/dt =0, dPg, /dt =0
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and dP"/dt = 0. For the low polarization limit,

Rb Rb 1+7/273.15 T2
Rb 1+T/273.15\ /7\2
+0(0)gy DX (W) (5) .

We can find that the relaxation rates for diffusion of

8Rb in the *'Ne gas to the wall of 3*K-8Rb-?!Ne co-

magnetometer R&gﬁ ﬂibefNe, the total relaxation rates for

diffusion of ®Rb in the 2'Ne gas to the wall of °K-
Rb—Ne—N,

wall-K—Rb—Ne”
rates for diffusion of 3Rb in the 2'Ne and N, gas to the

13385 21 Rb—Ne
wall of Cs—">Rb—""Ne co-magnetometer R all—Cs—Rb—Ne

and the total relaxation rates for diffusion of ®Rb in the

2INe and N, gas to the wall of 133Cs-85Rb-2INe co-

Rb—Ne—N.
magnetometer Rwau—és—ﬁb—Ne decrease when 2!Ne atom

85Rb-2!Ne co-magnetometer R the relaxation

number density nne increases in Fig. 1(a), because the
buffer gas 2!Ne atom suppresses the spin relaxation caused
by wall collisions. The relaxation rates for diffusion of
8Rb in the N, gas to the wall of 3°K-®Rb-?!Ne co-
magnetometer is R&ZHE%_R,)_N@, the relaxation rates for dif-
fusion of 3Rb in the N, gas to the wall of '3*Cs-3 Rb-

. pRb-N Rb—N.
2INe co-magnetometer is R & rb-Ne: Rl b Rb_Nes
RRbeesz RRbez

Rb—Ne— 2
wall-K—Rb—Ne* “*wall—-Cs—Rb—Ne and RwaHszbefNe decrease
when ny, increases for N, gas colliding with excited al-
kali metal atoms and absorbing the energy, which restrains

radiative de-excitation of the excited alkali metal atoms,

Rb—Ne Rb—Ne
RwallfoRbee and RwaHszf

increases because they are not related with ny, in Fig. 1(b).

Rb_Ne 40 not change when ny,

Rb—N, Rb—Ne—N, Rb—N,
- IIhGN Ryan—K-Rb-Ne* Rwall—K—Rb-Ne> Rywall—Cs—Rb—Ne>
RYPNCN2 RRb—Ne and RRb-Ne increase

wall-Cs—Rb—Ne’> ~"wall-K—Rb—Ne’ wall-Cs—Rb—Ne
with increasing cell temperature 7 in Fig. 1(c) because the in-

creasing 7 makes the number density and relative velocity of
85Rb atoms greater and more 3Rb atoms move towards the
wall. The Ry, decreases when the cell effective radius a in-
creases in Fig. 1(d) for the 3°Rb atoms colliding more 2!Ne
atoms and N, atoms with the increasing a when 3Rb atoms
move towards the wall, which will decrease the wall relaxation
rate.

The polarization in the z direction could be calculated
by 3!

DR,
Der +R§B + Q(O)Rb/Tle ’
for R, < RRp_x, Dr < 1,

C ~ C ~
zZK ™~ fzZRb ™

S€
P~ RRb-Ne
z = Rse

Rb—Ne + l/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 2!Ne are approximately constant

in the z direction, then the coupled Bloch equations can be
simplified.*>! In the x direction, the polarizations of K and Rb
can be solved and are given by !

By Q Ly O
(R&tt)/}/e) (Fh531+ 7t m%)

tot

(RR2/%.)* + (8B, +L.)?

NG

e . DPE .~ DE
PxK"‘PxRbNPsz

where
N DR,
D:Ry +RE8 + Q(0)ry /T’

e
P, ZzRb

1
A= DiRy + RS+ R

le
Ry = DeRy + RSP + R +Q(0)ro /T35,

_ pK Cs
R, =Ry or R,

RK — Py rec I'51/2

P Ao (vk—Vop )2 + Iy /2)*
oo DEireeS; e

p

A (Ves—Vip1)*+ (U5 /2)*

8
8B.=B.—B°—B", B~ 3 7Ho Kb NeMEO Py,

Z
Rb .
My~ ~ Upngp,

Rlslebee
R%ebee + l/Tln 7
Tin ~ 214%60x2.69% 10" /nne, o =4mx10"7 Tm/A,

8
B"~ 3 PHOKRb—NeHNeINe

tne = 3.33x107 27 J/T, RE, ne = K Ne/IRDs

se Rb—Ne - K Rb
Krb—Ne = Osp ~ VRb—Ne; L;=D.L;+L;,

1K — Py rec iy VK — Vib

: AtYe (VK_V(I)E)1)2+(FDK1/2)2

3A3IK
IN = p 1+ =2,
mhelplp,
nnePoT

Xy = 7.8 GHz/at

P=DI = 702,69 x 1019 jem? z/atm,
JRb _ iy recspr ( ! _ ! )

e A S e g

To =273.15 K, By = 101.325 kPa= 1 atm, 1/T5,, and 1/T},
are the transverse and longitude relaxation rates® of the
2INe atom spins, respectively. We can obtain the polariza-
tions of Cs and Rb in the x direction for '*3Cs—3"Rb-2!Ne

co-magnetometers by replacing the K atoms by Cs atoms in

Eq. (4).
Cs _ P T ~ K
I},le = T0><2219\l><—1%19/cm3 x 8.2 GHZ/atm, KRb—Ne ~ 357, IPI

(IS) is the power density of pump beam for ¥K (133Cs)-

The linewidth of the Cs—Ne pressure broadening

85Rb—?!Ne co-magnetometers, the >'Ne 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

n. [46

torques on the spins, thus cause relaxatio 1 The resonance

transition of lé%l is 770.108 nm, véﬁ)l = c/lé%l ~ 3.895 x
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105 GHz, the DI transitions of Rb and Cs in vacuum are
A8S, =795 nm and A§3, = 894.6 nm, respectively. There-
fore, VRS, = ¢/AR®, ~ 3.773 x 10° GHz, v}, = ¢/A$, ~
3.353 x 10° GHz, the D2 transitions of K and Rb in vac-
uum are 15%2 = 766.7 nm and AR, = 780.2 nm, respec-
tively, V0D2 = c/)y()D2 ~3.845 x 10° GHz; fD1 = 0.324, fDl =
0.347, fRb = 0.332, &0 =0.668.17! &K, is the photon num-
ber flux, <DD1 = AKIIID(In'aIZ) /hc and Ay is the transverse area of
the pumping light, A = nalz,, re is the classical electron radius,
re = 2.817938 x 10715 m, and c is the velocity of light, fp; is
the oscillator strength!*®! and ¥, is the electron gyromagnetic
ratio, [[% bi is the linewidth (full width at half maximum) of the
pressure and power-broadened K D1 absorption line,**! and
V&, 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. 0B; is the compensation magnetic field.
For small atomic polarization, the spin precession rate is
given by @y = gugB/Q(P°)h, which is the Larmor frequency,
Tsg is the spin-exchange time, 1/ T SE = anGSE

Rb—Rb
where ogp

RO R b—Rbs
is the spin-exchange cross section between
Rb and Rb, and vgp_gp is the relative velocity between Rb
and Rb. Q(P°) is the slow-down factor for polarization and
nuclear angular momentum, 2”59 Q(P®)gs, = (38 +52P% +
6P*)/(3 + 10P? +3P*) for the 3Rb atom. In this limit spin
exchange contributes to transverse relaxation only in sec-
ond order and vanishes for zero magnetic field,!!”! 1/75F =
3 Tse [Q(P°)? — (21 +1)?] Q(P®)?/20Q(P*)?, 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-35Rb, 39Rb-3? K spin-exchange collisions, then

L = ( gusB )2 {Q(O)sz - (21Rb + 1)2
TE Q(0)roh/ L 2ngy o8 RPPRp_rp
Q(0)g, — (2Irp + 1)2}
+ Rb—K - : ®)
2nRbOgE  VRb—K

For 3°K, 8Rb and '33Cs, Ix = 3/2, Iy, = 5/2, Ics = 7/2, the
relaxation rate for alkali-alkali spin-exchange collisions reads

RRERD ( gkpB )2 Q(0)gp — (2ry +1)? (6)
O(O)roh)  2nppogy RPPry_grb |
REE _ ( sHsB >2 QO — (@I +1? )
Q%)  2ngogy "Wk Rro
REDK — ( gusB )2 0(0)gy, — (20ry +1)* (®)
O(0)rp/i 2nRpOew KPRk
RKK _ < gusB )2 0(0)g — (2 +1)° ©)
SE 0(0)xh 2nKOer VKK

where B is the external magnetic field. With sufficiently high

alkali metal number density (at higher temperature) and in suf-

ficiently low magnetic field, RKE ~ RRORP ~ RREK ~ RERP ~ 0.

In the absence of spin-exchange relaxation, spin destruction
collisions due to the spin-rotation interaction!*®! become a
limiting factor. For low polarization limit, we take Q(Pg) ~
0(0)k, Q(PS,) ~ Q(0)rp, Oag X° is the spin-exchange cross
section of 3°K and 8Rb 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 kg

Atomic mass unit m

T

2INe nuclear gyromagnetic ratiol>”)
Electron spin g factor

Planck’s constant 7

Bohr magneton ug

1.38 x 1072 J/K
1.660539040(20)x 10~27 kg
3.14

2.1 x 107 rad/s/T

2% 1.001159657

1.054589 x 10734 J-s
9.27408 x 10~24 J/T

o, 15 1.8 x 10714 cm?
ofP 12 1.9%x 10~ cm?
o3t 2.1x 107 cm?
o, 162 1x 10718 cm?
oRbI46] 1.6 x 10717 cm?
ods e 2x 10716 cm?
Gg}(];Ne [36,39] 1x 10—23 sz
oRb-Nelso] 5.2%107% cm?
GSCIS)—Ne [57] 1x 10—22 Cm2
Gg};Nz [27,58] 7.9% 10~23 ¢cm?

Rb—N; —
GSD 2[27,36] 1x10 22 sz

(y;:];’NZ 27,36] 5.5x 10722 cm?

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!!7>%]
,},n
so— YV 10
Yer/n LVt (10)

where y" is the nuclear gyromagnetic ratio of the noble gas
= gug/h,?7% g is the electron g-factor, up is the
Bohr magneton, n is the density of alkali metal atoms, V

atom, %

is the measurement volume, ¢ is the measurement time, 7>
= Ryan + Rsp +
For the transverse spin relaxation time of the

is the transverse spin relaxation time, 1/7;
0(P)RS;..
co-magnetometers, we need consider the spin destruction re-
laxation Rsp caused by Ne, N, alkali metal atoms A and
B, the relaxation rates due to diffusion of alkali metal atoms
A and B to the walL,l'! ie., R, and RB
rate due to alkali-alkali sp1n exchange collisions, i.e., RSE, 1601

SE = R —|—R +R +RSE, which cannot be ignored for
large external magnetic field B and is negligible in SERF

wan» the relaxation

regime (when T is higher than 418.3 K, B is smaller than
10710 T, RS ~ 0), the pumping rate of pump beam R;, and
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the pumping rate of atom B Rp (Rp is a function of R},), hence
1/Ts = Rép + RS + Ry + Ruyy + Ry + O (P°) R§; + Ry, we
substitute this term into Eq. (10) and obtain

B }’“\/RWau + RS + O(P°)RE: + R, + R
B Yev/nVt ’

where Rég = R‘§‘D + RED, Ry = R@an + R?Vall. However, be-
cause alkali metal atom B is the probed atom, only these items

oQ

(1)

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:

, Vn\/REan +Rsp +Rp + Q(0)sRSE

oQ .
Yer/ngVt

12)

where

JHT/WU)Z

B B
Ryan = Q(O)BDbuffer Pout /1 amg a
uffer

L O(0)DP V1+T/273.15 (n)i

uench
9 Pquench/l amg a

Dyyfter and Dgyench are the diffusion coefficients of the alkali
atom within Ne and Ny in units of cm?/s and is given at 1 amg
and 273 K respectively, 1 amg= 2.69 x 10" cm ™3, Byyfer is
the pressure of buffer gas in amg, Pyench is the pressure of
quench gas in amg, a is the equivalent radius of vapor cell,

B-B_ B—Ne B-N,._
Rsp = npOgp, " VB_B +NNeOgp,  VB—Ne + 7N, Ogp  ~VB—N,
B—A_ A-B_
+ng0Ogp “ VB—A +71AOgp VA-B,
EE _ pBB |, pBA

RBB _ ( gusB )ZQ(O)ZB_(ZIB+1)2
£ 7 \00)sh)  2npolPigp

RBA _ ( gkpB )2 Q(O)ZB_(ZIBﬁLl)Z.
S Q(0)sh 2npog; s a

In the limit of fast spin-exchange and small magnetic
field, the spin-exchange relaxation rate vanishes for suffi-
ciently small magnetic field.*¢! In Eq. (12), we can find that
the fundamental sensitivity of the co-magnetometers increases
when part or all of R&a”, Rsp, Rg, RE’E, and RE‘Q (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, ng
and V increase. For the expressions of RS, Rsp, Rp, RES,
RSBI?, ng, 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, nn,, cell temperature 7', wavelength of
pump beam (Ag and Acs), power density of pump beam (IllfI
and Igf), pump beam spot radius a,,, the mole fraction of 85Rb

JRrb, 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 3°K-%Rb-?'Ne and !33Cs—#Rb-?'Ne 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 2! Ne, 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, B", B®, 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 2!Ne number density nye, No number
density nn;,, cell temperature 7, wavelength of pump beam
Ak (Acs), mole fraction of 3Rb fiy, cell effective radius a, and
power density of pump beam Illfl (IIS:IS), the input rotation veloc-
ity in the x direction £, and y direction £y, external magnetic
field in the y direction B, and z direction B; by Eq. (4) as a
variable (other parameters are invariable) to obtain the results
that the polarization of the 3°K(!33Cs)-3°Rb—?'Ne HOPSERF
co-magnetometer changes with the variable. From the for-
mula of Rp, we can find that R, the frequency shift and B*
do not change with the increasing ap due to ap in @gl (CDST)
and A are canceled out. Depending on suggestions and the

34.35541 in order to

typical conditions of the experiment group,!
facilitate the theoretical analysis, we take the mole fraction of
85Rb atom as frp = 0.97, nNe = 2 x 10 em ™3, ny, = 2 x
107 em =3, I = IS = 0.06 W/em?, Q, = 7.292 x 107 rad/s,
Q,=7.292x 10" rad/s, By =1x 1072 T,B,=7x 107" T,
a=1cm,ap,=1cm, Ax =769.808 nm, Acs = 894.3 nm, and
T = 457.5 K, at the moment, >°K, 8°Rb, and '33Cs 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 33Rb polar-
ization smaller than about 0.08 and larger than 10~*. We dis-
cuss the variations of pumping rate of the pump beam, the fre-
quency shift, the B", the B®, the alkali-alkali spin-exchange
collision relaxation rate related with 3Rb atoms. Figure 2
demonstrates the 3°Rb polarization of K (33Cs)-3Rb-2!Ne
co-magnetometers changes with nne, nn,, AK(le) and T, re-

spectively.
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Figure 2(a) shows that 83Rb polarizations decrease with
the increasing nye in 3*K-8Rb-?!Ne and 33Cs—8Rb-?!Ne
co-magnetometers. The ®3Rb polarization of '3*Cs-3 Rb—
2INe co-magnetometer is larger than the one of 3°K—3 Rb—
2INe co-magnetometer.

From the formula of REB, Rp, Tin, frequency shift,
B®, and B, we can find that REB increases with the in-
RRb—Ne RRb*NC*Nz

wall-Cs—Rb—Ne’ “*wall-K—Rb—Ne"
decrease when 2!Ne atom number density nne

: Rb—Ne
creasing nNe, Rwall—K—Rb—Ne’
RRO-Ne-N,

wall—Cs—Rb—Ne
increases in Fig. 1(a), R,, B" and B® increase with increas-

. K K-Rb Cs Cs—Rb
ing nNe, Tins LK _grp—Ne> LK _Rb—Ne» Ls—Rb—Ne a0 Leg Ry Ne
0.08 . :

[ +39K785Rb721Ne 10-1
] —e— 1330g_S5Rp—2IN
2 .06} : “10- \
)
(=)
3 0.04f
g 104 ]

1018 10|9 1020
Q L 4
£ 0.02
O_‘H—.—-
0 2.0 4.0 6.0 8.0

2INe atom number density/10!? cm—3

10—t} —e13Cs SR 21Ne 1071 [ R0 TN
: / \
e (C) 4 -3
g 102 /[ \" !
= / \10-+
= JQ@ 7704
)
a i
é 1075t . -
o e,
I * %
104l L L L L L L
893.0 894.0 895.0 896.0

Wavelength of pump beam/nm

ization, which is mainly determined by the Rgp,

decrease with increasing nne.The change value of 83Rb polar-

Rb pRb
Rwall ’

and R;,.

Figure 2(b) demonstrates that 8 Rb polarization decreases

with increasing nn,. From the formulae of RES, Rwan

and B¢, we can find that REB increases with the increas-
. Rb—N, Rb—N, Rb—Ne—N,
g 7N, , RwallfoRbee’ RwaHszbefNe’ RwallfoRbee’

Rb—Ne—N, . Rb—Ne
R, cs—Rb_Ne decrease when ny, increases. Rk rb_Ne

Rb—N
and Rwallfészbee
Fig. 1(b), B® decreases slowly with increasing ny,. Here > Rb

polarization is mainly determined by the RYS and RR®, .

and

do not change when ny, increases in

10-1 T T
—a— 39K _—85Rb—21Ne
.5 —e— 13305 _85Rb_2!Ne
% 107% (b)
N
‘=
8
o
Q. 10-3F
Q
[ae
)
104 . . ) 3
1016 1017 1018 1019 1020
Ny atom number density/cm™3
2.8 T T T T T
9 39K _85R |21
S o2.4f RN
— —— lg‘*CSf&’RbleNe
= 2.0} (d)
e 7
% L.67
X
Ej 1.2¢
2 0.8}
0
x 04r
3 0 [
415 425 435 445 455

Cell temperature/K

Fig. 2. The $Rb polarization of 3K (133Cs)-3 Rb-2?!Ne co-magnetometers versus the number density of the buffer gas 2! Ne in (a), the number
density of the quench gas N in (b), the wavelength of pump beam in (c), and the cell temperature in (d).

Figure 2(c) shows that 85Rb polarization of K (133Cs)-
85Rb—2!Ne co-magnetometer increases when Ag (Acs) in-
creases but is smaller than the value of about 770.085 nm
(894.5032 nm), decreases when Ak (Acs) is larger than the
value of about 770.1309 nm (894.696 nm) (3>Rb polarization
is about 0.08). From the formulae of the 85Rb polarization,
R, L;, and B®, we can find that Rp, LEbefNe (ngbefNe)
and B¢ increase and Lﬁb_Rb_Ne (LEE_Rb_Ne) decreases with in-
creasing Ag (Acs) when the Ak (Acs) is smaller than the value
of about 770.085 nm (894.5032 nm). R, and B° decrease with
increasing Ax (A¢s) when the Ak (A¢s) is larger than the value
of about 770.1309 nm (894.696 nm). Therefore, the change of
85Rb polarization with Ak (Acs) is mainly determined by the
pumping rate of the pump beam, the frequency shift and B®.

Figure 2(d) demonstrates that $Rb polarization de-
creases with the increasing 7.  The 3°Rb polariza-
tion of 33Cs—%Rb-?!Ne co-magnetometer is larger than
the one of 3°K-8Rb-?'Ne co-magnetometer. From

the formula of the REB and Fig. 1(c), Rp, frequency
shift, B", B, alkali-alkali spin exchange collision relax-
ation rate, we can find that REB increases with increas-

. Rb—N, Rb—N; Rb—Ne—N,

lnRgb Z\; N RwallfoRbee’ Rwa117Cszb7Ne’ RwallfoRbee’
—Ne—Nj Rb—Ne Rb—Ne :

Ryai—cs—Rb—Ne» Rial—K—Rb—Ne» A0 Ry "¢ pp_ne INCrease

with increasing T in Fig. 1(c) because the increasing T makes
the number density and relative velocity of 33Rb atoms larger
and more 3 Rb atoms move towards the wall. Rll.f and Rgs in-
crease with increasing 7, due to the fact that the increasing
T can increase the linewidth of the K-Ne and Cs—Ne pres-
sure broadening, which make Rg and Rgs increase. LEiniNe,
LE rbNes LK Rb nes and LETRY  decrease slowly with
increasing 7', due to the fact that the increasing 7' increases
the linewidth of the K-Ne and Cs-Ne pressure broadening,
which make Lﬁ—Rb—Ne’ LgibefNe’ LE:EE,Ne
decrease. However, LR® o« and LY ... do not change
with T because LR® o\ and LR® .\ have nothing to do
with the T'. B" increases with increasing 7' due to the fact that

Cs—Rb
and LRy Ne
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Xb_Ne Changes with T from the equation of B" and Ry .

increases with the increasing 7. B€ increases with increasing
RbK RbCs RbRb RbRb EE

T. RKRbNe’ RCstNe’ RKRbNe’ RCstNe’ RKRbNe’ RCstNe de-

crease with the increasing T because the increasing T makes

R RE .1 and RO . increase, which is inversely pro-

Rb—K>’
RbK RbRb RbCs RbRb
portional to the Ririne: RkRbNe: RCsRoNe: KCsRbNe in Eq. (5),

respectively. Therefore, the total effect of the RSD, the pump-
ing rate of the pump beam (RK and RCS) the frequency shift

K Cs K- Rb n e
(LK _Rb-Ne» Lcs—rb-Nes LK_Rb-Ne and L Rb Ne)» B, B

and the alkali-alkali spin-exchange colhslon relaxation rate

RbK RbCs RbRb RbRb EE
(RkRbNe> RCsRbNe» RKRbNe> RCsRbNe: RKRbNe’ Rigrone) make

the 83Rb polarization decrease with the increasing 7.
Figure 3 shows that the 8Rb polarization of K (133Cs)-

85Rb-2!Ne co-magnetometers changes with the mole fraction
of BRb frp, cell effective radius a and power density of pump
beam Ipy.

Figure 3(a) shows that 8°Rb polarizations decrease with
increasing mole fraction of °Rb fgp. From the formulae of
the Dy, RSD, B¢ and alkali-alkali spin exchange collision re-
laxation rate, we can find that D;, B® and alkali-alkali spin
exchange collision relaxation rate decrease and RYp increases
with the increasing frp. Therefore, the decrease process of the
85Rb polarization is determined by Dy, RSD, B® and RKRbNe,
RROCS s RRORE | RRORD oo REE, \os REE: Ne> Where Dy and RES

CsRbNe’> “*KRbNe’ “*CsRbNe”
play important roles.

_ 107! — 1 L 9.00f ; 10! '
b

;% (a) % 750k (b) g (c)
@ _ —a— 39 85 21 e

102} 9 | K—8Rb—2INe b= -2}
< & 4.50f 3
,S 1073} —a 397 _85 21 %3 3.001 B 1073}
= K — Prxbf Ne a, o —— 39K _85Rb—21Ne
2 ——133Cs—8°Rb—2!Ne o L1.50} ot 133 85 21

= 2 —— 133Cs—8°Rb—2INe
10-4 . . L . . . Iy Ot ——— 10-4 \ \ . .
0.84 0.87 0.90 0.93 0.96 0.99 ~ 1 ) 3 4 5 6 0 0.12 0.24 0.36

Mole fraction of 8°Rb

Cell effective radius/cm

Power density of pump beam/W-cm—2

Fig. 3. The 3Rb polarization of 3°K (133Cs)-85Rb—?!Ne co-magnetometers versus the mole fraction of 39Rb (a), the cell effective radius (b),

and the power density of pump beam (c).
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Fig. 4. The 3Rb polarization of 3°K (133Cs)-8Rb—?!Ne co-magnetometers versus the input rotation velocity in the x direction (a), and
y-direction (b), the external magnetic field in the y-direction By, (c), and z-direction B; (d).

Figure 3(b) demonstrates that 83Rb polarizations decrease
with increasing cell effective radius a. From the formula of the

85Rb polarization, Ry, and BS, we can find that the wall re-
. Rb—N, Rb—N, Rb—Ne—N,
laxation rate Ry, "k _grp-Ne» Rwall—Cs—Rb—Ne» Rwall—K—Rb—Ne-

Rb—Ne—N; Rb—Ne Rb—Ne
Rwa117Cszb7Ne’ RwallfoRbee and RwaHszbefNe decrease

when «a increases in Fig. 1(c) and B® increases with increas-
ing a. Therefore, the decrease process of the 8°Rb polarization
is determined by Ry, and B®, where the wall relaxation rate
plays a decisive role.

Figure 3(c) shows that 3>Rb polarization increases when
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1§ (IS) increases. From the formula of ;X (I;$®), Ry, fre-
quency shift and B®, we can find that I[[X (I}$) increases
with the increasing I& (I5°), which lead to R,, frequency
shift and B° increase with increasing IX (ISF). R, plays
a decisive role for the change of 8°Rb polarization with
I (I5F). The ®Rb polarization in the *?K-35Rb-?!Ne co-
magnetometer is smaller than the one in the '33Cs—8 Rb->!Ne
co-magnetometer.

Figures 4(a) and 4(b) demonstrate that the 85Rb polar-
izations increase with increasing input rotation velocity in the
x direction £, and the y direction £y, respectively. /" is
equivalent to a magnetic field, which can be compensated by
the compensation magnetic field §B,. When L, is some nega-

tive value, & ngz £ — ), which can help to eliminate the
RS /% 7

effect of the input rotation velocity £, and £, on the 85Rb po-
larization. Figure 4(c) shows that 3°Rb 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.!*3! Figure 4(d) demonstrates that 5Rb polar-
izations increase with increasing external magnetic field in the
z direction B;. The change of B, will make the compensation
magnetic field §B, change, which will affect the 83Rb polar-
ization.

3.3. The calculation result of the fundamental sensitivity

We take 3K (133Cs) as the A atom, 3°Rb as the B atom,
one of the frp, 1iNe, ANy Ty Ak (Acs), IK(ISF), 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

> T
b= —a— 39K _8Rb—21Ne
Z a0 3.10 —e— 1331 _S5Rp_21 T
=3 Cs—8Rb—2INe
=N
===
% & 3.08f |
RS
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< |
'g o
i
5T 3.04¢ g
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1018 1019 1020
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I ) ) ) e
T 3.048t 3.048x10-10

Ae

e

BN 3.046x10-10

& 3.045¢

n 0 $.044x10-10

o~

2T 3.042} 3.042x10-10

(=

o~ 769.6  770.4
52 3.039}

T o

S

£ 3.0361 —e— 133Cs—85Rb—21N¢ _

893.40 894.60 895.80

Wavelength of pump beam/nm

based on ¥K-#Rb-?'Ne and '3*Cs-3Rb-?!Ne change with
the variable. Depending on suggestions and the typical con-
ditions of the experiment group,*33# in order to facili-
tate the theoretical analysis, we take nne = 2 x 101 cm ™3,
nN, = 2 x 1017 em™3, Ax = 769.808 nm, Acs = 894.3 nm,
I8 =15 =0.06 Wem?, B=10"12 T (RS, ~ 0), T =457.5K,
a=1lcm,ap, =1cm, fr, =097,V =1 cm?, andf = 1s.
Figure 5(a) represents that the fundamental sensitivity of
K (13Cs)-BRb-2!Ne co-magnetometer augments with the
increasing number density of 2!Ne nye when nye is smaller
than a critical value about 1.6230 x 10" cm™3 and decreases
when nye is larger than the value. For this phenomenon, just
as we discussed in our previous work,**! 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 1s 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 R,, we can find that Rsp increases with the

Rb—Ne
Ra1—Cs—Rrb—Ne decrease

increasing nye, R&gﬁyﬁ_Rb_Ne and
with increasing nye, Rg and RSS increase with increasing nye
when ny. increases, other systemic parameters in Eq. (12) do
not change with nye, hence there is a smallest nne to make the
fundamental sensitivity highest, which is determined by Rgp,

Rb—Ne Rb—Ne K/ pCs
Riai-K-—Rb-Ne Ryali—Cs—rb-Ne) ad Ry (RG®).

e 7.0 . . - -

; <‘—\ —_—— 39K_85Rb_21NC
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Fig. 5. The fundamental sensitivity of ¥K (133Cs)-8Rb—?!Ne co-magnetometers versus the number density of the buffer gas >'Ne in (a),
number density of the quench gas N 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
PK(I3BCs)-BRb-?!'Ne co-magnetometer increases with the
increasing N> number density nn, when ny, is smaller than
a critical value about 1.2407 x 10'® cm™3 and decreases when
nn, is higher than the value. From Eq. (12) and Fig. 1(b),
we can find that Rsp increases with the increasing nn,,
R&gﬁfﬁj{fjfl\]e and R&gﬁfg;ﬁ%bfl\]e decrease with increasing
nN,, other systemic parameters in Eq. (12) do not change
with ny,, hence there is a smallest ny, to make the funda-

mental sensitivity highest, which is determined by Rsp and

Rb—N, Rb—N,
RwallfoRbee (RwallszbefNe)'

Figure 5(c) demonstrates that the fundamental sensitivity
of 3K (133Cs)-3SRb—?'Ne co-magnetometers decrease when
the wavelength of pump beam Ag (A¢s) increases but is
smaller than the value of about 770.085 nm (894.5032 nm)
and increase when Ag (A¢s) is larger than the value of about
770.1309 nm (894.696 nm) (3>Rb polarization is about 0.08).

Figure 5(d) shows that the fundamental sensitivity de-
creases with the increasing power density of pump beam
IX (IS). In the experiment, Ipy is usually a few hundreds of
mW/cm?. Here Ak (Acs) and I (I57) affect the fundamental
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sensitivity by changing R¥ (RS®).

Figure 6(a) describes that the fundamental sensitivity of
K (133Cs)-BRb->'Ne 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 increase, which makes the fundamental sensitivity
decrease. The fundamental sensitivity of 3°K (133Cs)-8>Rb—
2INe co-magnetometers increases with the increasing cell tem-
perature T in Fig. 6(b) and we can know that the fundamental
sensitivity of 3K-83Rb—?'Ne co-magnetometer is lower than
the one of 133 Cs—8Rb-?!Ne co-magnetometer from the illus-
tration. From Eq. (12), Fig. 1(c), the formula of R, and alkali-
alkali spin exchange collision relaxation rate, we can find that
Rsp and np (nRp) increase with the increasing T, Ry, in-
creases rapidly when the T increases and R}, increases slowly
with the increasing T. However, there is a larger increase
for the 8°Rb number density and a decrease for REE(REE ~ 0)
when the T increases. Hence, the fundamental sensitivity in-
creases with the increasing 7', which is mainly determined by
the S Rb number density.
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Fig. 6. The fundamental sensitivity of 3°K (133Cs)-8Rb-2!Ne 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 IK (133Cs)-BRb-2!Ne
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 Ry, decrease, which will increase the
fundamental sensitivity. The fundamental sensitivity of 3K
(133Cs)-3>Rb—'Ne co-magnetometers does not change with
increasing ap. From the formula of R,, we can find that R,
does not change with the increasing a;, due to the fact that a,

in @gl (@gf) and A, are canceled out.

Figure 6(d) describes that the fundamental sensitivity in-
creases with the increasing mole fraction of 85Rb Jfrp, due
to the alkali-alkali spin exchange collision relaxation rate de-
creases and 3’Rb number density increases with the increas-
ing frp. When the fgrp is larger than about 0.9662, the fun-
damental sensitivity of '33Cs-3Rb-?>'Ne co-magnetometer
is higher than the one of 3*K-3Rb-?!Ne co-magnetometer.
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From Eq. (12), the fundamental sensitivity of ¥K (133Cs)-
85Rb—!Ne co-magnetometers increases with increasing mea-
surement volume.

As a result, the polarization of the 83Rb atom of the co-
magnetometer based on '3Cs—8Rb-2!Ne is larger than the
one based on **K-3Rb-2'Ne in Figs. 2-4. The fundamen-
tal sensitivity of '33Cs—8°Rb-?!Ne co-magnetometer is higher
than the 3°K-3Rb—>'Ne 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 x 1078 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/cm? in Figs. 5 and
6 under our chosen conditions.

We obtain a fundamental sensitivity of about 7.542 X
10~ rad-s~!-Hz~1/2 with 3K-3"Rb—2'Ne co-magnetometer
with 3Rb polarization is about 4.4892 x 107> and
ng /nrp & 5.1228 x 10~*, a fundamental sensitivity of about
7.5355 x 107! rad-s~!-Hz /2 with '33Cs-3Rb-?'Ne co-
magnetometer with 3°Rb polarization is about 8.193 x 10~#
and ncs/ngp ~ 0.0043 when nye = 6 x 101 ecm™3, ny, =
6.3 x 10! cm ™3, T = 406.696 K, frp = 0.99, IX = IS =
0.06 W/cm?, Ax = 769.938 nm, Acs = 894.43 nm, a = 2 cm,
ap=1cm,V =10 cm?, B=10"12T,ands = 1 5. The funda-
mental sensitivity of 3°K(!133Cs)-3"Rb—?!Ne co-magnetometer
is higher than the angular velocity sensitivity of 2.1 x
1078 rad-s~!-Hz /2 of K-Rb-2'Ne comagnetometer.[°!! By
optimizing the above parameters, we obtain a fundamental
sensitivity of about 3.9993 x 10~ rad-s~!-Hz~'/2 with 3°K-
85Rb—2!Ne co-magnetometer for the polarization of the °Rb
atom is about 0.0021 and ng /ngp =~ 7.5791 X 1074, a fun-
damental sensitivity of 3.8221 x 10~!'! rad-s~!-Hz~ /2 with
133Cs—85Rb—?'Ne co-magnetometer for the polarization of
the 83Rb atom is about 0.0224 and ncs/ngy ~ 0.0049 with
nNe = 8.3407 x 1018 em™3, nn, = 6.2035 x 108 cm™3,
T = 4575 K, frp = 0.99, IX = IS = 0.06 W/em?, Ax =
770.038 nm, Acs = 894.53 nm, a = 2 cm, a, = 1 cm,
V=10cm3 B=10"12T and r = 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 3°Rb polarization of '33Cs-3 Rb—?'Ne
co-magnetometer is larger than the one of K-8 Rb-2!Ne co-
magnetometer in our chosen conditions. The fundamental sen-
sitivity of 133Cs—3"Rb—?'Ne co-magnetometer is higher than
the one of **K-3Rb—?!Ne co-magnetometer when (1) the ex-
ternal magnetic field is smaller than about 1.7884 x 1078 T,
(2) the mole fraction of ®Rb is larger than about 0.9662, or

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

To obtain a higher fundamental sensitivity between
3IK-85Rb-2!Ne and '3 Cs—3Rb-2!Ne co-magnetometers, we
should choose '33Cs—8Rb-?!Ne co-magnetometer [when (1)
the external magnetic field is smaller than about 1.7884 x
1078 T, (2) the mole fraction of 3Rb is larger than about
0.9662, or (3) the power density of pump beam is smaller
than about 0.229 W/cm?] with 2!Ne atoms as the buffer gas,
take the critical values of 2!Ne number density and quench
gas N, 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 8°Rb 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 x 10~!! rad-s~!-Hz !/2
with 133Cs—#Rb-2'Ne co-magnetometer, which is higher
than the one of a K->'Ne atomic co-magnetometer of 2 x
10719 rad-s~!-Hz~!/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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