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Spin-polarization dependence of the Rb-Xe spin-exchange optical pumping process
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We experimentally study the Rb-Xe spin-exchange optical pumping process. The dependence of the spin-
exchange rate on the intensity of the pumping light is measured at different temperatures under low magnetic
fields. We demonstrate that the spin-exchange rate will decrease as the Rb spin polarization increases, which
agrees well with the theoretical prediction. In our measurement, three spin exchange and spin relaxation
mechanisms, namely, the spin exchange rates between Rb and Xe atoms caused by van der Waals molecule
(I'vaqw) and binary collision (I'y;,) processes, and the spin relaxation rate due to the wall collision of Xe atoms
(T'y), have comparable magnitudes. These rates are extracted separately from the measured data with different
Rb spin polarization at various temperatures. Our work provides a comprehensive confirmation of the physical

picture of the spin-exchange optical pumping process.

DOI: 10.1103/PhysRevA.104.023105

I. INTRODUCTION

Various applications based on the spin-exchange optical
pumping of noble gas atoms have attracted extensive atten-
tion [1]. The nuclear spin polarization of noble gas atoms
(e.g., Xe and Kr) are created by spin-exchange collisions
with alkali-metal atoms (e.g., Rb and Cs), while the latter
are polarized by circularly polarized laser beams. Polar-
ized nuclear spins of noble gas atoms have been used to
develop high-precision measurement devices including mag-
netometers for searching for extraordinary interactions of
fundamental physics [2,3] and portable inertial measurement
units [4,5]. Hyperpolarized noble gas was also used to im-
plement diagnostic methods such as the magnetic resonance
imaging (MRI) of lungs [6-8]. Also, the technology to pro-
duce liter volumes of hyperpolarized noble gas has been
extensively discussed and developed [9-12].

The spin-exchange process plays crucial roles in the appli-
cations mentioned above. The spin-exchange rate determines
the degree of the nuclear spin polarization of the noble atoms,
which is essential to the signal-to-noise ratio (SNR) in MRI
applications. The coherence time (e.g., the 7} and T, times)
of the polarized nuclear spins, which lies at the heart of
high-precession measurement applications, is also affected by
the spin-exchange process. In general, the spin-exchange rate
depends on several key control parameters [13—19] including
the density and the spin polarization of alkali-metal atoms,
the magnetic field strength, and the pressure of the coexisting
gas (e.g., the buffer gas). Understanding the mechanism of the
spin-exchange process allows us to optimize these parameters
and achieve better performance in applications.

The physical picture of the spin-exchange collision pro-
cess was established theoretically and verified experimentally
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several decades ago [16,17]. In additional to the binary col-
lision between a noble atom and an alkali-metal atom, for
heavy noble gas atoms (e.g., Xe atoms), the spin-exchange
process can occur in a bounded and relatively long-lived van
der Waals (vdW) molecule formed by a noble atom, an alkali-
metal atom, and a third-party atom or molecule. In this paper,
we will focus on the spin-exchange process between Rb-Xe
atoms in a vapor cell with N, buffer gas.

The binary collision and the vdW molecule process have
distinguishing contributions to the spin-exchange rate at dif-
ferent control parameters. In the pioneering works, the role of
vdW molecules were extensively studied with the buffer gas
N, pressure ranging from a few Torr to ~100 Torr [16,17],
where the spin exchange within vdW molecules dominates
the spin-exchange process. In the opposite limit, the spin-
exchange rate due to binary collisions was experimentally
determined in strong magnetic field (> 1T) and high buffer
gas pressure (>1atm) so that the vdW process was greatly
suppressed [20-22].

Theoretical studies predicted that spin-exchange rate of
the vdW molecule depends on the spin polarization of the
alkali-metal atoms [16,18]. However, most of previous exper-
imental studies focused on either the low-polarization [23] or
high-polarization limits [21]. To our knowledge, a systemat-
ical measurement of the spin-exchange rate under different
spin polarization is still absent. In this paper, we experi-
mentally demonstrate the behavior of spin-exchange pumping
of the Xe spins with well-calibrated Rb spin polarization.
Our results provide a quantitative confirmation of the the-
oretical predication of the vdW process. More importantly,
with the measurement of the spin-polarization dependence
and the temperature dependence of the spin-exchange pump-
ing rate, the key spin-exchange parameters due to the binary
collision and the vdW process, together with the wall relax-
ation rate, can be separately extracted even when they have
comparable contributions to the spin-exchange pumping rate.

©2021 American Physical Society
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FIG. 1. Schematic illustration of the experiment setup. AOM,
acousto-optic modulator; PBS, polarization beam splitter; BPD, bal-
anced photodetector; LIA, lock-in amplifier.

Our measured results are in good agreement with the previous
studies, and our study provides comprehensive evidences to
the physical picture of spin-exchange optical pumping pro-
cess.

This paper is organized as follows. In Sec. I, we introduce
our experimental setup and measurement methods. Section I1I
shows the experiment results. The conclusion is presented in
Sec. IV.

II. EXPERIMENT SETUP AND METHOD

A. Experiment setup

Figure 1 shows a schematic of the experimental equipment.
In our experiment, we measure the nuclear spin precession
signal using a natural abundance Rb vapor cell of cubic
shape with side length 1.0 cm. The cell, filled with 450 Torr
N, buffer gas, 4 Torr 129Xe, and 14 Torr '3'Xe noble gas,
is enclosed in a boron-nitride oven. The oven is heated by
a high-frequency (400 kHz) alternating electric current. A
proportional integral derivative (PID) based temperature con-
troller is used to maintain the cell temperatures, ranging from
70 to 120°C. The bias and the modulation magnetic fields
along the z direction are created by two sets of Helmholtz
coils. The magnetic fields in the transverse directions (x and y)
are created by saddle coils. The oven and the coils are placed
in a five-layer u-metal magnetic shield. A o *-polarized pump
beam with wavelength 795 nm (on resonance of the D1 line)
along the z axis is applied to polarize the Rb atoms, and the Rb
spin polarization is measured by the Faraday rotation effect
of a linearly polarized probe beam with wavelength 780 nm
(20 GHz detuned from the absorption peak of the D2 line)
along the x axis. The Faraday rotation angle of the polarization
plane of the probe beam is detected by a balanced photode-
tector and the signal is sent to two-stage cascade lock-in
amplifiers. As discussed in the following section, the Rb spin
is typically modulated by an RF magnetic field at a frequency
of 100 kHz, and the bias field along z direction By is set to the
resonant point of 85 Rb spins [By = 21.3 uT; see Fig. 2(a)].
In the first stage (LIA-I), the signal is demodulated at the RF
modulation frequency and the resulting signal is passed to the
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FIG. 2. Atomic magnetometer in longitudinal and transverse
modes. (a) Amplitude and phase of *Rb magnetic resonance as func-
tions of the bias field. The phase shift near the resonant point, which
is linearly proportional to the change of the longitudinal field, is used
to measure the Xe field along the z direction. (b) The longitudinal Xe
field b5 (¢) of the Rabi nutation process (the data in yellow region and
the inset) and the spin-exchange pumping process (the blue region).
(c) Typical noise spectra of the atomic magnetometer in two modes.
[(d), (e)] FID signals measured in the transverse mode with and
without the pump beam, respectively.

second stage (LIA-II), where the information of Xe nuclear
spin precession is extracted.

B. Atomic magnetometer

The optically pumped Rb atoms create and detect the nu-
clear spin polarization of Xe atoms. The spin-polarized Rb
atoms transfer their spin angular momenta to the Xe nuclear
spins by spin-exchange collisions. The polarized Xe atoms
cause an effective magnetic field bs = bgg (K), which is pro-
portional to their nuclear spin polarization (K) with a constant
bks. The nuclear magnetic field by is sensed by the Rb atoms,
which serve as an atomic magnetometer.

In this work, the Rb atomic magnetometer works in two
different modes, namely, the longitudinal mode and the trans-
verse mode. In the longitudinal mode, the Rb magnetometer
measures the Xe field b5, along the z direction. This is achieved
by applying a driving field along the y direction, whose
frequency is in resonance with the 5Rb Larmor precession
frequency in the applied magnetic field. The Faraday rotation
signal is then demodulated referenced to the driving field. In
the absence of Xe field (i.e., b5 = 0), the exact resonance
results in a zero demodulation phase [see Fig. 2(a)]. The Xe
field b5 causes a frequency detuning and manifests itself as
a nonzero phase shift. Within a reasonable range of b <
100 nT, the phase shift is proportional to the Xe field b5.

Figure 2(b) shows an example of the application of the Rb
magnetometer in the longitudinal mode. When the Xe spins
are polarized along the z axis, we perform a Rabi nutation of
the '2°Xe spins by applying a driving field in resonance with
the '®Xe Larmor frequency with a Rabi frequency a1 Hz.
The longitudinal Rb magnetometer then records the change
of the Xe field b§ [see Fig. 2(b)]. The nutation will eventually
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FIG. 3. Schematic of (a) transverse mode magnetometer and
(b) longitudinal mode magnetometer. In both cases, By is the bias
field applied along the z direction, in parallel with the pump beam.
The modulation field B,. is applied along z and y directions for
the transverse mode and the longitudinal mode, respectively. The
transverse component (S,) of Rb spins is detected by the Faraday
rotation effect.

damp out after about 2100 s and, at this moment, the Xe spins
are almost depolarized with (K,) & 0. The driving field is then
turned off and the Xe spin polarization will increase due to the
spin-exchange pumping, which is, again, measured by the Rb
magnetometer. With this measurement, we can obtain several
important quantities characterizing the Xe spin dynamics, in-
cluding the Xe polarization amplitude, the decay time of the
Rabi nutation, and the spin-exchange pumping rate, which we
are interested in this work. Particularly, this method is isotope
selective, which allows us to study the properties of the two
isotopes '?Xe and '*!'Xe independently even when they are
coexisting in the cell.

In the transverse mode, the Xe field components b and b’s
along x and y directions during the precession are detected.
This is achieved by applying a modulation field along the
z direction. If the transverse components b and by of the
Xe field were zero, the Rb spin would be also aligned along
the z direction due to the axial symmetry. In this case, the
Faraday rotation detection would, of course, give a zero output
signal. The presence of a nonzero transverse field b} or by
will tilt the Rb spin away from the z axis, giving rise to
nonzero transverse components of Rb spin polarization (Sy)
or (S,). The amplitude and the direction of the Rb transverse
polarization depend on the magnitudes of the transverse field
to be detected. Furthermore, the Rb transverse polarization
(Sx) and (S,) will oscillate forced by the modulation field
along the z direction (see Fig. 3). Thus, a modulated Faraday
rotation angle signal at the RF modulation frequency will be
detected by the balanced photodetector. In fact, this is a para-
metric oscillation process of spins, which was proposed and
implemented to measure the field components perpendicular
to the bias field [24]. Detailed theoretical treatment can be
found in Ref. [4]. In Ref. [25], we also show that the trans-
verse components b} and by are obtained and distinguished
by properly choosing the modulation amplitude and the de-
modulation phase. In our experiment, the sensitivity of the Rb
magnetometer <10 pT/~/Hz is achieved for both longitudinal
and transverse modes, as shown in Fig. 2(c).

Figures 2(d) and 2(e) show two typical traces of the '**Xe
free-induction decay (FID) signal recorded by the transverse
Rb magnetometer, from which the Larmor frequency of '**Xe
spins and the transverse spin decoherence time 7> can be
obtained. Particularly, we show that the Rb magnetometer
works well even in the case that the Rb spins are very weakly
polarized. Figure 2(e) demonstrates an FID signal with the
pump beam blocked after polarizing the Xe spins. The Rb spin
polarization is maintained at a very low level by the back po-
larization from the Xe spins. Although the FID signal is more
than 10 times weaker than the normal case (with the pump
beam), the signal-to-noise ratio is still good enough to obtain
the Larmor frequency of Xe spins. This FID measurement in
the absence of pump beam allows us to get rid of the influence
of the Rb spin polarization and reveal the intrinsic dynamics
of the Xe spin in the cell.

C. Spin-exchange rate and spin-relaxation rate
1. Spin-exchange interaction

The spin angular momentum transfer between Rb atom
spin S and Xe atom spin K is caused by the spin-exchange
interaction with the Hamiltonian

H, =a(R)S-K, (D

where a(R) is the spin-exchange coupling strength, which is
a function of the distance R between the alkali-metal atom
and the noble gas atom. At high temperatures, the collision
process is parametrized as a classical trajectory R(¢), and
the interaction (1) becomes a time-dependent perturbation,
Hex[R(1)].

There are two types of collision processes, which have sig-
nificantly different spin-exchange rates. Previous studies have
shown that, in additional to the sudden binary collisions be-
tween Rb atoms and Xe atoms, the sticking collisions [14], in
which Rb and Xe atoms form long-lived bounded molecules
(vdW molecules), play an important role.

In general, two factors determine the spin-exchange rate of
a given collision process, namely, (i) the probability of the col-
lision and (ii) the amount of the spin state change during the
collision. The former is usually related to the number densities
of the atoms or molecules participating in the collision, while
the latter depends on the fluctuatuion and the correlation of
the interaction (1) at different times. Since the spin-exchange
interaction (1) for two individual collision events are inde-
pendent, nonzero correlation only occurs within the timescale
of a single collision event. Thus, the typical collision time
T, is a critical parameter in understanding the spin-exchange
processes.

2. Binary collisions

Binary collisions have very short correlation time. De-
termined by the relative velocity ~10?>m/s of the colliding
atoms and the interaction range ~A of Eq. (1), the typi-
cal correlation time t. of binary collisions is on the order
of ~10712s. The short correlation time corresponds to a
wide spectral bandwidth Aw ~ 1/7. > wyf, or wprte K 1,
where wpr & 2 x 10° Hz is the ground-state hyperfine split-
ting of Rb atoms. With this broad-band perturbation, the
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spin-exchange interaction can induce the transition of Rb spin
state with both AF = 0 (within hyperfine levels with the same
total angular momentum quantum number F) and AF =1
(between hyperfine levels with different F, e.g., F =2 <
F =3 for ®Rb). References [16—18] have shown that, in
this case, the spin-exchange rate is related to the fluctuations
of the Rb electronic spin, (8% — Szz) = 1/2, which indeed is
a constant. Thus, the spin-exchange rate due to the sudden
binary collision is expressed as

Cvin = (Obin V)14, ()

where n4 is the number density of the Rb atoms, which
accounts for the collision probability, and (opi,v) is the
velocity-averaged binary collision cross section, which quan-
tifies the spin-exchange strength.

3. van de Waals molecule process

In the vdW molecule process, the Rb atom and Xe atom
form a bounded pair, and the spin-exchange interaction can
last as long as the lifetime t,, of the vdW molecule, i.e.,
T. = Ty. The mean molecule lifetime is measured as [26]

1.4x1077 Torr s
fm = ’ (3)
PN,
where py, is the pressure of the nitrogen buffer gas in unit
of Torr. At very low N, pressure (pn, < 100 Torr), the N;
molecules assist in the formation of the vdW molecules,
and the spin relaxation rate due to vdW molecule is propor-
tional to the N, pressure. Increasing the buffer gas pressure
will increase the breakup rate of the vdW molecules and
reduce the molecule lifetime. In the low pressure case (e.g.,
DN, ~ 10? Torr), the mean correlation time 7, = 7, ~ 1077 s,
which is in the opposite limit (wne7. > 1) to the binary
collision case.
The spin-exchange strength of the vdW process is charac-
terized by the rate [16—18]
¢§ na

r, = = , 4
2TvdW 2nN2 m ( )

where T4y, = Znn,ny is the three-body molecule formation
rate per Xe atom, with ny, and na being the densities of
the N, buffer gas and the Rb atoms respectively, and the
coefficient Z = 5x 1072 cm=®s~! [16]. In Eq. (4), ¢2 is the
phase variances of '>°Xe spin precession caused by the Rb-Xe
spin-exchange interaction in the vdW molecule process [18].
The variance is proportional to the squared vdW molecule
lifetime, i.e., ¢2 o« 2. According to Eq. (3), we have ¢2
1/px, o 1/n% . Thus, by canceling one ny, factor in the vdW
molecule formation rate 7,4, we show that the spin-exchange
strength I',, is proportional to the Rb density na and inversely
proportional to the N, density ny,, with the proportional coef-
ficient . In Eq. (4), a factor of 2 is explicitly defined to stay
consistent with previous study [23].

As proposed by Zeng et al. [17], the coefficient py is
expressed in terms of several parameters which are indepen-
dently determined as

Z ( po 2 an
= —| — = —, 5
M™M= <kTo> x2 )

where x = 3.2 is the Breit-Rabi parameter [16,17], py =
103 Torr is the characteristic pressure of N, gas [16,17], and
ng is corresponding the molecule density of N, at room tem-
perature Ty = 300 K. With these parameters, the rate yy is

yre = 5.4x10%s7! (6)

In this paper, we will obtain the value of y\ by the temperature
and polarization measurements of the spin-exchange rate, and
compare the result with Eq. (6).

Although Eq. (3) gives the mean value of the vdW
molecule lifetime t,,,, the actual interaction time of each vdW
molecules could have a distribution around the mean value.
Appelt et al. have shown that the vdW molecule process can
be divided into two coarse-grained groups with short and long
correlation times [18]. In the following, we briefly review the
different contributions of the short- and long-lived molecules
to the spin-exchange rate.

Short-lived vdW molecules. The short-lived vdW molecules
behave similarly to the binary collision case. Both AF =0
and AF = 1 transitions can occur. The fraction of such short-
lived vdW molecules is [18]

1

= —2 7
1+ Wi T¢

fs (7
For a given buffer gas pressure and at a given cell temperature,
the spin-exchange rate contributed by the short-lived vdW
molecules is a constant regardless of the Rb spin polarization

© _ fsm
dew = fsla = 2nx,

na. (8)

Long-lived vdW molecules. In long-lived vdW molecules,
the interaction time is so long that the energy uncertainty of
the vdW molecule is much smaller than the hyperfine splitting
of the Rb atom. In this case, only the processes with AF =0
can occur in the long-lived vdW molecules, while the AF = 1
processes are forbidden. The energy conservation requirement
leads to the dependence of the spin-exchange rate on the pop-
ulation distribution of Rb hyperfine levels. Particularly, with
the spin-temperature distribution, Appelt ef al. shows that the
vdW spin-exchange rate depends on the Rb spin polarization
P = 2(S,) via the function

u(P) = Z(zzinTim” + e, P)] ©)

i

for i € {Rb, 8’Rb}, where 5; is the abundance of the Rb iso-
tope i, I; is the corresponding nuclear spin quantum number,
and the so-called paramagnetic function is defined as

1 +€(;, P)=2(F -F — F). (10)

With the spin-temperature distribution, the expressions for

85Rb (I = 5/2) and ¥'Rb (I = 3/2) isotopes are [18]
3 54 P

1 - P)|=——, 11

e (2 ) 1+ P2 (1)

5 35 +42P% 4 3p*

1 - P|l=—. 12

+€(2 ) 3+ 10P? + 3P (12)

Figure 4(b) demonstrates the dependence of v(P) on the
Rb spin polarization. The value of v(P) will be reduced by
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FIG. 4. (a) The relative ratios fs and fr of the S-damping and
the F-damping processes as functions the buffer gas pressure, re-
spectively. The molecular lifetime is estimated by Eq. (3), and *Rb
hyperfine splitting wps = 27 x6.8 GHz is used in the calculation.
(b) The behavior of the v(P) as a function of the Rb spin polarization
P calculated by Eqgs. (9), (11), and (12).

a factor of &2, if the Rb atoms changes from unpolarized
(P = 0) to fully polarized (P = 1). Physically, this is reason-
able since the function v(P) indeed describes the Rb total
spin fluctuations along the transverse directions (i.e., (F?) and
(Fyz)), as indicated in Eq. (10). Higher spin polarization P
implies the Rb spins are better aligned along the z direction
and then the transverse fluctuation is reduced.
With the fraction of long-lived vdW molecule

2 .2
Wy T

2 2’
1+ oyt

fr=1-fs= 13)
the spin-exchange rate due to the long-lived vdW molecules
is

frvm

F) _ _
dew = frlqu(P) = 2n

v(P)ny (14)

2

4. Spin-exchange pumping of Xe nuclear spins

With the spin-exchange rate due to binary and vdW
molecules discuss above, the dynamics of the longitudinal
component (K;) of the Xe spins during the spin-exchange
pumping process is governed by (see Eqs. (A33) and (A34)
of Ref. [18])

d(K;) r r r
TR —(Fyaw =+ Cpin + Tw)(K2) + (Dyvaw + Toin)(S2),
(15)
where

Tyaw = Ty + TV = To(fs +v(P)fr) (16

and Ty, is the spin relaxation rate due to the cell wall. The
wall relaxation of '*°Xe is independent of the Rb spin number
density n4 and the spin polarization P. Furthermore, as shown
in Fig. 4(a), in the low N, pressure case considered in this pa-
per, fs < 1 and fr = 1. The long-lived molecules dominate
the vdW process. In this case, the spin-exchange pumping rate

becomes
Fex = 1—‘oz'U(P)"'Fbin"'l-‘w- (17)

Before concluding this section, we discuss the physical
picture of the spin-exchange pumping processes. As proposed
by Happer et al., the spin exchange between Rb and Xe atoms
can be described by an RC circuit model [16,17]. The Rb
atoms and Xe atoms are modeled as two capacitors Cgp and
Cx. respectively, which are connected in parallel. The spin
polarization (F;) of Rb atoms and the nuclear spin polarization
(K.) of Xe play the role of charges. The Rb capacitor is
charged by the circularly polarized beam, the battery, and then
transfers its charge to the Xe capacitor. As shown in Eq. (143)
of Ref. [16], in the long-lived vdW molecule process, the Rb
capacitor is proportional to the transverse fluctuations of the
total spin

Cyp) < (F? — F?) oc 1 + €(L;, P). (18)

Indeed, the Rb capacitor itself is changing as it is charging the
Xe capacitor. In contrast to the case described by Eq. (18),
for the binary collision and the short-lived vdW processes,
the interaction time is so short that the nuclear spins of Rb
atoms do not respond. In this case, only the electron spins of
Rb atoms are active in the processes, and the capacitor of Rb
becomes

Cr) o ($% = 82) = 1/2, (19)

which is a constant independent of the spin polarization P.
When the two types of spin-exchange processes (slow and
fast) occur simultaneously, the Xe capacitor is charged by the
two types of Rb capacitors Clglb) and Cl(fb) at the same time.

In summary, we have shown that the spin-exchange pump-
ing consists of three different processes. The spin-exchange
rate due the binary collision (I'pi,) and the vdW molecule
process (I'yqw) are proportional to the Rb density n4. The
latter also depends on the Rb spin polarization P. The wall-
relaxation rate can be regarded as a constant. In the following,
we show that these three different contributions to the spin-
exchange rate are experimentally distinguished according to
their n4 and P dependence.

II1. RESULTS AND ANALYSIS

In this section, we present the measurement results and
analysis of the spin-exchange and spin relaxation rates. We
first measure the frequency shift of Xe spins induced by
the polarized Rb atoms, which is used to calibrate the Rb
spin polarization. We then discuss the spin-exchange rate of
129Xe spins at different Rb spin polarization for a given cell
temperature. The measurement data agree with the theoretical
prediction quite well, which allows us to determine the rate
['vaw. We finally study the temperature dependence of the
spin-exchange rate. After subtracting the I'yqw contribution,
we show that the remaining spin exchange rate is linearly
proportional to the Rb spin density with a nonzero intercept,
from which we determine the binary collision of the spin-
exchange rate and the wall-relaxation rate. The spin-exchange
and relaxation rates are also obtained by a three-parameter fit-
ting process, which gives a better description of the measured
spin-exchange pumping behavior.
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FIG. 5. [(a)—(c)] The FFT spectra of the FID signal of '*Xe
under various power of the pump beam. Compared to the signal in
the absence of the pump beam (the black curves), the FID spectra
in the presence of the pump beam (the red curves) are shifted and
broadened. The frequency shift §,, and the peak width are increasing
as increasing the power of the pump beam. (d) The frequency shift
81 of 2Xe spins as a function of the pump power at different cell
temperatures. The horizontal dashed lines indicate the saturated fre-
quency shifts 8(5;0) in the case of fully polarized Rb spins at different
temperatures (see text).

A. Calibration of Rb spin polarization

To study the Rb spin polarization dependence of the
spin-exchange rate, we first calibrate the polarization. The
polarized Rb spins will exert an effective magnetic field bxy =
bks(S), which is proportional to the Rb spin polarization
with a constant bgg. In the longitudinal pumping case, the z
component of the Rb effective field b3, = bgs(S;) = bxsP/2
causes a frequency shift wy, relative to the Larmor frequency
determined by the applied static bias magnetic field By. We
determine the frequency shift §w;, by measuring the FID of the
129%e spins [see Fig. 5(a)]. Figure 5(b) shows the frequency
shift §w;, as a function of the power of the pump beam P, at
various temperatures. In general, the frequency shift increases
as pump power increases, and then is saturated in the large
power limit. This is because the Rb spin polarization P de-
pends on the optical pumping rate R, as [27]

P= L, (20)
Rop + Rrel
where Ry is the Rb spin relaxation rate. Since the optical
pumping rate is proportional to the power of the incident pump
beam, i.e., Ry, = gPnc With a proportional coefficient g, we fit
the measured frequency shift data by a model

_ (oo) Pinc

SwL Sa)L Pinc + Prel ’ (21)
where SC(:’LO) is the saturated frequency shift and Py = gRyel
is an effective power corresponding to Rb spin relaxation
rate Ry . Indeed, the results shown in Fig. 5 agree with the
polarization results obtained by measuring the transmission
of the pump beam. However, the latter method may have
large uncertainties when the optical depth (OD) of the cell
is high (e.g., OD > 5) and meanwhile the pump power is low.
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FIG. 6. (a) Two typical spin-exchange pumping processes with
high (red curve) and low (black curve) Rb spin polarization respec-
tively. (b) Measured spin-exchange pumping rate I',, (symbols) as
a function of the calibrated Rb spin polarization. The red curve
is the fitted result according to Eq. (17). From the fitting, three
contributions I'ygqw, I'yin, and Ty, are extracted.

With the frequency shift measurement, the Rb spin polariza-
tion P at a given pump power and cell temperature is obtained
by normalizing measured 8, of '*Xe by the corresponding
saturated value, i.e., P = 5mL/6£)°f).

B. Polarization and temperature dependence
of spin-exchange rate

Figure 6(a) shows two representative curves of the spin-
exchange pumping process with different pump powers Py,
at temperature 7 = 115.1 °C, using the longitudinal mode Rb
magnetometer and the measurement sequence demonstrated
in Fig. 2(b). The pumping time increases from Tx = 60.9
to 73.1s when increasing the pump power from P, = 4 to
160 mW. As described by Eq. (14), this pump power depen-
dence arises from the slow spin-exchange process within vdW
molecules.

To have a quantitative understanding, we plot the spin-
exchange rate I, = T ' versus the calibrated Rb spin
polarization P in Fig. 6(b). By fitting the data (see the discus-
sions below), we distinguish the vdW molecule and the binary
collision contributions to the spin-exchange rate, together with
the wall-relaxation rate. Unlike the low N, pressure (pn, <
100 Torr) case [17], our measurement shows the binary col-
lision (the blue region) and the vdW molecule process (the
orange region) have comparable sizes in a cell with higher N,
pressure (pn, = 450 Torr).

We analyze the measured data by two fitting models. First,
we use the vdW molecule parameters in Eqs. (5) and (6)
determined by Zeng et al. in Ref. [17] and extract the two
unknown parameters (opi,v) and ['y, from our measurement
data. Figure 7(a) shows the spin-exchange pumping rates as
functions of the Rb spin polarization at different tempera-
tures. The dependence on the Rb spin polarization of the
spin-exchange rate becomes more significant with increas-

ing Rb density. With the fixed value of ¥\ *"® in Eq. (6),
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FIG. 7. (a) The measured spin-exchange pumping rates (sym-
bols) at different temperatures and the two-parameter (dashed
curves) and three-parameter (solid curves) fitting results according
to Eq. (17). (b) The pump-power-independent rate (i.e., ['yiy + ['y) 1S
linearly proportional to the Rb atom density, from which the binary
collision cross section and the wall-relaxation rate are determined.

the polarization-independent rates ['y, + I'y, are obtained by
deducting the vdW molecule contribution from the measured
total rates at different temperatures [see Fig. 7(b)]. A simple
two-parameter linear fitting of the rate I'y;, + I'y, versus the
Rb spin density ns gives the two-body spin-exchange param-
eter and the wall-relaxation rate as

(obin0)®® = (2.56 + 0.49)x 10~ cm? s,
I = (2.40 +£0.49)x1073s7". (22)

An alternative fitting process is performed by regarding
vdW parameter yyr, the binary collision parameter (o, v), and
the wall relaxation rate I'y, as three independent adjustable
parameters. The three-parameter fitting results are shown by
the solid curves in Fig. 7(a) with

WP = (3.9540.34)x10% s~
(Obin v><3p> (4.02 +0.35)x 10" 16cm S X)
o = (2.3240.13)x107%s7",

which indicates a slightly lower (higher) value of the vdW
molecular (binary) contribution than the two-parameter fitting
result. Although the two-parameter fitting based on previous
parameters [17] already gives a satisfactory description of
the polarization-dependence behavior [the dashed curves in
Fig. 7(a)], the three-parameter fitting results in Eq. (23) show
a better agreement to our measured data.

The binary collision parameter (oyi,v) obtained by the
three-parameter fitting is very close to the previous re-
sults [17,23] measured in similar conditions. Some other
measurements [20-22,28] performed in strong magnetic
fields (>1T) and high gas pressures (>1atm) gave the
binary parameters in the same order. The spread values
in these measurements, ranging from 1.75x107'® [21] to
10x 10716 cm?® s~! [22], may arise from the different magnetic
fields and, more possibly, from the calibration of the density

of alkali atoms. The vdW molecule parameter ylf,[ P)

in our work is also close to the result y,."¢ estimated in
Ref. [17]. The ~30% difference may attrlbute to the tempera-
ture dependence of the parameters, e.g., Z and py.

obtained

IV. CONCLUSION

In this paper, we study the spin-exchange rate between
optically pumped Rb atoms and the Xe atoms. We experimen-
tally demonstrate the dependence of the spin-exchange rate on
the Rb spin polarization. We measure the spin-exchange pa-
rameters of the vdW molecule process and the binary collision
process in the regime where the two processes have compa-
rable contributions to the total spin-exchange rate. Our work
provides a direct confirmation of the theoretical prediction
(i.e., the polarization dependent behavior of the spin-exchange
rate) and gives the spin-exchange parameters in good agree-
ment with previous studies.
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