Chin. Phys. B Vol. 23, No. 6 (2014) 063401

Measurement of 1**Xe frequency shift due to Cs-'?*Xe collisions*
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Enhancement factor kp, which characterizes NMR and EPR frequency shifts for Cs—'2?Xe, is measured for the first
time. The enhancement factor ky was measured to be (702+41) at 80 °C and (653420) at 90 °C, using the NMR frequency
shift, detected by atomic magnetometer at a low magnetic field of 100 nT. This result is useful for predicting the EPR
frequency shifts for Cs and the NMR frequency shifts for 12 Xe in spin-exchange cells.

Keywords: Cs—'2Xe, frequency shift, atomic magnetometer

PACS: 34.10.4x, 85.70.—w, 85.60.—q

1. Introduction

Hyperpolarized '?°Xe has been exploited for a variety of
scientific and medical applications, such as searches for per-
manent electric dipole moment in atoms,!'3! CPT violation
experiments, 4% nuclear magnetic field compensation in the
nuclear spin gyroscopes,!”) and medical imaging.®°! A com-
mon technique for producing large quantities of hyperpolar-
ized '?°Xe is spin-exchange optical pumping (SEOP), and Cs
is the best choice for SEOP.I'*-!2] The Fermi-contact hyper-
fine interaction at(R)K - S between the noble-gas nuclear spin
K and the alkali-metal electron spin S is a fundamental aspect
of SEOP. This interaction gives rise to complementary shifts
in both the NMR frequency of the noble gas and the EPR fre-
quency of the alkali-metal, and it can be well-described by
effective magnetic fields with the appropriate enhancement

factors: [13]
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where OB, 6B; are the equivalent static magnetic fields
caused by the alkali-metal electron spins and the noble-gas nu-
clear spins, respectively; n, and n, are the number density of
alkali-metal atoms and noble-gas atoms, respectively; (Kz),
(Sz) are the expectation values of longitudinal components of
the noble-gas nuclear and alkali-metal electron spins, respec-
tively; Kap and ki, are the enhancement factors, which contain
contributions from alkali-metal-noble-gas binary collisions kjp
and three-body collisional breakup of van der Waals molecules
k1. Noble-gas or the third body gas pressures above one atmo-
sphere will decrease the lifetime of van der Waals molecules,
so that the enhancement factors Kk and ki, converge to a sin-
gle value, Kjp.
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In applications of hyperpolarized '>°Xe, it is important to
have an accurate measurement of '°Xe polarization. A con-
venient tool for this purpose is the measurement of comple-
mentary shift in the EPR frequency of Cs, but to date that has
been no published measurement of the Cs—!>?Xe enhancement
factor xp. In this paper, we present the first such measurement
of Ky for Cs—'29Xe. Previous measurements of kp for alkali-
metal-noble-gas pairs, which used EPR frequency shift at high
magnetic fields of several Gs (1 Gs=10"* T) or T, are listed
in Table 1.[13-18]1 Here, we investigate a different method to
measure ky for Cs—'2?Xe, which is to use the NMR frequency
shift detected by an atomic magnetometer at a low magnetic
field of 100 nT.

According to Egs. (1) and (2), the Fermi-contact interac-
tion in the Cs—!2Xe system results in an effective magnetic
field experienced by the '?°Xe atoms, which is given by

8w
& Sstis KbaliCs Pésg. (3)

where gs is the electron’s g factor, up is the Bohr magneton,

6B, =

and P&, = 2 (Sz) is the cesium polarization. In a high-density
alkali-metal cell, this field causes the precession shift of 129%e
atoms, and this shift can be detected by the atomic magne-
tometer. So we can measure the '>°Xe atoms’ precession fre-
quency shift as a function of the cesium polarization. In accor-
dance with Eq. (3), the frequency shift is proportional to the
cesium polarization. Therefore, the enhancement factor ki,
is proportional to the slope of the experimentally determined
plot of precession frequency shift versus cesium polarization,
which can be described as
Aw 6

= 4)
P&, 8myagsUBnCs

Kba

where 7, is the gyro-magnetic ratio of the '2°Xe nuclei. In our
experiment, the pressure in the cell is above one atmosphere,
so the enhancement factor k, converges a single value of k.
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Table 1. Summary of previously published enhancement factor
measurements and that presented in this paper. The published mea-
surements are marked by reference numbers, and our present mea-
surement is marked by /.

Pair Ko

K—He 5.90141

Rb—He 4520151

Rb_83Kr 270495131

Rb-129Xe 6442601111 49331117

Cs—12Xe Vv

2. Experiment setup and procedure
2.1. Experiment setup

The experimental setup is shown in Fig. 1 and is de-
scribed elsewhere.!'8-201 Two cubic glass cells with a side of
2 cm were each filled with a droplet of Cs metal, 20 torr of
129Xe, 700 torr of Ny, and 50 torr (1 torr=1.33322x10? Pa)
of 129Xe, 700 torr of N,. The cells were placed in a non-
magnetic oven and heated to 80 °C-90 °C by the flowing hot
air. The oven was located inside a four-layer set of cylindri-
cal magnetic shields with compensating magnetic coils, which
were driven by a precision current source. The compensating
magnetic coils were also used to apply magnetic fields to the
cell. In the measurements described below, all three compo-
nents of the magnetic field had been compensated to be close
to zero to keep the system in the Spin-Exchange Relaxation-
Free (SERF) regime.['8-2% Cs atoms were circularly polarized
by the pump beam through a polarizer and a 1/4 wave plate
along the z direction. '°Xe atoms were polarized by spin-
exchange collisions with polarized Cs atoms. A shutter was
used to turn on/off the pump beam. A 1/2 wave plate and PBS
were added to the basic setup to tune the intensity of the pump
beam and to tune the cesium polarization. A linearly polar-
ized probe beam passed through the glass cell orthogonal to
the pump beam and measured the Cs atoms’ spin polarization
along the direction of propagation. The pump beam and the
probe beam originated from two Sacher Lion external cavity
diode laser (ECDL) systems and expanded to illuminate the
whole cell.
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Fig. 1. (color online) Experimental setup.

2.2. Measurement of the cesium number density

We used an optical absorption method to measure the Cs
number density in the cells. In an atomic vapor, for linearly
polarized laser propagating along the z direction, the absorp-
tion of un-polarized photons follows Beer’s law:

1(z) = 1(0) exp(—no(v)z), (5)

where 7 is the number density of the alkali atoms, 6(0) is the
frequency-dependent cross section, z is the position in the cell
and /(0) is the intensity of the laser where it enters the front of
the cell.
The number density can be given by
1 1(0)

" o)1 ) ©

where / is the length of the cell and /() is the intensity of laser

as it is transmitted through the cell.
The frequency-dependent cross section of Cs can be cal-

culated by
7 7 r/2
o(v) = recf (64 (0 v + (T2
21 ry2
64 (V—v34)%+ (I'/2)?
21 ry2

64 (0 —v43)2+ (I/2)2

15 r/2
64 (v —1)44)2+(F/2)2>’

(N

where c is the speed of light, r. is the classical electron ra-
dius, f = 1/3 is the oscillator strength of the transition, I"
is the full-width at half maximum, v is the pump laser fre-
quency, and V33, V34, V43, and Vs are the resonance fre-
quencies of the four transitions 6°S, 12, F =3-6%P, 12, F=3,
6%S1 /2. F=3—6P| 5, F=4,6°S; ), F=4—6"P; », F=3, and
6281/2, F=4—>62P1/2, F=4, respectively.

In our experiment, we first used linearly polarized light
near the D1 line of Cs to measure the intensities 1(0) and (/).
Furthermore, the density of Cs can be determined in accor-
dance with Egs. (5)—(7).

2.3. Measurement of the cesium polarization

Through optical pumping, the equilibrium polarization of
Cs along the z direction becomes

R
(:056'5;},'2:—10005297 ®)

P o= p
Cs Rp + Rrex Rtot

where R, is the pumping rate, Ryex is the spin-relaxation of the
electron, Ry is the total spin-relaxation of the electron includ-
ing the pumping rate R, and the spin-relaxation rate Ryex. Sp
is the circular polarization degree of the pump laser, 0 is the
angle between the direction of pump laser propagation and the
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applied magnetic field, and 6 ~ 0 in our work. Equation (8)
then becomes

R

P =2 )

" R
The pumping rate is related to the intensity of the light /

as

o(v)
Ry=1——F=- 10
p h ( )

where o(0) is the frequency-dependent cross section, # is the

Planck constant and v is the frequency of the pump laser. And,

therefore, the total relaxation rate Ry can be described by
o(v)

Rtot:RP—i_Rrex:IW + Rrex = Ko - I + Ryex (1T)

where we define Ko = 6(v)/hv to simplify the relation be-
tween Ry and 1.

In accordance with Egs. (8)—(11), in order to measure the
Cs polarization, we can measure the total relaxation rate Ry
as a function of the pump intensity, and then extrapolate the
spin-relaxation rate Ryx, Where the pump beam intensity is
zero. The pumping rate and the polarization of Cs are ulti-
mately determined in accordance with Eq. (9).

The measurement of the total relaxation rate R, was car-
ried out on a time scale that is short compared to the Cs—'?*Xe
spin-exchange rate, such that the '?°Xe polarization was neg-
ligibly small. Simultaneously, a small static magnetic field of
16 nT along the y direction and a variational magnetic field
from —2000 nT to 2000 nT along the z direction were applied
using compensation magnetic coils. Under these conditions,
the behavior of the system can be well-described by a Bloch

equation: (18,211
0 Pcq 1
5, _ Q(PC ) (7B x Pcs +Rpsp — Rt Pcs), (12)
S

where 7. is the gyro-magnetic ratio of the electrons, and
O(Pcs) = Q(FP,) is the nuclear slow-down factor, which is cal-
culated for nuclear spin I = 7,/2:12?]

2(PE 4+ 17PE +35P2 +11)

Pi) =
Q) P +TPE+TP2 +1

(13)

The detected system signal comes from the projection of
the spins along the x axis in our experiment. The steady state
polarization along this direction is

kB, + B.B,

e T . i B 14
"R+ B+ B2+ B (14)

Fes =
where F is the equilibrium electron spin polarization, and we
introduce a parameter k = Ryot/7%. Equation (14) can be fit to
the following function

(x—b)-e+c-B,

: d 15
(xfb)2+cz+62+B§+ (1)

y=a

to determine the total spin-relaxation Ry = k X 7%, and to ex-
trapolate the spin-relaxation rate Ryx where the pump beam
intensity is zero.

In conclusion, the equilibrium polarizations of Cs along
the z direction Pg at each pump intensity are ultimately deter-
mined in accordance with Egs. (8), (9), and (11).

2.4. Measurement of '2°Xe precession frequency shift

In previous measurements, the alkali-metal electron spins
and the noble-gas nuclear spins are decoupled from each other
at high magnetic field.!''=15 Therefore, the equations describ-
ing the electron and nuclear spins’ polarization dynamics can
be considered separately, simplifying the problem consider-
ably. In our experiment, Cs and '*Xe atoms are located at
an ultralow magnetic field of about 100 nT, such that the fre-
quency shifts due to spin-exchange are comparable with or
larger than the Larmor frequencies. This leads to a hybrid os-
cillation frequency contributed from both Cs and '?°Xe spins
for small transverse excitations of the spins. The hybrid oscil-
lation frequency is monitored through PZ, and can be solved
by the following system of coupled Bloch equations (16) for
Cs and '?Xe:D!

aP’Cs ')/e
= B+ 8Bg) x Peg
ot Q(PCS)( cs) X Pe
+Riot(P)z — Pey) | O(Pcs),
8-PXe n 0
3 = ')/n(B —+ SBXe) X PXe +Rtot(Pnz — Pxe), (16)

where Pk, is the polarization of '*Xe nuclear spin; P?, P?
are the equilibrium polarizations for the Cs and '?°Xe spins
respectively; 7, is the gyro-magnetic ratio of the '2°Xe nuclei;
RY, is the total spin-relaxation of the '*Xe nuclei;

8w
6BCS = ?”XeKOnXePXe

is the enhancement magnetic field for Cs spins; and

87
5BXe = _?gsuB Koncs Pcs

is the enhancement magnetic field for '>°Xe spins. Other pa-
rameters have been defined in Subsection 2.3.

Solving Eq. (16) with the reasonable approximation
R < Rior, the solution Pt measured by the polarized probe
beam in our experiment is given by

R Yo - OB% - OB
Pty = Prexp [( ol ¥e 9% Xe)t} COS !

Q(PCS) Rtol
1 b Y OB%, - OB
+Pexp [(— ER?Ot R th: Xe)t] COS Wyt
Of
Ye
W, = B, +6B%.),
(< Q(PCS)( Z Cg)
On = %(B:+6B%,), a7
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where P; and P, depend on the initial conditions; and @, and
o, are the precession frequencies of Cs and '?°Xe spins, re-
spectively.

In our experiment, the measurement of '2°Xe precession
frequency was followed the measurement of Cs polarization.
After measuring Cs polarization, an external magnetic field
B, of about 100 nT was applied along the z direction and the
shutter was opened to polarize >°Xe by spin-exchange colli-
sions with the polarized Cs atoms. To measure the precession
frequency of '2°Xe spins, we measured the transient response
P¢, of the system, following a small pulse magnetic field along
the y direction. The transient responses can be fitted based on
Eq. (17). The faster oscillations correspond to the precession
of the Cs electrons, while the slow oscillations correspond to
the precession of the '>Xe. From Eq. (17), we know that
the detected precession frequency of the '>°Xe is contributed
from not only the enhancement magnetic field introduced by
Cs spins, but also the external magnetic field B;. Indeed, the
direction of magnetic field 6B%,, introduced by Cs spins is
along the propagating direction of the pump beam, and the
sign depends on the sign of circular polarization. To measure
the '*Xe atoms precession frequency shift due to 8B%,, we
first set the pump beam on the left-circular and measured the
129Xe precession frequency @, and then set the pump beam
on the right-circular and measured the '°Xe precession fre-
quency m,, under the same condition as the left-circular. Fre-
quencies @, and @, are given by

On1 = Ya(B:+ 8B%,), (18)
®0 = Ya(B, — 8B%,). (19)

The '?°Xe atoms’ precession frequency shift due to OB,
can be given directly by the difference between these two fre-
quencies:

1
Aw =Y, -0B%. = E(w”l — Op). (20)

3. Results and error analysis

We first measured the intensities 7(0) and (/) three times,
using linearly polarized laser light on the resonance frequency
of the transition. The results are listed in Table 2. The cells
used in our experiment were filled with quenching gases and,
therefore, the linewidth I" was mainly contributed from pres-
sure broadening. The pressure broadening of Cs in an N, en-
vironment is Iy, = 14.83 GHz/amg. Thus, the line width I
in our experiment was given by

700 torr
760 torr/amg

= 14.83 x 10° Hz. (1)

I' = 14.83 x 10° Hz/amg x

When the linewidth is large compared to the hyperfine
splitting, the individual transitions are unresolved and only a
single transition is observed. Thus, equation (7) becomes

r)2

= 22
and can be simplified as
2
o(v)= el _ 4129 10~ Bem?, (23)

when the frequency of the laser is on-resonance.

According to Eq. (23), Eq. (6), and the measured in-
tensities 7(0) and I(I), the number densities of Cs were
[Cs]=(1.6940.015)x 1012 cm—3 for the NO. 1 cell at 80 °C and
[Cs]= (3.5840.019)x 10'2 ¢cm~3 for the NO. 2 cell at 90 °C,
about half the saturated vapor pressure. This happened be-
cause the temperature sensor is external to the cell and mea-
sures the temperature at a single location; however, the coldest
region of the cell determines the alkali density. In addition,
there are a number of surface effects that allow alkali atoms
to be adsorbed into the glass, thereby lowering the effective
density at a given temperature.

Table 2. Experimentally measured values of (0), I(/), and the density of Cs [Cs] calculated according to Eq. (6); 1(0) is the laser
intensity entering the front of the cell, and /(/) is the intensity of laser transmitted through the cell.

Temperature of the

NO. P(Xe)/torr P(Ny)/torr . 1(0)/mW I(l)/mW [Cs] /em™3
cell surface/ ° C

92 22.5

1 20 760 80 244 60.8 (1.6940.015)x 10'2
317 78.6
250 13.8

2 50 760 90 418 232 (3.49+0.017)x 10'?
630 354

Figure 2 is a plot of the experimentally measured sys-
tem’s signal as a function of magnetic field B, for the five
pump beam intensities. We fitted the data in accordance with
Egs. (14) and (15). There were five free parameters in each

fit. The coefficient of determination and the standard error of
the fit are listed in Table 3. From Table 3, it is clear that the
coefficient of determination of the fit is above 99%, and the
estimated errors in the extracted values Ry, are within £3%.
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" " " " " " (147304433) s~ ! for the NO. 2 cell at 90 °C, respectively. The
——I=2mW . . .
sl (a) —I=1 gninw ] values of polarization P, extracted according to Egs. (8) and
= eI =75 giw (9), are listed in Table 3, and the estimated errors are within
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Fig. 2. (color online) Measured system’s signal for two cells as a func- §
tion of magnetic field B; for the five intensities of the pump beam listed K
in Table 3. The solid lines overlaying the data are fits described in the g
text. Panel (a) cell NO. 1 at 80 °C, (b) cell NO. 2 at 90 °C. =
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Figure 3 is a plot of the measured Ry versus the pump

beam intensity according to Fig. 2. From the fitting re- The intensity of pump beam/mW

. . . . Fig. 3. (color online) The total relaxation Ry versus the pump beam
sult, the spm—relaxatlon rates Rrex at the pump beam Intensity intensity. The spin-relaxation rate Ryex is the value at / = 0. Panel (a)

I =0 were (13511+211) s~! for the NO. 1 cell at 80 °C and cell NO. 1 at 80 °C, (b) cell NO. 2 at 90 °C.

Table 3(a). Experimentally measured values of Ryo and P for cell NO. 1 at different pump beam intensities at 80 °C.

Pump beam The coefficient of The standard Extracted relaxation Polarization P&
intensity/mW determination of the fit error of the fit rate Riot/s !

2 99.88% 0.006 13824+195 0.023+0.002
15 99.89% 0.023 15277+£274 0.116+0.002
35 99.71% 0.001 17172£313 0.213+0.002
55 99.75% 0.029 19352+360 0.302+0.002
75 99.89% 0.022 217974369 0.38+0.001
100 99.7% 0.03 256854490 0.474+0.002

Table 3(b). Experimentally measured values of R and P& for cell NO. 2 at different pump beam intensities at 90 °C.

Pump beam The coefficient of The standard Extracted relaxation Ryo¢ Polarization P&
intensity/mW determination of the fit error of the fit rate Ryo/(1/s)

5 99.14% 0.016 15140+443 0.026+0.002
30 99.67% 0.002 18230+£387 0.154+0.018
50 99.94% 0.017 20470+£158 0.284+0.012
80 99.73% 0.052 24630+440 0.402+0.005
110 99.7% 0.066 28887+580 0.494+0.004
150 99.6% 0.07 343934809 0.571+0.003
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Figure 4 shows the transient response F¢ of the system
followed by a small, sudden By, field step. The data were well
described by an exponentially decaying oscillation polynomial
and they were well fitted based on Eq. (17). There were six
free parameters in the fit, and the coefficient of determination
and the standard error of the fit were 99.06% and 0.08, respec-
tively. From the fit, we determined the slow oscillations corre-
sponding to the precession of '2*Xe. The extracted values of
129Xe precession frequencies were listed in Table 4. The es-
timated error of the '>Xe precession frequencies was within
+0.1%. In accordance with Eq. (20), we determined the '>°Xe
precession frequency shift Aw due to 6B%..

We plotted the 12%Xe precession frequency shift as a func-
tion of Cs polarization, as shown in Fig. 5. The error of the fits
was within £5%. In accordance with Eq. (4), the frequency
shift is proportional to the polarization of Cs atoms. From the
slope of the fit, we determined the ko = (702 £41) for the

NO.1 cell at 80 °C and xp = (653 £20) for the NO. 2 cell
at 90 °C, both of which are in agreement with the calculated
Ko = 879.123!

- data
2H — fit curve A

Transient response of the system/V

Time/s

Fig. 4. (color online) Transient response P, of system following a
small, sudden step in the B, field. The frequencies can be determined
from the fit and are listed in Table 4.

Table 4(a). Experimentally measured values of '>°Xe precession frequencies for cell NO. 1 at different pump beam intensities at

80 °C.

Pump beam 129Xe precession frequency/Hz

intensity/mW Left-circular w,; Right-circular @, frequency shift Aw
15 1.951+0.001 1.925+0.001 0.013+0.001
35 1.961+0.002 1.915+0.001 0.023+0.0015
55 1.9784+0.001 1.9140.002 0.034+0.0015
75 1.979+0.002 1.897+0.002 0.041+0.002
100 1.996+0.001 1.894+0.001 0.051+0.001

Table 4(b). Experimentally measured values of > Xe precession frequencies for cell NO. 2 at different pump beam intensities at 90 °C.

Pump beam 129Xe precession frequency/Hz
intensity/mW Left-circular Right-circular frequency shift Aw
30 1.967+0.002 1.906+-0.002 0.0305+0.001
50 1.989+0.001 1.877+0.002 0.056£0.0015
80 1.996+0.001 1.832+0.002 0.082+0.0015
110 2.016+0.002 1.81540.002 0.1005+0.001
150 2.043+0.003 1.806+0.001 0.1185+0.002

0.06

0.04

0.02

Precession frequency shift of 129Xe

6 . OI. 1 . O.. 2 . 0.. 3 . OI. 4
The polarization of Cs

o

—_

N
T

0.08}

0.04f

0 0.2 0.4 0.6

The polarization of Cs

Precession frequency shift of 129Xe

Fig. 5. (color online) The '*°Xe spin-precession frequency shift as a function of Cs polarization. The slopes of the fit, which are
proportional to kp, are (0.1078+0.0053) Hz for the NO. 1 cell at 80 °C and (0.2069+0.0054) Hz for the NO. 2 cell at 90 °C. Panel (a)

Cell NO. 1 at 80 °C, (b) Cell NO. 2 at 90 °C.
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The sources of random error are the Ry statistical er-
ror (3%) and the '>°Xe precession frequency statistical er-
ror (£0.1%). These results stem mainly from the fluctuations
of pump beam intensity and applied magnetic field. Possi-
ble systematic errors include: the measurement of the pump
beam intensity, errors in the pump beam intensity dependence
of temperature calibration, polarization calibration, and mea-
surement of '2Xe precession frequency shift due to drift of
the applied magnetic field. To eliminate the error result-
ing from the drift of the applied magnetic field, we had all
three components of the magnetic field compensated as close
to zero as possible before the measurement of '>Xe preces-
sion frequency every time. The compensation time was about
60 s and the residual magnetic field of strength was less than
0.02 nT after compensation, which was equal to 0.00023 Hz of
129X e precession frequency shift and systematic error within
(£0.7%).

4. Conclusion

We measured the enhancement factor xp = (702 £41) at
80 °C and Ky = (653 +20) at 90 °C for Cs—'?Xe, which is
in agreement with the theoretical value of 879. As a result
of the optical depth, the pump beam-provided Cs polarization
was not uniform throughout the cell. Thus, the Cs polarization
measured here was as an average, and therefore xy measured
here was as an average throughout the volume of the cell. It is
worth noting that an additional geometric correction factor x’
should be included, which is smaller than 5% for nearly all ge-
ometries of interest for SEOP.I'*] With the increasing interest
in Cs and '2°Xe for SEOP, having robust and accurate mea-

sure of enhancement factor will be very important for future
developments.
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