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Collisional electron paramagnetic resonance frequency shifts in Cs-Rb-Xe mixtures
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We report a measurement of the ratio of dimensionless enhancement factors «, for Cs-'?’Xe and Rb-'?Xe
in the temperature range 115-140°C; both pairs are used in spin-exchange optical pumping (SEOP) to produce
hyperpolarized '®Xe. «, characterizes the amplification of the '?*Xe magnetization contribution to the alkali-
metal electronic effective field, compared to the case of a uniform continuous medium in classical magnetostatics.
The measurement was carried out in “hybrid” vapor cells containing both Rb and Cs metal in a prescribed ratio,
producing approximately the same vapor density for both. Alternating measurements of the optically detected
electron paramagnetic resonance (EPR) frequency shifts caused by the SEOP polarization and subsequent sudden
destruction of the same quantity of '*Xe magnetization were made for '3Cs and either Rb or 35Rb. An
important source of systematic error caused by power fluctuations in the pump laser that produced variable
light shifts in the EPR frequency was characterized and then mitigated by allowing sufficient warm-up time
for the pump laser. We measured (k¢)csxe/(kKo)rbxe = 1.215 £ 0.007 with no apparent temperature dependence.
Based on our previous measurement (ko)rpxe = 518 £ 8, we determine (kg)csxe = 629 £ 10, which is more
precise than, but consistent with, a previous measurement made by J. Fang et al. [Chin. Phys. B 23, 063401

(2014)].
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I. INTRODUCTION

Noble gases having nonzero nuclear spin, especially the
stable spin-1/2 isotopes *He and '>°Xe, are readily hyper-
polarized to levels exceeding 10% via spin-exchange optical
pumping (SEOP) [1], making them accessible to a wide vari-
ety of magnetic resonance experiments and applications [2,3].
Isotopes with spin greater than 1/2, e.g., ¥*Kr and '*'Xe, can
also be hyperpolarized, albeit typically to lower levels due to
faster nuclear relaxation [3-5]. The Fermi-contact hyperfine
interaction between the alkali-metal electron and the noble-
gas nucleus is crucial to SEOP physics, but still incompletely
understood, especially for the heavier noble gases. The heav-
ier noble gases have advantages in the searches for physics
beyond the Standard Model: the search for a permanent
electric-dipole moment (EDM) [6,7], spin-mass interactions
[8], and new axionlike particles [9] have all made use of
optically pumped and polarized '*Xe and/or '*'Xe. There
is renewed interest in hyperpolarized '*'Xe to study time-
reversal invariance in neutron-'3'Xe interactions [10]. SEOP
is also being extended to the even heavier but radioactive
radon isotopes for greater EDM sensitivity [11,12].

The efficient production of quantities of the order of 1
bar-liter of hyperpolarized xenon [13-15] is especially im-
portant for magnetic resonance imaging applications [16—18].
One unresolved question in this context is whether Rb, Cs,
or a mixture of the two (in a so-called hybrid cell) is the
ideal alkali-metal partner for Xe. While some interesting and

*Present address: Beihang University, 37 Xueyuan Road, Haidian
District, Beijing 100191, China.
brian.saam @ wsu.edu

2469-9926/2022/106(1)/012801(9)

012801-1

suggestive results have been reported [19], a complete answer
to this question requires careful measurement of the funda-
mental physical parameters such as spin-exchange efficiency
for both SEOP pairs. Optically detected electron paramag-
netic resonance (EPR) of the alkali-metal hyperfine structure
is a powerful and sensitive technique for characterizing a
large fraction of basic SEOP physics: EPR frequency shifts
can be used to monitor SEOP transients and measure spin-
exchange rates. In a pulsed-EPR implementation that we are
currently developing, both “relaxation in the dark™ [20,21]
and characterization of the alkali-metal hyperfine linewidth
[22] as a function of buffer-gas pressure can yield accurate
spin-destruction rates. In the limit where the hyperfine popu-
lations are described by a spin-temperature distribution [23]
(which holds across a broad set of commonly realized ex-
perimental conditions), acquisition of the hyperfine spectrum
allows a quantitative measurement of the alkali-metal polar-
ization. Finally, absolute EPR shifts can be used to determine
the noble-gas polarization, provided one has independently
measured k¢, a dimensionless enhancement factor that charac-
terizes the overlap of the alkali-metal-electron wave function
with the noble-gas nucleus during spin-exchange collisions.
Measurements of the noble-gas polarization are, in turn, im-
portant for determining spin-exchange rate coefficients; our
research group is interested, for example, in determining
whether Rb or Cs is a more efficient SEOP partner for '**Xe.
Knowledge of x( is also important for many of the pre-
cision measurements discussed above, since the associated
frequency shifts represent systematic effects that must be mea-
sured or eliminated [24].

We have previously measured «( for the Rb-Xe pair by
comparing both nuclear-magnetic-resonance (NMR) [25] and
EPR [26] frequency shifts in Rb-vapor cells containing both

©2022 American Physical Society
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3He and '¥Xe, where k for Rb->He is well understood from a
previous measurement [27]. In the present work, the only po-
larizable noble gas is 129% e but the cells contain both Rb and
Cs. By acquiring alternating sequential measurements of the
Rb and Cs EPR frequency shifts generated by the destruction
of the same quantity of '>’Xe magnetization (reproducibly
generated by SEOP), we have made a precise measurement
of the ratio («o)csxe/(k0)RbXe-

II. THEORETICAL BACKGROUND

Here we summarize a more detailed theoretical discus-
sion found in Refs. [26,28]. The Fermi-contact interaction
essential for SEOP generates a shift A f, in the alkali-metal
EPR frequency that is proportional to the noble-gas nuclear
magnetization,

i
dBy

A =
| fal 3 X

87 (K2)
(—KAx/LX [X]), D

where [X], ux, and K are the noble-gas number density,
magnetic moment, and spin, respectively; By is the applied
magnetic field, and kax > 0 is a dimensionless factor specific
to each alkali-metal-noble-gas pair that parameterizes the
enhancement of the noble-gas magnetic field sensed by the
alkali-metal electron. The frequency shift in Eq. (1) can be
understood as the product of the time-averaged magnetic field
(in large parentheses) generated over many collisions by the
noble-gas nuclei and the gyromagnetic ratio,

)/A(Fvn_/lF’BO)EznjiBt)a (2)
where we note that y, is only valid locally for small field
changes around a specific value of By for a specific hyperfine
transition. Here, we have defined the total ground-state alkali-
metal spin as F = S + I, the sum of the electron and nuclear
spins, respectively, and mp as the mean azimuthal quantum
number for the neighboring levels involved in the transition.

If the respective alkali-metal EPR frequency shifts for Cs
and Rb due to the complete destruction of the same quantity
of Xe magnetization are measured, then we can form the
following ratio:

3)
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Equation (3) applies equally well, but separately, to the
two isotopes *°Rb and 8’Rb. Gas densities in our vapor cells
were sufficiently high that the limit kax = kxa — ko was
valid [26,28], where kax and kxa are the enhancement fac-
tors for the EPR and NMR shifts, respectively. The goal of
this work is to measure the ratio on the left-hand side of
Eq. (3) in order to extract the kg ratio on the right-hand side.
For our experiments, By is large enough that the quadratic
Zeeman term in the Breit-Rabi equation [29] resolves the
hyperfine transition lines. Under optical pumping conditions,
this spectrum is most intense at the end resonance mp = £/
of the F =1+ 1/2 manifold corresponding to o+ pump-
ing light. Our experiments utilize these two resonance lines,

TABLE 1. Gas composition (in torr at 20 °C) of the three cells
used in this work. Cell volume in cm? is shown in parentheses below
the cell designation. The estimated volume ratio Vgp/Vcs is given
in the top row, followed by the constituent gas and then total gas
densities. The xenon is enriched to 90% '?*Xe; the fraction of '3!Xe
is 0.2%.

Cell 304A Cell 304B Cell 304C
(4.24 £0.10) (3.99 £ 0.10) (4.12 £0.07)
Vo /Ves 83 £ 29 8.3 + 3.7 10.0 £+ 3.7
Xe 40.1 £ 1.3 404 + 1.4 325+ 14
“He 1912 + 52 1932 + 53 1951 + 53
N, 577 + 1.6 570 + 1.6 56.6 + 1.5
Total (gas) 2010 + 55 2029 + 56 1986 + 53

for which [29]
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is correct to terms linear in By. In the limit By — 0 and for
lgrl < |gs|, the field-independent gyromagnetic ratio for all
nearest-neighbor transitions is

8sHB

= . 5

"o ©)

In Egs. (4) and (5), up is the Bohr magneton, gs =

—2.0023 is the electron g factor, g; is the nuclear g factor

(referenced to wp), and 84 is the precisely known alkali-metal
hyperfine splitting [30-32].

III. EXPERIMENT

In order to probe the '?*Xe magnetization with both Rb
(either isotope) and Cs EPR, we fabricated so-called “hy-
brid” vapor cells, which contained macroscopic amounts of
Cs and Rb metals in a prescribed ratio targeted to gener-
ate approximately equal vapor densities of 10'~10'* cm™3
at 100-120°C. The cells were filled with an in-house gas-
handling and vacuum system [33]; the cell properties are listed
in Table I. The desired volume ratio of Cs to Rb metals (8 in
our case) is estimated [34] from known vapor-density curves
[35,36] and Raoult’s Law [37]. A diagram of the manifold
with attached cells fabricated by our glass blower is shown
in Fig. 1. Whereas our typical manifold would have a single
retort at the upstream end for a single alkali metal, this man-
ifold was branched to include two retorts. With the manifold
evacuated, we used a flame to chase a small quantity (~1 mg)
of Cs metal into all of the cells, allowed everything to cool,
and then chased Rb metal into each cell prior to adding the
requisite gases and flame-sealing each cell from the manifold.
The volume of each metal in all cells was estimated (£15%)
by noting the shape of the melt, measuring its dimensions, and
applying an approximate geometric model. Care was taken
to keep the metals separate within the cell until after the
respective volume estimates were made.
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FIG. 1. Glass manifold used to make. Rb-Cs hybrid vapor cells.
The two retorts are used to distill in Cs and Rb metals separately
into each cell. The reservoirs capture the alkali metal distilled from
the retorts prior to sealing the retort away from the manifold. The
cells are then each filled with the prescribed gas mixture before being
sealed away from the manifold while submerged in liquid nitrogen
(to allow final room-temperature pressures >1 atm). The kinetic
barrier prevents alkali metal from streaming directly into the vacuum
system.

A. Optically detected EPR

Our optically detected EPR apparatus is described in de-
tail in Ref. [26]; here we provide a higher-level schematic
(Fig. 2) including the important adjustments made for the
present work. In brief, we used a typical SEOP setup: a cir-
cularly polarized pump laser at the D resonance, propagating
collinearly with an applied field generated by a Helmholtz
pair, was used to spin polarize the alkali metal, which then
polarized '?°Xe by spin exchange. The cell temperature was
maintained by a forced-air heater in an insulated aluminum
oven. Temperature stability was maintained with a controller
and a resistance temperature device (RTD; model F3101,
Omega Engineering) placed in the oven. Quoted temperatures
were based on readings of a second RTD attached to the cell
surface under the same experimental conditions, which typi-
cally read 210 °C higher than the oven RTD. The second RTD
was removed for actual data taking, as it tended to interfere
with the lasers and add electrical noise. A frequency-tuned
NMR coil was located under the cell; its only purpose was
on-demand destruction of the '*Xe magnetization with a
comb of pulses at the '?Xe Larmor frequency (33 kHz for
By = 28 G). The pulses were a few-hundred microseconds
in duration (chosen to correspond approximately to a 90°
flip-angle pulse) and 100-200 ms apart. Dual linearly (ver-
tically) polarized probe lasers (=80 mW), one for each alkali
metal, detuned ~0.5 nm from the respective D, wavelengths
(780 nm for Rb and 852 nm for Cs), propagated transverse
to By. A single pick-off mirror could be slid into place to
replace one probe beam with the other, along identical lines
through the cell, without having to adjust any of the other
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FIG. 2. Schematic diagram of experimental apparatus. More detail for the locking circuitry is shown in Ref. [26]. The main changes from
that work are the orientation and location of the NMR coil, which was used only for transmission of pulses to destroy '*Xe magnetization, and
the use of dual probe lasers (one each for Rb and Cs EPR) with a pick-off mirror positioned so that the lasers could be reproducibly swapped

without changing the positions of the cell, optics, or photodiode detector.
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components. Each probe laser was mounted with an adjustable
diffraction grating to form a Littrow cavity [38], making the
lasers tunable for several nanometers about the D, line. The
probe light emerging from the cell was passed through a linear
polarizer set to 45° and a focusing lens before detection by a
fast photodiode.

A two-turn, ~8-cm-diameter EPR coil was positioned on
either side of the cell and provided a weak transverse cw
excitation. The coil was tuned and impedance matched with
separate component boxes exchanged manually between con-
secutive experiments for different alkali-metal species. The
steady-state precession of the transverse magnetization mod-
ulated the Faraday rotation of the probe laser at the EPR
frequency (e.g., ~#20 MHz for 8’Rb). The intensity of the
modulation, as detected by the photodiode and homodyned
with a rf mixer, was proportional to the hyperfine spectral
intensity, and the spectrum of nearest-neighbor hyperfine tran-
sitions could thus be traced as a function of frequency. Using
a voltage-controlled oscillator (VCO) as the rf source and
appropriate feedback circuitry, we could lock the EPR fre-
quency to the magnetic field inside the cell and thus follow
the evolving nuclear magnetization. We locked to the end
resonance corresponding to the helicity of pumping light and
refer to this as pumping into the high-energy (HE, o+ light) or
low-energy (LE, o — light) Zeeman state, where Eq. (4) yields
the corresponding gyromagnetic ratio. We have developed a
spreadsheet [34] that calculates the detailed properties of the
alkali-metal hyperfine spectra as a function of applied field
in the quadratic Zeeman regime, including the precise values
of the gyromagnetic ratio 4. We note that the EPR shifts
due to '*Xe magnetization correspond to magnetic fields on
the order of tens of microgauss; it was thus sufficient for our
purposes to calculate y5 up to terms quadratic in the applied
field By and use that single value in Eq. (3).

The basic experiment was to polarize the '**Xe repeatedly
to its steady-state value in the presence of polarized Rb and
Cs, and to alternately observe the sudden Rb and Cs EPR
frequency shifts caused by intentional rapid destruction of the
129X e magnetization with an NMR-pulse comb. The pump
laser was on continuously, and we counteracted slow drifts
in the '®Xe saturation polarization and other instrumental
drifts by switching back and forth between Rb and Cs EPR
several times during the run. Regardless of which atom was
optically pumped, the large interatomic spin-exchange cross
sections assured that all alkali-metal isotopes were polarized
to some degree and all three corresponding hyperfine spectra
could be prominently observed across the temperature range
of interest. As shown in Eq. (3), the ratio of Cs to Rb fre-
quency shifts under these conditions is directly proportional
to the corresponding «y ratio that we ultimately wished to
measure. A variable rf attenuator was used to reduce the
rf power to the EPR coil to the point where the saturation
polarization of '**Xe due to SEOP was negligibly affected by
the small decrease in alkali-metal polarization compared to its
value with no rf excitation.

Experiments were performed using two separate but sim-
ilar apparatus. We treat these cases separately because they
each involve one of the two natural Rb isotopes and because
the respective data acquisitions were separated in time by
more than 12 months; significant improvements were made

in the interim, leading to a more precise measurement in the
second case.

B. Case 1: ¥Rb vs '3Cs

The 3’Rb experiments were conducted at By = 28.3 G us-
ing a 30-W diode-laser array (model M1B-795.2-50C-SS4.1,
DILAS) for pumping light at the D; wavelength of 794.8 nm.
The pump laser was operated at 25 A (15 W) and nar-
rowed to 0.2-0.3 nm with a low-power tunable Littrow cavity
oriented at 90° to the main beam [39]. Two similarly nar-
rowed single diodes were used for the Rb or Cs D, probe
(Thorlabs models L785P090 and L852P50, respectively). The
LABVIEW (National Instruments) code [40] for data acqui-
sition was similar to that used in Ref. [26]: it coordinated
near-simultaneous (within a few milliseconds) readings of the
frequency counter (model 53220A, Agilent) and voltmeter
(model 2010, Keithley) with a dwell time of ~0.5 s. The
same circuitry introduced in Ref. [26] was used to stabilize the
Helmholtz current to a few parts in 103 over the measurement
time. The voltmeter measured the residual current drift across
a stable 0.10-€2 sensing resistor in series with the Helmholtz
coils. The first data point in a set defined the absolute EPR
frequency reference point vy for the measured shift. To a
very good approximation, the shift v; of the ith data point,
corrected for current drift, was given by

, I
v, = v —vo—, (6)
Iy
where vy, v; and Iy, I; were the frequencies and currents
measured at the initial and ith data points, respectively. Equa-
tion (6) is convenient because it does not depend on explicit
knowledge of y, or the coefficient relating By to 1.

Three cycles of saturation and destruction of the nu-
clear magnetization probed by 8’Rb EPR were continuously
recorded; then the probe laser was switched and three more
cycles were recorded using !**Cs EPR. Example data are
shown in Fig. 3. For analysis purposes, we recorded and
averaged the 10 points prior to and 10 points subsequent to
the NMR spin destruction, throwing out points that obviously
occurred during the transition (the locking circuit can follow
the sudden destruction within one or two points at most). An
average shift for the three 3Rb cycles is determined and com-
pared to the corresponding average for the three '3*Cs cycles
to yield a shift ratio. This entire process is repeated three times
in each experimental run, yielding three independent values
of the shift ratio A f37/ A fi133, from which a weighted average
and standard error are calculated. A sample data sheet with
embedded error calculations is included in the Supplemental
Material [34]. The three cells were each measured at two
different temperatures to yield the six data points shown in
Fig. 4.

A check on our data-acquisition protocol was done by com-
paring the EPR shifts for ’Rb and 3°Rb in exactly the same
way as described above. We assume that (ko )rbxe has negligi-
ble dependence on the Rb isotope because it depends only on
the interatomic potential and the perturbed wave function of
the valence electron. The difference in Rb-'2’Xe reduced mass
results in a <1% difference in mean thermal collision speed;
the resulting slight decrease in collision duration for 55Rb
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FIG. 3. Sample EPR locked-frequency-shift data for (a) Rb (case 1) and (b) *Rb (case 2). The sharp drops in frequency shift correspond
to the sudden destruction of fully polarized ' Xe magnetization. The insets show the transition in more detail. In both cases, Rb is the directly
pumped alkali metal; the frequency variations characteristic of the case-1 data are due to the light shifts caused by fluctuating pump-laser
power. These fluctuations are greatly reduced in case 2, where we allowed the pump laser to warm up for more than a day to reach steady-state

operation.

is offset by a corresponding increase in collision frequency.
The shift ratio can thus be predicted precisely from yg7/y5s.
At our applied field, this ratio is different by ~5% for the
high- vs low-energy end resonance. Figure 5 demonstrates our
sensitivity to this small difference.

C. Case 2: ¥Rb vs 13Cs

These experiments were conducted at By = 29.15 G using
a 35-W Rb D; (794.8 nm) VBG diode-laser array with a
35-pm line width (OptiGrate). The laser is one-half of a dual-
head turnkey system with wavelength and power controlled
through a computer interface that actively monitors the current
and junction temperature. The other half of the system is an
analogous 35-W array at the Cs D; wavelength (894.4 nm);
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FIG. 4. Plot of the ratio of ¥’Rb to '¥*Cs EPR frequency shifts
resulting from the sudden destruction of the same quantity of '?Xe
magnetization in three cells at two different temperatures: blue
(open) symbols correspond to 120°C and red (filled) symbols cor-
respond to 140°C. All data were acquired by pumping with Rb
D, light at 794.8 nm into the low-energy (LE) Zeeman state. The
weighted average and standard deviation are 1.591 % 0.027 (line and
gray band). The data show no obvious trends across different cells or
temperatures.

the Cs-D; laser was not used for the ratio measurements,
but was used to demonstrate the effects of light shifts on the
hyperfine resonances (see below). Components not specified
in this section are the same as for case 1.

Improvements were made in the By-stability circuitry:
thermally sensitive components were all mounted to a water-
chilled aluminum slab, and the slab was covered to minimize
temperature fluctuations associated with air currents. The
original goal was to achieve ppm stability over the tens of
minutes that it typically takes to measure SEOP transients;
here, we needed stability for only about 30-60 s at a time,
and these improvements practically made the current correc-
tion discussed in the previous section unnecessary [41]. Due
to our proximity to nearby experiments employing switched
magnetic fields, moving elevators, and other ambient sources,
we found it useful to monitor ambient field fluctuations with a
fluxgate magnetometer (model FS1-100, Stefan-Mayer). The
magnetometer’s range is only +1 G, but it could be positioned
near a field null for the Helmholtz coil, about a coil radius
(A50 cm) away from the cell, where it was then sensitive
only to ambient field fluctuations and not to changes in the
Helmholtz current. Properly calibrated, field sources much
further away from the cell than a coil radius could be effec-
tively subtracted out of the EPR measurement; the LABVIEW
code was updated to perform this operation in real time as
frequency-shift data were being acquired [40].

Improvements in the signal-to-noise ratio were made after
discovering that the OptiGrate laser exhibits substantial vari-
ations in output power at fixed current, particularly during its
“warm-up” phase, which may last up to 12 h. These variations
led to fluctuations in the measured EPR frequency due to
a variable light shift [23,42] for whichever alkali metal was
being directly pumped and polarized with D; light. We picked
off a small fraction of the pumping light with a polarizing
beam splitter and measured its intensity with a photodiode;
we observed a correlation between the photodiode voltage and
fluctuations in the magnetic field as measured by the locked
EPR frequency on timescales from tens of seconds to many
hours with a cell containing no xenon (to avoid any con-
fusion with SEOP transients or drifting '**Xe polarization);
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for LE) are precisely calculated values of the expected shift ratio for each case based on the known gyromagnetic ratios (correct to linear terms
in By). That we accurately measure the ~5% difference in the HE- and LE-state values is strong validation of the technique for determining

the same ratio for the ¥Rb and '**Cs EPR shifts.

see Fig. 6(a). In Fig. 6(b), we show that there is a reduction
in measured field fluctuations and no correlation with the
pump-laser power if we use the locked EPR frequency of the
indirectly polarized atom (¥Rb in this case). By monitoring
the pump-laser power and allowing significant warm-up time,
we could run the experiment during relatively stable periods
to avoid significant drifts due to the light-shift effect. Similar
power variations were later observed in the DILAS laser used
in the ’Rb experiments (case 1), but were not recognized or
controlled for at the time. Figure 3 demonstrates the corre-
sponding decrease in background noise for case 2 compared
to case 1.

The data-acquisition protocol was unchanged from case 1,
except that we acquired both LE- and HE-state shift ratios in
each experimental run; this allowed an immediate systematic
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check on the data by forming the “ratio of ratios”,
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which should be the same for all data sets at a fixed By since
it depends only on the precisely known gyromagnetic ratios.
Two measurements were done on each of two different vapor
cells at temperatures ranging from 115 to 130 °C to yield the
four LE and four HE data points (trials 3 through 6) shown in
Fig. 7; the plot includes data from two previous trials (1 and
2) acquired before we understood the problem with light-shift
variations. The data analysis includes only the last four trials.
For each of these trials, the ratio computed from the data by
Eq. (7) is <1% from the expected theoretical value of 1.060 at
By = 29.15 G. The computed ratios are all slightly larger than,
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FIG. 6. Plots of magnetic-field fluctuations (relative to ~28.0 G) as measured by the alkali-metal EPR frequency shift (black trace)
overlayed with plots of relative pump-laser power [red (gray) trace] vs time. In both (a) and (b), the pump laser operates at the Cs-D; wavelength
with about 28.5 W, generating both Cs and Rb polarization in the hybrid vapor cell. The magnetic field is measured via (a) the shift of the '**Cs
end resonance |F, i) = |3, 5/2) and (b) the ’Rb end resonance |F, 7iiz) = |2, 3/2). The cell contains no Xe or other polarizable noble-gas
species. Variations in the pump-laser power produce field fluctuations measured by EPR of the directly pumped (Cs) species (a) that are both
larger than those measured by EPR of the indirectly pumped (Rb) species and correlated on both long and short (inset) timescales with the
pump-laser power. In (a), the effective magnetic field associated with the light shift was opposite to the applied field By, so field fluctuations
are 180° out of phase with laser-power fluctuations. (The sudden jump in the measured field at =11 000 s was an anomalous glitch in the EPR
acquisition.) In (b), no correlation is observed on any timescale for the indirectly pumped species.
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FIG. 7. Plot of the ratio of EPR frequency shifts (3°Rb vs 1**Cs)
resulting from the sudden destruction of the same '*Xe magnetiza-
tion in hybrid (Rb-Cs) vapor cells. Cell designation and temperature
are shown for each trial; data were acquired pumping into both the
high-energy (HE) and low-energy (LE) Zeeman states (mp = %I).
Data to the left of the vertical dashed line were acquired before we
understood light-shift fluctuations due to the pump laser; only data
to the right of the line are included in the analysis. The uncertainty-
weighted averages with standard deviations are indicated for both HE
and LE pumping by the lower (red) and upper (blue) lines and shaded
bands, respectively. The ratio of these values (shown vertically be-
tween the data points for each trial) serves as a systematic check on
the result of each trial since the ratio depends only on the precisely
known gyromagnetic ratios, per Eq. (7). For the results shown here,
the ratio in trials 3—6 is within 1% of the expected value of 1.060.

but have uncertainty ranges that encompass, this theoretical
value.

IV. RESULTS AND DISCUSSION

Table II shows the ®’Rb-EPR result (case 1, LE state only)
and the two ®Rb-EPR results (case 2, both HE and LE states).
The ko ratio is computed from the weighted average of the
data shown in Figs. 4 and 7, assuming that the data are in-
dependent of temperature. The weighted average of the three
values in the rightmost column of Table II yields the final
result,

(Kolexe _ 51540007, ®)

(K0 )RbXe

Our previous measurement of (kg)rpxe = 518 £ 8 [26]
combined with the present result allows a determination of the
Cs-'PXe enhancement factor: (kg)csxe = 629 % 10. Both of

TABLE II. Final results for three independent measurements of
the CsXe/RbXe k-ratio.

By (G) ysr/vss vs1/vizz Vss/Viss Ko-ratio
Case 1 (LE) 28.3 14613 2.0042 1.3715 1.260 £0.024
Case 2 (LE) 29.1 1.4602 2.0043 1.3726 1.212 +0.004
Case2 (HE) 29.1 1.5411 1.9948 1.2944 1.217 +0.005

these results rely on the previous precise measurement of the
Rb-*He enhancement factor made by Romalis and co-workers
[27]. Both are about 25% smaller than the values theoretically
predicted by Walker [43]; however, our independent mea-
surement of the ratio of these two parameters is in excellent
agreement with the ratio determined from Ref. [43].

A previous measurement of (k)csxe based on 129%e NMR
frequency shifts made by Fang and co-workers [44] yielded
702 £ 41 at 80°C and 653 + 20 at 90°C. Given the uncer-
tainties in these measurements, they are not inconsistent with
our result or with the absence of temperature dependence
observed in our work. Temperature dependence for the heavier
noble gases is expected to be weak at best since o depends
more on the location of the steep repulsive core of the inter-
atomic potential than on the well depth [43].

With respect to the precision of our results, we have done a
conventional statistical analysis assuming that the results of all
measurements are normally distributed. The sample data sheet
(see Supplemental Material [34]) shows the exact formulas
used to process weighted means and expected uncertainties.
Our data show no trend with temperature, and the measured
shift ratio would be relatively insensitive to temperature since
any weak dependence is almost certainly in the same direction
for both Rb and Cs EPR shifts. Various systematic effects,
many which we did not understand or control for until the
measurements of the 8’Rb-Cs «-ratio in case 2 were under-
taken, were present intermittently and to different degrees
throughout the case 1 measurements. We have no reason to
believe that these effects consistently skewed the data one way
or the other; they simply caused the background fluctuations
in the EPR frequency shift to be larger or smaller depending
on time of day, whether elevators were running, whether a
neighboring laboratory switched a magnet on or off, etc. We
thus take the trials as independent, with the uncertainty deter-
mined by the background fluctuations for each trial, but given
these varying experimental conditions and the relatively few
number of data points, we use the weighted standard deviation
as our quoted uncertainty for each of the three results shown
in Table II. The final result is mostly determined by the case
2 measurements, where experimental conditions were better
understood and controlled.

Because we are using nominally spherical cells and « is
at least several hundred, the effects of a finite through-space
field generated by the '*Xe magnetization due to cell as-
phericity and the small stem (“pull-off”) created when the cell
is flame-sealed away from the glass manifold are negligible
[26]. The main source of systematic error is the variable
light shift discussed in Sec. III C. Light-shift variations were
uncontrolled in case 1, degrading the precision of that result,
although we have no reason to suspect that the accuracy was
affected. We thus include the case 1 result in a straightforward
weighted average along with the more precise results from
case 2. Allowing the OptiGrate laser to warm up for more than
12 h worked well enough for these short measurement times
to improve precision significantly in case 2. In future work on
spin-exchange rate coefficients, we will describe a “locking
in the dark” technique that enables stable frequency-locking
measurements over longer timescales that are impervious to
light-shift effects.
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Knowledge of the alkali-metal densities in our cells
was not necessary for these experiments, and we did not
directly measure them. Given the volume ratios of Rb to
Cs metal (Table I), we can use vapor pressure curves and
Raoult’s Law to estimate the densities of both metals to
be in the range 5 x 10'> to 5 x 10'3 over the temperature
range studied (see Supplemental Material [34]). Using known
values of the Rb-Cs spin-exchange cross section [45], we
estimate that the Rb-Cs spin-exchange rate I'sg in our cells
ranged from 4 x 10* to 4 x 10° s~'. We also measured the
alkali-metal spin-destruction rates 'y in cells with similar
gas composition and total pressure to be much slower—of the
order of 10° s~!. The condition I'sg 3> I'y should mean that
all the hyperfine spectra are observable with a single probe
laser near the D, resonance of either alkali-metal atom. This
was pointed out to us by Babcock [46] after we had conducted
all of our experiments with two separate probe lasers. We
subsequently tried to observe the indirectly probed Cs (Rb)
EPR hyperfine spectrum with the Rb (Cs) probe laser, but
were unsuccessful. In similar work with Rb-K hybrid cells

and *He (no Xe), Babcock et al. [47,48] worked with higher
alkali-metal densities and much lower spin-destruction rates,
better satisfying the above condition and perhaps leading to
easier observation of the indirectly probed EPR spectrum. A
single probe laser would have made for a simpler and more
efficient experiment, and we are uncertain as to why it did not
work, but we remain confident that our approach using two
separate probe lasers produced reliable reproducible data.

LABVIEW code is available on request from the corre-
sponding author [40].
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