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Transfer of spin angular momentum from Cs vapor to nearby Cs salts through
laser-induced spin currents
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Optical pumping of alkali-metal atoms in vapor cells causes spin currents to flow to the cell walls where
excess angular momentum accumulates in the wall nuclei. Experiments reported here indicate that the substantial
enhancement of the nuclear-spin polarization of salts at the cell walls is primarily due to the nuclear-spin current,
with a lesser contribution from the electron-spin current of the vapor.
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I. INTRODUCTION

This paper presents details on a method for increasing the
sensitivity of nuclear magnetic resonance (NMR) and other
experiments by hyperpolarizing the target nuclei. Hyperpo-
larized nuclei, that is, nuclear-spin polarizations much larger
than the thermal-equilibrium values, can be produced in a
variety of materials. For example, molecular solutions [1],
amorphous silicon [2], GaAs [3], molecular crystals [4], and
ionic crystals [S] have all been hyperpolarized by dynamic
nuclear polarization—with or without optical excitation. Other
polarization methods include spin exchange between optically
pumped alkali-metal atoms and noble gases [6] or chemical
reaction products [7] in the gas phase, spin transfer at solid
surfaces from hyperpolarized noble gases [8], and chemical
synthesis with para-hydrogen [9].

Alkali salts are candidates for accumulating and storing
spin polarization. Nuclei with [ > 1/2 will, in general,
depolarize quickly due to quadrupole relaxation. However,
33Cs (I =7/2),"Li(I = 3/2),and °Li (/ = 1) all have small
quadrupole moments, and thus greatly reduced quadrupole
relaxation. Compared to 77 = 0.25 s of 87Rb in RbC1 [10], the
spin relaxation times of these isotopes at room temperature
are very long, for example, 300 s for 133Cs in CsH, 1000 s for
133Cs in CsCl, 900 s for ?H (I = 1) in CsD, and 9000 s for 'H
(I =1/2)in CsH [11]. See Ref. [12] for other nuclei in alkali
salts.

In this work, we report on experimental and theoretical stud-
ies of the transfer of spin angular momentum from optically
pumped alkali-metal atoms to materials on the inner walls of
the container of the vapor. No mediation by other substances,
such as noble gases, is needed. Optically polarized atoms
transport the angular momentum of the electron and nuclear
spins to the cell walls either by diffusion through a buffer
gas like nitrogen or by free flight in vacuum. The electron-
and nuclear-spin polarizations can be exchanged or lost to
translational angular momentum by collisions with buffer-gas

“Present address: Department of Physics, University of California,
Berkeley, CA 94720.

tPresent address: Sandia National Laboratories, Albuquerque, NM
87185-1082.

1050-2947/2011/83(6)/063410(12)

063410-1

PACS number(s): 32.80.Xx, 32.30.Dx, 34.35.4-a, 76.60.—k

atoms or molecules, collisions with other alkali-metal atoms,
and collisions with the wall. Experiments of this type were
recently reported by Ishikawa et al., who demonstrated high-
field optical pumping of Cs vapor and spin transfer from the
vapor to CsH salt at 9.4 T [13], as shown in Fig. 1. This result
suggests that the angular momentum of the laser photons is
transferred to the nuclei of the solid. Experiments have shown
that the nuclear polarization enhancement only occurs when
the laser is tuned to an optical transition within the atomic
vapor. From these results, we conclude that the spin transfer
process is mediated by polarization of vapor-phase atoms,
since direct optical pumping of the salt or F centers would
likely exhibit a very broad optical frequency dependence.

Though these observations show that light absorption by the
vapor leads to hyperpolarization of the salt, they do not reveal
the mechanism of spin transfer from the vapor to the salt.
As described in the remainder of this paper, we measured Cs
NMR enhancement under a range of experimental conditions:
we varied the laser frequency and polarization, the vapor cell
temperature, the buffer-gas pressure, and the externally applied
magnetic field; we also performed measurements on a large
number of alkali vapor and salt cells. We analyze the results
of these measurements with theoretical models of the nuclear-
and electron-spin currents through the alkali vapor to the cell
walls. One clear conclusion from these studies is that most of
the observed enhancement of the nuclear-spin polarization in
the walls comes from the current of nuclear-spin polarization
through the vapor, with the electron-spin polarization current
playing a much smaller role.

II. LASER-INDUCED SPIN CURRENTS

In this section, we describe the theoretical background for
spin currents induced by optical pumping. Since this paper
is focused on experimental results, we will only outline the
theory used to interpret the experiments, and we will refer the
reader to the recent book, Optically Pumped Atoms [14], for
more details.

Figure 2 shows the energy levels of Cs atoms in a high
magnetic field. Since the Zeeman splitting, fiwg, is much larger
than hyperfine splittings, A({ + 1/2), the energy eigenstates,
|p), differ little from the Kronecker product of electron
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FIG. 1. (Color online) Cs NMR spectra of CsH with 11 Torr N,
enhanced by optical pumping of Cs vapor. The positive (red line) and
negative (orange line) traces show the enhancement from thermal
equilibrium (dotted green line) by o and o_ light, respectively. The
o, and o_ D; transitions (6p %Py, — 65 %5),2) are 350 GHz detuned
from each other due to the Zeeman splitting at 9.4 T. (a) and (d) refer
to the D, pumping transitions shown in Fig. 2. NMR detuning is
relative to 52.386 MHz.

and nuclear-spin states, |I m;) ® |S mg) for the ground state,
and similarly |/ m;) ® |J m;) for the excited state. We will
therefore denote the energy states by |u) = [mg,m;) with
|mg,m;) ~ |Im;) @ |Smg), and with analogous notation for
excited atoms. In a glass cell with sufficient buffer gas such
that the mean free path of an atom is much smaller than the
characteristic dimension d of the cell, optically pumped alkali
atoms can transport angular momentum by diffusion through

Cs energy levels 3/2
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FIG. 2. (Color online) Energy levels of Cs atoms at high magnetic
field. The electronic angular momentum projection mg (m ) for the
ground (excited) state is indicated by a half-integer. There are eight
nuclear-spin levels |/ = 7/2 m;) in each electronic level. The vertical
lines denote groups of high-field, allowed, and forbidden D, and D,
transitions, labeled from right to left in order of decreasing resonance
frequency [ D,(a-h), D(a-d)]. The most effective photon polarization
for each transition is indicated by the type of lines: solid red (o),
dotted green (7), and dashed blue (o_).
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the gas to the cell walls. The atoms gain angular momentum
through optical excitation and subsequent deexcitation [15].
The excited-state atoms undergo collisional relaxation before
repopulating the ground state through spontaneous radiative
decay or quenching. The ground-state atoms experience a
large number of collisions with the buffer gas that induce
spin-rotation and hyperfine-shift interactions, and collisions
with other alkali atoms that induce spin-exchange interactions;
the electron- and nuclear-spin polarizations couple to each
other through all of these collisions. Angular momentum
transport to the walls is discussed using the expectation value
of the longitudinal electron spin (S,) and the nuclear spin
(I;) (in units of ) [13]. We describe the evolution of the
ground-state density matrix | p), represented as a column vector
in Liouville space, with the evolution equation [16]

3| ) = DV?|p) — Glp) (1)
5 1P = o p)-

We assume that the dependence of the diffusion coefficient D
on the number density [N] of the buffer gas and the absolute
temperature 7' of the gas can be adequately parameterized as

[NoIVT
INIWTo

Here Dy is the value of the diffusion coefficient at a reference
temperature Ty, and at a reference number density [ Ny], often
taken to be one amagat or the number density of an ideal gas
at a pressure of 1 atm and a temperature of 0 °C ([Ny] =
2.69 x 10'cm™3). For nitrogen gas, Beverini et al. [17] report
Dy = 0.087 cm? s~! for Ty = 290 K.

The second term on the right-hand side of Eq. (1),
—G]|p), describes the evolution of the density matrix that is
independent of spatial diffusion. The operator G is represented
by a square matrix in Liouville space [14,18]. We write G|p) as
a sum of contributions due to different mechanisms: hyperfine
couplings within the atom, coupling to externally applied
magnetic fields, optical pumping as |dqp) from depopulation
pumping and | ¢rp) from repopulation pumping, and collisional
relaxation processes as |fyq) from the spin-rotation interaction
and |pps) from the hyperfine-shift interaction [14,19]. The
repopulation rate, |0y, is the sum of a contribution |64) due
to quenching of excited atoms by collisions with nitrogen
molecules and a contribution |pg,) for spontaneous decay.
We ignore collisional depolarization of the excited state,
as distinct from quenching collisions, and we also ignore
radiation trapping for the moment. We assume that G is
spatially uniform—the laser is so intense that the top-hat beam
passes through the atomic vapor without any change in shape
or intensity, and collisions in the vapor are homogeneous.

Collisions with buffer-gas atoms or molecules cause transi-
tions between the energy sublevels of the atom. For the atomic
ground state, the most important collisional interactions are as
follows:

(1) The spin-rotation interaction y N -S between the ro-
tational angular momentum N of the colliding pair and the
electron spin S of the alkali-metal atom. This interaction leads
to S damping at the characteristic rate I'sg = k5q[N] [17] with
Ksq = 820 s’lamg’l.

(2) The collisional hyperfine-shift interaction §AI- S be-
tween the nuclear spin I of the alkali-metal atom and the

D = Dy 2
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electron spin S. This interaction leads to transitions at the char-
acteristic rate I'ys = [N ] [20,21] with ks = 55 s’lamg’1

The spin-exchange interaction—the largest term is field-
dependent—changes (I.) with the rate 28°T'y, [22] where
6 = A/2hwg is small at a high field, I'. o [Cs] is the spin-
exchange rate at the low fields, and [Cs] is the number density
of Cs atoms. For the experiments described here, the number
density [Cs] is no larger than the saturated vapor pressure
of the condensed solid or liquid alkali metal in the cell. The
measured density can be a factor of two or more smaller than
this equilibrium limit because of loss of alkali-metal atoms into
the glass walls. For most of these experiments the temperatures
were low enough (7 < 100 °C) and the associated number
densities of Cs atoms were small enough to neglect the rate
of spin-exchange collisions between pairs of Cs atoms, in
comparison to the rates I'yq and I',y mentioned above.

We assume that atoms impinging on the uncoated glass
walls are adsorbed, and that the adsorbed atoms are replaced by
unpolarized, desorbed atoms. We ignore the extremely small
equilibrium spin polarization, since the thermal energy kgT
is so large compared to the energy differences between spin
sublevels, |u). We also ignore the small corrections to this
boundary condition due to the finite mean free path of the
diffusing atoms and the possibility that the atoms may bounce
off the wall with some of their precollision polarization intact
[14,23]. Then the density matrix of the atoms at the walls is
very nearly given by

Pu 1][5] Zm 3)

Here[I] = 21 + 1 is the number of nuclear-spin sublevels, and
[S] =284 1 =2 is the number of electron-spin sublevels.
The boundary condition (3) is well justified for the experi-
ments reported here, where the nuclear polarization of atoms
desorbing from the walls is negligibly small, but Eq. (3) could
be modified to account for the larger nuclear polarizations that
we hope will be produced in the future. Equation (3) implies
that the longitudinal electronic spin (S;)y, and nuclear spin
(I,)w both vanish at the walls, that is,

<Iz>w =0. (€

Near the walls, the vapor has a large specific absorption,
leading to bright, easily observed fluorescence [12].

When an unpolarized atom is desorbed from the cell wall
and begins to diffuse into the interior, it will begin to be
polarized under the combined effects of optical pumping and
collisional spin relaxation. Since an atom can diffuse a distance
of order /Dt through the buffer gas in a time 7, we see that
the characteristic distance of diffusion needed to equilibrate
the populations of spin sublevels is /D/I'sg =0.93 cm
for the spin-rotation interaction and +/D/I'ys = 3.6 cm for
the hyperfine-shift interaction. These lengths are on the order
of the cell size, so we expect the spin polarization to be
nonuniform throughout the cell volume, with the highest
polarizations at locations farthest from the walls.

At high magnetic fields, the hyperfine-shift interaction
8AT- S, acting during a collision, drives transitions, satisfying
the selection rule Am; = —Amg between ground-state sub-
levels. Thus, the collisional hyperfine-shift interaction tends

(S;)w =0 and
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to equalize the populations of sublevels with the same total
azimuthal quantum number m = mg + m;, and it causes
part of the electron spin (produced by optical pumping) to
be transferred to the nuclear spin or vice versa, making
up the heart of hyperfine-shift pumping. The spin-rotation
interaction y N - S, acting during a collision, drives transitions
between ground-state sublevels satisfying the selection rule
Am; = 0. The spin-rotation interaction cannot directly affect
the nuclear polarization of the atoms, and this means that
polarization modes with mostly nuclear-spin polarization and
little electron-spin polarization take a long time to build up
to equilibrium and they have small amplitudes in cells that
contain little buffer gas.

Assuming cylindrical symmetry about the beam axis
(parallel to the magnetic field), the radial current densities
of longitudinal electronic and nuclear spin are

3(S,) o(I;)
ar

—[Cs]D and J; = —[Cs]D———, 5)

ar

where r is the radial coordinate. In our model, we use the
boundary condition (3) to numerically solve the evolution
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FIG. 3. (Color online) Absorption cross section of Cs atoms for
o4 (solid red line), = (dotted green line), and o_ (dashed blue
line) light for (a) D line and (b) D, line at 2.7 T and 10 Torr of
N, gas. The horizontal axis is the detuning of single-mode laser
from the resonance frequency of hypothetical atoms (/ = 0) with no
magnetic field. Lowercase letters denote the transition frequencies
noted in Fig. 2. Cross sections on resonance for transitions with
Am; = =1 are roughly three orders of magnitude smaller than those
for transitions with Am; = 0, and smaller by additional orders of
magnitude for Am; = +2. Note the logarithmic vertical scale. The
absorption length can be calculated from the cross section and the
number density [Cs] = 1.5 x 103cm™ (100 °C).
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equation (1) in Liouville space with linear algebra techniques
[14]. We use the resulting steady-state density matrix, |p),
to evaluate spatially dependent values of (S,) = Tr[pS;] and
(I;) = Tr[pl,], and we numerically evaluate the derivatives
at the cell walls to find the currents (5). Comparing observed
enhancements to simulated spin currents should yield insight
into the vapor-solid spin transfer mechanism.

Fully allowed optical transitions have the selection
rules, Am; =0. The fully allowed D; transitions are
|ms = F1/2,m;) <> |m; = £1/2,m;) for ox-polarized light
and |mg = £1/2,m;) < |my; = £1/2,m;) for m-polarized
light. Although the high-field energy eigenstates are nearly
pure product states, the hyperfine interaction will cause a
slight admixture of product states with the same azimuthal
quantum number m = mg + m;. For example, the energy
eigenstate |mg,m ) will have slight admixtures of the product
states, |[I m}) ® |S m’) with m's # mg and m, # m; but with
ms +m’, = mg +m;. There will be analogous mixing of
excited-state sublevels. This makes it possible for optical
excitation to drive weaker, “forbidden” transitions (see Fig. 3)
with Am; # 0. At the frequencies of transitions Di(b),
lmsg = —1/2) < |my; = —1/2), the atoms can be excited
weakly by oy light (Am; = £1) and strongly by n light
(Amj; = 0). The electron spin (S,) produced by all three
polarizations of light is positive at the transitions D (b), since
the sublevels with mg = —1/2 are depopulated for all three
polarizations, as shown in Fig. 4. On the other hand, the nuclear
spin (/) produced by the optical pumping depends strongly
on the light polarization, since pumping with “forbidden”
transitions can increase or decrease m; directly.

From numerical solutions of Eq. (1), we calculate Jg and
Ji at several magnetic fields for all polarizations of light. The
pump frequency dependence of these currents is shown in
Figs. 5-7, for pump light power density P_ = 100 mW/cm?,
N, gas pressure of 10 Torr, and temperature 100 °C. The
current Jg depends on pump power as /P when the pumping
rate I'op is much larger than I'yg and I'ps [13]. As shown in
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FIG. 4. (Color online) Spin sublevel population is represented
as orange (gray) beads for o, pumping at D;(b). The solid arrows
indicate optical excitation and spontaneous decays. The dotted
arrows indicate quenching, S-damping (SD), and hyperfine-shift (HS)
collisions. Since a single-mode laser pumps the adjacent nuclear-spin
levels, the electron spin is well polarized by depopulation pumping.
The nuclear polarization is due to hyperfine-shift pumping and the
Am; = 1 transition by o light.
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FIG. 5. (Color online) Simulated diffusion spin currents to the
side wall of a cylindrical cell (inner diameter 1 cm) at a magnetic
field of 2.7 T as a function of laser pumping frequency detuning
from the center of the D, line. Nuclear- and electron-spin currents
J; and Jg are induced by o, (solid red line), = (dotted green line),
and o_ (dashed blue line) light. All were calculated at 100 °C with
10 Torr N, and uniform laser power density of 100 mW /cm?. The
logarithmic scale for both positive and negative spin currents makes
the curves discontinuous when the current changes sign. Lowercase
letters indicate the transitions noted in Fig. 2. It is important to notice
that for each of the transitions a, b, ¢ and d, the nuclear-spin current
J1 has the same sign for the same circular polarization and the current
reverses sign when the sign of the circular polarization is reversed.

Fig. 5, a large positive electron-spin current is induced by
o, pumping (solid red curve) with the D;(a) line, and this
feature shows a broad Lorentzian tail. The broad tail of J;
near the Dj(a) transition comes from coupling to Jg through
hyperfine-shift pumping. The four peaks in J; are due to optical
pumping, and the largest current is induced at D, (c), not at the
allowed transition Dj(a). For transition D;(c), Jy is negative
for any light polarization, and J; is positive only for o light.
Similarly, the only negative spin current for D (b) is J; induced
by o_ pumping. The nuclear-spin current to the walls will play
a key role in studying spin transfer to salts.

The currents Js and J; are induced in a variety of
combinations from Dj(a) through D,(h) at 2.7 T, as shown
in Fig. 6. Note that the D,(a) and D,(h) lines would be
forbidden transitions at infinite magnetic field (m; = mg £ 2,
Amj; = F1). At D,(a), o, pumping induces Js > 0 and
Jr < 0, and other light polarizations produce no resonant spin
currents. Pumping with o_ light at D,(h) induces Jg < 0 and
J; > 0. Therelatively simple behavior of the vapor undergoing
pumping at one of these transitions will be useful for studying
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FIG. 6. (Color online) Simulated diffusion spin currents to the
side wall of a cylindrical cell as a function of laser frequency across
the D, line at 2.7 T. Nuclear- and electron-spin currents, J; and Jg, are
induced by o (solid red line), 7 (dotted green line), and o_ (dashed
blue line) light. All were calculated with the same conditions as in
Fig. 5. Note the logarithmic scale for both positive and negative
spin currents. Lowercase letters indicate the transitions noted in
Fig. 2. Since direct optical pumping and hyperfine-shift pumping
have comparable rates but opposite signs at the transitions D,(c—f),
J; changes sign as a function of detuning within each peak.

the mechanism for optical NMR enhancement. Despite three
orders of magnitude difference in absorption cross section,
the lines D,(a), D,(b), Dy(c), and D,(e) produce similar
magnitude J; for o, pumping.

Finally, we mention the currents for D, pumping at 0.56 T
shown in Fig. 7. Because the Zeeman splitting is on the order of
the hyperfine splitting, the current spectra are more asymmetric
and overlap with each other. Nonetheless, the D,(a) and D,(h)
lines are still well-resolved.

III. ALKALI SALT/VAPOR CELLS

For our experiments, crystallites of alkali salts, tiny droplets
of Cs metal, and N, buffer gas were sealed inside cylindrical
Pyrex glass cells. Most of the cells were manufactured at
Princeton: flat optical windows were attached at both ends
to allow better optical transmission, with a stem extending
from the curved wall. Another set of cells, used at Hyogo, were
closed at one end with a glass stem and at the other by a curved
window. Cell preparation for this work has been described
previously [13]. An in situ crystallite growth procedure was
employed to maximize the surface area of the solid in contact
with the vapor with the aim of optimizing spin transfer. We
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FIG. 7. (Color online) Simulated diffusion spin currents to the
side wall of a cylindrical cell as a function of laser frequency across
D, line at a magnetic field of 0.56 T, about 5 times smaller than
the field of Fig. 5. Nuclear- and electron-spin currents J; and Jg are
induced by o (solid red line), = (dotted green line), and o_ (dashed
blue line) light. All were calculated by the same parameters as in
Fig. 5, and plotted with a linear vertical scale. Many lines at small
detuning overlap, so we only assign the labels of Fig. 2 to transitions
that remain clearly defined at this lower field.

used NMR spectroscopy to detect only the Cs nuclei in the
salt. The Amg = 0 NMR frequencies of Cs atoms in the vapor
are detuned from those of the salt by ~1 GHz at high fields
due to the hyperfine interaction, and we do not observe them.
The NMR frequency of Cs nuclei in metal droplets is detuned
by a much smaller amount, about 1.45%, due to the Knight
shift [24,25]. The ions in the glass have a very broad NMR
resonance, and contribute an insignificant baseline to observed
spectra.

IV. EXPERIMENTAL SETUP

The observations in this work were performed on two
experimental setups—one at Princeton University and one at
the University of Hyogo. In both setups, the pumping light
was produced with a single-mode laser, and the general cell
preparation procedure was the same. The magnetic field for
the Princeton experiments (2.7 T and 9.4 T) was produced
by a superconducting magnet, while the field (0.56 T) for the
Hyogo experiments was produced by a permanent magnet. A
schematic of the two setups is shown in Fig. 8. Each alkali-salt
glass cell was placed in an NMR coil contained within an
oven, and the assembly was inserted into the magnet. The
oven was electrically heated to provide an adequate atomic
number density. The magnetic fields produced by the heater
were negligibly small.
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FIG. 8. (Color online) Experimental setup. Pump light from a
cw Ti : sapphire laser was routed through an optical shutter (OS)
and a multimode fiber into a superconducting magnet. The light
was circularly polarized using a polarizing beamsplitter (PBS) and a
quarter-wave (A /4) plate, and uniformly illuminated a cylindrical cell.
A photodiode (PD) was used to verify optical absorption prior to NMR
experiments. A saddle-type coil sensed the free-induction-decay
(FID) signals from the alkali-salt on the sidewall of the glass cell.
The oven temperature was regulated by a resistive heater (HTR) and
a proportional-integral-differential (PID) feedback controller. In the
permanent magnet (left), the pump beam was perpendicular to the
magnetic field, and linearly polarized with a PBS and a half-wave
(1/2) plate. The temperature of the magnet was regulated by chilled
water to control drifts in the magnetic field. Low-frequency FID
signals were picked up with a solenoid coil.

Once the cell temperature reached equilibrium, the Cs
vapor in the cell was optically pumped with D; (894 nm)
or D, (852 nm) light. A small fraction of the laser light
was routed to a wavemeter to continuously monitor the laser
frequency. At Princeton, a polarizing beamsplitter (PBS) cube
and a /4 plate were placed in the beam path to provide o1
circularly polarized light. The laser beam was directed along
the axis of the magnet and uniformly illuminated the cell
at approximately 100 mW /cm?. At Hyogo, the laser beam
propagated perpendicularly to the magnetic field. A PBS and
a A/2 plate were adjusted to provide linearly polarized o
or 7 light illuminating the cell approximately at 1 W/cm?.
The magnetization of Cs nuclei in the salt was detected
with a custom-made phase-sensitive NMR spectrometer. Each
free induction decay (FID) following an excitation pulse was
recorded and averaged on a digital oscilloscope, and Fourier
transformed on a computer. The resonance peak for each FID
was fit to a Gaussian, and the area underneath this fit was used
as a measure of the Cs nuclear polarization. The procedure
for acquiring thermal and pumped signals has been described
elsewhere [13].

V. NMR ENHANCEMENT BY D, PUMPING

At the highest magnetic field available to us, 9.4 T, the
absorption cross section for o light is largest for the transition
Di(a), and much smaller for the other transitions. Similarly,
D (d) has the greatest absorption cross section for o_ light.

PHYSICAL REVIEW A 83, 063410 (2011)

While optically pumping either of these two lines, the electron
spin is directly polarized by depopulation pumping, and the
nuclear spin is polarized in the same direction through the
collisional hyperfine-shift interaction. Thus, the current J; and
Js will have the same sign and similar line shapes near these
resonances. These two lines can be pumped to produce large
positive or negative enhancement, but there is no way to tell
whether the enhancement is due to J; and Jg, since both are
expected to have the same sign.

At fields substantially lower than 9.4 T, the lines D, (b, c)
have absorption cross sections more comparable to those
of Dji(a, d) since the energy basis states are further from
the extreme high-field limit of uncoupled spin states that
we discussed earlier. Optical pumping by o4 light on these
transitions directly produces nuclear polarization in the Cs
vapor that can be opposite the electron-spin polarization, and
with a different line shape, as shown in Fig. 5. Measurements
at low field can thus give more insight into the spin transfer
mechanism to the salt. In the circle insets of Fig. 9, the NMR
signals are shown for various pumping transitions. The NMR
amplitude for transitions Dj(b, c) is roughly half that for
transitions Dj(a, d), and is evident without averaging. The
enhancements for D;(b, c) changed sign when we changed
the polarization of the light, indicating that the observed
enhancementis due to J;. Asshownin Fig. 5, Jg is independent
of polarization for these transitions, the only negative spin
current at D;(b) is J; for o_ light, and the only positive
spin current at Di(c) is J; for o, light. As listed in Table I,
the polarizations achieved at 2.7 T (even at low temperature
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FIG. 9. (Color online) NMR enhancement at 2.7 T with 20 Torr
N,. The circle insets show NMR signals for o, (red, gray) and
o_ (orange, light gray) pumping. The enhancement calculated from
Gaussian fit to the thermal and enhanced NMR signals, depended
on the polarization, o (red A) and o_ (orange V). The pump laser
frequency was scanned across the D, line. The box inset shows the
fine structure near the D;(b). Lowercase letters indicate the pump
transition named in Fig. 2. The observed enhancement does not match
any of the spin currents for pure pump light shown in Fig. 5.
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TABLE I. Spin polarization of Cs nuclei in CsH for cells filled
with N, gas of 20 Torr, 11 Torr, and 10 Torr. Enhancement (E; =
A; /Ay, i =p orn)is from the NMR area of the thermal signal (Ay,),
the positively (Ap) or negatively (A,) enhanced signal at the field
By, and the D; or D, line. The enhanced polarization (P; = PyE;)
is calculated for |E;| > |E;.;| and the polarization Py = (I.)/I =
hvo(I +1)/3kgT at the thermal equilibrium and the NMR frequency
of vy.

By (T) N, (Torr) Line T (°C) E, E, P; (ppm)

9.4 11 D, 137 3.8 —43 —40
20 D, 135 2.9 —1.8 27

2.7 20 D, 118 17.1  —16.2 48
10 D, 96 8.0 —7.6 23
10 D, 108 15,0 —153 —44

for a cell with 20 Torr N,) were greater than those achieved
at9.4T.

We tuned the pump laser frequency over a range including
all four D transitions, and the resulting NMR enhancements in
the salt are shown in Fig. 9. Surprisingly, the spectrum exhib-
ited fine structure near the transition D;(b), as shown in the box
inset—a narrow negative-enhancement feature occurs within
a broader positive bump. This feature, along with positive
enhancement for o_ light at D;(a) and negative enhancement
for o light at D;(d), suggests that the polarization of the pump
light is significantly mixed by the vapor.

Most spectroscopic measurements of the vapor are more
weighted toward the middle of the cell, but our NMR
measurements are more strongly influenced by the atoms near
the cell walls. To understand the mechanism of spin transfer
to salts, we must therefore consider the possibility of strong
absorption and emission near the wall, as shown in Fig. 10. In
a 10 Torr N; cell, roughly 20% of the excited atoms decay by
spontaneous emission [26], producing unpolarized light that
will propagate in all directions and evenly illuminate the walls.
The pump beam is strongly attenuated near the walls, so atoms
in the back half of the cell will be significantly pumped by the

Cylindrical cell
y o
& o,
rong
.W absorption

Fluorescing f
atom 1
A

S

\
~ _ _{"r‘h
|

FIG. 10. (Color online) Schematic of a mechanism for polariza-
tion mixing in alkali vapors at high magnetic field. For pumping on
the transition D;(a) with o light, the unpolarized vapor near the
walls absorbs and strongly attenuates the pump light, leading to a
strongly fluorescing layer near the cell walls. Fluorescent light with
7 polarization is more likely to be emitted toward the sidewall, where
it will be reabsorbed by the vapor.
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FIG. 11. (Color online) The nuclear-spin current J; simulated for
partially polarized D, light. The relative power of each polarization
is shown as a percentage. Our simulations ignore the propagation
direction of the light; the  polarized light is mixed in as a simple
model for fluorescence. The parameters for calculation are the same
as those in Fig. 5. The solid red curve can be compared to the enhanced
signals (red A in Fig. 9). Note the logarithmic vertical scale.

fluorescent light. This mechanism can produce much more
polarization mixing than we would expect from distortions
and birefringence in our optics or from stray unpolarized light.

As a simple approximation for light polarization mixing
due to both internal and external mechanisms, we simulated
Ji for various impure polarizations, as shown in Fig. 11. In our
simulations, the frequency of each light polarization was the
same, but in a real cell, the fluorescent light polarization and
intensity depends on the details of deexcitation in the atomic
vapor. In the case of D;(b) pumping with o light, for example,
the strongest fluorescence will have 7 polarization (see Fig. 4).
The most striking effect of polarization mixing is the reversal
of the simulated sign of J; for transition D;(d) for even a small
amount of o_ light. The relative amplitudes of J; for D,(a)
and D;(b) are reversed for a small amount of 7 light mixed
in. Both of these simulation results are consistent with the
observed amplitude of enhancement spectra in Fig. 9, though
the observed enhancement for D;(c) is much smaller than
predicted. The general agreement between our simulations
and experimental data indicate that the observed enhancement
is due to J; induced by polarization-mixed light.

The current J; is not, however, simply a sum of currents
induced by pumping with pure light of different polarizations.
The absorption cross section for o_ light is much greater than
that for s light at D;(d), and will have a correspondingly
greater effect on the spin currents. Light with o_ polarization
will also be more strongly attenuated as it passes through
the vapor; we expect the agreement between simulations
and experiments to improve once we take into account light
intensity inhomogeneities [27]. Since o light is significantly
absorbed at Dj(c), o4 pumping leads to m fluorescence
at Dj(c) and o, fluorescence at Dj(a). The nuclear-spin
currents induced by these two polarizations of fluorescent
light have opposite sign, which would result in smaller NMR
enhancements than our simulations predict. A similar situation
arises for o_ pumping at D (b).
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FIG. 12. (Color online) NMR signals at 2.7 T for the cell with
10 Torr N,, were enhanced at four D, lines with o, (red, gray) and o_
(orange, light gray) lights. In contrast to the signals with 20 Torr N,
in Fig. 9, the sign was unchanged by switching the pump polarization
at Dy(b) and D;(c).

We also measured the NMR enhancement in a cell with only
10 Torr N, buffer gas, and found that the enhancement due to
pumping on D;(a, b) was positive, while the enhancement for
D (c, d) was negative, independent of the pump polarization,
as shown in Fig. 12. This reduced dependence on pump
polarization arose because, at lower buffer-gas pressures,
deexcitation due to fluorescence has a stronger effect, leading
to stronger polarization mixing.

VI. NMR ENHANCEMENT BY D, PUMPING

We further investigated NMR enhancement due to D,
pumping. Because of the large Zeeman splitting, D, transitions
are resolved even in buffer-gas cells at high field. Figure 13
shows the enhancement for six D, transitions for both o, and
o_ polarized pump light in a cell with 10 Torr N,. Four allowed
transitions, D,(b, ¢) for oy light, and D;(f, g) for o_ light,

1D2,27T cal. o+ 1 o- 1‘1‘(;},\"
104 o~ b o 100, 0, O ;‘i"‘#‘i“iﬁl
106 °C S Se|
4110 Torr N2 A |-—— 10, 0,90 ;(A“‘\
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FIG. 13. (Color online) Enhancement measured by D, pumping
at 2.7 T with 10 Torr N,. Weak dependence on pump polarization, o
(red A) or o_ (orange V), was observed. Lowercase letters denote the
transitions named in Fig. 2. The curves are J; calculated for partially
polarized light, again, including 7 polarized light as a simple model
for fluorescence. The relative power of each polarization is shown
as a percentage. The mixed-polarization spin currents are not linear
combinations of the pure-polarization spin currents of Fig. 6.
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presented a weak but clear dependence on pump polarization.
This weak dependence is consistent with the cell’s weak
dependence on polarization for D; pumping. The sign of the
observed signals is, nevertheless, consistent with J; calculated
for the allowed transitions of o light, respectively, as shown
in Fig. 6. The NMR enhancement due to pumping on o and
o_ light at the forbidden transitions D,(d, ) was independent
of pump polarization, and both had the same dependence on
frequency. Since the sign of J; is opposite for direct o, and
o_ pumping at these transitions, and since the peaks in J; are
offset by 1.2 GHz from each other, the observed enhancement
must be due to J; induced by fluorescent 7 polarized light.

We simulated the nuclear-spin current J;, accounting for
fluorescent light by artificially introducing polarization mixing
in the pump light. The blue (dashed-dot) and red (dashed)
curves show simulated J; for slightly mixed o light, and
they closely match the observed enhancement for the four
allowed transitions D,(b, c, f, g), but predict the wrong
sign of enhancement for the forbidden transitions D,(d, e).
By including m polarized light, our simulations match the
observed enhancement, again indicating that the light polariza-
tion is strongly mixed near the cell walls. Further simulations
taking into account the spatial distribution and the full optical
frequency spectrum of the fluorescent light will help to confirm
this interpretation.

Because the polarization of pump beam was noncritical,
unpolarized light was used for D, pumping shown in Fig. 14.
By removing the polarizing optics, we also increased the pump
intensity. As indicated in Table I, the spin polarization from D,
pumping is greater than that from D; pumping at 2.7 T for the
10 Torr cell. Since the efficiency of spin transfer from the vapor
to the solid remained unchanged, this difference indicates that
greater spin currents were induced by D, pumping.

A unique advantage of D, pumping is the presence of the
forbidden transition D,(a), which produces Jg > Oand J; < 0
for o light, and negligible currents from other polarizations,
as shown in Fig. 6. In Fig. 14, we show NMR enhancement
due to pumping on the transition D;(a), as well as the allowed

D2,27T
108 °C, 10 Torr N,

2004 —— 351688 GHz (f)
] 351789 GHz (b)
| R 351740 GHz (d)
] eeeeeeee Thermal equilibrium

— (f) o-
- Thermal
— (a) o+

-
o
o

NMR amplitude (mV/Hz)
o

S x>
'~ ..Q.‘ "I_/
Y 4
] N/
-100 - A
. \ g
{ eeee- 351714 GHz (e) ~ A
] 351662 GHz (g)
-200 - 351763 GHz (c)

o 5
NMR Detuning (relative to 15 136) (kHz)

FIG. 14. (Color online) Cs NMR signals of hydride in the 10 Torr
cell at 2.7 T were enhanced by unpolarized light at six D, lines.
The inset shows negative enhancement from polarized light at D,(a)
(black curve). The signal amplitude was degraded because these were
recorded half a year later after the unpolarized pump measurements.
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transitions D;(c, f) for comparison. The enhancement due
to D,(a) pumping is negative, again indicating that NMR
enhancement is due to J; induced in the vapor. Since Jg ~
100 J; for the allowed transitions, which show comparable
enhancement to D,(a), the contribution of Jg to the NMR
enhancement must be small.

VII. INTERMEDIATE MAGNETIC FIELD

At an intermediate field, 0.56 T, the thermal NMR signal
of the CsH was smaller than our detector noise, so we
adjusted the phase of our NMR detection using a large amount
of CsCl immediately before optical pumping experiments—
positive signals indicate polarization parallel to the thermal
polarization in the CsCl. Without knowing the thermal signal,
we cannot calculate an enhancement E;, but we can compare
the enhanced signals.

As shown in Fig. 7, several spin current peaks overlap for
small detunings of the D, pump. We measured enhanced NMR
signals of CsH undergoing optical pumping with o polarized
light propagating perpendicular to the magnetic field; the
results are shown in Fig. 15. In agreement with simulated J;
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FIG. 15. (Color online) Cs NMR signals of hydride were en-
hanced at 0.56 T by linearly polarized o light of D, line in cells
(a) 11 Torr N, and (b) no buffer gas. The thermal signal was
below the noise level (dotted green line). Each spectrum is a Fourier
transform after averaging 70 FID’s. RF pulses at a tipping angle
of w/3 were applied at a repetition period of 100 s. Note the
spin polarization oppositely enhanced for these cells at respective
laser frequencies. The NMR frequency was shifted for these cells
because of the difference in cell position and the drift of magnetic
field.
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for o polarized pumping in a cell with 10 Torr N, buffer gas,
we observed negative and positive enhancement, respectively,
for detunings of +5 GHz and —5 GHz [see Fig. 15(a)].
We observed no significant enhancement from 7 pumping
at +£5 GHz.

We also measured the enhanced NMR signal in a cell with
no buffer gas. As shown in Fig. 15(b), the enhanced signals
have opposite sign from those in the gas cell. Under the condi-
tions of our experiment (P, = 0.5 W/cm?, oo, & 10712 cm?),
the mean optical pumping time, 1/ I'p A 1us, is shorter than
the mean time between wall collisions, 7, ~ 40us, which is
in turn shorter than the mean time between collisions with
residual gases. Thus, the unpolarized atoms leaving the wall
will easily be optically pumped before reaching another wall.
We can then express the nuclear-spin current density as

J = [Cs] f (L)vf (v)dv, ©)
0

where f(v) is a velocity distribution function, and the positive
integration region indicates current toward the wall. For our
cylindrical cells, we can neglect the velocity dependence of
relaxation [28], and as long as the pump power is sufficient
to produce polarization across the entire velocity distribution,
we have J; o (I).

The opposite signs for enhancement in the vacuum cell and
the buffer-gas cell arose because of the relative contributions
of quenching and spontaneous emission in the vapor. For
example, at —5 GHz detuning [corresponding roughly to
the high-field transition D,(f)], the pump light excites the

transitions |mg = —1/2,m;) — |m; = —3/2,m ), as shown
in Fig. 16. Due to the hyperfine interaction, the states labeled
|ms = —1/2,m;) are mixtures of states,

[I,m) @[S, —1/2) —€ll,m; —1)® 1S, +1/2),

where € =8/ (I +m;)(I —m; +1)~ 0.2 at 0.56 T. The
mixing in the excited state is much smaller, with € ~ 0.005.
Due to this ground-state mixing, the pump transition will

(a) Quenching 4 (b) Spontaneous decay
1/2
I 2 a7 v A
: T T+ 32 H— - il
NP I
3 H N = 3 H
a a oy ailes io]i &f |os
£ £ 3 AR .
3 3 =] H 3 - N H
g e / ms § e /
1/2 14 iy
—1/2 L Y v \
mr 1/2  3/2  5/2 /2 3/2  s/2  7/2

FIG. 16. (Color online) (I,) for o pumping and the contribution
of (a) quenching (black) and (b) spontaneous decay on oy (red),
7 (green), o_ (blue) transitions. A single laser works as pump and
repump due to overlapping of lines and mixing of 7 light. Especially
when pumping from |mg,m;) = |—1/2,3/2), the repump transitions
are very close to the pump transitions at —5 GHz. (/,) increases (solid
arrow) and decreases (dotted arrow) in each process. Thickness of the
arrows indicates the transition strength. Each of the arrows represents
transitions for several sublevels with different m;.
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FIG. 17. (Color online) NMR area at 0.56 T enhanced by D,
pumping with o light in the hydride cells filled with 11 Torr N, (e),
11 Torr H, (blue A), and no buffer gas (red V). The solid black curve
shows the sum of J; for o1 polarizations in Fig. 7. For the vacuum
cell, (I,) is calculated for pure o light (dotted green) and partially
polarized light (dashed red).

increase the nuclear spin by 2. When quenching dominates the
deexcitation, as in the gas cell, the nuclear spin is conserved,
while the electron spin is randomized, leading to a net gain of
nuclear spin during an optical pumping cycle [see Fig. 16(a)].

On the other hand, if spontaneous emission dominates
the deexcitation, as in the vacuum cell, the excited atoms
can decay along the o_ (dotted blue) transitions indicated
in Fig. 16(b). The strongest of these transitions is back to
the original ground state, which induces no net change in
the nuclear spin. However, the other transition decays to the
state |1,1/2) ® |S, + 1/2) +€|1,3/2) ® |S, — 1/2), inducing
a net loss of nuclear spin. At these fields, the pump beam is
resonant with more than one transition, and can serve as a
repumping beam, so there is no significant difference between
the electron-spin polarization in these two cases.

We measured three types of cells at 0.56 T: cells filled
with 11 Torr N, gas, with 11 Torr H, gas, and with no buffer
gas. The enhanced NMR signals as functions of pump laser
detuning are shown in Fig. 17. The enhanced NMR signals
in the N, cells agree well with our simulated J; for o light,
and the enhanced NMR signals for both H, and vacuum cells
agree well with simulated (/,) assuming weak polarization
mixing of the pump light. The similarity between the H, cell
and the vacuum cell indicate that the H;, gas had reacted with
excess Cs in the vapor cell to form more CsH salt, reducing the
buffer-gas pressure essentially to zero. Similar to the high-field
case, we found that the observed NMR signals did not match
the electron-spin current Jg nor the electron-spin polarization
(S;), so the polarization in the salt is mostly due to nuclear-spin
currents in the vapor.

VIII. SPIN TRANSFER TO A STABLE SALT

We also measured the enhancement of the NMR signal for
the stable salt CsCl in contact with an optically pumped Cs
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FIG. 18. (Color online) Single-shot NMR signal of CsCl for
accumulation time of 30 min, 10 Torr N,, 2.7 T, and 72 °C. The
difference between the amplitudes for oy and o_ pumping is on the
same order as those of CsH signals shown in Fig. 14.

vapor. Since CsCl is stable, we did not need to form crystallites
in situ as we did with CsH. Instead, we melted a large amount
of commercial CsCl crystals in a cell under atmosphere to coat
the sidewall, then attached the cell to a vacuum manifold to
add Cs metal and buffer gas. This procedure resulted in a much
larger thermal NMR signal as seen in Fig. 18. As before, we
optically pumped the vapor on the transitions D,(c) and D;(f)
at 2.7 T to achieve maximum spin currents.

We found that the change in the integrated NMR signal was
comparable to that in the CsH cells. Since the longitudinal
relaxation time for Cs in CsCl is longer than in CsH,
we expected the enhancement to be greater; the observed
enhancements indicate that the transfer of polarization to the
salt may be limited by its surface area in contact with the vapor
coating with thick salt of a smooth surface could be improved.

Cesium hydride is dissociative at the temperature of our
experiments [29]; at equilibrium for the chemical reaction
2CsH = 2Cs + H,, the pressure of H, gas is about 10~ Torr at
130 °C [30]. For this reason, we initially suspected that the salt
polarization was due to replacement of Cs ions by polarized Cs
atoms. However, CsCl is stable (melting point 646 °C, boiling
point 1290 °C) and the pressure of Cl, gas is negligibly small
at 130 °C [30]. Since the NMR enhancement for both salts was
comparable, ion replacement did not play a significant role in
the spin transfer process from the vapor to the salt, so nuclear
dipole interactions are the most likely mechanism for transfer.
Moreover, we showed that spin transfer is not limited to CsH,
and can be applied to other salts.

IX. TEMPERATURE LIMIT

An easy way to increase the spin current to the cell walls
is to increase the Cs number density by raising the cell
temperature, since J; o [Cs] as long as the optical pumping
rate is high enough. By contrast, the relaxation time for Cs
nuclear polarization in the salt decreases upon heating [12].
We measured the NMR enhancement in a cell with CsH
over a range of temperatures at 9.4 T to try to optimize the
enhancement; the results are shown in Fig. 19. We found that
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FIG. 19. (Color online) Temperature dependence and time se-
quence of NMR amplitude for the 11 Torr cell at 9.4 T. The positive
signal (red A) was induced by o, light at D,(a) and the negative
(orange V) by o_ light at D,(d). The thermal amplitude (green e)
was almost constant. The temperature was first increased as indicated
by the arrows, then decreased because the signal was depleted. After
decreasing, the enhancement in this cell never returned to its previous
maximum.

the enhancement due to pumping on transitions D;(a) and
D (d) was equal in magnitude at lower temperatures (116 °C),
but the negative enhancement due to D;(d) pumping grew
faster with temperature.

We also found for unknown reasons that the enhancement
for both pump transitions rapidly decreased above 135 °C, and
remained at a reduced value when returned to lower temper-
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atures. Since the thermal NMR signal remained constant, the
amount of salt did not change; heating induced some unknown
change in the CsH crystal that reduced its potential for NMR
enhancement. For this reason, all other measurements at
2.7 T and 0.56 T were performed at temperatures lower than
120 °C.

X. SUMMARY

We have demonstrated enhancement of the Cs NMR signal
in salts due to optical pumping of Cs vapor at various
magnetic fields. By pumping with a variety of D; and D,
lines, we induced electronic- and nuclear-spin currents with
various magnitudes and different signs. Comparing observed
enhancements to simulated spin currents, we found that
the nuclear-spin current was the dominant source of Cs
nuclear polarization in the salt. We also showed that light
polarization mixing near the cell walls contributes significantly
to the observed enhancement. Laser-induced spin currents
also enhanced the NMR signal in the stable salt CsCl,
ruling out ion replacement as a spin transfer mechanism and
demonstrating the potential for spin polarizing a variety of
materials.
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