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Multiyle-yulse nuclear magnetic resonance of oytically yumyed xenon in a low magnetic field
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Multiple-pulse coherent averaging methods are used to increase the resolution and frequency range of
optically pumped xenon NMR in nutation and point-by-point precession experiments. We observe
quadrupolar splittings in ' 'Xe spectra due to the macroscopic asymmetry of pumping cells similar to
those reported previously, but with reduced demands on magnetic-field homogeneity. Cell treatment
with hydrogen gas increases the quadrupolar splittings by a factor of 3 over bare Pyrex cells.

PACS number(s): 33.25.Fs, 82.65.Yh

I. INTRODUCTION

Recently there has been great interest in spin-exchange
optical pumping of noble gas nuclei with alkali-metal
atoms [1]. Xenon in particular, with two NMR active
isotopes ' Xe (I =

—,
'

) and ' 'Xe (I=
—,
' ), has been studied

extensively. Experiments using optical techniques [2—4]
have demonstrated substantial enhancements of the xe-
non NMR signals from low-pressure gas samples (con-
taining =10' xenon atoms) which are unobservable by
means of conventional NMR detection using samples
with thermal spin polarization.

Xe is relatively easily polarized via spin-exchange
collisions with rubidium atoms [5], due to its large ex-
change interaction and long relaxation times. The optical
pumping of ' Xe has been investigated using optical
detection methods to observe the effects of the cell sur-
face and temperature on longitudinal decay times (Ti),
and to elucidate details of the spin-exchange mechanism.
More recently, optically pumped ' Xe has been used
(with conventional high-field NMR detection) as a probe
of low-surface-area materials [6], and to investigate cross
polarization between ' Xe and ' C [7] or 'H [8].

The quadrupolar isotope ' 'Xe is more difficult to
study, because it has a lower spin-exchange cross section
than ' Xe, resulting in a polarization rate that is much
slower. Additionally, ' 'Xe relaxation times are typically
an order of magnitude shorter. Low-field optically
detected ' 'Xe NMR is particularly interesting, however,
since ' 'Xe nuclear quadrupolar interactions can be used
to probe gas —surface interactions in the pumping cell. In
a spherical cell, the auerage quadrupolar coupling due to
xenon gas —surface interactions is zero, but, in an asym-
metric cell, there remains a residual quadrupolar interac-

tion which breaks the degeneracy of the Zeeman transi-
tions in the NMR spectrum. Initial observations of ' 'Xe
quadrupolar splittings of this type were made by Kwon,
Mark, and Volk [9]. In further investigations Wu and
co-workers [10,11] have observed quadrupolar splittings
on the order of 100 mHz using cells with large and well-
defined asymmetry. Similar methods have been employed
in observations of very long gas decays used to search for
spatial anisotropies [12,13], and to investigate possible
nonlinearities in quantum mechanics [14,15]. Such ex-
periments typically rely on carefully shielded and stabi-
lized low-magnetic fields (about 0.1 G or less) in order to
prevent dephasing of the observed magnetization due to
magnetic-field inhomogeneities which would obscure the
small quadrupolar splittings.

In this paper we describe multiple-pulse NMR tech-
niques capable of a variety of experiments designed to re-
move the effects of magnetic-field inhomogeneity. Draw-
ing on the literature of compensated radio-frequency
pulse sequences and iterative schemes (see [16] and refer-
ences therein), we observe optically detected xenon NMR
with high resolution without the need for the magnetic-
field stabilization and shielding that characterize earlier
studies. We show that such pulsed NMR techniques can
narrow the linewidth by more than a factor of 20, thereby
facilitating the investigation of xenon-surface interac-
tions.

II. THEORY

In this section we present a short discussion of the op-
tical pumping and spin relaxation of ' Xe and ' 'Xe,
with attention focused on the dephasing mechanisms
relevant in our experiments. The theory of ' 'Xe quadru-
polar splittings in asymmetric cells is also briefly recount-
ed.
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A. Relaxation and dephasing of xenon
in rubidium cells

General theories of optical pumping, spin-exchange,
and relaxation have been discussed previously in the
literature [1,17]. Typically, rubidium vapor is optically
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=C[Rb]+ye " +(T', )

1

(3)

where C is a constant related to the Rb-Xe spin-exchange
cross section, y is the wall-induced relaxation rate (that is
now written with an explicit temperature dependence),
and T', represents all other contributions to the spin-
lattice relaxation time which are assumed to be only
weakly temperature dependent [19].

guadrupolar dephasing of nuclei due to surface col-
lisions was discussed by Cohen-Tannoudji [20] in his
studies of Hg relaxation. He assumed that the correla-
tion time (~, } for the fiuctuating electric-field gradient
that causes quadrupolar relaxation was long compared
to the sticking time, a11owing the overall damping rate to
be expressed as

[e'eQ]' .
Q (4)

pumped by a laser within a few milliseconds, and the
spin-exchange polarization rate (1/T „)of xenon is
given by

r=—[Rb]vo „,,
pump

where I is the laser pumping rate, [Rb] is the rubidium
density, v is the relative velocity of xenon and rubidium
atoms, and o„,is the xenon spin-exchange cross section.
The rubidium density as a function of temperature T is
given by the empirical formula:
[Rb]= 10'"" " '[18] (at 65 'C, [Rb] = 10"
atom/cm ). The ratio of the pumping time to the xenon
relaxation time ( T, ) determines the equilibrium xenon
spin polarization.

Bhaskar et al. [2] have investigated the rubidium
density-dependent relaxation of ' Xe when the pumping
light is turned off, and found that the relaxation rate
(1/T, ) may be written

1 =C[Rb]+y„„,,
T]

where c is a constant, and y„,&~
is a cell-dependent wall

relaxation rate. At temperatures above 100'C, [Rb] is
large so that ' Xe relaxation is caused primarily by
spin-exchange collisions with rubidium, and the T, is
about 5 min (and, in the gas phase, T2=T(). Below
about 60'C, where y„,&&

dominates, collisions with the
glass walls, which contain paramagnetic impurities, cause
relaxation. Nevertheless, T& can approach 30 min or
more in coated cells.

In contrast to the case of ' Xe, the T& for ' 'Xe be-
comes short at low temperatures due to quadrupolar re-
laxation, as xenon atoms spend more time on the surface,
the residence time being proportional to exp( E/kT), —
where E is the heat of adsorption. Spin-exchange col-
lisions with rubidium do not affect the relaxation rate un-
til one goes to higher temperatures, where the roughly
exponential increase of rubidium density also shortens
the T, . Thus there is a minimum in the relaxation rate
(1/T, ) described by the following equation:

~ = V/4Sv is the time between surface collisions and is
inversely related to the surface-to-volume ratio and the
atomic velocity v. The ratio of the surface sticking time
to the total time, T, /(T, +T,), is the probability of finding
the xenon at the wall. Quadrupolar dephasing was not
removed by any of the pulse sequences discussed in this
paper, although it is theoretically possible to do so with a
sequence of 90' pulses.

The main dephasing mechanism for both isotopes in
most of our experiments was magnetic-field inhomogenei-
ty. The Sp homogeneity was approximately 40 ppm, re-
sulting in a ' Xe linewidth of 3 Hz, which makes it
difficult to measure the small (subhertz) quadrupolar
splittings in ' 'Xe. Hahn spin echoes [21] make it possi-
ble to refocus the dephasing of the spins in an inhomo-
geneous field, but in the presence of gas-phase diffusion,
characterized by a diffusion constant D, dephasing of
transverse magnetization (M«,„,) can still occur rapidly:

2t/T2 ——(2/3)y„(SB I Dt3
M trans M(i (5)

In this equation y„is the gyromagnetic ratio of the nu-
cleus. In the nutation experiments (where the radio-
frequency field is applied continuously) it is the inhomo-
geneity of the radio-frequency field that limits the resolu-
tion, particularly for the larger cells studied. Such inho-
mogeneity can largely be alleviated by means of coherent
averaging and iterative pulse sequences, originally
designed to increase the tolerance and selectivity of
multiple-pulse and spin-decoupling schemes.

H =—RyHpI, +Hg . (6)

QHp cop is the Larmor frequency for xenon in the gas
phase, that is about 17 kHz in our 49-G field, and H& is
the quadrupolar term arising from the interaction of the
quadrupolar ' 'Xe nucleus with the electric-field gra-
dients at the surface of the optical pumping cells. In-
duced distortions of the electron shells can enhance the
electric-field gradients experienced by the nucleus (the
Sternheimer antishielding effect [22,23]}. For ' 'Xe the
gradients are enhanced by a factor of 138 [24,25], which
accounts for the high sensitivity of xenon to the field gra-
dients. In the optical-pumping experiments, the electric
field gradient is assumed to be axially symmetric (i) =0)
with the axis perpendicular to the surface. Due to the
short adsorption time of the xenon at the surface, the
time-averaged quadrupolar interaction is small, so that
H& «Hz, and to first order we can consider only the
secular part of the quadrupolar Hamiltonian in the labo-
ratory frame:

2

H = ~" (3I'—I')-(3cos2e —1) .4I(2I —1)

The angular part of Eq. (7) must be averaged over the
particular ce11 geometry used, and weighted by the frac-
tion of time spent on the surface. For very thin cylindri-

B. Surface-induced quadrupolar energy splittings

The spin Hamiltonian for ' 'Xe atoms in the pumping
cells consists of two parts:



50 MULTIPLE-PULSE NUCLEAR MAGNETIC RESONANCE OF. . . 569

cal cells the average quadrupole interaction is inversely
proportional to the cell height, and the NMR spectrum
has a central transition at coo plus two satellites at
No+COg.

In a nutation experiment, the signal is observed at the
nutation frequency co„and the new Hamiltonian is ob-
tained by transforming Eq. (7) to the rotating frame
[22,26]. The result is that the quadrupolar interaction is
modified by a factor (3 cos P—1)/2, where P is the angle
between the axis of nutation and the laboratory z axis.
For the on-resonance case, which was used exclusively,
P=n /2, and the splitting between the satellite transitions
is scaled by a factor of —,'.
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III. EXPERIMENT
Computer

Because of the sensitivity of xenon spectra to cell
preparation, we describe the construction procedure for
our cells in detail. The optical-pumping and detection
apparatus is described and the experimental procedure
outlined. Pump

Laser

A. Cell preparation

Cylindrical cells are constructed using circular Pyrex
plates 2 mm thick and 50 mm in diameter, sealed onto
the ends of a cylindrical tube. A small glass tube on the
side of the cylinder is connected to a stopcock with a —,

'-
in. connection to a gas rack. The cells are washed with
distilled water and acetone and dried overnight at 90'C
in air. In the case of coated cells, such as those used for
the ' Xe experiments, the cells are rinsed with cyclohex-
ane, then washed three times with a 10% solution of Sur-
frasil (Pierce Chemical Co., Rockford, IL) in cyclohex-
ane, and finally cleaned with pure eyclohexane to elimi-
nate any unreacted Surfrasil.

The cells are then evacuated at 10 torr at 120 C
overnight. Rubidium metal is placed in the bottom of the
stopcock tube in a nitrogen- or argon-filled glovebox, and
the tube is remounted on the gas rack. A small amount
of the rubidium is distilled over to the cell using a gas
torch. Cells are Slled with a few torr of enriched ' Xe
(80%, Isotec Inc. ) or ' 'Xe (70%, EGRG Mound) which
is then frozen onto the bottom of the stopcock tube, dur-
ing which time either pure nitrogen or 8% hydrogen in
nitrogen bufFer gas is added. After waiting for the gases
to mix [5], the cells are carefully torched o6'and cured at
120—150'C for a week or more. The curing process has
been shown to be important in ' 'Xe cells [11],and we
often failed to observe quadrupolar splittings, or even ru-
bidium absorption, in uncured cells or cells cured for a
week at only 70'C.

8. Apparatus

A schematic drawing of the experimental apparatus is
shown in Fig. 1. The glass sample cells are held in a Plex-
iglas oven that is heated using hot, flowing nitrogen gas,
and feedback controlled to better than 0. 1 C. A large
solenoid magnet of an overwound design [27], 100 cm
long and 30 cm in diameter, produces a field of about 49

Detection
Lamp

FIG. 1. (a) Schematic diagram of the experimental apparatus
as described in the text. P.P. is the pulse programmer, DSA is
the digital signal averager. TEC denotes a thermoelectric
cooler, and PEM is a photoelastic modulator. Shim coils and
oven are not shown. (b) Timing diagram for a typical experi-
ment.

G when driven by a home-built 5-A constant-current
power supply with 10 ppm/'C stability. The field homo-
geneity is corrected by observing the transient NMR sig-
nal from a ~ater sample using standard pulsed NMR
detection circuitry at 209 kHz. The corrections are made
with four coils (X, Y,Z, Z ) mounted within the magnet,
and result in a homogeneity of better than 40 ppm over a
100-cm sample volume.

Radio-frequency pulses are applied to the sample using
a transmitter controlled by a home-built pulse program-
mer ear'd in an IBM compatible computer. The pulse
programmer consists of 1k X32 bits of first-in-first-out
(FIFO) memory that contains timing and digital word in-
formation which is clocked out using an on-board 1-MHz
oscillator. The pulse programmer controls all timing of
events in the experiment including opening and closing rf
gates, moving the mirror, and triggering the data acquisi-
tion. Frequencies of up to 1 MHz are derived from an
external frequency synthesizer, and can be gated by the
pulse programmer to create rf pulses. A phase shifter
produces 0, 90, 180-, and 270-degree phase-shifted rf
pulses using digital flip-flops. The pulses are then filtered,
amplified, and sent to the tuner rf circuit. Several typical
experimental pulse sequences are illustrated in Fig. 2, and
discussed in detail in Sec. IV.
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tion. In this manner, the ' 'Xe signals are added while
the background signals and long-term drift tend to cancel
upon successive runs.

IV. RESULTS AND DISCUSSION

(b)

(c)

nutation

phase reversed nutation

X X X X X X

A pointwise acquisition scheme used for ' Xe is de-

scribed, and the results of some typical experiments
presented. This technique allows standard NMR pulse
experiments to be performed on our apparatus which can
only detect the xenon longitudinal magnetization. Com-
pensated nutation sequences are discussed for ' Xe and
' 'Xe, with emphasis on the results from thin cells. Fi-
nally T, measurements for ' 'Xe are mentioned.

FIG. 2. Pulse schemes used in the various experiments. (a)

The point-by-point experiments consist of two m/2 pulses

separated by the desired evolution time ~ (during which other

pulses may be applied). The nutation experiments consist of ei-

ther (b) a single long pulse, or (c) an alternating sequence of x
and x pulses.

The sample cell is optically pumped using circularly
polarized light from a 40-mW Sharp LT016 laser diode
laser operating at 794.7 nm. The laser is contained in a
vacuum enclosure that is either evacuated or filled with
nitrogen to avoid water condensation. The laser wave-

length is tuned to the rubidium D, absorption line by
lowering the temperature to approximately —38'C using
thermoelectric coolers. The laser temperature can be
controlled to better than 0.01'C using a thermistor and
feedback current controller circuit. After pumping the
sample for typically two minutes, a shutter blocks the
laser, the mirror is moved using a stepper motor, and the
cell is irradiated with unpolarized light from a Rb
discharge lamp (based on a design by Brewer [28]). The
unpolarized light probes the birefringence induced in the
rubidium vapor by the polarized xenon system. The po-
larized portion of the detection light is modulated using a
photoelastic modulator (model PEM080 Hinds Interna-
tionsl Inc. ), analyzed with a linear polarizer, and detected

by a silicon photodetector. The signal, proportional to
the xenon polarization, is fed into a lock-in amplifier
(Stanford Research 575} whose time constant determines
the bandwidth of the experiment, and then digitized us-

ing an 8-bit Textronix DSA602 digital oscilloscope. Up
to 25 accumulations are typically made in order to im-

prove the signal-to-noise ratio in the nutation experi-
rnents. Offsets due to slow drifts are reduced by reading
in and compensating for the dc value of the polarization
from the lock-in system before acquisition.

To perform the T, measurements on ' 'Xe, the lock-in
is set to a long-time constant (1—3 sec) and the decay of
(I, ) probed after pumping. When necessary, the back-
ground signal from ' Xe is reduced by applying a gra-
dient rf field at the ' Xe resonance frequency (57 kHz)
during the pumping period. In addition, the signal is ac-
quired using a two-step phase cycle in which the odd ac-
quisitions are shifted in phase by 180 while the ' 'Xe
magnetization is inverted with a rf pulse prior to acquisi-

A. Point-by-point experiments

Point-by-point acquisition is important in many areas
of magnetic resonance including two-dimensional NMR
[29], zero-field NMR [30,31], optically detected electron-
spin resonance (ESR) [32], and the detection of multiple
quantum coherences [33]. In our experiments the evolu-
tion of the system under Zeeman and quadrupolar in-

teractions in the transverse plane occurs during the time
between two (m. /2) rf pulses that initiate and terminate
evolution. The evolution time is incremented between
successive pump and acquisition cycles of the experiment,
allowing the time development of the magnetization to be
mapped out. In Fig. 2(a), the evolution is initiated by a
(m. /2)„pulse which converts the z magnetization
(enhanced by optical pumping in our case) to x magneti-
zation in the transverse plane. Evolution is later ter-
minated by a (m. /2)„pulse reconverting the x component

of the magnetization in the rotating frame back into z
magnetization that can be monitored using optical detec-
tion. A (n. /2) pulse can be used to recover the quadra-

ture component of the magnetization in the rotating
frame, although this was not necessary in the current ex-
periments. Optical detection of the z magnetization is

particularly sensitive because the only time evolution
arises from the very slow T, relaxation (minutes), allow-

ing extended lock-in time constants.
Figure 3 shows the results from several experiments.

The first result [Fig. 3(a)] is a free-induction decay (FID)
of ' Xe that shows a decay time of about 0.3 sec, caused
by the inhomogeneities in the magnetic field (58c) not

averaged by gaseous diffusion inside the pumping cell.
The second result [Fig. 3(b)] demonstrates a CPMG
(Carr-Purcell-Meiboom-Gill) sequence [34], which is

designed to refocus dephasing such as that caused by
68O. In this case the decay time extrapolates to approxi-
mately 3 sec, the limitation being due to pulse imperfec-
tions and diffusion in the period between the 180' pulses.
We have also performed spin-locking experiments [Fig.
3(c)] with this technique (which yielded slightly longer
decay times than the CPMG sequences}, as well as spin-
echo experiments which can be used to measure diffusion
constants.

These experiments were not optimal for ' 'Xe, howev-

er, because of the limited signal-to-noise ratio resulting
from the inferior spin-exchange rate and shorter T, corn-
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leads to a longer decay (Tz=1.5 sec) as shown in Fig.
4(a). The smaller dephasing effects are due to the rf field
inhomogeneities 5B,. Such rf inhomogeneities can be re-
moved using rotational echoes, i.e., by reversing the
phase of the B

&
field every nutation cycle, or every 2m ro-

tation of the xenon magnetization. In principle this can
remove the dephasing entirely with rapid enough phase
reversals, but the enhanced resolution comes at the ex-
pense of the signal-to-noise ratio since the lock-in
amplifier time constant must be set such that

c5

hQ
'

M

I
~ ~

~ I ~ . ~ . I

I
I ~ ~

I
~ ~ ~

~ ~ ~ I ~ ~

co& (&
+lock in

Figure 4(b) shows the large improvement one can
achieve using the phase-reversed nutation sequence [Fig.
2(c)], with a nutation rate of 4 Hz. The decay time in-
creases to approximately 15 sec and is now dominated by
pulse imperfections and residual rf field inhomogeneities
not averaged on the time scale of the nutation. We were
able to perform nutation experiments on ' 'Xe (in
symmetrical cells) that decayed at essentially the T, /2
limit of 50 sec. Since the rf coils were only being used for
excitation there were no size constraints involving detec-
tion, and we experimented with using optimum geometry
saddle coils that had a diameter of 25 cm. Even with

c5

bQ

M

CO

b0

~ I ~. . . I

0.0 0.1 0.2 0.3 0.4
Time (see)

0.5
I. . . ~ I. . . ~ I . . ~ . I . ~ ~ ~

FIG. 3. Point-by-point acquisition of optically pumped and
optically detected ' Xe signal. (a) Free-induction decay, decay
time =0.3 sec. (b) CPMG sequence (see text), decay time =3
sec. (c) Spin-locking experiment, decay time =8 sec.

Time (sec)

pared to ' 9Xe [9], as well as our limited laser power (40
mW). It should be noted that the nutation experiments
(discussed below) that have been used to detect the
quadrupolar splittings of ' 'Xe scale this interaction by a
factor of —,

' on resonance. With point-by-point techniques
it should be possible to observe the full quadrupolar split-
tings with no scaling, no resonance offset effects, and no
magnetic shielding, assuming the signal-to-noise ratio is
otherwise sufficient.

B. ' Xe nutation experiments

ro

bO
Cll

10
Time (sec)

20

Another way to overcome dephasing due to dc field in-
homogeneities involves a nutation experiment [Fig. 2(b)]
with a B, (rf) field much stronger than 5BO. This tech-
nique, in which the evolution of the xenon magnetization
is followed directly by optical detection during the pulses,

FIG. 4. Optically pumped and optically detected ' Xe nuta-
tion experiment. (a) The signal rapidly decays due to magnetic-
field inhomogeneities. (b) Reversing the rf nutation phase every
360 refocuses the magnetization and increases the decay time.
Notice the different time scales for (a) and (b).
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FIG. 5. Results for ' Xe nutation using three different pulse

schemes. Nutation sequences (described in the text) are indicat-

ed, where R represents a rotation of the magnetization by 2~ or
8m.

RRRR RRRR RRRR RRRR . (9)

Data from ' Xe experiments with a nutation frequency
of about 8 Hz using R =2m and 8m. rotations, and a
MLEV-16 sequence are shown in Fig. 5. The more com-
plex sequences are designed to be insensitive to a wide
bandwidth of pulse imperfections, but in our experiments
they produced no improvement over simple phase alter-
nation.

C. ' 'Xe nutation experiments

Figure 6 shows the phase-reversed nutation data at
120'C for ' 'Xe in a Bat cylindrical cell 3 mm high with
added hydrogen. The Fourier transform shows three
peaks corresponding to the three frequencies of the

these very large (and therefore very homogeneous) coils
we found that it was still advantageous to use the phase-
reversal technique to produce the longest decay.

We experimented with shorter and longer nutation
periods [Figs. 5(a) and 5(b)], but found 360' to be optimal.
The spectra become more complicated for cycles that are
not multiples of 180' due to high-frequency harmonics in-
troduced by suddenly changing the sign of (I, ).
Higher-order corrections to the simple phase-reversed
nutation pulse sequence of Fig. 2(c) can be made by using
iterative NMR schemes. For example, the MLEV-16 se-
quence [35] is an example of an iterated sequence of rota-
tions, R, and phase-reversed rotations, R, in the following
"sup ercycle:"

2.0 2.5 3.0
I . ~ . . I

4.0
Frequency (Ks)

FIG. 6. (a) "'Xe nutation signal for xenon in a hydrogen
coated cell (3-mm height and 50-mm diameter) at 115'C. The
slow background decay arises from ' Xe relaxation. (b) Fourier
transform of (a) showing quadrupolar splitting of 392 mHz.

quadrupole-perturbed Zeeman Hamiltonian [Eq. (6)].
The measured quadrupolar splitting for the hydrogen cell
is about three times larger than our results for a bare
Pyrex cell (with no added hydrogen) under the same ex-
perimental conditions. For bare Pyrex cells the splittings
had the predicted inverse dependence on cell height [10].
Splittings comparable to the hydrogen cell were detected
in a quartz cell with the same dimensions after extensive
curing (months), but the signal-to-noise was very poor.

Quadrupolar splittings of the bare Pyrex cell and cells
with added hydrogen were measured at different tempera-
tures, and the data fit to an Arrhenius equation

—E!kT
co& —uo&e (10)

The activation energies E are —0.003 eV for the bare
cell, and —0. 12 eV for the hydrogen cell, in agreement
with results of other workers [9,11]. The higher activa-
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Pyrex cells by adding Hz, although the relaxation time
decreased in Corning 1720 cells [36]. For ' Xe optical-
pumping experiments, the largest effect is obtained by
coating the cells with Surfrasil which is also thought to
react at paramagnetic sites because it has the e8'ect of
substantially lengthening the relaxation time.

The ' 'Xe Tj data for the hydrogen cell is shown in
Fig. 7, and has the temperature dependence predicted by
Eq. (3) and reported by other workers [19,38]. The values
for y (2. 1X10 sec ') and 1/TI (1.1X10 sec ') de-
rived from the fit of Eq. (3) to the data are in accordance
with those reported for cells with N2 buffer gas [19]. We
were unable to obtain any spectra from ' 'Xe in a sur-
frasil coated cell due to the dramatic reduction in

T, ( &10 sec [11]).
I . I . I . I . I . I . I

85 90 95 100 105 110 115

Temperature ('C)

FIG. 7. T] data for "'Xe in a hydrogen-coated cell as a func-
tion of temperature. The solid line is a fit using Eq. (3) of the
text.

tion energy implies a longer residence time on the sur-
face, which leads to the larger quadrupolar interaction
for the hydrogen cells.

For the thin (-3 mm) cells, no substantial decrease in
linewidth was observed as a result of the phase-reversed
nutation experiments. This indicates that xenon
suSciently samples the surface and volume of the cell
during the approximately 250-ms nutation time, and that
the rf field was homogeneous over the cell region. In the
larger cells, however, substantial narrowing was ob-
served, as shown in Fig. 4.

D. T& measurements

Several researchers have reported [9,11,36] that Hz has
the effect of lengthening the T, of ' 'Xe in Pyrex glass
cells. This probably results from reactions of H2 with

paramagnetic centers (M) on the surface of the glass, in-
cluding rubidium, to form M-H reducing the paramag-
netic relaxation of xenon at the surface. Nicol [37] re-
ported an increase in the relaxation time for ' Xe in

V. CONCLUSIONS

We have described a variety of multiple-pulse experi-
mental schemes that remove the effects of magnetic-field
inhomogeneities on low-field optical-pumping experi-
ments. Point-by-point acquisition methods make it possi-
ble to implement a wide variety of NMR pulse sequences
and allow the bandwidths of the evolution and observa-
tion times to be different. Phase-reversed nutation exper-
iments yield much greater resolution than straight nuta-
tion experiments. These techniques allow accurate deter-
mination of ' 'Xe quadrupolar interactions at the cell
surface; more chemically interesting surfaces may also be
investigated with ' 'Xe and should benefit from these
techniques.
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