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Enhancement of surface NMR by laser-polarized noble gases
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The transfer of spin polarization from laser-polarized helium and xenon to spins sidehaas °C on the
surface of high-surface-area soli@serosil) is demonstrated over a temperature range from 4 to 200 K. The
transfer mechanism is dipole-dipole cross relaxation between the spins of the adsorbed mobile noble gas and
the surface spingspin-polarization-induced nuclear Overhauser efféeEhe enhancement of surface proton
magnetization by laser-polarized helium4aK and 10 K is between one and twofold. Using laser-polarized
xenon, enhancement factors of up to 20 were obtained when compared to the Boltzmann polarization in a field
of 4.2 T and at a temperature of 130 [S0163-18207)02917-2

[. INTRODUCTION surface spins and mobile gas atoms adsorbed on the surface,
a relaxation mechanism analogous to that previously invoked

The 12%Xe chemical shift has been widely used to probefor liquid 3He and surface spins at very low
the structure of microporous solids, in particular zeolites andemperature8>?* For one specific surface modification of
clathrated. The NMR parameters of Xe on silica surfaces Aerosil we studied the enhancement’df magnetization as
similar to those used in this study have been studied at 77 & function of temperature and Xe pressure and have mea-
by Choet al? The enhanced NMR sensitivity df%Xe due  sured the temperature dependence'dKe chemical shifts
to laser polarization has had an impact in a number of areagnd longitudinal relaxation rates 6f*Xe and *He.
among them clinical imaging, > atomic physic$;” and ma-

. . 15 . .
terials and surface scienfe®® The transfer of pqlanza'qon Il. EXPERIMENTAL SETUP
was recently demonstrated between laser-polariZzéde in
solution and the spins of the solvent, liquid benz&h&he The main component of the experimental seff6ig. 1) is

mechanism underlying this transfer is the nuclear Overhauser dynamic flow cryostatOxford Instrumentswhich is in-
effect”® arising from cross relaxation between spin-serted in the superconducting magriét2 T). NMR data
polarized xenon and the solution proton spins, an effecivere acquired with a transmission line probe, operating at
termed SPINOE(spin-polarization-induced nuclear Over- 180 and 45 MHz, the Larmor frequencies ¥ and °C at
hauser effegt this field. The sample is located at the bottom of an L-shaped
In this paper we describe experiments on the transfer oflass tube b1 m in length and with an inner diameter of 6
spin polarization from laser-polarized noble gases to nucleamm, serving as a transfer line for the laser-polarized gas.
spins on solid surfaces. Some steps in the direction oferosil 22 composed of silica particles with a mean diameter
surface-enhanced NMR have been publish#t®wherein  of 16 nm and a surface area of 1304y, served as the
the signal from surfacéH spins is increased by cross polar- sample. The Aerosil particles are used either uncoated,
ization from laser-polarized?®Xe frozen on the surface. coated with physisorbed CO or coated with PEO
This approach requires immobilization of the Xe and a low-(polyethylene oxide, molecular mass 400 000, 86 mg per
field mixing or Hartmann-Hahn frequency matching in thel g of Aerosi).
rotating frame, a technique used for signal enhancement of The PEO sample is evacuated at room temperature to
13C NMR in solids® We show in the present work that the 10~ ° torr for several hours. For the experiments with the
magnetization of'H and *C nuclei in differently modified uncoated Aerosil, the sample is heated 2 h at 280°C at
surfaces of high-surface-area solig&erosil) can be en- 107 ° torr in order to remove physisorbed water.
hanced in high field4.2 T). This is achieved by exposing the ~ The optical pumpingOP) cell has a volume of 10 cf
surfaces to spin-polarize?*Xe or 3He gas. In contrast to and is filled with a small amount of Rb metal, either 80%
previous cross-polarization experiments, the magnetizatioenriched 1?°Xe (1 atm at room temperatur@r 99.9% en-
transfer is established by dipole-dipole cross relaxation ofiched *He (2 atm at room temperaturand about 100—200
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FIG. 1. Experimental setup for the study of SPINOE on surfaces E s0f . 3
. . . . = L ] ]
with spin-polarized noble gases. The optical pumpi@) cell, &) F .
containing the laser-polarized gas, is connected to a Pyrex glass oF 8 s 9
tube, leading down to the sample region. The sample consists of SO bt
Aerosil particles coated or uncoated with polyethylene oxitie 0 50 100 150 200 250 300
coated particles are shown schematically in the figuFae whole T [K]

cryostat is fitted into an NMR magnétot shown, providing a field

of 4.2 T at the sample. The dotted lines denote the coaxial tubes for FIG. 2. Temperature dependence of NMR line positions and

the radio frequency transmission. intensity ratios of'?*Xe signals in sealed PEO samples. The open

and solid symbols correspond to Xe pressures of 2.5 atm and 10

torr of N, in order to quench the Rb fluorescence. The cell isatm, respectively(a) ?°Xe chemical shift in the PEO sample as a

placed in a 40 G magnetic field of Helmholtz coils and function of temperature:@) gas, (J) adsorbed, and/) solid Xe

heated to 95 °@Xe pumping or 190 °C(He pumping. The  phases(b) Ratio of intensities, taken as integrals from tHéXe

Rb atoms are optically pumped at the wavelen@®4.8 nm spectrum, between adsorbed to gas phasegnd solid to adsorbed

of the RbD; transition wih 1 W circularly polarized light phase {) as a function of temperature.

from a Ti-sapphire laser for 20 mitXe) or for 60 min(He).

The noble gas nuclei reach spin polarizations of about 10%yyeen Xe atoms in the void spaces and adsorbed on the sur-
After cooling to room temperature, the optical pumpingace of the PEO powder leads to an average value for the

cell is then attached to the NMR probe. Upon brief evacuameasured chemical shift. The separate gas peak is present

tion of the connecting glassware, the OP cell is then Openegecause only the lower half part of the sample volume is

to the pFeCOO'ed S?‘mp'e space. o . filled with powder and the gas atoms in the upper region do
The time evolution of the surface magnetization is moni-_ . exchange rapidly with the PEO surface. As the tempera-

tored t.)y applying §mal| t!pplng angle pulses (10°-20°) an(fure decreases, the ratio between adsorbed and gas Xe signals
recording the free induction decay.

Spin lattice relaxation rates and chemical shifts %fe rises exppnentially, as indicated in Fig(.b)z_leadinlg to an
and 12%e atoms on the PEO surface were obtained from"cr€ase in the average value of the chemical .shn‘t. The sec-
three sealed glass samplds5 cn? in volume, each con- ond mechamsm, also expected to lead to an increase of_ the
taining 250 mg of PEO powder and filled with 2.5 atm of chemical shift at lower temperatures, arises from Xe-Xe in-

3He gas or 2.5 and 10 atm &f%e gas. teractions in the adsorbed layer which grow as the tempera-
ture decreases. Ai=110 K, all the gas is adsorbed on the
IIl. RESULTS AND DISCUSSION 3Q m? surface area of PEQ, giving an estimated Xe film
_ _ thickness of about one monolayer for the 10 atm sample.
A. *?*Xe chemical shift The decrease of the chemical shift below 110 K can be

Figure 2a) shows the peak positions of tHé%e NMR explained by the onset of xenon freezing, as indicated by the
spectra for the PEO sample as a function of temperaturdncrease of the ratio of signals from the solid and adsorbed
Three regimes of chemical shifts can be discered, correphases[Fig. 2b)].® The crystallization of Xe atoms into
sponding to Xe in the gas, adsorbed, and solid phases. Tis®lid regions decreases the number of adsorbed xenon atoms,
chemical shifts of Xe in the gas and solid phases change littléhus reducing the contribution of Xe-Xe interactions to the
with temperature, whereas the chemical shift of the adsorbechemical shift of the adsorbed film. The observed maximum
phase increases from 35 ppmTat270 K (for the 10 atm  chemical shift of 160 ppm for the adsorbed Xe in the 2.5 atm
sample to a maximum value of 200 ppm dt=110 K and sample(open squargss 40 ppm lower than the correspond-
finally decreases to 130 ppm &t 30 K. ing shift for the 10 atm sample, supporting the model of

Two possible mechanisms suggest themselves for this beontributions from Xe-Xe interactions to the chemical shift
havior. First, at high temperatures, the rapid exchange besf Xe in the adsorbed state.
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wherewg, and wgg are the Larmor frequencies of theand

0.16 " e . N T @ T i ) . ) . . ..
[ 10°e T ] S spins andpgs is the relaxation rate in the fast motion limit
i ] [(wo * wes)?72<1]. The relaxation ratepgs can be ex-
0.14 —10" . ] pressed as
012 [ .?'-10‘2 ] pos=3!(l +1)y,27§ﬁ27'02i ri_G, 2
01 ] wherer; is the distance betweéed andl; spins,ys, vy, are
- “oor o0 003 the corresponding magnetogyric ratios of the spins, and the
= 0.08 [ T! [K'] sum is taken over the spins. The correlation time. at the
L" T binding sites is related to the activation enefgy and hop-
I ping rater, ! as
0.06 '
Tc= Toexq_EA/kT). (3)
0.04 - ) The analytical function, Eq1), does not fit the measured Xe
f relaxation rates over the entire temperature range. Equation
0.02 B o (1), as a function of I, has a characteristic maximum at the
T o temperature at whickys7.~1. It can be seefFig. 3 that
the maximum in the Xe relaxation rate depends on the
05 10 1(')0 300 amount of xenon on the PEO surface, while Ef.is inde-

T [K] pendent of the number of gas atoms on the surface. This
behavior is attributed to Xe-Xe interactions, changing the
FIG. 3. Temperature dependence #fe and adsorbed®Xe  mobility of xenon on the surface. The deviations from Eq.
T, relaxation rates in sealed PEO samplds) (2.5 atm of *He, (1) on the low-temperature side of the maxirtdang corre-
(O) 2.5 atm of Xe, @) 10 atm of Xe. Solid lines are drawn to |ation time$ are possibly caused by paramagnetic impurities
guide the eye. The inset shows fifs=a exp(—E,/kT) with and the freezing of Xe.
a=4.1x 10:2 S:i Ea1=—70 meV for the high-temperature and  Tys, the activation energi&s, for the motion of He and
a=4.7x10""s %, Eap=—30 meV for the lower-temperature ris- xq a1oms on the PEO surface are determined for our data in
ing regions of t_he rilaxatl_on curve of the 10 atm Xe sample. Athe short-correlation-time limif (w70)2<1] of Eq. (1),
similar type of fit for “He givesE,=—1.4 meV. where ps=pos. For the 12°Xe relaxation, two different re-
gions can be observed in the temperature dependence on the
Below 30 K the shifts of the adsorbed peak do not changéigh-temperature side of theTl/ data with a crossover tem-
considerably with temperature and seem to be independeperature at 200 K, yielding two apparent activation energies
of the amount of Xe, indicating that this shift is dominatedE,;=—70 meV (—810 K) above 200 K andE,,=—30
by interactions with the surface. meV (— 350 K) below 200 K. The first energy value is simi-
lar to the Xe binding energy previously measured for a glass
, b _ surface coated with SurfasiH100 meV).** The second en-
B. *He and '*Xe relaxation ergy value is most probably related to the motion of the Xe
Figure 3 shows the measurd@q relaxation rates ofHe  on the PEO surface, witk,,=—30 meV being the mean
and adsorbed?®Xe on the PEO surface as a function of value of the energy barrier height between trapping sites. For
temperature. While the Xe relaxation rates exhibit maxima af >200 K the "**Xe spin interactions with the surface spins
70 K and 110 K, the®He relaxation rate does not change are modulated by the exchange of Xe atoms between surface
substantially from room temperature downTe-10 K, but ~ adsorbed states and the gas phase.T=0200 K the resi-
increases rapidly below 10 K. dence time of the Xe atoms on the surface becomes long and
For both 3He and'?*Xe the rising relaxation rates in the the modulation mechanism for the spin interactions is the
high-temperature regime of the relaxation curves can be exhermally activated hopping on the surface between different
plained by a thermally activated motion of the noble gasirapping sites. ForHe the investigated temperature is not
atoms, |eading to a modulation of the dipo|e_dipo|e Coup]ing'OW enough to observe the maximum in the relaxation curve
between the gas atoms and thé spins of the PEO surface. (Fig. 3). A fit at 10 K>T>4 K results inEx=—1.4 meV
The relaxation rates of the S spins, due to the modulation (—16 K).
of the dipole-dipole interaction betwedn(*H or '°C) and
S spins €He or 1?°Xe), is given by* C. SPINOE

Figures 4-7 show the evolution of the magnetization of
surfaceH and 13C spins after exposure of the surface to the

Ps:ipos 1 S— 32 , laser-polarized*?®Xe or 3He gas. Each point in the plots
1072\ 1+ (o~ wos)“1c - 1+ wisTe represents the integral of the Fourier-transformed free induc-
tion decay, proportional to the instantaneous total nuclear
6 S . )
+ 5 2), (1) magnetization. The insets show the correspondthy or
1+ (wo+ wos)“7¢ 13C spectra at the Boltzmann equilibriupositive peakand
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FIG. 4. Evolution of the'H spin magnetization of PEO-coated  FIG. 5. Evolution of the'H spin magnetization of PEO coated
Aerosil130 as a function of time after exposure of the surface toAerosil130 as a function of time after exposure of the surface to
laser-polarized?®Xe. The initial Xe pressure, prior to adsorption, is laser-polarized®He. The initial He pressurén a volume of 40
160 torr and the sample temperature is 130 K for the positivem®), prior to adsorption, is 360 torr and the sample temperature is
SPINOE @) and 125 K for the negative SPINOED). The inset 10 K for the positive SPINOE @) and 4 K for the negative
displays two single-shotH spectra from the negative SPINOE run, SPINOE (O). The inset displays two single-shoH spectra from
one taken at Boltzmann equilibrium for the unpolarized samplethe negative SPINOE run, one taken at Boltzmann equilibrium for
(positive peakand the other taken at the tirig when the negative  the unpolarized samplépositive peak and the other taken at the
SPINOE enhancement has reached its maximum absolute value. time to, when the negative SPINOE enhancement has reached its

maximum absolute value.
after the polarized noble gas has resulted in an enhancement
of the surface magnetization. The enhanced spectra are dielow 20 K and consequently an efficient SPINOE experi-
shown for the times, when the negative enhancement hasment can only be conducted in this temperature regime. The
reached a maximum. plot in Fig. 5 shows the enhancement of surfatemagne-

Figure 4 demonstrates the time evolution of the enhancetization with laser-polarized®He. The fractional enhance-
proton magnetization of PEO with two opposite initial ment[Eq. (4)] at the extrema is 1.4 at 10 K andl1.2 at 4 K.
12% e magnetization&® The maximum'H magnetization at Note that the rate constants of the buildup and decay of the
T=130 K is established after 15 s and is found to be 10proton magnetizationta4 K are approximately 2 times
times the Boltzmann magnetization of the total number ofgreater than at 10 K, indicating the strongeéte interactions
proton spins. The decay of theH magnetization, after the with the surface at 4 K.
maximum (minimum) has been reached, is exponential and, Figures 6 and 7 give examples of SPINOE frdfiXe on
according to the Solomon equatiofisis determined by the surfaces other than PEO coated Aerosil. Figure 6 shows the
Xe T, relaxation time. Decay times dH magnetization are enhancement of théH magnetization on Aerosil130. Most
20 s atT=130 K and 12 s aT =120 K, in accordance with of the *H on the surface is foufdin bound hydroxyl(OH)
the Xe relaxation data on the PE®ig. 3). The time evolu- groups with an averagéH density of 2.5 OH groups per
tion of the increasing part of thtH magnetization is deter- nm?2. Thus, the'H spins on the glass occur in a single layer
mined not only by the protofi; (9 s in our casg but also by and are well isolated from each other, leading to a relatively
the dynamics of the adsorption process of the Xe gas on thearrow proton line compared to that of the PEO santjsle
surface, including the thermalization of the room temperasets in Figs. 4 and)5The total number ofH spins on the
ture gas on the substantially colder surface. The ingé¢s.  Aerosil surface is calculated to be<2L0'°, approximately 50
4 and 5 show that in PEO the enhancement'df magneti- times less than the corresponding number in the PEO
zation is not uniform in the spectral domain, indicating dif- sample. Under these conditions a maximum enhancement of
ferent enhancements for differehl species on the surface 20 is found for the!H magnetization.
as well as a small unenhancéd background. Figure 7 demonstrates the possibility of SPINOE effects

In order to investigate the SPINOE dHe on the PEO to nuclei other than protons, such &C. The sample tube
surface we measured thtHe adsorption as a function of containing the Aerosil300800 n?/g surface areawas filled
temperature and found that the He gas begins to adsorb onlyith 99% °C enriched CQ gas. After slowly cooling down



11 608 ROOM, APPELT, SEYDOUX, HAHN, AND PINES 55

5 i '1i9' i i L R T T T T T T
Xe-"H (Aerosil-OH)
sasiiy e D
0 (0472t 10 " s

) P = L P
b S = [
.E [ lo) (90 [} S r i \ i
_Q- (o] IENEVSR WINIe VIRV < .E \ 4
; o) g o * \ 4
T | . X1y N N\ ]
2 o i v = TN \ i
= i g ! \
Z g Y \
= o} 1 -1 ' \
& r i S I 4 ;! \ \ b
215F O o . g - S N \
o F 1 D ] \ \
=] r g e | I o N
- F (e} 1 = | li ~ o » i

r ] 2 ,® -~

20 @ AP P AN P -1 i ;5/ S~
[ <100 -50 0 50 100 ] [ ~~_
Frequency [kHz] ole 1 1 L P >IN
_25 P USY RO SR T T S T S Y PR S S T T
0 0 100 150 200 80 100 120 140 160 180 200
t [s] T [K]
FIG. 6. Negative enhancement of thE spin magnetization of FIG. 8. Absolute value of the fractional enhancement

surface OH-groups on Aerosil130 after exposure of the surface bl (tg) —10]/1¢ of PEO proton magnetization as a function of tem-

laser-polarized*?®Xe. The initial Xe pressure is 160 torr and the perature and for two different initial Xe pressure€)( 20 torr,

sample temperature is 130 K. This time, the measurement includg®) 160 torr. The dotted lines are drawn to guide the eye.

several acquisitions prior to the adsorption. The inset displays two

single-shot'H spectra, one taken at Boltzmann equilibrium for the hancement of—4. The spectra in the inset show that the

unpolarized samplépositive peak and the other taken at the time 13C linewidth of the adsorbed COmolecules is 1.5 KHz

to, When the negative SPINOE enhancement has reached its maxi.e., 34 ppm, which is much narrower than expected from

mum absolute value. immobile adsorbed C@*’ This observation, together with
the relatively shortT; relaxation time of 1.5 s at 130 K,

to T=130 K, all the CG molecules are adsorbed on the 20 indicates that the CQmolecules are rapidly reorienting on

m? surface of the Aerosil powder. The amount of the &S the surface.

X 10% molecule$ is selected so as to form approximately A closer look at Figs. 6 and 7 reveals that the magnetiza-

one to two monolayers of COon the Aerosil surface. In tion does not quite recover to the initial value. This is not due

Fig. 7 the negative SPINOE of’C reaches a fractional en- to saturation, because for positive SPINOE the signal is ob-

served to remain slightly higher in the end than the equilib-

rium signal at the beginning. The effect may be attributed to

LV L L
2 12ye.13C (CO, on Aerosil) an ongoing exchange at the surface with polarized gas from
::S? . ] the large volume of the transfer tube.
— 1y o 9 o°. % ]
é ; %%o‘:;:fé’%@% D. Temperature dependence ofH SPINOE
=0 0‘36 008 o ° ] In order to optimize the enhancement’d surface mag-
'é 00° ¢ s Las taas o netization of the PEO sample, we investigated the fractional
:_1 [ © 0%¢ M\M ] e_nhancemer{tl z_(to)—lo]/lo [Eq. (4)] of the *H magr_letiza-
= & o ] tion as a function of temperature and as a function of Xe
g o ® ] pressure.
E-2T ] The initial Xe pressure in the NMR tube was varied by
@) @ 1 expanding the polarized Xe gas from the pumping cell di-
= s b o ] rectly into the sample tube or by expanding it first into an
- & TV T TR I evacuated glass bulb of defined volume. The results are
i . 0 IFf.eq“‘incy“[klfz] 104 shown in Fig. 8. The solid circles depict the measured frac-
4T T T T e 1 200 fuonal H enhancements for_an initial Xe pressure of 160 torr
t [s] in a volume of 40 cm (optical pumping cell plus sample

tube and the open circles depict the measured fractional en-
FIG. 7. Negative enhancement of th€ spin magnetization of hancement values for 20 torr of Xe pressure in a total volume

CO, on Aerosil300 after exposure of the surface to laser-polarize®f 320 Cm’s- Although the total number of Xe atoms
12%e. The initial Xe pressure is 160 torr and the sample tempera{2X 107 is the same for both pressures, there are differ-

ture is 130 K. The*C-enriched CQ covers the Aerosil with one to  €nces in the temperature dependence of the fractional en-
two monolayers. The inset displays two single-shi spectra, one hancement. First, the maxima are shifted, and second, the

taken at Boltzmann equilibrium for the unpolarized sam(plesi-  fractional SPINOE is larger at higher pressure: a factor of 10
tive peal and the other taken at the tintg, when the negative at T=130 K for p=160 torr Xe pressure compared to a
SPINOE enhancement has reached its maximum absolute value.factor of 6 atT=110 K for p=20 torr.
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One explanation for the temperature shift of the maximak) and[S,(to) — So]/Sy=30 for 3He (4 K) as well as the
in Fig. 5 is the freezing of Xe onto the glass walls of thep, values for PEO 'H spins (,=0.02 s! at 4 K,
sample tube and the formation of solid Xe on the PEO. Acyp,=0.11 s * at 130 K) andp,=0.7 s™* for *3C spins. The
cording to thep-T phase diagram of xenon, at 160 torr the results for the cross-relaxation rates arg=1x10 3 s~ !
Xe solidification takes place at or below 150 K. This consid-for 3He-'H, o,s=7%x10"% s~ ! for ?%e-'H, and
eration is only valid in the absence of an adsorption procesg,s=4x10"* s~ for 12%e-13C.
on a high surface area. As indicated by the chemical shift In the SPINOE experiment on the PEO sample we esti-
data for the sealed samplé&ig. 2), Xe solidification on the mate Ny./N=2% 10°Y10%'=0.2. If we assume that the
PEO surface is observed aboVe-50 K at 2.5 atm pressure. main relaxation channel for the Xe spins on the surface is the
However, in the sealed samples the pressure drops during tipolar interaction with the proton sping4~0.06 s! at
slow cool down due to the adsorption on the high surfacel30 K, Fig. 3, from Eq.(5) we geto,s=6x10 % s~ 1. This
area and, in addition, gas atoms are distributed evenly ovesalue is still one order of magnitude higher than deduced
the surface as they have enough time to penetrate into mfrom the fractional SPINOE enhancement. One reason for
croscopic pores of the powder. The situation encountered ithe reduced cross-relaxation rate may be the presence of
the SPINOE experiment is intermediate between the sealegther relaxation channels for the noble gas spins on the sur-
sample result and what is expected from the phase diagrarface, such as paramagnetic impurities and chemical shift an-
The starting pressure is initially reduced in the SPINOE exisotropy (for 1?°Xe). Second, not all the proton spins may be
periment by the adsorption to the high-surface-area powdegccessible to the gas spins. It is likely that e He) atoms
but the gas does not have enough time to reach all the pore® not fill all the microscopic pores of the sample on the time
of the powder on the time scale of the SPINOE 9 and  scale of the SPINOE and giving a proton “background”
begins to freeze onto the glass walls of the sample tube angignal which is not enhancdds can be seen from the insets
forms solid Xe on the PEO powder, as experimentally obof Figs. 4 and & Therefore the actuad,s is larger than
served by a solid peak in the NMR spectrum BXe at  determined from the fractional SPINOE enhancement.
lower temperatures. Nevertheless, the initial pressure is im-
portant: At higher initial pressurél60 tory more gas is de- IV. CONCLUSIONS
livered to the powder, thus giving a larger SPINOE. At the )
same time Xe starts to freeze at higher temperatures, thug We have demonstrated that Iaser-_polarlzélde and
shifting the maximum of the SPINOE curve to higher tem- e, adsorbed on high-surface-area silica, can be used to

. . . . . l
perature compared to the experiments performed at 20 torr dfansfer spin polarization to surface spins, _SUCh Hsand
initial pressure. 13C. The transfer mechanism, SPINOE, relies on the cross

relaxation between laser-polarized noble gas nuclear spins

and surface spins. The magnitude of the SPINOE depends on

the cross-relaxation rate and on the number of noble gas
In order to estimate the cross-relaxation rafg between  spins on the surface. We have shown that Witte, SPINOE

gas and surface spins, we use the Solomon equétitend s manifested below 20 K and with2%e it is optimal be-

derive an expression for the maximum change in polarizatiofyeen 100 and 200 K.

normalized to the Boltzmann equilibrium magnetization of  The SPINOE is an alternative transfer of spin polarization

E. Cross-relaxation rates of SPINOE

the surfacd spins: from laser-polarized gases to surface spins with no require-
ment for Hartmann-Hahn matching or zero-field mixing. So-

M:_E YsS(St+1) SZ(IO)_SO' (4 lidification of the noble gases is not required and conse-

lo pi nl(1+1) So quently the SPINOE can be carried out in a continuous flow

wheret, is the time at which the magnetization of the sur- mode and over a broader temperature range. Continuous flow
face | spins ¢H or 13C) has reached a maximunm;s is v_vould allow S|gna_l accumulat_lon and therefore_the _explora-
defined as the cross relaxation rage,is the autorelaxation tion of surfaces with fewer spins or Iong re_laxanon times, as
rate for thel spins, and, andS, are the Boltzmanz com-  Well as SPINOE under magic angle spinning.

ponents of theé andS spins.l(tg) andS,(ty) are the polar-
izations at the time,. The relaxation rate of the spins can
be written asp,=Ty,'+p’, whereTy," is the autorelaxation The authors are grateful to R. E. Taylor for coating the
rate of the'H (**C) spins in the absence of coupling to the Aerosil sample with PEO. This work was supported by the
noble gas spins ar]«ii,S is the relaxation rate induced by cou- Director, Office of Energy Research, Office of Basic Energy
pling to noble gas spins. In the fast motion limit the cross-Sciences, Materials Sciences Division, of the U.S. Depart-
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