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DYNAMIC PROTON POLARIZATION IN BUTANOL WATER BELOW 1 K*
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%e have measured the temperature dependence of the dynamic proton polarization in a
0.2-g sample of 95% 1-butanol and 5% water, containing 0.75% of the free radical porphy-
rexide, between 1.4 and 0.5 K. The largest polarization attained was 67% at 0.5 K. The
feasibility of achieving comparable polarization in larger samples and the question of the
origin of the observed temperature dependence are discussed.

The recent observation by Mango, Run6lfsson,
and Borghini' of dynamic proton polarizations of
about 40% in butanol-water mixtures near 1 K
has focused attention on this material for use in
nuclear scattering experiments utilizing:. polar-
ized proton targets. ' Considering the rather
steep temperature dependence of the polarization
(P-1/T) observed in this material above 1 K, '
it has become of considerable interest to extend
the polarization measurements to lower temper-
atures. This Letter reports the results of such
measurements down to 0.5 K, carried out in a
'He refrigerator' at a microwave frequency of
70 0Hz.

The sample consisted of 0. 2 g of a mixture of
95% 1-butanol and 5% water, doped with 0.75%
porphyrexide' (all percentages by weight). Since
this material has a half-life of about 12 h at room
temperature, owing to the decay of the porphyrex-
ide, it was prepared immediately prior to the ex-
periment. After mixing, the liquid was packaged
in a heat-sealed, flat rectangular bag of dimen-
sions 7 &16 mm', prepared from 0.025-mm fluor-
inated-ethylene polymer (FEP)' film. The sam-
ple, surrounded by the NMR coil of the Q meter
used to monitor the proton polarization, was
then inserted in a multimode, coin-silver micro-
wave cavity. The cavity was cylindrical with an
internal diameter of 9 mm and a height of 20 mm.
No attempt was made to remove dissolved atmo-
spheric oxygen from the sample prior to inser-
tion in the cryostat. Rather, the sample was sub-
jected to vacuum in the warm cryostat for two
hours immediately before cool down to permit
diffusion of any dissolved oxygen out through the
walls of the FEP bag.

The optimal polarizations measured in 'He are
shown as the circles in Fig. 1. The solid squares
represent measurements in a separate 'He cryo-
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FIG. 1. Solid circles: measured dynamic proton po-
larization versus temperature (in SHe) in 95'k 1-butanol
and 5% water. Solid squares: measurements on a com-
parable sample in He. The solid curve is based on Eq.
(1), as discussed in the text.

stat on a comparable sample.
The polarization of 67% at 0.5 K is the largest

proton polarization so far reported in a hydrocar-
bon material. ' The large polarizations achieved
at the lowest temperatures were also evidenced
in the NMR derivative line shapes, some exam-
ples of which are shown in Fig. 2. The peak-to-
peak linewidth at a polarization of 67% was only
slightly over one-half the linewidth in thermal
equilibrium at 1 K, which effect is presumably
due to the increased correlation in neighboring
spin directions at high polarization. The proton
spin-lattice relaxation time and dynamic polari-
zation time were not measured at the lowest tern-
perature, but at 0.62 K they were T, =120 min
and 7 =17 min, respectively. These are to be
compared with T, =15 min and ~=1.3 min at 1.0 K
for the same sample.

The total microwave power dissipated (at opti-
mal polarization settings) in the cavity plus sam-
ple was estimated from the 'He boil-off rate to be
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5+ 1 mW at 1.0 K and 0.65+ 0.20 mW at 0.5 K. Thus, if the power repuired scales linearly with sample
mass, the total power needed at 0.5 K for a practical polarized target of 10-g mass would be about 30
mW, including power expended in the cavity walls. Since the latter is likely to be an appreciable frac-
tion of the total power' and can be separately dissipated through a heat sink to the 'He bath, the 'He re-
frigeration capacity required should be within the practical range of, say, 10 mW at 0.5 K.

Since the electron thermal-equilibrium polarization at 70 6Hz and 1 K is greater than 90%, the in-
creasing dynamic proton polarization observed below 1 K probably cannot be understood in terms of a
"solid effect, ""but should be explicable when electron "spin-spin effects"' '" are included. In par-
ticular, the "cross-relaxation" model of Ref. 11 contains implicitly a temperature dependence similar
to that observed. In this model the sample average proton polarization is given by"

"1g (x-5)[P(x)—P(x —5)]—g(x+ 5)[P(x)—P(x+ 5)]}g(x)dx
p(x) +g(x-5)[1-p(x)p(x-5)]+@(x+5)[1-p(x)p(x+ 6)]

where x is a local-magnetic-field variable (x = 0
marks the EPR center), g(x) is the normalized
EPR line-shape function for the inhomogeneously
broadened line, P(x) is the local electron polar-
ization, and P(x) = [1-P(x)PO(x)]P, is a "leakage"
parameter, Po(x) being the thermal equilibrium
value of P(x) In ord. er to exemplify the tempera-
ture dependence of Eq. (1), a plausible set of pa-
rarneters was first obtained by fitting Eq. (1) to
the data of Ref. 1. These data consist of the pro-
ton polarization dependence on applied static
magnetic field and on applied microwave power,
measured at 70 GHz and 1.05 K, in a sample of
95 /0 1-butanol and 5% water saturated with por-
phyrexide. " Figure 3 shows these data and the
best mean-square fit of Eq. (1). The EPR spec-
tral function, g(x), used in Eq. (1) was also that
of Ref. 1, obtained at 70 GHz and 1.05 K. Some

extrapolation of g(x) in the wings of the reso-
nance was necessary. The parameter values cor-
responding to the fit displayed in Fig. 3 are"

p, = 1.7 x (10 ') Oe

0 =99 Oe,

t = 1100 Qe.

The temperature dependence of Eq. (1) was then
evaluated by fixing the parameters at the above
values and varying only the temperature [via the
temperature dependence of P, (x) and P(x)]. The
result is shown as the solid curve in Fig. 1. It
is seen that, at least qualitatively, this model
does yield increasing dynamic polarization below
1 K, in spite of the nearly constant equilibrium
electron polarization. The increase below 1 K is
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FIG. 2. The frequency-swept proton NMR derivative
in 95Vo 1-butanol and 5% water, at polarizations of
(a) 0.0026 (an average of six thermal equilibrium sig-
nals at 0.98 K), {b) 0.36 {at 1.02 K}, {c)0.54 {at 0.70 K),
and (d) 0.67 (at 0.5 K). The relative gains have been
adjusted to give equal signal amplitudes.

PIG. 3. The points are the data of Mango, Runolfs-
son, and Borghini (Ref. 1) for the dynamic proton po-
larization in 95% 1-butanol and G%%uo water, at 70 GHz
and 1.05 K, versus applied static field and (in the upper
left corner) versus applied microwave power. The drop
in polarization at higher powers may result from mic-
rowave heating of the sample. The solid curves are de-
rived from Eq. (1) using the parametric values listed in
the text.
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traceable largely to the terms second order in
electron polarization in the denominator of Eq.
(l). Although the model does not quantitatively
fit the overall slope of the data in Fig. 1 with all
parameters fixed, a 25% variation of the saturat-
ing ensemble width 0 with temperature, over the
entire temperature range, would be sufficient to
fit the observations. More importantly, we have
not taken into account possible variation of g(x)
with temperature.

It should be noted that proton polarizations
larger than the 67% reported here might be pos-
sible at 0.5 K, with porphyrexide concentrations
other than 0.75%. However, this concentration
was found to be approximately optimal at 1 K.

We would like to thank Dr. M. Borghini for
kindly furnishing us with the data in Fig. 3 prior
to publication.

*Work performed under the auspices of the U. S.
Atomic Energy Commission.
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The scintillation of liquid helium produced by o. particles has been measured with par-
ticular emphasis on the temperature region below 1.25 K which had not been studied pre-
viously. An interpretation of the observed inhibition of the scintillation below T& is pro-
posed which attributes the effect to a reduced radiative destruction rate of metastable
states in He II.

Among the unusual properties of superfluid he-
lium, which are not yet understood, is the inhibi-
tion of its scintillation" (produced by n parti-
cles) compared with that of normal-liquid helium.
Experimental studies, all at temperatures above
1.25 K, of the effect on the scintillation intensity
of an electric field, ' a heat flux, ' and rotation of
the fluid have failed to provide sufficient infor-

mation to establish a mechanism for the scintil-
lation process and the inhibition effect. It has
been possible to conclude only that the radiation
derives in roughly equal degree from (1) the de-
excitation of some sort of atomic system or ex-
citon and (2) processes in which ion recombina-
tion plays a contributing role.

%e have now extended the measurement of the
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