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Although nuclei in gases have been polarized
using the method of optical pumping introduced
by Kastler, ' no successful experiments have
yet been reported for solids. In this note we
give details on some new schemes recently
proposed' for enhancement of nuclear polari-
zation by optical pumping in solids, abbrevi-
ated as ENPOPS. Although there are several
cases discussed below, the schemes have these
general features: (1) production of an electron
spin polarization by pumping with circularly
polarized light; (2) transfer of this polariza-
tion to nuclear spins through hfs coupling, pref-
erential relaxation processes, or saturation
of microwave transitions; (3) transfer of the
polarization to abundant nuclei through cross
relaxation. In principle, ENPOPS could pro-
duce sizable nuclear polarization even at room
temperatures, which is an advantage over the
present microwave dynamic nuclear polariza-
tion methods.

(A) Contact hfs, high fields. —To consider
this case imagine a magnetically dilute crys-
tal at a temperature T containing paramagnet-
ic ions, or perhaps + centers or trapped atoms,
in which the electronic ground state is repre-
sented by the spin Hamiltonian K=gPH. J'+AX I,
the large first term representing the Zeeman
interaction of the ion with an external magnet-
ic field H and the second, the hfs interaction
with the nucleus of the ion (or in the case of
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FIG. 1. Levels and transitions for a paramagnetic
ion in high field with & = 2 and I=2. The populations in
columns (a) and (b) are obtained by enhancement of
the nuclear polarization by optical pumping.

F centers, with a near-neighbor nucleus). These
energy levels and wave functions (8, Jz, Iz) are
shown in Fig. 1 for 4= 2 andI= 2, along with

an optical level or band to which we induce
transitions by illuminating the crystal with
circularly polarized light. %e assume that

by pumping with, say, right-hand polarized
light we induce the transition probabilities shown,
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where U, is significantly different from U, .
This comes about because the field decouples
the electron and the nucleus, and the light wave
is coupled only to the electron; the transitions
obey the selection rule ~Jz =+1, Mz = 0. For
example, if the ground state is 'S,I, and the
excited state is 'P,i„ the relative transition
probabilities are' U, =2 and U, =O; if the ex-
cited state is 'P,i„ then U, = 1 and U2 = 3. If
we pump both states of the I.S multiplet, how-

ever, then &y: U2 in solids where the optical
lines or bands may be broad we thus require
a sufficiently large spin-orbit coupling to par-
tially resolve the multiplets in order to selec-
tively pump out of the. ground state. To quote
examples of feasibility, Faraday rotation and
magnetic circular dichroism measurements
show that one can obtain U2/U, = 3 by pumping
the 4f 5d band-s in rare-earth ions', and U, /
U, = 1.1 to 2 in + centers in alkali halides. '

In Fig. 1, I), represents the paramagnetic
spin-lattice relaxation arising from the ther-
mal modulation of the crystalline electric fields;
ze2 and ws represent relaxation arising, say,
from modulation of the hfs interaction A'(t)(/+I
+J I+), which makes w, »w, . It is just this
preferential relaxation which makes the Over-
hauser effect possible. " In considering the
downward relaxation from the optical level we
postulate two extreme cases.

(1) Nuclear spin memory. This means that
ions optically pumped out of the left-hand side
of Fig. 1 (lz =+2) will decay to the left-hand
side before thermalization can occur; and ions
on the right-hand side return to the right. The
over-all effect of pumping with circularly po-
larized light in competition with I), is to estab-
lish the relative populations shown in column
(a), where q- U, /U, for strong pumping and
n is to be determined by the relaxations M),

and ws. For u2 »ma thermal equilibrium re-
quires nq = exp( gPH/kT) =—exp( ——b ). This ide-
al ENPOPS thus yields a nuclear polarization

n, +n4 —n n, q —exp( —b,-)

n, +n, +n, +n q+exp( —&)
'

We assume that the population of the optical
level remains negligible. Solution of the rate
equations for arbitrary light intensity yields

(U, /w, )-(U, /w, ) exp( —L)
4 exp( ——,'6) + (U, /zu, ) + (U, /zo, ) exp( —6) '

Half-saturation occurs for U-Tle 'exp( —2&),
where T1e is the ground-state relaxation

rate. At very low temperatures, where q
» exp( —4), Eq. (1) shows that the nuclear po-
larization is essentially complete and obtains
even if q =1, i.e. , for unpolarized light and
even if U, =U, . At high temperatures, exp(-4)
= 1, and Eq. (1) becomes

p = (q-I)/(q+1),

showing that a large polarization could be ob-
tained even at room temperatures. Reversing
the light polarization requires that q-1/q,
which reverses the sign of P. For an oscilla-
tor strength of order unity and moderate pump-
ing intensities (-W/cm') it is possible to achieve
U-10' sec ', which is comparable with T1e
for favorable substances at room temperature.
If we cannot be sure that m, »w~, then one knows
from dynamic nuclear polarization' that it is
feasible to saturate the forbidden microwave

1 1 1 1 1 1transition (2 2 p) (2 2 2). This togeth-
er with optical pumping will lead to the popu-
lations of column (b), and a polarization giv-
en by Eq. (3), again large and independent of
temperature. This is essentially because in
ENPOPS the enhanced polarization is determined
by matrix element ratios rather than by Boltz-
mann factors as in dynamic polarization.

(2) Randomized optical relaxation. In this
case we postulate that ions in the optical band
relax with equal probability to the four ground
levels. Solution of the rate equations shows
that very strong optical pumping yields no nu-
clear polarization, because the optical relaxa-
tion in effect short circuits the relaxations m,
sr~; however, at intermediate light intensities
a polarization is obtained if ~,=so, »w~, a re-
quirement met in + centers, for example. Or
instead one could saturate the forbidden micro-
wave transition yielding again the polarization
of Eq. (3).

It is possible to transfer the polarization of
the rather few nuclei of the ions to the abun-
dant nuclei I at diamagnetic sites in the crys-
tal by cross relaxation, for example, by op-
erating in a field such that gn'PH = 2A; it is
well known that the polarization will diffuse
throughout the sample by rapid mutual spin
flips. Alternatively, one could pulse on the
field to this value simultaneously with an intense
light pulse, thus making an optically pumped
nuclear-spin ref rigerator. '

(B) Contact hfs, low fields. -Consider the
same system but with the hfs term much larger
than the Zeeman, with the levels as in Fig. 2.
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FIG. 2. Levels and transitions for a paramagnetic
ion in very low field with S =2 and I=2. The popula-
tions are obtained by ENPOPS.

The admixing by the hfs puts an optical handle
on the nuclear spins, with the transition prob-
abilities shown. If the crystal is strongly pumped
with, say, right-hand circularly polarized light,
the populations shown will obtain for random-
ized optical relaxation and with no restriction
on the relative magnitudes of spin-lattice re-
laxation rates within the ground state. This
method of ENPOPS yields a nuclear polariza-
tion

S4 U, '-U,
-x -i 4

n, +n, +n +n, 4(U, +&,) '+U, '+U,

This is a sizable effect, temperature indepen-
dent, and reversible by using left-hand polar-
ized light. Equation (4) is valid for H =0; for
gPP-A, the polarization is somewhat larger.
It should be possible to transfer this polariza-
tion to the abundant nuclei I' by a three-spin
cross-relaxation process in low field between
two ions and a neighbor nucleus, or by isen-
tropic pulsing to high fields, where g'PP = 2A.

(C) Dipolar coupling. -For a paramagnetic
ion or atom in dipole-dipole coupling with the
nucleus of a neighboring diamagnetic atom,
the high-field levels will be similar to those
of Fig. 1.. Since ~, =w, for dipolar coupling
in solids, ' it will not generally be possible to
achieve a polarization by optical pumping alone.
However, by also saturating the forbidden mi-
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FIG. 3. Levels and optical transitions for a sub-
stance with a ~SO ground state and a 3P~ excited state.

1 1 1 1 1 1crowave transition (2 2 2) (p 2 2), the
populations of Fig. l column (b) result, with
a polarization given by Eq. (3). The possible
advantage this variety of ENPOPS may have
over straight microwave dynamic polarization
is that, in principle, it will give large nuclear
polarizations at room temperature, which could
be very rapidly reversed by reversal of the
light polarization.

(D) Diamagnetic solids. -To fix ideas, con-
sider a crystal containing ions or atoms with
a 'S, ground state and a 'I', optically excited
state, in hfs interaction with a nucleus of spin
I= 2. In low fields the levels are as in Fig. 3,
characterized by Mp. Also shown are the rel-
ative transition probabilities for polarized light.
In a spin refrigerator mode of operation one
could preferentially populate the hfs levels of
the excited state by a pulse of right circular-
ly polarized light (o+); this polarization could
be transferred by cross relaxation to abundant
nuclei in the ground state, which have a very
long relaxation time when the light is off. Anoth-
er mode of operation is possible if the optical
de-excitation is by prompt spontaneous emis-
sion before thermalization which repopulates
the M~=+2 ground state at —,

' the rate of repop-
ulation of the M~ =-2 state. The hfs relaxa-
tion zv, will further contribute to the buildup
of the ground-state nuclear polarization, as
will induced microwave transitions. If the re-
turn relaxation is completely randomized, how-
ever, there will be no polarization induced since
there is no preferential pumping from the ground
state, assuming that the hfs is not resolved
in solids.

Recently, a small polarization of the protons
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in anthracene has been reported, through pump-
ing with unpolarized light; this comes about
because of selective de-excitation of higher
bands to the magnetic states of an excited trip-
let, and is a different mechanism from that
considered here.

(E) Liquids. —The basic ideas of the above
ENPOPS schemes can be readily extended to
liquids containing paramagnetic ions or other
magnetic species, provided that U, and U, can
be made sufficiently different (this usually re-
quires large spin-orbit coupling), and that the
oscillator strength and available light intensi-
ty combine to give U-T~e ', required for op-
tical saturation. The nuclei of interest are
those in the abundant diamagnetic solvent mol-
ecules, which have a rapidly fluctuating inter-
action with the ion, either of the hfs form I ~ A
~ 8 or of dipole-dipole form. The first case
is similar to (A) above except that the hfs is
averaged out. However, M), »~3 if the hfs fluc-
tuation is nearly isotropic, and we conclude
that if nuclear-spin memory exists, then pump-
ing the liquid with circularly polarized light
will yield the nuclear polarization of Eq. (3).
For the dipolar case in liquids av, :res:M 4 = 2:12:3
and one should find a reversed nuclear polar-
ization.

It can also be shown that ENPOPS should

apply to magnetically concentrated substanc-
es which display an Overhauser effect.

Experiments to test these various cases are
underway at the University of California, Berk-
eley, California. It is a pleasure to acknowl-
edge a stimulating discussion with Professor
P. L. Scott, leading to Case (B) above.
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THICKNESS OF A ROTATING LIQUID-HELIUM FILM*
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The thickness of a rotating liquid-helium film has been measured at various angular
velocities and temperatures. The results are consistent with hydrodynamical calcula-
tions assuming that the superfluid component remains at rest and that the normal com-
ponent alone rotates. The failure to induce rotation in the superfluid component is in-
terpreted as evidence that vortex lines with their axes perpendicular to the film are dif-
ficult to create.

Rotation experiments fall into several class-
es. If a bulk sample of helium is used, the
critical velocity is very small and its effects
are difficult to observe. Experiments in which
flow takes place in packed powders or their
equivalent obtain large critical velocities but
have complex geometries. In such experiments
rotation probably takes place without the pres-
ence of Onsager-Feynman vortex lines. A ro-
tating helium film has the advantage that it
combines the simple geometry of bulk-liquid

experiments with critical velocities of the or-
der of magnitude of 50 cm/sec. '

The interesting question is whether or not
the film rotates with the surface on which it
is formed. If the film is brought into motion,
then the surface of the film should curve for
the same reason that a classical liquid in a
rotating bucket has a parabolic shape. For
the film, however, the change in the surface
is of the order of Angstroms instead of centi-
meters because the force field is not gravity
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