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nances. Because of the complexity of the spec-
trum, no definite assignment can be made to
these peaks at this time,

Finally, we note that an interesting character-
istic of the trapped-electron method as applied to
the study of states in the ionization continuum is
the unusually high visibility of negative-ion reso-
nances as compared to autoionizing states. In
the studies of both He ® and Ne only one peak in
the trapped-electron spectrum corresponds un-
ambiguously to the energy of an autoionizing lev-
el. The absence of any peaks at the energies of
other known levels leads to the suggestion that
all the visible structure in the trapped-electron
gectra of He and Ne may be due to interference
effects of negative-ion states, and that excitation
to autoionizing states leads to an undetectably
small change in the large number of slow elec-
trons from direct ionization. Should this sugges-
tion prove to be true, it becomes imperative that
energy scales be calibrated by direct methods
such as used in the present study as opposed to
indirect calibrations performed by comparing
peaks in the trapped-electron spectrum to known
autoionizing levels in the target species. One
must also adopt a more cautious attitude in the

interpretation of trapped-electron spectra in the
energy region of negative-ion resonances,
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The nuclear alignment following Coulomb excitation was detected by observing direct-
ly the sublevel populations with the quadrupole MSssbauer effect. The alignment was
preserved in flight from the target to a single crystal of Zn by frequent collisions with
gas molecules. The hyperfine magnetic field acting on the recoil nuclei in flight was de-
termined by observing the residual alignment for different gas pressures.

The sublevel populations of an excited nuclear
level resulting from a nuclear reaction have been
observed directly with the MGssbauer effect. The
14-keV level of *’Fe was Coulomb excited by %0
and *°Cl projectiles from the Stanford Model FN
tandem accelerator. The *'Fe recoils emitted
from the target at angles between 10° and 25° to
the beam axis were allowed to implant into a sin-

gle crystal of Zn in the apparatus shown in Fig. 1.

For recoils ejected at 0° the projection of the
spin of the recoil nucleus along the beam direc-
tion is a constant of the motion, and only the m
=+3 sublevels of higher states are excited. For
direct excitation of the 37, 14-keV level of *'Fe
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only m =+3 sublevels would be populated. Howev-
er, most of the excitation proceeds through ex-
cited states which decay to the 14-keV level and
produce a small dealignment.!? The expected
population ratio of the m =+3 and m =43 sublevels
is dependent on the projectile energy but typically
is 4:1 for the conditions used. This large align-
ment can be preserved in flight by either decou-
pling the nuclear spin I from the atomic angular
momentum J by application of a large magnetic
field,® or by introducing a gas into the transit re-
gion so that the frequent collisions of the recoil-
ing ion preserve the nuclear alignment.*

The aligned nuclei enter the single crystal of
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FIG. 1. Apparatus for detecting nuclear alignment
with the MOssbauer effect., The Zn single crystal is
tilted slightly to reduce absorption in the crystal.

Zn and are slowed down and stopped in about
107 sec. The stopped nuclei experience an
electric field gradient along the ¢ axis of the sin-
gle crystal, which splits the $7, 14-keV level in-
to its two components with m =+3 and m =+3. The
radiations from these two separate components
will have separate angular distributions about the
¢ axis of the Zn single crystal. At a given angle
the line intensities were determined by analysis
with a single-line M&ssbauer absorber. The up-
per spectrum in Fig. 2(a) was taken with vacuum
in the transit region, and the ratio of intensities
of the two lines is consistent with no alignment of
the implanted 5"Fe recoils and an average angle
of observation of 120° between the ¢ axis of the
crystal and the Mossbauer detector. In the lower
spectrum, the geometry was unchanged but He
gas was admitted into the target chamber. The
increased intensity of the lower velocity line re-
flects directly the increased population of the m
=+3 sublevels.

The alignment deduced from the data in Fig.
2(a) is 81% of the predicted alignment. As we
expect some loss of alignment in flight for the He
pressure used, we conclude there is very little
dealignment associated with the slowing-down
process and subsequent interactions in the crys-
tal. In particular, the Fe nucleus does not ex-
perience any electric field gradient perpendicu-
lar to the ¢ axis which is as strong as that along
the ¢ axis and lasts for more than =107° sec. Al-
so the relaxation time of the nuclear spins is long
compared with the 150-nsec lifetime of the 14-
keV level.

By studying the preservation of the alignment
in flight between the target and the catcher, in-
formation about the hyperfine interactions of
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FIG. 2. (a) Mossbauer spectra for 5 Fe nuclei im-~
planted in Zn for two different pressures of He gas.
(b) Velocity dependence of the hyperfine field. The tri-
angle, plotted at zero velocity, is from Ref. 6 and the
smooth curve is the empirical relation H=0.4Z(100v/
¢)%8 MG given by Ref. 7.

highly stripped free atoms can be obtained. In an
earlier experiment® a magnetic field of 5 kG was
applied along the beam direction in the transit re-
gion. The alignment observed® was 41% of the
alignment predicted, indicating that the decou-
pling of the nuclear spin from the electron angu-
lar momentum was not complete. We can make
an estimate of the effective field acting on the Fe
nucleus while in flight since the precession fre-
quency of the electronic angular momentum J
about the external field B must be about equal to
the precession frequency of the nuclear angular
momentum about J. Hence,

H e~ (Le/Bp)H e~ 10" G.

More accurate measurements of this field were
made by allowing the ions to recoil into He gas at
different pressures. For a rapidly fluctuating
magnetic field induced by the frequent collisions,
the alignment will be given as a function of time
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Table I. Summary of alignment data.

Recoil

Travel He Holding
Run veéocity time pressure field Alignment
number (10 cm/sec) (nsec) (Torr) (xG) (% of maximum)
1 4.5 % 2% 13 0 0 9 %7
100 o] 16 +7
360 0 58 + 13
680 0 64 * 13
2 b5 + 2% 2.5 0 0 07
o] 5 41 9
b
3 7% 1.5 2.5 0 0 6 %8
2ko o 235 + 10
370 0 35 & 11
500 [o] 55 % 1
600 (0] 81 + 11
b 5.5 £ 1.5° 3 2ko 0 27+ 8
370 0 29 * 11

295-MeV 180 beam.
b40-MeV 3¢l beam.

€40-MeV ¥Cl beam with 0.6-mg/cm? Ni foil used to degrade recoil velocity.

by
A(t)=A(0)e "2% e, (1)

where w is the Larmor precession frequency in
the effective hyperfine field, and 7., the correla-
tion time, is given by

1/7,=TON@pe+7 1),

where v is the velocity of the recoiling ion, N is
the number of He atoms per unit volume, and 7
and 7y, are the radii of the Fe ion angi the He at-
om, respectively. We used 7, =0.88 A and 7y,
=0.81 A. In our case, we observe the alignment
remaining after the travel time 7. Since the in-
teraction acts only during this time, we observe
that A(T)=A(0) exp(—2w3TT,).

The alignment measured at different pressures
of He gas and at different recoil velocities is
shown in Table I. For each range of recoil veloc-
ities, the effective magnetic field acting on the
recoil nuclei was calculated from Eq. (1). These
fields are shown in Fig. 2(b) along with the neu-
tral atomic-beam measurement.®

The velocity dependence of the effective field is

1016

in agreement with either a linear relationship or
the v behavior suggested by previous experi-
ments,” and the fields are smaller than those in
heavier elements moving at the same velocity.
However, these fields are still sufficiently large
to produce measurable perturbations of the angu-
lar distributions of states with 7~ 107" sec.

The measurement of magnetic moments of
states with lifetimes in the 10 ~'-sec range by
means of these large internal fields is now in
progress in this laboratory. An experiment is al-
so underway to utilize the measured electric
field gradient in a Zn crystal to determine the
quadrupole moment of an excited nuclear state.
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Evidence for a substantial nuclear ordering in solid bec He® at melting pressure has
been inferred from solid entropies s s deduced from measurements of the slope of the
melting curve for a liquid-solid mixture cooled by adiabatic compression. At 3.4 mK
we find experimentally that s g/R=0.831n2, It is likely that much lower temperatures
and solid entropies are obtained during parts of the experiments. The possibility for

bulk nuclear polarization is also discussed.

It is possible to convert an ordered Fermi lig-
uid to a solid with ordered nuclear spins.' More
specifically, highly ordered liquid He® may be
produced readily at temperatures of 10 to 20 mK,
a temperature region easily attained by dilution
refrigeration, since liquid He® is a Fermi liquid
with an effective Fermi temperature much great-
er than 20 mK, Isentropic conversion of liquid
to solid should then produce a highly nuclear-
spin~-ordered solid. Quantitatively, the ordering
of the solid may be measured by its entropy. In
this work we determined the solid entropy by
measuring the slope dP/dT of the melting curve
and using the Clausius-Clapeyron equation

dpP -~
ZZ = _(M_L_)’ (1)
daT v =Ug

where sg, vs and sy, v; are the molar entropy
and volume on the melting curve for the solid
and liquid phases, respectively. Alternatively,
nuclear ordering could be observed by forming
the solid in a strong magnetic field and measur-
ing the bulk nuclear magnetic moment. This has
not been done in the present experiments, but
work along these lines is in progress.

At temperatures below a few tenths of a kelvin
the entropy of solid He® results from disorder in
the nuclear-spin system. In zero external field,
the spins may be described by an effective spin

Hamiltonian?
se==d 3 1;- 1, (2)
i

where J is a parameter, and the sum is usually
assumed to be over nearest neighbors. Using
data of Anderson, Reese, and Wheatley® we
showed*® that J < 0, in agreement with recent
measurements by Pipes and Fairbank®; Kirk, Os-
good, and Garber’; and Sites, Osheroff, Richard-
son, and Lee.? Hence in zero external field,
antiferromagnetic nuclear ordering is to be ex-
pected at low enough temperatures.

In recent work we demonstrated?® that it is pos-
sible to cool a two-phase mixture of liquid and
solid He® mechanically to temperatures below
3 mK. However, we did not determine the resul-
tant nuclear ordering. In some preliminary work
we measured the nuclear-spin diffusion coeffi-
cient D in a solid formed by adiabatic compres-
sion. We found that, at the lowest temperatures,
D had decreased to about % of its temperature-
independent value at higher temperatures.® This
result indicated that something interesting was
happening in the nuclear-spin system. However,
we interrupted the diffusion measurements in
favor of the melting-curve measurements since
these have the double advantage of yielding a di-
rect measurement of solid entropy and of being
much less sensitive to thermal disequilibrium in
the solid nuclear-spin system.
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