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and impurity radiation effects than fuel added
more deeply as with pellet injection. It also
demonstrates that pellet fueling is more efficient
than gas puffing.

We have demonstrated that relatively large
pellets can be injected into a tokamak plasma,
resulting in substantial increases in density.
The advantages which may arise from this tech-
nique are twofold: (1) The technological difficul-
ties associated with fueling by injection of pellets
at high velocity may be eased because for a given
penetration depth, large pellets require lower
velocities than do smaller pellets, and (2) fuel-
ing by deep pellet injection appears to be more
efficient from the point of view of plasma heating
requirements than does edge fueling by gas in-
jection.
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Evidence for a New Phase Transition in Solid 3He in High Magnetic Fields
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Liquid and solid 3He have been cooled by adiabatic compression to the solid ordering
temperature in fields of 2.0 and 2.8 T. Chart traces of pressure versus time show a new

feature which suggests a first-order transition near the A, -A
~ superfluid transitions.

Exchange interactions in solid 'He are suffi-
ciently strong to produce a magnetic transition
of the nuclear spins to an ordered state at a
much higher temperature than for classical di-
poles. In several recent studies, ' ' this phase
transition has been observed near 1. mK. In low

magnetic fields, the transition is antiferromag-
netic and may possibly be first order. '4 In mag-
netic fields greater than 0.42 T, the melting
pressure data of Kummer, Mueller, and Adams'

(KMA) show that the ordering is of a different
type. Thermodynamic ana1ysis' of the KMA data
suggests a second-order transition to a weakly
ferromagnetic or pseudoferromagnetic state. In
the present work, the transition has been studied
in magnetic fields of 2.0 and 2.8 T. The most
striking result is the appearance of a new feature
which suggests a phase transition in the solid
near the A. , andA, superfluid transitions.

A mixture of liquid and solid'He was cooled

along the melting curve to a minimum of 0.85 mK
(in low fields) using the Pomeranchuk compres-
sion cell described by KMA. The experiment
consisted of qualitative observations of 'He pres-
sure P, versus time during the compressions,
and of preliminary measurements of the latent
heat of melting, from which the melting pressure
and entropy versus temperature were obtained.

The new phase transition displays itself dramat-
ically in the chart traces of P, versus time shown
in Fig. 1. The first curve is for & =2.0 T and aQ
the others are for B =2.8 T but af. different com-
pression rates. Following the changes in slope
at the A, and 2, superfluid transitions' (indicated
by arrows), a new feature appears as an abrupt
backstep in pressure, which we believe indicates
a new phase transition in solid'He, as will be
discussed below. (This backstep is similar to
that seen at the superfluid B transition, sup-
pressed for B)0.5 T.) On a given compression
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FIG. 1. Chart traces of 'He melting pressures dur-
ing compressions. The arrows indicate the A.

&
and 42

superQuid transitions. Numbers in parentheses give
the cooling or warming rate near TA in microkelvins
per second. The backsteps give evidence for a new
phase transition in solid 3He. In the 2.8-T field, the
two limitirg pressures for the supercooled and equilib-
rium phases are shown byP]jn„( andP);~ ~.

only a single backstep in pressure was observed
unless the cell was warmed to 1'&T„.

The pressure, hence temperature, of the fea-
ture depends on the compression rate, as indi-
cated by the various curves shown for 2.8 T. At
the slowest rate, it appeared as an almost flat
portion of the chart trace, falling between A, and
A~ in both 2.0 and 2.8 T. This is apparently near
the equilibrium position of the feature in these
fields. At still slower rates the trace becomes
too flat to identify the feature.

In the 2.8-T field, with a rapid compression
rate (dT/dt =- 12 p, K/sec near T„), the back-
step did not occur until the pressure had reached
its limiting value Pq; ~„. This abrupt leveling of
the pressure is characteristic of the ordering of
the solid seen previously in fields ~ 1.2 T.'~
Sometime after the leveling of the pressure at
P~; „the backstep occurred, with the pressure
dropping to a new, lower limiting value P~;~,.
Once this had occurred, compression at an arbi-
trarily high rate would not raise the pressure
above Pq;~, , However, if the cell was warmed
to T & T„and again compressed rapidly, the high-
er limiting pressure was observed, followed by
the sequence described above.

A backstep in pressure could be caused by
rapid warming of the cell if there are thermal

gradients which are smoothed out quickly follow-
ing the superfluid transition. In this case it
would then be possible to compress the cell back
to the lower temperature and higher pressure
seen before the warming. However, the behavior
just described at the limiting pressure rules out
this possibility and indicates that a new phase is
being observed.

The new phase clearly leads to a different melt-
ing curve as indicated by the different limiting
pressures of the solid ordering forB =2.8 T shown
in Fig. 1. The lower limiting pressure and con-
sequently lower IdP/dTI indicate a drop in the
solid-liquid entropy difference when the transi-
tion occurs. This drop cannot originate from the
liquid since it would mean an increase of the liq-
uid entropy upon cooling. Thus the transition
must take place in the solid. The dependence of
the position of the step on the cooling rate may
indicate supercooling, which implies that the
transition would be of first order. When the
transition takes place from the supercooled state,
the 1atent heat would produce warming, which,
combined with a lower melting pressure, gives
the backstep in pressure. The almost-flat por-
tion in the slowest compression shown in Fig. 1
(dT/dt =-1.7 pK/sec) presumably indicates the
latent heat of a first-order transition taking place
without supercooling. On warming, a flat portion
would then also be expected, but was not ob-
served. The only indicate of the transition was
more pronounced upward curvature in the chart
traces in the vicinity of the A. transitions.

The above behavior could be explained by ther-
mal gradients and the absence of superheating.
On warming, the transition would be smeared
out as each portion of the solid is warmed through
the transition temperature. On cooling at high
compression rates, the transition would take
place abruptly through the supercooled solid
once it is initiated. In a slow compression in
which the transition takes place without super-
cooling, thermal gradients would cause the tran-
sition in the interior to occur after that at the
surface while the melting pressure would con-
tinue to increase in the compression. This is
the behavior seen in the slowest trace in Fig. 1.
When the effect of heat leaks is considered, the
horizontal displacements of the extrapolated
chart traces before and after the transition are
about the same on warming as on cooling.

The height of the backstep was measured by
taking the difference in the extrapolated pres-
sure just before and after the step. This height
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increased with the degree of supercooling, was
greater for 2.8 T than for 2.0 T, but showed no
systematic dependence on time during a compres-
sion and thus on the amount of solid present. An
indication of the heat removed in the transition
was obtained by measuring the quantity of heat
which had to be supplied to produce the same
horizontal displacement in the chart trace. This
was - 20 and 40 ergs at 2.5 mK for the 2.0- and
2.8-T fields, respectively. The cell contained
about 0.25 moles of 'He, of which about 25-50%
was solid during the observations of the transi-
ti.on.

Preliminary measurements have been made of
the latent heat of melting per unit volume, &Q/
4V, from which the melting temperature and en-
tropy are obtained. The melting temperature is
given by'

T =T, exp J (&V/hQ) dP,

where (T»P,) is some fixed point. For the fixed
point we took the field-independent value of
T„(B=0) = T „(B)= 2.68 mK, ' defined by'

(2)T~(B) =0.375T~ +0.625T~,
j. 2

For the temperature splitting with field, (T„
-T„)/B, we found 61.0+ 5.0 p K/T up to 2.0 T,"2
in agreement with the 64 pK/T found previously. "'
This splitting was no longer linear at the higher
field of 2.8 T where it had increased to V4.5+ 5.0
pK/T. The error quoted here is almost entirely
in the temperature scale. Support for this re-

suit is given by the pressure splitting, (P&,
—P„)/B, which increased faster than linear,
implying a still faster temperature splitting
since the melting curve slope is lower at the
higher fields. The nonlinear behavior is of in-
terest itself and requires further study. The de-
crease in melting pressure at T& with field was
given by 524B' (P a/T') to the highest field of 2.8
T, following the trend seen by Osheroff' at lower
fields.

Long time constants and hysteresis were en-
countered in the measurements of &Q/&V in the
vicinity of the new transition (i.e., near T„of
the liquid) and to a lesser degree at higher tem-
peratures. Consequently, the data were reliable
only in the region below T&. These are shown in
Fig. 2, where the smooth curves through the
data were used to perform the numerical integra-
tion in Eq. (l). The resulting melting curves
P(T) are presented in Fig. 3. Errors in T are
determined by the accuracy of the area under the
b, g/hV curves below the reference temperature
T, [see Eq. (l)]. Since T, was taken as T„, the
accumulated errors in T (relative to T„) are only
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FIG. 2. Latent heat of melting (raw data) vs pressure
differences below the A transition at T& = 2.68 mK. The
arrows along the abscissa show the limiting (equilibri-
um) pressures reached in each compression. The ar-
rows to the right of the 2.0- and 2.8-T data show the
values of ~/~V required to produce the observed
change in Pz with field in integrating dI'/dT from high
T to Tz with S proportional to T
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FIG. 3. Melting pressures vs temperature of 3He be-
low the A transition. For 2.8 T, the limiting pressures
reached at the solid ordering in the supercooled and
equi1ibrium phases are indicated by P ~; ~, and P ~; ~ 2,
respectively.
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about + 0.05 mK at the solid ordering. Using dI'/
dT from the curves of Fig. 3, the hQ/b, V data,
and the liquid entropy, the solid entropy was ob-
tained (not shown). From these curves, ordering
temperatures of 1.9 and 2.15 mK are indicated
for the 2.0- and 2.8-T fields, respectively.
points follow the trend established by KMA (Ref.
2) for fields between 0.4 and 1.2 T. Unfortunately,
the hysteresis and long time constants near the
transition temperature do not permit reliable
conclusions on the behavior of the entropy in this
region. Furthermore, the above estimate of the
latent heat in the transition indicates only a very
small change in entropy.

Following the analysis of Adams, Delrieu, and
Landesman, 4 the magnetic susceptibility can be
found from the relation

P (a,)-p (&,)
XBJoB2 g) g 2

gg
2

1

Here v is the molar volume of the solid at melt-
ing and ~v is the difference in molar volume be-
tween the liquid and solid. Using B, =2.0 T and
&2=2.8 T, we find y =6.3X10 ' and 5.5&&10 ' at
T =2.1 and 2.6 mK, respectively. These values
are in good agreement with those obtained in Ref.
4 from the data of Ref. 2 for lower fields.

In this work, the chart traces of pressure ver-
sus time have given evidence of a second phase
transition in the solid in high fields. However,

further work is required for an understanding of
the magnetic phases of solid 'He. To aid in de-
termining the type of spin ordering involved, we
are preparing NMR experiments in conjuction
with further latent-heat measurements.
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Al Surface Relaxation Using Surface Extended X-Ray-Absorption Fine Structure
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The surface extended x-ray-absorption fine structure (EXAFS) of a single crystal has
been measured for the first time. By comparison with parameters obtained from bulk
aluminum EXAFS, a decrease of the interatomic distance (0 r=0.15~0.05 &) at the Al(111)
surface has been found. No relaxation is found of the Al-Al separation on the (100) face.

The difficulty of determining surface structure
is one of the greatest barriers to the develop-
ment of a better understanding of surface elec-
tronic states and bonding. ' Low-energy electron
diffraction (LEED)~ is essentially the one estab-

lished technique for structure determination.
This technique is limited to single-crystal analy-
sis or chemisorbed atoms with a long-range or-
der and has a low resolution. Recently by using
synchrotron radiation as a source for x-ray spec-
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