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neglected here. ~ For g -10' or 10' eV, the re-
sult is independent of g. One sees that the devia-
tions from Bloch's formula range from about 3%
for iron up to 20'/0 for Z =114. The deivationsfor
negative Z are much less, probably because when
the cross section is expanded as a series in Z, it
becomes an alternating series over most of the
energy range for negative Z. Figure 9 shows
(1/Z )(dE/dx} when the Bloch correction [terms
containing 4 in Eq. (3)j is omitted. The energy
loss of positively charged nuclei exceeds that of
negatively charged nuclei by up to 25'%%up for Z = + 114.

In Fig. 10 we have plotted [(dE/dx) —(dE/dx)3]/
(dE/dx)s=D as a function of I for various Z's and
P's where (dE/dx}e is calculated using (do/dT)»
in Eq. (2). The deviation D from the Bloch for-

mula is a slowly increasing function of I and thus
absorber atomic number z. This figure only ap-
plies when the last two terms in Eq. (3) can be
neglected. The density effect would in general
decrease the contribution of Eq. (3) to the total-
energy loss and thus increase the deviation D. %e
do not intend to give a comprehensive tabulation of
results for various media but only to show that, in

general, for relativistic particles with Z-20 the
deviations from the Born approximation are signif-
icant and should be included in energy-loss calcu-
lations.
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An explanation of the anomalous NMR specific heat first seen by Garwin and Reich in non-
dilute solid He-3He mixture is given in terms of the energy of interaction of He-4He.

The purpose of this note is to put forth a tentative
suggestion for the explanation of some of the un-
usual NMR data on 'He- He mixtures. The data to
which the explanation is addressed is that of Gar-
win and Reich, ' Bernier and La desman, and

Reich and Yu which suggests the existence of an
anomalous specific heat due to the presence of He
impurities at concentrations up to 1% in He. There
are two things in the data that must be accounted
for: (i) the basic intera. ction among the excitations
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in the system that leads to the observed T, and (ii)
the number, magnitude, and kind of energy reser-
voirs that take the rf energy from the Zeeman sys-
tem and which feed it through the basic interaction
to the phonons. Guyer and Zane have proposed
that the mass fluctuation wave-phonon interaction
is observed in the Tz experiments on dilute mix-
tures. The careful T, experiments of Giffard and
Hatton and Giffai d (the Oxford experiments) have
provided reasonable confirmation of the essential
features of their proposal. The experiments of
Garwin and Reich, Bernier and Landesman, and
Reich and Yu are in the same temperature range
as the Qxford experiments, but they go to higher
concentrations of He impurities. These experi-
ments see a T, with many features similar to those
studied in the Oxford experiments (principally a
T 8 temperature dependence) and in addition they
see a specific-heat anomaly. In the case of Bernier
and Landesman the anomaly is observed for 60 ppm
& x4& 2800 ppm at v =- 20. 0 cm'/mole; about a factor
of 2 too much specific heat is seen at 1000 ppm.
No excess specific heat is seen at 21.0 cm'/mole
even at 2800 ppm 'He. Reich and Yu see results
similar to those of Bernier and Landesman. Gar-
win and Reich see a factor of 4000 too much specif-
ic heat at v = 19.3 cm /mole for a He concentration
of about 1%, 10000 ppm. The suggestion put forth
here is an attempt at the explanation of this NMR
specific -heat anomaly.

The basic idea of the explanation is that the ex-
cess specific heat in both the experiments mentioned
above is due to the He- He interactions. We begin
by arguing that even the specific-heat anomaly in
the low-concentration-mixture data (e.g. , that of
Bernier and Landesman and Reich and Yu) is un-
usual. Mass fluctuation waves have been invoked
to explain the relaxation mechanism —they do that
pretty well —they will also explain the low-concen-
tration specific-heat anomaly provided that the He
particles tunnel through the 'He medium about ten
times faster than He- He tunneling rate. We take
this need for a factor of 10 in J~4(i. e. , J~4= 10J33)
as strong evidence that it is not the specific heat
of the mass fluctuation waves that is being observed
in these experiments. 7

Assume the topology for relaxation in the experi-
ments at Qxford, of Bernier and Landesman, of
Reich and Yu, and of Garwin and Reich to be that
shown in Fig. 1. The new interaction bath I ap-
pended to the 'He bath is due to the 'He-4He inter-
actions. A long-range interaction occurs between
two 'He atoms in a 'He medium because a He atom
has less zero-point motion than a 3He atom and the
'He medium in the vicinity of a He atom expands
toward the atom. A crude model for this process
can be constructed using elastic continuum theory.
A sphere embedded in a continuum gives rise to a

(x)

FIG. 1. Topology of the relaxation process. The
kinetic and potential energy of the He atoms is regarded
as leading to two strongly coupled energy reservoirs.

fbi= ~ E(IR-R l)«(R)«(R') (2)

where n4(A) is the number of He atoms at A. The
manifold of states that constitute the I bath cor-
respond to the various configurations of the He
particles in the He medium. The energy for each
configuration is given by Eq. (2). The coupling of
the I bath to the tunneling bath comes about because
the He particles move relative to one another by
virtue of the tunneling process. As they do they
exchange tunneling energy for interaction energy.
Tunneling motion of a 'He particle is possible in
regions of the sample where IVEI(R) ~ Zl& J~4, where

EI(R) = Z E( IR -'R l) n4(R') . (3)
z '~(z)

In regions of the sample where this inequality is
reversed, IVEI(R) ~ Zl& JS4, the uncertainty in energy
of a He particle, an energy of about J'34 is not
great enough to permit energy conservation to oc-
cur when the particles tunnel. Thus to move a He
atom in a region of the sample of large j 7'EII re-
quires assistance from the phonons or a higher-
order process. But assistance from the phonons
means that both tunneling energy and potential en-
ergy of the He atom are locked to the phonons.
Thus we take the 4 bath and I bath of Fig. 1 to re-
fer, respectively, to the tunneling energy and po-
tential energy of the He particles in regions of
the sample where I VEII is small, i.e. , where

I VEz(R) ~ Zl & J,4. In these regions of the sample
a single He particle moves among various con-

radial pressure field about itself (either because
it is larger or smaller than the piece of continuum
it replaces). To place a second sphere at x away
from the first one must do work against the pres-
sure field to move the continuum to accomodate the
second sphere. ' Thus there is an energy of in-
teraction between the two spheres which is given
approximately by

E(~) = —e'm, s'(&/~)',

where s is the Velocity of sound, 4 is the near-
neighbor distance, and e is a measure of the mis-
match of the sphere. The volume difference is
4mb &. This interaction is long ranged. The I
bath is taken to be due to this interaction, i.e. ,
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V

lcm /mole)
J

(10 K)
QD

(K)

TABLE I. Values of J at selected molar volume. The
calculations shown in Figs. 2 and 3 were done with the
values of J listed here.

C,(r)/Nk, = AX'x,'(e'ms'/k, T)' . (io)

here C is a temperature-independent constant
representing the temperature-independent interac-
tion energy of the 'He atoms. The specific heat of
the I bath is

19.3
20. 0
21.0

5
23
60

38
29
26

For the relaxation time in the topology shown
in Fig. 1 we have

41 1

r, r, p ar +uZ+&I+&4

&Eq(&x4) = A &ms .&x4, (4)

where A. is a constant of order 1. We may calculate
the average energy of a He particle in the fluc-
tuating field by the formula

(E,(T) ) = f d(&x,) P(&x )&E (&x ) e

(5)
where P(nx4) is the probability of a fluctuation in
concentration of magnitude ~x4. Since

f d(~x, ) P(~x,) = i, f d(~x, ) ~x, P(~x,) =O,

in the high-temperature limit P&E,(&x4) «1 we
have

&E (T)) =&'[(~'ms')'/k T] &&x'&

But

(&x4) = f d(~x4) ~x,'P(&x4)= x4

so that Eg. (6) yields

&E,(r) ) = ~'[(~'ms')'/k, r] x, .
This is the average interaction energy of a single
He atom. We take the total number of He atoms

in low l VEI! regions of the sample to be propor-
tional to the total number of He atoms ANx4, where
A is a proportionality constant. Th»s the average
interaction energy of the I bath is

(E,(T) ) /N = C -AX'[(~'ms')'/k, T]x', (9)

figurations of the other He particles. It has energy
of approximately Pr to expend in visiting these
various configurations; Pr =ks Tr, Tr is the tem-
perature of the tunneling system. As the 4He par-
ticle moves in the low I VEii region of the sample
it sees values of EI that fluctuate about the average
value EI. The important property of the various
regions of the sample the He atoms visits is the
fluctuation in EI. These fluctuations come about
because as a 'He moves through the low I VEII re-
gions of the sample it sees fluctuations in the con-
centration of the other He atoms and corresponding
fluctuations in EI.

We begin by calculating the energy of a single
'He atom in the sample. We assume that the fluc-
tuation in EI attending a fluctuation &x4 in the con-
centration of He atoms is given by

where T2& is the mass fluctuation phonon-relaxation
time (two phonon, 2P), kr cc Z, k4= Bx4kr, kscc &uo

«J in low Larmor field, B= (J~4/4) =1, and

k, = AX'(c'm s')'x,'. Thus

1 1 X4

T,p 1+x4+(ks/kr)
' (12)

Now for E = 10 we have & ms = 0. 01 K and

kg/kr =AX x4 (0. 01/8)

At n = 20. 0 cm /mole, J = 20 p, K, kz /kr is order 1
at AA. z4 ——4&&10 . We may use the results of
Bernier and Landesman and assume the value 1
obtains for x4=1000 ppm. Then, we have AA. =1.
We will use this value of AA, for all molar volumes'~
(19.S, 20. 0, and 21.0) for which we discuss T,.
We take T& to be given by

1 1 x4 J34
Tg Tg~ 1+10 (x4/J') J' (i4)

In Table I, we have tabulated the parameters that
characterize solid 'He at molar volumes of 19.3,
20. 0, and 21.0. Using these parameters we have

IO'

Io

~x 4
IO

+

Io

IO

IO'

IO IO IO
4 IO~ IO IO IO

X4

FIG. 2. Concentration dependence of T~. The inverse
of the topological factor in Eq. (14) yields the concentra-
tion dependence of T~ and is plotted here as a function of
concentration for three molar volumes. Operating points
for the relevant experiments are shown.
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evaluated the topologica, l factor in Eq. (14), i. e. ,
the factor x4/[1+10 4(x4/J )j. The inverse of this
factor is proportional to T& and is plotted in Fig.
2. From Fig. 2 we see the concentration depen-
dence of T&, T& decreases with x4 at small values
of x4 and then increases for values of x4 beyond
about 10 ' or 10 . On Fig. 2we have indicated the
concentrations at which the Tj experiments of the
Oxford group and Garwin and Reich have been done.
We see that due to the topological factor alone the
value of T& in these two experiments should differ
by a factor of about 100. Further at v = 19.3 the
two-phonon process (it goes as en') is about a fac-

FIG. 3. Excess specific heat. The excess specific
heat kr/kr from Eq. (13) is plotted as a function of con-
centration. Operating points for the relevant experiments
are shown.

tor of 5 slower than it is at g = 20. 0. Thus from
Eq. (14) we are led to expect T, seen by Garwin
and Reich (x4= 1/q) to be about 500 times longer
than the Tt seen by Giffard and Hatton (x4= 300
ppm) at T= 0. 4 K. At T= 0. 4 K, x4= 0.01, Garwin
and Reich see T&=6000 sec; at T=0.4 K, x4=300
ppm, Giffard and Hatton see T& =3 sec. The ratio
of these two experimental values of T&, 2000, is
within a factor of 4 of the result predicted by Eq.
(14). Further the factor (J',4/7) in Eq. (14) that
we have taken to be 1 for both v = 19.3 and z = 20. 0
works in the right direction to bring better agree-
ment between Eq. (14) and experiment. We believe
Eq. (14) correctly explains the qualitative features
of the concentration dependence of T& as seen by
Garwin and Reich and Giffard and Hatton.

From Eq. (14) we see that at n = 19.3 and x4 = 0.01
the denominator of the topological factor is 3500,
i.e. , there is at least three orders of magnitude
more specific heat in the He- He interaction than
there is in the tunneling motion of the entire He
bath. We believe Eq. (14) correctly explains the
anomalous specific heat seen by Garwin and Reich,
Fig. 3.

Equation (14) does not agree with the linear ex-
cess specific heat at low concentrations seen by
Bernier and Landesman and Reich and Yu. How-

ever, it does say that much less excess specific
heat will be seen at v=21. 0 than at p=20. 0 at a
given concentration. This latter result agrees
with the findings of Bernier and Landesman and
Reich and Yu.

The excess specific heats we are discussing
here are in all cases at least four orders of mag-
nitude smaller than the phonon specific heat. These
specific heats cannot be seen in conventional ther-
mostatic measurements —they are seen in NMR
experiments because the phonons are out of the
picture on a time scale of order T&.
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