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Effect, Evganzungsband, 1931-1937 (Springer, Berlin,
1938). From Table I one readily finds that the combi-
nations of vibrational levels which add to the methyl
(v1y) 2928-cm™! frequency within a bandwidth of ~ 100
cm-! (besides the previously mentioned processes 2vg
=2910 cm™!, 2p,*=2968 cm™!, and p;* +v5=2939 cm™))
are the three-quantum processes vg+v;+v,=2938 cm"!,
and vy +2v3=2902 cm™!, where y; is the CH; internal
vibration, v,*, vz, and y; are the hydrogen angle varia-
tion modes, v, is C-C-O skeleton vibration, and vy is
a CH, internal vibrational mode, Therefore, besides
the vy and v, * levels, the 2928-cm™! mode might also
decay to the vibrational levels vy, v3, v, and vq. How-
ever, the latter four levels are reached via three-quan~
tum processes which are usually less probable than
two-quantum processes of the type 2vg, 2v4*, and p *
+vg, and are therefore more difficult to detect.
8Recently, the dephasing time and depopulation times
have been measured using picosecond probe Raman
techniques (Ref. 3). When the probe beam is applied at
an angle of incidence such that the probe beam, probe
Raman intensity, and vibration (created via SRS from
the exciting laser) are phase matched together, the
measured lifetime is the dephasing time since the
probe Raman scattering intensity is sensitive to both
the phase and population changes of the molecular vi-
brations., However, when the probe Raman scattering
is detected in a direction in which the phase matching
to the created molecular vibration is unimportant, the
measured decay time is the depopulation time since the
probe Raman intensity is only sensitive to population
changes of the molecular vibrations. It has been found
(Ref. 3) that r(depopulation) > 7(dephasing).

%The lifetimes of the 2928- and 1454-cm™! vibrations
are 7~ 28 psec and 7y, respectively. To estimate
whether the difference-frequency term is operative,
the anti-Stokes Raman signal at 1454 cm™! is defined
to be proportional to fm ((¢) +Byn4(¢), and the anti-
Stokes Raman signal at 2928 cm™! is defined to be pro-
portional to Bgny(t), wheren(t) andn(¢) are the popu—
lations of the 2928- and 1454-cm™! levels, respectively,
and the g coefficients denote the spontaneous Raman
scattering efficiencies, The term B,n,(¢) is the contri-
bution due to direct scattering from the 1454~cm™! vi-
brational level, the term Byn,y(t) arises as a result of
scattering involving the difference frequency between
the 2928~ and 1454~cm™! levels, and the term Bgn,(t)
represents the direct scattering off the 2928-cm™! vi-
brational level. From spontaneous Raman scattering
data (Ref, 7), the value of B is approximately 28;. The
value of B, in terms of the other B coefficients is not
known but can be estimated from the knowledge that the
Raman intensity for the combination or difference-fre-
quency process is ~0.01 to 1 times the one vibrational
quantum process (Ref, 7), and hence B;<pg,. Taking 3,
=B, and 1, ~ 7y/2, one calculates a delay time of ~8
psec between the peaks of the 2928~ and 1454-cm~!
anti-Stokes shifted signals and a peak anti-Stokes Ra-
man intensity ratio I(1454)/1(2928) of ~3; taking B, =8,
and 1, ~ 7y, one finds a time of 14 psec between the
peak signals and an anti-Stokes Raman intensity ratio
of ~0,7, If B; is chosen to be substantially greater
than B,, the calculated Raman intensity ratio does not
agree with the experimentally observed value-therefore
the suspicion that the difference-frequency process
may be playing a role.
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An enhanced Bohm-like diffusion across a magnetic field observed in a germanium
plasma near thermal equilibrium can be interpreted in terms of vortex diffusion due to
plasma convections which are thermally excited. Both theoretical analysis and numeri-
cal simulation show good agreement with the experimental observations.

In this note we show by numerical simulation
that an enhanced Bohm-like diffusion observed in
a germanium plasma by Gurnee, Hooke, Gold-
smith, and Brennan' can be interpreted in terms
of vortex diffusion due to plasma convective
cells.2”* These authors found that, for w,7,>3.5
(where w,, is the electron gyrofrequency, and 7,
is the electron scattering time with the lattice),
the diffusion across a magnetic field is more rap-
id than predicted by collision theory which takes
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into account the scattering of particles with the
lattice.! The observed enhanced diffusion follows
more or less a Bohm-like law, D, <1/B. They
confirmed that the enhanced diffusion is repro-
ducible, and they could not detect any enhanced
fluctuations though enhanced fluctuations of a few
times the thermal level would not be detectable.
We show by numerical simulation in three di-
mensions that a similar enhanced plasma diffu-
sion can be reproduced for the same parameters
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found in the real experiment. A theoretical analy-
sis will also be given to explain the observed en-
hanced diffusion. The enhanced diffusion can be
interpreted in terms of plasma convective cells.?™

The mass ratio of the electrons to the ions
(holes) in a germanium plasma is close to unity
and furthermore, the number of particles in a
Debye length is a small number. It is feasible to
simulate such a plasma using the techniques de-
veloped recently for plasma computer simula-
tions.> Rapid collisions of particles with the lat-
tice may be included in the model by using a
Monte Carlo method to scatter the particles ran-
domly at a given scattering rate. The effect of
the dielectric properties of germanium is also
taken into account.® In the numerical experiments
the finite size of the particles gives some modifi-
cation, especially at the highest field B where
the Larmor orbits are becoming smaller than a
particle size.

The computer model used was a three-dimen-
sional electrostatic particle model with a uni-
form magnetic field in the z direction.” The sim-
ulation is carried out in a cube with a 32x32x32
spatial grid. Both ions and electrons have Max-
well velocity distributions with the same temper-

ature. The cross-field diffusion coefficient is
measured by following the guiding-center dis-
placement in time of a set of test ions and elec-
trons {D, =[(Ax,)?+(ay )]t}

Figure 1(a) shows results of simulations with
the two different collision times of w,7,=10 and 1.
Note that the plasma is quite collisional and,
therefore, it is not important whether or not the
field lines are closed, in contrast to what was
found earlier for collisionless plasmas.®** The
parameters of the simulations are taken from the
real experiment': nAp3=3.5, m,/m;=1.5, and the
magnetic field was changed so that w,,/w, varied
from 2 to . Note that the simulation shows
classical behavior (D, «1/B?) for weak fields and
anomalous Bohm-like behavior (D, «1/B) for
stronger fields for both cases. The Coulomb col-
lision time is much larger than the collision time
with the lattice and, therefore, the observed val-
ue of the diffusion is about 1 order of magnitude
greater than that due to “Coulomb scattering.”
However, the small Coulomb field becomes im-
portant for high magnetic fields, since it causes
the enhanced diffusion through collective cE xB/
B? drift.

The physical mechanism for the enhanced diffu-
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FIG. 1. (a) Two sets of simulation experiments with collision times of w,T,=10 and 1. Note that for both cases,
the diffusion is enhanced above the classical value and takes Bohm-type behavior for strong fields. Ap=4,
n?\133=3.5, m, /m,- =1.5, and a 32X 32X32 grid were used. (b) Two results from the solid-state experiments with
wpT,~1(T=92°K) and 0.75 (I'= 111°K). Note that the classical diffusion is followed by the Bohm-like diffusion for

high fields.
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sion may be interpreted as being due to thermally
excited convective cells which were studied earli-
er in detail.?”* When the collision rate is low
(w,7,=10), then the convective flow carries the
plasma across the field for modest values of B,,.
For a very high collision rate (w,7,=1), the con-
vective motion is damped by the rapid collisions.
However, when the magnetic field is high enough
so that w,7,>1, then even here there is an ap-
preciable plasma flow across fields. This oc-
curs when the gyroradius of plasma particles be-
comes smaller than the convective cells.

Two typical results from the solid-state experi-
ments with different temperatures! are shown in
Fig. 1(b), for comparison. They correspond to
the cases of w,7,=1 and 0.75. The first experi-
ment shows classical behavior (D, «1/B?) for
weak fields and anomalous behavior (D, «x1/B)
for stronger fields; the second experiment shows
classical diffusion over essentially the whole
range of B although there is an indication of a de-
viation at the largest value of B. The B2 diffu-
sion agrees with the theory which takes into ac-
count the scattering with the lattice but neglects
the self-consistent convective motion.! We have
compared the absolute value of diffusion with that
in the simulation as well as the break point from
the collisional to convective diffusion regions.
The resemblance of the experiment and the simu-
lation is striking; the break points between the
classical behavior and the enhanced diffusion
agree reasonably well with each other, although
it appears that it occurs somewhat sooner for the
solid-state experiment than for the simulation ex-
periment. There may be a number of reasons
for the differences; among them are the follow-
ing: (1) The simulation plasma is rather small
and only very small convective motions are al-
lowed in it compared to the experimental plasma.
(2) The experimental plasma might have slightly
enhanced convective motions (a few times ther-
mal) which are not detected. (3) The solid-state
plasma was more complicated than the simulation
plasma, containing more than one species of elec-
tron and hole. (4) The Monte Carlo method may
not have represented collisions with the lattice
completely accurately. (5) The experimental
plasma has a density gradient not present in the
computer plasma. (6) The finite size of the simu-
lation particles will cause some reduction of the
convective diffusion.

To estimate the break point, we note that the
collisional diffusion coefficient may be written as

DcolzayLz/Tns (1)
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where o is a numerical coefficient of order unity,
and 7 is the gyroradius; o may be determined
from Fig. 1. This gives a 3 (theory predicts
2v2) for w,7,=1. The convective diffusion is
given by

Dcon=2k<vk‘,_2>7k=Zk(<Ek_L2>CZ/B2)Tk; (2)

where (v, ?) and (E, ?) are the average square of
convective velocity and the electric field perpen-
dicular to B for the kth mode, and 7, is its life-
time (decay time or correlation time). From our
previous work®* we know that (E,?) is given by

e(E2) _ KT 3)
81 2L%(1 +k*A%)(1 +4mpc?/B?)’

where € is the dielectric constant of the lattice,
p is the total plasma density, Ap is the Debye
length, and L2 is the volume of the plasma. The
lifetime for a convective mode may be obtained
from fluid equations with collisions with the lat-
tice. They are

0Ny o/3t +Vony oV, =0,

— 4V, .V>v. =—< — X )
<3t i,e ie My E+cvi.e Bo

KTvVn;, ¥V
- t e__i,g, (4)
mi,eni.e Ty
V- €E = 4me(n; - n,),
E=-vo.

Linearizing Eqs. (4), we find the lifetime for a
convective mode will be

T
B2 2k, w2\ 1
J'_t—- —‘L-—L —
+< w? + Rew 2 >T,,’ (5)

where we assumed m ; =m , for a germanium plas-
ma. The first term is the damping rate due to
diffusion of particles parallel to B, while the sec-
ond term is that due to damping of the convective
motion due to collisions with the lattice. Substi-
tuting (E,?) and 7, into Eq. (2), and assuming that
the important modes have wavelengths parallel to
B which are larger than those perpendicular to B,
we find for w,/w,>1,

Dconz%(wp/wc)(wp/nAD)- (6)

We note that the convective diffusion is indepen-
dent of the collision rate and gives a Bohm-like
diffusion (D , « B ') which is consistent with both
the simulation and the experiment for large B.
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In the transition region of diffusion where colli-
sional and convective diffusions are comparable,
the total diffusion will be the sum of two different
types of diffusions. Thus, we have

Do =(ar?/1,) + $(w,/w.)(w,/nAp), (7

which agrees well with the simulation results as
shown in Fig. 1(a). The break points from classi-
cal to convective diffusion are also predicted cor-
rectly. - They are given by

W,/ W= w,T,/8nrpia.

Finally, we should like to point out that the con-
vective diffusion may also explain measurements
of Moore and Kessler® on the magnetic moment
of a germanium plasma diffusing across a mag-
netic field. They found that for w,7,<3 the mea-
sured magnetic moment agrees well with the the-
ory based on the ambipolar diffusion which gives

M =-2enw,,D,, (8)
where
D,=v°71,/(1 +w>12). 9)

However, for w,r>3, the observation deviates
from Eq. (8), which predicts M ~1/B, and is
more or less independent of B.

As we have already pointed out, the convective
plasma transport is more important than the col-
lisional transport for w,/7,2 3 and D should vary
as 1/B there, which would explain the observed
fact that the magnetic moment is independent of B.

In closing, it would be interesting to observe

the three different regions of plasma diffusion®™

for a finite-length solid-state plasma. This may
be possible if nAp® is larger than, say, 100 and
the electron lattice collision rate is small enough.
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The dynamical behavior of the normal fluid phase of liquid He®~He® mixtures near the
tricritical point is studied. The superfluid order parameter and the entropy fluctuation
are shown to have a common characteristic frequency which is the same as that predicted
by dynamical scaling for the characteristic frequency of second sound in the ordered
phase. The concentration fluctuation is shown to have a smaller characteristic frequen-
cy. The critical anomalies of the transport coefficients also are determined.

The unusual thermodynamic properties manifest near tricritical points have recently been the sub-
ject of several experimental and theoretical investigations.! Here we report on the first theoretical
study of the dynamical behavior near tricritical points, concerning ourselves in particular with the liq -
uid He®-He® mixtures in the normal fluid phase. We adopt the notation recently proposed by Griffiths®

1661



