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is ruled out because the Iowest asymptotic ener-
gy for a doubly-excited 6

&
state is 26.8 eV.

This means that the final state leading to the fast
atoms is a 'll „state that dissociates to H(2s}
+H(2P). It is noteworthy that this state (shown
in Fig. 3) has not been previously reported in
the Iiterature.

The main disagreement between our conclu-
sions and those given in the pioneering paper
of Leventhal, Robiscoe, and Lea' is in the assign-
ment of the excited state that is responsible for
the fast H(2s) atoms. We differ from Czarnik
and FairchiId in concluding that triplet states
and pure dissociation, in addition to singlet states
and predissociation, are important in the pro-
duction of slow H(2s) atoms.

We are grateful to Professor R. T. Robiscoe
for initiating the research and for his many con-
tributions to the early stages of the experiment.
We are indebted to Bryce Babcock for help in
the design and construction of the apparatus.
We thank John Pearl, T. E. Sharp, and Robert
Freund for useful discussions.
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(2)

It is shown that a magnetic perturbation may lead to an enhanced transport of heat and
particles. The observation of anomalous electron heat conduction and particle diffusion
in the experimental devices may be explained by the effect.

The presence of trapped particles enhances the imperfection is small and the flux surfaces are
collisional diffusion rate in an axisymmetric to- deformed but still closed.
roidal plasma (banana diffusion}. ' Some of the ex- The magnetic disturbance will modify particle
perimental results have shown that the diffusion orbits. We use the magnetic moment p, and the
rate, especially for electrons, may be larger longitudinal invariant J to describe the orbits of
than the theoretical predictions. In the following the guiding center:
it will be shown that magnetic perturbations may 1 2 g

p. = 2mv y'B, Ilead to an additional transport of particles and
heat. The magnetic perturbations could be pro- J= f(mv'- 2pB)"' dl,
duced either by the unavoidable imperfections of where m is the mass of the particles, v and v~
construction or by magnetohydrodynamic turbu- are the velocity and its perpendicular component

B is the magnetic field strength, and dl is theFirst we consider the static perturbation. If line element of a flux line.
the flux surface is not closed, there is a trivial The deviation of the guiding center due to the
plasma loss through the flow along the flux lines. field errors is dependent on p. The particles
This type of loss has been discussed previously with large magnetic moments tend to follow
by several authors. ' It is assumed here that the curves of equal magnetic field strength and the
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particles with small magnetic moments tend to
follow curves of equal flux-line length.

We rewrite Eq. (2) as

J = f(mv' 2-pB)'"(B„/B)h dy, (3)

where (g, y, p) are taken as coordinates, g being
the poloidal flux function, p the toroidal azimuth-
al angle, and y along the poloidal flux line; B x

is the poloidal magnetic field, and h is the line
element in the y direction. With a magnetic per-
turbation, J is a function of v, p, g, and p. The
displacement Ag of the guiding center in the g di-
rection is given by

&0's~/s 0
sd/et, (4)

when b y is the angular wavelength in the azi-
muthal direction of the perturbation. By using
Eq. (3) we have

»Bx „
sg (mv'- 2pB)'" sg

+ f(~g2 2p B-)'~2—B„h
Bg B (5)

For a large-p particle the first term dominates,
whereas for a small-p particle the second term
is important. In an average magnetic well there
usually are pa.rticles with opposite polarity of
8J/8$.

The diffusion coefficient D is given by

D = v&(~P —(~g))'),

where v is the collision frequency and is assumed
to be small compared to the reciprocal of the
transit time of the particles across the field er-
rors. Angular brackets denote the average over
p and v. If two terms in Eq. (5) have the same
sign, the rms value ((hg —(b,~,'))') is small be-
cause the guiding centers of the particles with
various p. shift in the same direction. This is the
case of a maximum J configuration for all parti-
cles, such as the region near an internal conduc-
tor of the multipole configuration. The region be-
tween the separatrix and the minimum of $dl has
similar properties for most particles. On the
other hand in the region between the minima of
fdl and fdl/B, the two terms have opposite po-
larity and (bg') is lar, ge In Toka. mak configura-
tions the second term is small because the rota-
tional transform angle decreases with the minor
radius except near the magnetic axis. In Doublet,
the second term is large outside of the separatrix
because of the positive gradient of the transform

angle. In general there is a value of p, for which
9J/Stt vanishes unless the configuration is maxi-
mum J for all p. These are the particles with
vanishing average drift velocity across the mag-
netic field.

If the collision frequency is comparable to or
larger than the transit time w which is defined as
the time for a drifting particle to travel across
the error-field region, the diffusion coefficient
is given by

This regime is not unlike the intermediate and
the collisional regimes of trapped-particle diffu-
sion. However the distribution of the wavelengths
of the perturbation makes the distinction between
the regimes less well defined here.

The magnetic field may be disturbed by magne-
tohydrodynamic turbulence. If the frequency of
the turbulence is smaller than the bounce fre-
quency, the trapped particles drift across the
magnetic field with a velocity much larger than
that of the untrapped particles. A simple esti-
mate shows that the displacement between the
trapped-particle and untrapped-particle orbits is
given by

r r'= r'(b, /B, )'

where be is the amplitude of the turbulence and
Be is the poloidal magnetic field. For the devia-
tion to be larger than the ion banana size, the
amplitude of modulation is of the order of 0.1/o of
the poloidal magnetic field for typical machine
parameters.

Because of the uncertainty of the type and size
of the error field, it is difficult to calculate the
diffusion coefficient for experiments. In Toka-
mak (T-3' and ST4) experiments, the ion heat
conduction rate is consistent with the neoclassi-
cal formula. This indicates that (4/2) is not much
larger than the ion banana size. However, the
collision frequency for electrons is higher than
that for ions and the electron heat conduction
could be much larger than the neoclassical rate
if &Ag') is between the electron and ion banana
size. A rough estimate shows that the error
fields of the order of less than 1% with short
wavelengths are needed to produce such values
for (&g'). It is likely that the observed electron
heat conduction and transport are due to either
the error field or the magnetohydrodynamic tur-
bulence. In addition, the effect of a magnetic
perturbation should be smaller near the magnetic
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axis, mainly because of a small population of
trapped particles. This also fits the observation
of the high-temperature region near the magnetic
axis in S7'.4

The experiment with the dc octupole' showed
that the diffusion is collisional at high densities
(n &10' cm '). The measured diffusion coeffi-
cient is approximately the classical value inside
the separatrix. The value is much larger outside
of the separatrix where (Ag') is expected to be
large. More detailed measurements are under-
way to determine the scaling on the magnetic
field.

In summary, a model is proposed to explain
the experimental observations of the anomalous
transport processes in Tokamaks and multipole
devices. Since this type of transport is only
weakly dependent on the magnetic field strength,

a large fusion device must be carefully engi-
neered to minimize the magnetic perturbations.

*Work supported by the U. S. Atomic Energy Commis-
sion under Contract No. AT(04-3)-167, Project Agree-
ment No. 38.
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A study has been made of the motion of isotopic impurities in solid He. The tunneling
frequency of He atoms with neighboring He atoms in the He lattice has been deduced
from nuclear magnetic relaxation measurements. The volume variation of the 3He- He
tunneling rate is much greater than that of the He- He tunneling rate (exchange) .

Recent discussions by Andreev and Lifshitz, '
Guyer and Zane, ' and Balakrishnan and Lange'
have suggested the existence of a set of many-
body excitations, called mass fluctuation waves,
associated with the motion of isotopic impurities
in solid-helium crystals. Because of the large-
amplitude zero-point motion in quantum crystals,
there is an overlap of the atomic wave functions
of atoms occupying adjacent lattice sites which
permits a mutual tunneling of the atoms through
the potential barrier of neighboring atoms. The
pairs of atoms rotate about the hard-core sphere
of repulsion. At sufficiently low temperatures
and with sufficiently dilute isotopic impurities,
the tunneling motion permits the isotopic im-
purity to be distributed over a large number of
lattice sites, and, further, the impurity atom
propagates through the lattice with a well-defined
wave vector. ' The striking decrease in the spin-
lattice relaxation time T, which has been mea-
sured at low temperatures in 'He crystals doped
with 'He impurities' ' has been analyzed in terms
of the thermal reservoir associated with the

mass-fluctuation waves of the 'He atoms. "'
In the present work we have attempted to detect
the characteristic tunneling motion of isotopic
impurities by studying the nuclear magnetic re-
laxation of 'He atoms diluted in 4He crystals.

Let us construct a simple theory to account
for the relaxation resulting from the tunneling
motion. We begin by assuming that the 'He atoms
travel through the lattice by a random walk to
nearest-neighbor positions with a mean time z34
between steps. 734

' is the tunneling frequency
between 'He atoms and 'He atoms in the 'He
lattice. The correlation function for the fluctua-
tions in the nuclear magnetic dipole field will
thus be an exponential decay with a "correlation
time" v 34. The problem of spin-lattice relaxa-
tion by translational diffusion in a solid has been
studied by Torrey. ' A simple modification of
his expression for T, yields

T, '= (2k', x/co)g(k, y),

where I, is the second moment of the resonance
line for a rigid lattice with x = 1,"x is the con-
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