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Quantum tunneling in solid D2 and solid H2
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We report calculations of quantum tunneling in solid deuterium and solid hydrogen using a most-
probable-escape-path method for tunneling in quantum crystals. We estimate the rates for tunneling by
quantum-mechanical exchange in solid H~ and D2 and calculate specifically the tunneling of HD impuri-
ties and paradeuterium impurities in solid parahydrogen and solid orthodeuterium. These calculations
are compared with the results of recent experiments.

I. INTRODUCTION

The quantum crystals (solid hydrogens and solid heli-
ums) are unique among solids in that the atoms or mole-
cules are only weakly localized about their equilibrium
lattice sites. The root-mean-square displacement associ-
ated with this zero-point motion is 35% of the lattice
spacing in solid He (at the highest molar volume) and
18% in solid H2. The single-particle wave functions
overlap appreciably and this leads to particle-particle
quantum-mechanical exchange between neighboring
sites. This exchange is well known and well understood
for solid He, ' where 2, 3, 4, or more atoms may be in-
volved in a cyclic exchange at rates as high as 30 MHz at
the highest molar volume. This high exchange rate leads
to a motional narrowing of the cw NMR line shape by
several orders of magnitude, and is responsible for the on-
set of nuclear antiferromagnetism at 1.9 mK.

Exchange rates of this magnitude are not expected to
occur in solid Hz because of the reduced zero-point ener-

gy and stronger localization of the molecules at the lat-
tice sites. Quantum-mechanical particle-particle ex-
change is nevertheless predicted theoretically for solid
H2, the only question being whether the exchange rates
are sufBciently high to be observable. Early modes of ex-
change that only allowed for two particle exchange pre-
dicted rates as low as 10 —10 Hz which were not ex-
pected to be observable. However, more recent models
that include multiparticle exchange lead to rates as high
as 10 —10 Hz, and these rates would certainly lead to
observable effects.

Experiments have been carried out to test for the ex-
istence of particle-particle tunneling in solid Hz. These
have involved NMR studies of HD impurities in a matrix
of almost pure para-H2. ' Both HD molecules and the
para-H2 molecules are in their ground states (angular
momentum J=0), and motional effects can only be attri-
buted to particle-particle tunneling. This tunneling pro-
cess involving mass transfer is to be distinguished from
the so-called resonant conversion process. In this case,
there is an exchange of angular momentum quantum
numbers between a J=1 molecule at one lattice site and
a J=0 molecule at another site resulting in the quantum
diffusion of a J = 1 impurity in a J =0 matrix.

This diffusion of angular momentum occurs as a result

of the nuclear magnetic dipole-dipole interactions be-
tween the molecules. ' The magnetic interactions are
also responsible for the familiar ortho-to-para conversion
that leads to the decay of the metastable J=1 states to
the J =0 ground states in H2 and D2. ' For this reason,
the quantum diffusion process in which a J = 1 particle at
one site and a J =0 particle at another site exchange an-
gular momenta is referred to as "resonant conversion. "
Both processes occur simultaneously for J = 1 impurities
in a J =0 Hz matrix, but only exchange tunneling (mass
transfer) can occur for HD particles in a J =0 para-Hz
matrix because the HD molecules are also in a J=O
state.

Two different types of NMR studies of HD impurities
have been carried out: (1) cw NMR studies which show
a narrow HD line shape smaller than the calculated rigid
lattice line shape (Fig. 1), and (2) pulsed studies ' to
determine the nuclear spin-spin relaxation time T2 and
the nuclear spin-lattice relaxation time T&. The ap-
parently motionally narrowed cw line is consistent with
the relative width of echoes in pulse studies. The earliest
studies of T2 (Ref. 11) used rather long-rf-pulse tech-
niques that did not cover the full width of the ortho-Hz
(J = 1) impurity line shape. Although values of T2

5kHz

FIG. 1. Derivative NMR line shape for HD impurities
(1.1%) in solid para-H2 with 1.8% ortho-H2 impurities, showing
the motional narrowing of the HD line shape.
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longer than the rigid lattice values were observed, the re-
sults could be attributed to the long rf pulse techniques
used. ' Subsequent studies using high power short rf
pulses, however, also showed that the T2 values were
longer than the rigid lattice values and were consistent
with the cw measurements. The cw line shapes at low
temperatures and the values of T2 determined from high
power pulsed techniques were interpreted in terms of an
effective particle-particle exchange rate of approximately
1 kHz. Analyses of the spin-lattice relaxation rates'
also supported this interpretation.

The interpretation of the NMR results for HD impuri-
ties in para-H2 in terms of particle-particle exchange has,
however, had to be reexamined because of the small pres-
sure dependence observed for the low temperature T2
values. ' The exchange rates, J3, in solid He are ob-
served to be strongly dependent on the molar volume,
J3 V A similar dependence is expected to be valid
for solid Hz (Ref. 3) if the exchange rates are largely
determined by geometrical considerations, i.e., the avail-
able free volume for exchange. Application of pressures
of about 100 bar were predicted to reduce the exchange
rates in H2 by almost two orders of magnitude and thus
reduce T2 to the rigid lattice values. This was not ob-
served experimentally. ' Application of a hydrostatic
pressure of 136 bar reduced Tz from 3.4 msec to only 2.5
msec, compared to a calculated rigid lattice value of 0.5
msec. There are two unanswered questions concerning
this result. First, why was the limiting value of 2.5 msec
for T2 still very large compared to the rigid lattice value
and, second, if there is no motion, how does one under-
stand a 20% reduction of T2 when the (R ) depen-
dence for a rigid lattice is only 2% for this pressure
change? This suggests that motional effects are relevant
but that the mechanism for the increase of T2 over the
rigid lattice value is not well understood. A quantitative
understanding of the pressure dependence has not been
attained.

In order to obtain an independent test for the possibili-
ty of quantum-mechanical tunneling in the solid hydro-
gens, Krivchikov et al. ' have studied the heat capacities
of impurities of para-D2 (J= 1, 0.94%) and ortho-H2
(J =1, 0.063%) in a para-Hz (J =0) matrix. Because of
the large difference in the rotational kinetic energies of
the impurity J=1 D2 molecules and the host J=O H2
molecules, EE„,=85 K (Fig. 2), quantum diffusion via
the resonant conversion process (induced by nuclear mag-
netic interactions) is reduced by several orders of magni-
tude due to energy conservation at low temperatures. As
a result, only particle-particle exchange tunneling is al-
lowed.

The authors of Ref. 15 carried out a precise study of
the time dependence of the peak at the heat capacity at
1.72 K to determine if tunneling occurs in this system.
They observed a null result over a period of 290 h and
concluded that the characteristic time constant for
particle-particle exchange in this system was longer than
10 h. They viewed this as being in strong contradiction
with the predictions of Ref. 3. The purpose of this article
is to reexamine the predictions of Ref. 3 and to estimate

171K(J= 1, ortho)

85K (J= 1, para)

OK(J= 0, para) i & OK(J= 0, ortho)

H, D,

FIG. 2. Comparison of rotational kinetic energies for the
conversion of a (J=1) para-D2 molecule and with a (J=1)
ortho-H2 molecule.

II. CALCULATION OF THE DIFFUSION
OF J=1 IMPURITIES

The diffusion of angular momentum bearing (J =1)
species can arise from either nuclear magnetic dipole-
dipole interactions (as calculated by Van Kranendonk' )

or by purely quantum-mechanical particle exchange (i.e.,
mass transfer). In this section, we first calculate the mi-
croscopic exchange, or tunneling, frequency resulting
from quantum zero point motion. We then calculate the
reduction of the tunneling frequency due to isotropic
electrostatic quadrupole quadrupole (EQQ) interactions
for J= 1 impurities tunneling in a J=0 matrix.

An approximation for the tunneling rate must take
into account the mass of the tunneling particle, and any
interaction at the point of closest approach where the in-
teraction is most relevant. In general, the tunneling fre-
quency thus takes the form

the tunneling rate for J= 1 para-D2 impurities in a solid
para-H2 matrix.

There are two important local field effects to be con-
sidered in the calculation that significantly reduce the
tunneling of J= 1 para-D2 in solid para-H2. (a) the J= 1

impurities have anisotropic interactions, and tunneling is
reduced by conservation of energy requirements; (b) the
H2-D2 mass difference leads to a crystal strain field
around the D2 impurity that must be dragged along in
any tunneling process. The latter strain field results from
the reduced zero point motion of the D2 and the conse-
quent contraction of the lattice around the D2 impurity.

In order to calculate the effective tunneling rate for
J= 1 para-D2 impurities we will use the value for tunnel-
ing inferred from NMR studies of HD impurities in
para-H2. ' In Sec. III, we compare the predicted value
with the experimental results of Krivchikov et al. ' and
show that observations of tunneling are not expected for
the period covered in their experiments. We also calcu-
late the tunneling rate for J=1 para-D2 impurities in an
ortho-D2 (J =0) inatrix and compare the results with the
quantum diffusion observed in that system by Bagatskii
et al. '
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Q)p
=exp fQmVdrdg,

where g is a parameter characterizing the most probable
escape path (MPEP) (Ref. 3) corresponding to the op-
timum trajectory for tunneling. V,z is the efFective in-
teraction potential between particles and is dominated by
the short-range repulsive interactions of close encounters
during tunneling. It also accounts for the static elastic
deformation surrounding the particles during the tunnel-
ing process. The mass of the tunneling particle is m, and
coo is a typical vibrational frequency.

In order to calculate the microscopic tunneling fre-
quency of D2 in a D2 lattice, for example, we can use the
following simple scaling relationship with H2 because, in
this case, only the mass changes (by a factor of 2). We
have

D2/D2 H2/H2

ln =i/21n (2)
COp coo

H2/H2
Using coo=2. 64X10' rad/sec (Ref. 18) and co

' '=1
D2/D2kHz (Ref. 6) we find co
' '=11.3 rad/sec. (Note that

we used the experimental values for HD tunneling in
H27H2

para-Hz for co and this could be an underestimation
by a factor of about 5.)

The efFective tunneling rate of the impurity, 8',z, is
much less than this microscopic tunneling rate due to the
anisotropic J= 1 interactions as calculated by Van
Kranendonk. ' This can be easily understood if we con-
sider energy conservation. A molecule can only tunnel
from a given energy E; at site i to an energy state E at
site j if IE; E I~ iiico w—here. co is the microscopic tunnel-
ing, or jump, frequency (Fig. 3). The tunneling rate is
severely reduced because Ace «b„ the energy bandwidth
due principally to quadrupolar interactions.

The jurnp frequency in a crystal for a single impurity
tunneling from an initial state to a final state can be cal-
culated as follows. ' Defining the energy eigenvalues in
the two states by

AHIn; & =E; In; &, fiHIn & =E Inj &, (3)

the jumping rate due to some perturbation V; can be
written as

where A'co is the energy di6'erence between the initial and
final sites, and P„ is the Boltzmann factor. The 5 func-
tion can be replaced by its Fourier time transform and us-
ing the energy eigenvalue equations, Eq. (3), can be
rewritten as

W= I G(r)e' 'dr .—e)
(5)

G(r) =6(0)f (6)

and that a Gaussian form may also be assumed for the
randomly distributed dilute system

—( i /2)( t /~

The correlation time ~& is the characteristic time scale
of the autocorrelation function G (t) = ( V(0) V(t) & and is
therefore principally determined by the quadrupole-
quadrupole interactions between the J = 1 molecules, and
possibly by anisotropic crystal fields at very low concen-
trations. The width of the energy bands of Fig. 3 is
6=&&'. An average jurnp frequency must, therefore, be
calculated over the energy distribution (Fig. 3) of impuri-
ties. ' Noting that

The autocorrelation function G (t) = ( V(0) V(t) &, with
the average taken over the distribution represented by the
Boltzmann factor I'„, and V ( t) =e ' 'Ve

For interactions between a statistical distribution of
widely separated impurities, it is reasonable to assume
that the correct final G(t) can be characterized by a
correlation time ~&,

we can determine G (0) and thus W by evaluating the
second moment of the EQQ interaction potential, V&&,

The EQQ energy can be written as'

before after

FIG. 3. Schematic representation of tunneling transitions.
ff that exchange a J= 1 molecule (para-D2) at site i with a

host molecule at site j. The energy difference between initial
and final states, E; —E,. « Ace, and the effective rate
W,g- (%CO/5)CO ((CO.

V&& =x ~ Q g (2m, 2m I40&Cz Cz, (10)
[m[=o, 2,4

where (2m, 2m I40& is the Clebsch-Gordon coefficient
C o and the Cz are the Racah spherical harmonics.
These Racah harmonics are directly related (by a con-
stant) to the spherical quadrupole tensorial operators
Tz (Ref. 23) which transform under rotations in the
same manner as the spherical harmonics Yz (a,P). This
formulation in terms of Racah harmonics is especially
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useful for calculating properties of solid H2 (and D2) such
as nuclear spin relaxation rates.

From Eq. (10), we find that
10

( V2 ) xio/370Q 1 ~ o
QQ ~ 1o N ~ Rao lJ. lJ

X g (2m2m ~40)
~ (C2 C2 (C2 C~ ) )

and finally,

and (2) the effective reduction in the tunneling frequency
due to the anisotropic EQQ interactions of the J = 1 D2
impurity.

The basic microscopic tunneling frequency is estimated
by using as a starting point the inferred tunneling fre-
quency of HD in a para-H2 lattice. From experimental
studies of the motional narrowing of HD impurities in
solid para-H2, '" ' the tunneling frequency of HD in H2
is accepted as co '-10 Hz. Using this value for tun-
neling of HD in an H2 matrix, we can estimate the tun-
neling for D2 in an H2 matrix by the following scaling ra-
tio:

1/2

( V2 )1/2 I 5/3
QQ 9

(12)

where I"=6Q /25R . Assuming the Gaussian form for
G (r), we have from Eq. (5)

ln
D2/H2

CO

Cc)0

HD/H2

ln
Q)p

8 V.(r(Dz/Hz)

7 V,(r(HD/H2) rH
2

(16)

1 —(i/2)(t/ g)
g2 0

v 2~ —((/2)co PgG 0 age

(13a)

(13b)

Defining the average jump frequency as co =+G (0)/fi,
we find for the effective jump frequency

—(1/2))co 7.

W,fr= "t/2m' rge.
While co is known from the above microscopic calcula-
tion, values for ~& for solid H2 have already been calcu-
lated by Van Kranendonk. ' Since co~& && 1, we find

W,~="(/2vrco r& .

D2/D2
Using the value o) ' '=11.3 rad/sec for the micro-

scopic tunneling frequency as calculated earlier, and

z& =0.41X10 "x " ' sec from Van Kranendonk, ' we
find, for a concentration x =10, that

W2/D2
W,~ '=1.32X10 rad/sec for J=1 Dz in J=0 D2.
The characteristic time for observing quantum-
mechanical tunneling is therefore 8',ff' ——3 X 10 h, which
is much longer than the characteristic time if one only
considers the magnetic interaction (angular momentum
transfer), R, =640 h. The calculation of W, ff is, how-
ever, only accurate to an order of magnitude and we need
a better test for tunneling than studies of J =1 D2 in a
J=0 D2 matrix.

The interest in studying the diffusion of J= 1 D2 in a
J=0 H2 matrix is that angular momentum transfer is
forbidden because of energy conservation considerations
(a J = 1 D2 impurity at site i exchanging with a J =0 H2
host molecule at site j requires b,E —85 K). Conse-
quently, motion via zero point effects, quantum tunnel-
ing, is the only possible mechanism for diffusion. The
diffusion of J = 1 D2 in J =0 H2 is therefore a critical test
of the tunneling motion prooided the expected rates are
measurable (i.e., longer than the natural conversion life-
times of J= 1 D2 impurities in the host lattice).

For this scenario, we must again calculate two effects:
(1) the basic microscopic tunneling frequency using gen-
eral scaling arguments based on the MPEP approach,

V.(r(D2/Hz)

V,(r(HD/H2)
2

rD
2

(17)

Finally

ln

D~/H2
CO

Q)p

HD/H~
CO

C00

1/2
8 H2

7 rD2

5

(18)

Using rH = 1.18 and r D
= 1.145, as the estimates for

the rms zero-point displacements, and cop=2. 64X10'
rad/sec (Ref. 18) as before, we find

D2/H2
CO

ln
C00

HD/H2

ln
COp

=1.24, (19)

which yields for the microscopic frequency

co
' '=162 rad/sec . (20)

The effective tunneling rate 8',ff after accounting for the
reduction due to the anisotropic EQQ and other interac-
tions can then be determined by the following scaling:

D~/H2
2 2 ~ 2 2

eff D /D eff
2 2

(2 la)

162 rad/sec
1 32 X 10 s d/

11.3 rad/sec

= 1.89 X 10 rad/sec =3 X 10 Hz . (21b)

where —,
' accounts for the mass effect, and r is the MPEP

length. We will use a Lennard-Jones 6-12 potential for
V,ff and, because the effective component of the potential
which determines the tunneling (at closest approach) is
the hard core, we have

12
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. 134 d r = l. 112, the same calcula-If we use rH =1.134 an rD =
2 D/H'

ld ' '=404 rad/sec and thustion as above yie s co

0 rad/ ec 1.32 X 10 8 rad/'sec
11.3 rad/sec

(22a)

=4.71 X 10 rad/sec=7. 5 X 10 Hz . (22b)

The MPEP approach to impurity tun
'

gtunnelin therefore
gives a range o vauf lues for the effective tunneling rates:
(3.0—7.5) X z. n10 Hz. In the following section we wi
compare this es ima ioh' t' tion with the experimental resu s o
Ref. 15.

III. COMPARISON
WITH EXPERIMENTAL RESULTS

d to test for quantum tunneling in a case whereIn or er o es

f rbidden, Krivchikov et al. ' studied a sam-
ple with 0.94% paradeuterium (J =1) in a parahy rogen

'
h 0.063% orthohydrogen). Angular momen-

tum transfer by magnetic interactions between e
1 H nd D is forbidden because of the

uld belarge change in ro a
'

h
'

t tional kinetic energy that wou e
h of theuired (b.E=85.5 K) compared to the strength o e

weak magnetic interactions ~H =
'

usl this would violate energy conservation. The
diffusion of paradeuterium in para y rogen

ceed via the mass transfer mechanism only.
can also onlyDiffu

' of HD molecules in parahydrogen ca
proceed by quantum tunne g,lin i.e. mass transfer, be-
cause in this case the impurity is always in the J =

of theKrivchikov et al. ' studied the time dependence o e
heat capacity pea o ek f th J =1 D molecules at a fixed

re. For isolated J =1 molecules in a very
dilute random distribution in a sample prepare a
t =0 the contribution to the heat capacity is very small.

J= mo ecu es w'

and a small number of triplets) that are bound togethe
a low energy sta e as at t result of their anisotropic e ec ric
quadrupo e-qua rupo e

'
q 1 d 1 interactions. When thermal equi-

h' d the resulting clusters have alibrium is ac ieve, e
'

a
Shottk -like heat capacity with a peak at T =
(Fig. 4). Measurements of the time epe

o y-i e
de endence of the

0
0

IG. 4. Schematic representation of Sho yhottk heat capacity
peak C, for an equilibrium distribution o = p

'

(J =0) matrix. „ is eC
'

the heat capacity for an initially prepared
C t) issample with ran om y isd l distributed isolated molecules. C~ ( is

the heat capacity observed at time t.

heat capacity can etherefore be used as an extremely sensi-
b for detecting very slow tunneling rates.tivepro e or e

h n all clustersIf C, is the equilibrium heat capacity w en a c
are formed, and C„ is the heat capacity for the initial ran-

C (t) observed afterdom distribution, the heat capacity o
16aging for a time t is

C (t)=C, +(C„—C, )e (23)

the effective clustering rate for quantum
r ed afterdiffusion. The change in heat capacity recor e

time t is given by

C, C,(r)—
ln (24)

creases exponentially to the equilibrium value C„and for
very slow rates, the initial slope is simply W (compare
solid lines 1 and 2 of Fig. 5).

In Fi . 5 the observed time dependence of C is com-
pared with the calculated variation for tunneling rates
W =10 h ' (solid line 1) and 10 h ' (solid line 2).8'&—10 so i in
The hatched region covers the range of AC pf 5C t ex ected

1.9

1.8

1.7

1.6

1.5

E

I
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I

200
I

300
time (hours)

I

400

culate

/f///
conversion

I

500 600

FIG. 5. Time dependence of heat capacity
of a dilute solid mixture of para-D2
(x =0.94'Fo) and ortho-H2 (x =0.064%) in a
para- 2 m-H matrix. The circles are the data of
Krivchikov et al. (Ref. 15), and the solid lines
refer to the dependence calculated for tunnel-
ing rates W,z = 10 and 10 h '. The
hatched region shows the dependencies pre-
dicted by the calculation reported here.
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for our calculations of the effective tunneling rate
ff ( 3.0—7.5) X 10 s '. The comparison clearly

shows that these experiments are not suf5ciently sensitive
to detect the theoretical tunneling rates. Consequently,
the results of Krivchikov et al. ' do not exclude quantum
tunneling as described by the MPEP model given above.

The increase of the heat capacity with time due to
quantum tunneling is ofFset by the "ordinary" (J =1) to
(J= 1) conversion driven by magnetic interactions. As
the para-D2 concentration decreases with conversion, the
total heat capacity will also decrease. And indeed if the
conversion rate was comparable to the tunneling rate, a
net null result would be observed for the heat capacity
studies. We therefore need to carefully estimate the con-
version rate for the experiments of Krivchikov et al. '

For the very dilute para-D2 and ortho-H2 concentrations
in the samples studied, the para-D2 conversion is given
by15

x(pDz) =— Ki K2
M, + Mz x(pDz),

where E'& =4.8X10 h and E'2=5.9X10 h ' are
the conversion rates for para-D2 —para-D2 and para-
D2 —ortho-H2 clusters, respectively. M, and M2 are the
average numbers of the nearest-neighbor molecules to ad-
jacent para-D2 and ortho-H2 molecules, respectively. For
the concentrations of the two (J= 1) species in the sam-
ple, we find a net conversion rate

x (p D2) = —kx (p D2), (26)

with k=8.2X10 h '. The total number of para-D2
molecules is N =N, +2N +, where N, is thepD2

number of isolated singles and N is the number of pairs,
and the conversion rate for pairs is N =2kN . The de-
crease in the heat capacity due to conversion alone is
therefore given by

C(t) ~„„,=C(0)e (27)

This is shown by the broken line in Fig. 5, and corre-
sponds to ihC(t) IC~ =5.6X10 . This is within the er-
ror bars of the measurements, but could be observed for
experiments extended to longer time periods.

In view of the uncertainties in the calculation of the
conversion rates, Krivchikov et al. ' carried out a care-
ful comparison of the heat capacity of the aged sample
with that of a freshly prepared random distribution for
exactly the same concentration, by taking a sample aged
290 h and then quickly melting the sample and recrystal-
lizing under the same conditions. Measurements of the
heat capacity of the recrystallized sample (solid circles of
Fig. 5) showed no significant difference from the values
observed just before melting. Since the only difference
between the samples is the thermal redistribution of the
para-D2 molecules, this null result shows that there is a
negligible effect of pairing of para-D2 in para-H2 for
t -300 h. Quantum tunneling, if present, would be limit-
ed to W', ff (10 h '. (This interpretation assumes that
no back-conversion occurs when Krivchikov et al. '

melted their sample. If the sample chamber contained a
large amount of paramagnetic impurities on the walls,

the back conversion in the liquid phase would then reset
the sample concentration back to the values at t =0. The
experimental conditions were carefully controlled to
prevent this back-conversion. )

The most sensitive test of mass transfer by quantum
tunneling, as opposed to angular momentum transfer by
"resonant" conversion, is to date that of HD motion in
solid para-H2. The NMR measurements ' are interpret-
ed in terms of tunneling rates of —10 Hz, and in view of
some of the uncertainties of the analysis of the NMR re-
sults we need a more stringent test for quantum tunnel-
ing. We propose a more direct test of quantum diffusion
by using NMR stimulated echo techniques to detect the
physical motion of HD molecules in an applied magnetic
field gradient.

The stimulated echo observed in a 90'—~—90 —t —90
three-pulse sequence is attenuated because of the de-
phasing of the spins as they move through a strong field
gradient. This attenuation is given by

E(t)=E(0)exp[ —(y D~VB~ H)t] e 'e

(28)

where the last two factors account for spin-lattice and
spin-spin relaxation, respectively. For typical values of
~- T2 —10 s and t —T, - 10 s, and a tunneling
diffusion constant D = —,

' Jao —10 ' cm s ', the attenua-
tion can be detected for field gradients iVB i

) 10
G cm '. This is achievable for practical designs for small
volume gradient coils.

IV. CONCLUSIONS

We have used the method of the most probable escape
path to calculate the tunneling of impurities in solid H2
and D2. In particular the tunneling of ortho-Hz (J =1)
impurities in solid D2 has been calculated and compared
to the tunneling of J = 1 H2 and HD impurities in solid
H2. Comparison of these calculations with experiment
provides an important test for the existence of quantum-
mechanical tunneling due to particle exchange as op-
posed to that induced by magnetic interaction between
the nuclear spins. Our calculations are consistent with
the observations of the conversion of the molecular
species in solid Dz by Bagatskii et al. ' We show that the
tunneling of J= 1 H2 in solid Dz is severely inhibited be-
cause of energy conservation, and the expected tunneling
rates cannot be excluded by the recent experiments of
Krivchikov et al. ' The observations of the diffusion and
line narrowing of HD impurities in solid H2 give the
strongest evidence obtained to date for particle-particle
tunneling in solid H2. We suggest a specific experiment
to test for the tunneling by direct observation of particle-
particle diffusion in an applied magnetic field gradient.
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