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J =1 to J =0 molecular rotational time constants for J =1 D, in solid D-T at 1.8 to 14 K have been
obtained by analyzing the longitudinal relaxation times 7', of the tritons in the same sample. The in-
herent time constant in the electric quadrupole theory of T is a function of both the J =1 T, and J =1
D, concentrations. By subtracting out the J =1 T, behavior as obtained from pure T, samples, the J =1
to J =0 D, time constants remain. From 10 to 14 K, the D, time constants are longer than those for T,
at constant temperature by the ratio of the nuclear magnetic moments. From 1.8 to 5.3 K, the two time
constants are identical at about 5 h. A time-constant minimum occurs at about 10 K for both hydro-
gens. A rate-equation theory of rotational catalysis by free hydrogen atoms created by the tritium ra-

dioactivity is presented.

I. INTRODUCTION

We have previously studied the triton nuclear magnetic
resonance (NMR) in solid T, and normal D-T (actually a
mixture of about 25 mol % D,-50 mol % DT-25 mol %
T,) at various temperatures. Of special interest were the
triton rotational J =1 to J =0 (i.e., ortho-to-para) time
constants, 7;(7), where we were surprised to find a
minimum value at about 10 K.! ™5 This was postulated to
be caused by the magnetic moments of free hydrogen
atoms created by the tritium radioactivity. Such atoms
have been seen in our laboratory in up to 1000 ppm con-
centration by electron spin resonance (ESR).® As the
temperature decreases, the rate of atomic recombination
also decreases, but the atom concentration increases.
Efficient J =1 to J =0 catalysis depends on both atom
concentration and the atoms’ speed in moving from mole-
cule to molecule. The conditions for most efficient ca-
talysis occur at about 10 K.

In this paper, we measure the J =1 to J =0 (i.e., para-
to-ortho) time constants for the D, in D-T, as seen
through the NMR of the J =1 T,. This indirect ap-
proach is used because the zero nuclear spin of J =0 T,
allows large changes to occur in the J =1 T,/DT-triton
system. In contrast, J =0 D, has a nuclear spin, and a
direct measurement of the deuteron free-induction decay
(FID) would show only a small change with the decay of
J=1D,.

We found that the longitudinal nuclear relaxation time,
T, of the triton in solid D-T at 5—14 K is dominated by
the electric quadrupole-quadrupole (EQQ) mechanism*’
first described by Moriya and Motizuki.® Their theory
states that the spin-lattice relaxation time is long and that
a spin-rotation mechanism actually determines the exper-
imentally seen value. The electric quadrupole moments
of neighboring J =1 T, molecules interact and split the
J =1 energy level into a band. When the energy between
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substates is comparable to the NMR frequency, efficient
relaxation occurs. All nuclear magnetic energy, then, is
funnelled through the J =1 T,. For the EQQ and NMR
energies to be comparable, the J =1 T, molecules must
be several intermolecular distances of each other because
the quadrupole-quadrupole interaction decreases as the
inverse fifth power of the distance. Below 0.1 mol %
J=1T,, where the J =1 molecules are ten intermolecu-
lar distances apart, we may expect the EQQ mechanism
to weaken and for spin-lattice relaxation to appear. We
can never reach this point by waiting, as we shall see in
this paper, because the tritium radioactivity constantly
creates new J =1 T,. We, therefore, expect the EQQ
mechanism to be fully operational for the triton in our
normal D-T samples.

We are especially interested in the relaxation time T,
of the solid hydrogens at a temperature so low that
molecular diffusion does not occur (e.g., <10 K for H,).
We are also considering only the hexagonal-close-packed
unordered state of the solid. Within this range, the EQQ
theory predicts the nuclear relaxation to be temperature
independent. The essence of EQQ theory is that all nu-
clear spins, I i of a given nucleus, X f (H, D, or T), are re-
laxed solely by the J =1 form containing that nucleus,
which has a nuclear spin I;. The pure J =1 species has
an inherent spin-rotation time 7';;, which is related to the
measured relaxation time by the equation

> X +1)
T,=—%
[(J=1X1,I,+1)

T]l y (1)

where [X;] is the mol % of the hydrogen and [J=1 X]is
the mol % of the J =1 species of that isotope. The sum
of all hydrogens in the samples equals 100%. Species
with zero nuclear spin are NMR transparent and do not
enter into the EQQ relaxation. Equation (1) states that,
for the particular sample composition, the J =1 species
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will lose its nuclear magnetic energy with a time constant
T,;. However, all the nuclear magnetic energy for the
same isotope is crowding out the same J =1 path, so that
the final time constant is lengthened by the ratio of the
nuclear magnetic heat capacities.

The “inherent” time constant T';; contains the J =1
dependence of T'; and is responsible for the Ty minimum
near 1 mol % J =1 H, in solid HD.>!? In the range 1 to
40 mol % J =1 H,, T; shows no NMR frequency effect
(for given J =1 H, values) at 9-60 MHz. Unfortunately,
no data has been taken above 4.2 K. In solid H,, T, is
the same as that derived from HD. The H, values are the
same at both 5.5 and 29 MHz and from 1.5 to 10 K."!
We note that the proton and triton have the same nuclear
spin and their magnetic moments are almost the same in
size. Thus, we expect the triton to show virtually the
same EQQ relaxation behavior as the proton.

II. PROCEDURE

To obtain the D, J =1 to J =0 time constant, 7;(D),
we shall turn to the triton FID in solid D-T. This FID
height is the sum of those from the molecular DT and the
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J =1 T,. Both relax with the same longitudinal relaxa-
tion time, T,. The J=1 T, converts exponentially to
J =0 T, until a small residual J =1 T, signal is left, and
almost all of the steady-state signal is now due to DT.
The J =1 T, FID has been previously analyzed to give us
the J =1 to J =0 time constant, 7',."3 These values plus
new data are listed in Table I.

Using the EQQ theory from Eq. (1), the triton’s longi-
tudinal relaxation time, T';, may be written

- 3/4{[DTI+[HT]}+2[/=1T,]

! 2[/=1T,] @

11 »

where the nuclear spin of the triton in DT is 4 and in
J=1 T, is 1. The amount of HT is small—generally
about 1%. The dimensionless ratio in Eq. (2) is a com-
bination of molar concentrations with the variable quan-
tity for any sample being the J =1 T, concentration.
However, T;; is dependent on the sum of the J =1 T,
and J=1 D, in the sample. This provides us with a
means of studying the J =1 D, by way of the triton’s re-
laxation time. To see that this is true, we consider Fig. 1,
which shows the triton 7'y in D-T as a function of time

TABLE I. J=1 to J =0 time constants for tritons and deuterons in solid D-T and T, as measured by triton NMR. The sample
numbers ending with “N” were measured at 15 MHz; all others were measured at 30 MHz.

J=1 to J=0 time (h)

Sensor Correct Measured triton Deuteron Calc.
Sample temp. temp. time, £;(T) time final final thermal
Sample No. (K) (K) From FID From T, t;(D) [J=1T,] [J=1 D,] [J=1 DT]
(mol%)
D-T 2N 1.5 1.8 4.8 0.5 0.3 0.0
3N 1.5 1.8 5.0 5.1 0.5 0.3 0.0
4N 1.5 1.8 5.6 6.0 4.6 0.5 0.3 0.0
N 2.5 2.6 3.3 4.8 4.0 0.5 0.3 0.0
31 3.0 3.1 4.9 6.0 0.5 0.3 0.0
10N 3.2 33 4.5 6.0 4.2 0.5 0.3 0.0
23 3.2 3.3 4.7 7.2 0.5 0.3 0.0
25 3.2 33 4.8 5.5 8.0 0.5 0.3 0.0
7 5.2 5.2 5.6 5.2 6.0 0.5 0.3 0.0
8 5.2 5.2 5.2 5.8 0.5 0.3 0.0
34 8.0 8.0 2.4 2.4 2.7 0.7 0.3 0.0
22 9.9 9.9 0.5 1.8 1.2 0.3 0.1
33 12.0 12.0 1.2 4.5 2.2 0.3 0.4
32 13.9 13.9 5.0 16 3.7 0.3 0.9
T, 6N 1.4 1.8 2.1
5N 1.5 1.9 2.4 2.1
8N 2.5 2.8 3.3 3.5 2.1
IN 3.2 3.4 33 2.1
9 5.3 5.4 2.2 2.5 2.1
12 7.0 7.1 1.8 1.8 2.4
13 84 8.4 1.1 1.2 3.1
10 10.0 10.1 0.5 4.9
14 10.0 10.1 0.5 49
11 12.0 12.1 0.9 9.1
16 13.3 13.4 2.5 12.9
15 14.5 14.6 5.7 16.8
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FIG. 1. The triton longitudinal relaxation time, T, in solid
D-T as a function of time. The presence of two different J =1-
to-0 times for the triton, ¢,(7), and for the deuteron, ¢,(D) is in-
dicated by the rise in 7'} seen in the samples with corrected tem-
peratures of 9.9 K (0) and 12.0 (W). For the colder samples at
5.2 K (A) and 8.0 K (@), the time constants are the same and
T, declines uniformly. The hottest sample at 13.9 K ([0) shows
only the triton time constant, whereas the deuteron time con-
stant is too long for this plot.

(with a T, concentration between 24 and 31 %) at 30
MHz. Three of the samples show a smooth decline as ra-
dioactivity converts the J=1 T, to J =0 T,. The 10-K
curve, however, shows a definite peak at 3 h, and the 12-
K sample shows a small peak at 6 h. This shows that a
second process is present. The peak means that the J =1
to J =0 D, conversion has an appreciably different rate
than the J =1 to J =0 T, conversion.

We next take pure tritium 7', data and solve for T';
using Eq. (2). This data is shown for the sensor tempera-
tures 5.2, 10, and 14.5 K in Fig. 2. The lines indicate two
sets of literature data by Hardy and Gaines’ and by
Mano and Honig!® on the proton T, in HD containing
J=1 H,. Because of the behavior in H,,!! we expect no
NMR frequency dependence as long as the J =1 concen-
tration is greater than 1%. The triton data superimposes
directly over the proton line. Because the triton and pro-
ton have nearly equal magnetic moments, we expect that
the relaxation times should be almost identical unless
there is an additional T, mechanism appropriate for the
triton sample because of the radioactivity. Moving elec-
trons, moving atoms, or complications from a badly
radiation-damaged sample are all distinct possibilities.
However, there is no need to appeal to any such mecha-
nism as such a mechanism is unimportant in the present
case. The pure tritium data in Fig. 2 ceases at about 2%
J =1 T, because the radiation creates new J =1 species
and a steady state occurs. In HD, one can wait for weeks
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FIG. 2. Inherent longitudinal relaxation times, T, of pro-
tons in solid H, and tritons in T, as a function of the percent
J=1 species. The lines indicate data for /=1 H, in solid H,:
Honig at 60 MHz ( ) and Hardy and Gaines at 9 MHz
(— — —). The symbols are our J =1 T, data in solid T,: 5.2 K
(A); 10K (0); and 14 K (0O). All triton data falls on the pro-
ton line. Low J =1 concentrations are not possible in solid T,
because of the tritium radioactivity.

until natural catalysis causes the J=1 H, to fall to
minute amounts.”!® From Fig. 2, we can define the pure
T, function

W=1T,]=/(Ty), (3)

Since our concentrations are more than a factor of 10
larger than the concentration that produces a minimum
in Ty;, we have an empirical single-valued relationship
between [J=1 T,] and T;. The EQQ theory predicts
that, in the J =1 range just to the high concentration side
of the minimum,

T, ~T;(min)+ A[J=1 T,]*7?, 4)

where T';(min) is the minimum value and 4 is a con-
stant.'>!3 The 5 in the 5/3 power arises because the EQQ
interaction goes as the fifth power of the distance between
electric quadrupoles and the 3 because the average inter-
molecular spacing goes as the inverse 1/3 power of the
concentration of J =1 molecules. At higher J =1 values,
the power of [J=1 T,] begins to fall and finally reaches
1/2.° We find that the power of 5/3 works quite well at
least from 1 to 20 % J =1 T,. As far as the molecular an-
gular momentum is concerned, all species of J =1 mole-
cules are very nearly identical. Thus, the relevant con-
centration of J =1 molecules for T, is the total concen-
tration of all hydrogen species. However, triton nuclei
relax only via T, and DT molecules in their J =1 states.
Thus, we shall next assume that the function f (T';)
holds in solid D-T. In D-T, then, we assert that
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[J=1T,]+[J=1D,]=£(Ty) . (5)

Because we already know 7;(T) and, therefore, the J =1
T, concentration, we can subtract to get the J =1 D,
concentration, [J/=1 D,]. By plotting this as a function
of time, as shown in Fig. 3, we can derive the deuteron’s
J=1 to J =0 time constant. The J =1 D, conversion
curves are close to being exponential, given that they are
derived by subtracting two large numbers.

The pulsed NMR apparatus has been described previ-
ously. The samples comprised 0.009 mol inside a sap-
phire cell of 7.6-mm diameter, so that the sample is 3.8
mm thick. Using thermal conductivity data,'* we may
now correct the sensor temperatures to higher values to
allow for the tritium self-heating. The new average sam-
ple temperature is

Tt 0.354,L?

=~ T'(sensor)+ iK (6
where A, is the tritium self-heating of 50000 W/m?® in
solid D-T and 100000 W/m? in solid T,. Also, L is the
cell radius and K the thermal conductivity.!® Equation
(6) assumes a one-dimensional loss of heat outward to the
sapphire walls with a factor of 0.35 to account for the
average.

One certainty lay in the initial percent of J=1 T, in
the D-T samples at the temperature of interest. These
were obtained from detailed cooling histories, and the
probable J =1 to J =0 catalysis rates at each tempera-
ture. We estimate that, on the average, about one-tenth
of the J =1 T, had converted to J =0 T, by the time the
measurements began at the selected cryogenic tempera-

T rr

Normalized J=1 to J=0

15

Time (h)

FIG. 3. Calculated decay of the J =1 D, in solid D-T as seen
through the triton relaxation time, T,. The corrected tempera-
tures of these samples are 1.8 K (H); 5.2 K (A); 9.9 K (0); and
13.9 K (0O). The nonexponential behavior is the result of sub-
tracting two large numbers to obtain these results.

ture. This resulted in initial values of about 68% J =1 T,
in pure tritium and 17% J =1 T, in D-T. We likewise
expected about 8% J =1 D, in D-T. The old T, samples
were 96.4% T, with 3% DT plus HT. The new T, sam-
ples (marked with an “N) contained 98.4% T, with
1.3% DT plus HT. All D-T samples contained about 1%
HT and 1% HD.

The endpoint J =1 T, concentrations will be further
considered below because it is necessary to first obtain
the J =1 to J =0 time constants. We first estimated the
long-time steady-state J =1 compositions to be 2 mol %
in pure T, and 0.1 mol % for both species in D-T as a re-
sult of the tritium radioactivity. This mechanism is the
only dominant one at 5 K and below. As the temperature
rises to 8 K and above, the measured steady-state concen-
tration of J=1 T, in pure tritium has an increasingly
large component of thermally created species. The
thermally created steady-state concentration may be cal-
culated from the partition function'®

9Cexp[(—57.6 K)/T]
1+9exp[(—57.6 K)/T] "’

where 57.6 K is the energy difference between the J =0
and J =1 states of T,. The constant C is near 100% for
pure T, and 25% for T, in D-T. The actual steady-state
concentration is the sum of Eq. (7) plus the amount creat-
ed by radiation damage. At our higher measured temper-
atures, we expect the thermal mechanism to totally dom-
inate.

Also, the thermally created amount of J/ =1 D, in D-T
will be!®

[J=1T,]ss,,= (7

75exp[(—86.0 K)/T]
2+3exp[(—86.0 K)/T]

where 25% D, is present in the mixture.

The creation of J =1 molecular DT by radiation dam-
age may be ignored because of the instantaneous deexci-
tation to the J =0 state. However, the thermally created
concentration will be!®

150 exp[(—71.8 K)/T]
1+3exp[(—71.8 K)/T] ~

This amounts to 0.4% at 12 K and 0.9% at 14 K. As a
result of thermal excitation, Eq. (2) becomes slightly
changed to

_ 3/4{[DT]+[HT]} +2[J=1T,]
' 3/4[J=1DT]+2[J=1T,]

[J=1D,lss,,= 8)

[J=1DTlg,,=

9)

Ty, (10)

where the J =1 DT now also acts as a pathway for relax-
ation. The small amount of J =1 HT may be ignored.

III. RESULTS

The results are listed in Table I. Two different J =1 to
J =0 T, values are listed. Those “from FID” are derived
by watching the decay of the time-zero FID toward a lev-
el that should represent the residual amount of DT and
HT. Below 5 K, these values become doubtful because of
the occurrence of “heat spikes.”!” These occur when hy-
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drogen atoms suddenly recombine en masse, and further
details will be provided in a separate paper. Their effect,
however, is to lower the FID below the level expected
from J =1 to J =0 conversion, so that only the part of
the low-temperature data that was taken before the first
sizable heat spike can be used for our present analysis.

The second conversion time listed in Table I under
“from T,” is the 1/e time from a fit using Eq. (4) in the
J =1 region just above the 7| minimum. These time
constants are not affected by the thermal spikes, but Eq.
(4) does not work well at 10 K and above. This method is
somewhat uncertain in pure T, below 5 K because the T,
relaxation mechanism contains a separate low-
temperature component, as will be described in a future
paper. However, this mechanism is largest for high J =1
T, values, whereas Eq. (4) is used at low values. The
low-temperature T; mechanism is present to a lesser ex-
tent in D-T below 5 K. We note that the agreement for
7;(T) in Table I is good between the two derivations.
The listed time constants are accurate to about +10%.

The derived J =1 to J =0 time constants for D, are
also listed in Table I, with probable accuracies of about
+20%. Both the J =1 T, and J =1 D, time constants in
D-T are also displayed in Fig. 4. The results for the sam-
ples at 1.8-5.3 K are especially important, and we find
these averages:

7/(T, in T,)=2.840.6 h , 1
7/(T, in D-T)=5.140.7 h , (12)
7;(D, in D-T)=5.7+1.3 h . (13)

We find that the time constant for conversion of J =1 T,
is twice as long in D-T as in T,. This seems reasonable
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FIG. 4. Summary of J =1 to J =0 conversion times in solid
D-T from 1.8 to 14 K. The triton times derived from the FID’s
are shown by (A); those derived from 7', analysis are given by
(0). The deuteron times are shown by (A ).
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because of the factor of 2 in the radiation dose. We also
find that the T, and D, time constants are the same.
However, this seems surprising because the deuteron
magnetic moment is only § that of the triton, and we
would expect the deuteron to be less sensitive to its envi-
ronment.

For the three temperatures at 10-14 K, we find in
solid D-T that

7,(D, in D-T)=(3.5+0.3)7,(T, in D-T) . (14)

IV. CALCULATION OF THE J =1 ENDPOINT

Starting with the basic mechanisms of J =1 production
and loss, we can calculate the steady state J =1 concen-
tration created by the tritium radioactivity from our
data. This leads us to consider the basic mechanisms of
J =1 production and loss. Consider the basic reaction

k
Ty g—— 2T (15)

3u0/4
where k is the atom formation rate and «a is the recom-
bination rate. The hydrogen atom formation rate may be
obtained from the rate of radioactivity decay, and for
pure T, it is

k=2.84%X10"¢s71. (16)

The rate is the tritium decay fraction of 1.782X 107 per
second times 2 for the diatomic molecule times 156 for
the average number of ion pairs created per beta particle
(5685-eV beta energy and 36.6-eV per ion pair) times the
5.1 atoms created per ion pair in the gas phase.'*"2° The
rate in D-T will be k /2.

We are concerned with the reaction

kK .k
J=1T, = = J0T .
2 30a X T g 90T,

W (17)

The atom production rate is the same, but the recombina-
tion rate assumes a hot-atom equilibrium of 2 of the
recombined T, being J =1 T,, so that the recombination
rate becomes 3a/4.2! The J=1to J =0 catalysis rate, 3,
is just the inverse of the time constant 7,;(7). We assume
that we are at 5 K and below, so that no J =1 T, is creat-
ed by thermal excitation. We write the rate equations

d[J=1T,]/dt=—(k+B)[J=1 T,]+(3/4)a[T]?,
(18)
d[T]/dt=k[T,]—a[T]?, (19)

where [ T'] is the atom density. However, we shall use the
brackets to mean mol % in this paper. We next assume
that Eq. (19) reaches steady state quickly so that

{a[TP)ss=k[T,] (20)
We substitute Eq. (20) into Eq. (18) to obtain
d[J=1T,)/dt=—(k+B[J=1 T,]+(3/4)k[T,] .
21
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For BMk, the right-hand side of Eq. (21) becomes
—B[J=1 T,], and we recognize the first-order nature of
the equation. At steady state, with 8))k and using the
time-constant format, the steady-state percent of J =1 T,
is

[J=1T,lss=(3/4)k7,;[T,], (22)

where [T,]=100 mol %. For pure tritium, we use Egs.
(11) and (22) to obtain a calculated low-temperature
steady-state concentration, [J =1 T,]lg, of 2.1 mol %.
We have experimentally determined this concentration
independently from the small long-time FID after sub-
traction of that part due to DT and HT. From three T,
samples at 2.8-5.4 K, we obtain

[J=1 T,lss=2.3+0.2 mol % , (23)

in excellent agreement with the calculated value. We
take this as confirmation that the five atoms per molecule
measured in the gas phase are likewise formed in the
solid. This is critical to the ESR studies, where only a
few of these atoms are seen experimentally.’ This result
also appears to confirm the assumption of the hot atom
equilibrium being created by the energy of the radioac-
tivity decay.

We next consider D-T, where the large component of
50% DT prevents us from measuring the small long-time
signal for J =1 T,. We write the rate equations

d[J=1T,]/dt=—(k/2+B)[J=1T,]

+(3/4)a[TT? (24)
d[T]/dt=(k /2){ [T,]+[DT]/2}
—a{[TP*+[D][T]} . (25)

Only one T atom is lost in the recombination of D and T,
but this reaction is twice as likely to occur as the recom-
bination of two T atoms. We set [D]=[T] and substitute
Eq. (25) at steady state into Eq. (24). Equation (24) at
steady state with 8))k and the result of Eq. (12) then be-
comes for D-T at 5 K and below

[J=1 T,lss=(3/16)k7,{[T,]+[DT]/2}=0.5 mol % ,
(26)

where [T,]=25 mol % and [DT]=50 mol %. The calcu-

lation for J =1 D, is similar except that 1 of the D, is

formed in the J =1 state. We have

d[J =1 D,l/dt=—(k /2+B)[J =1 D,]+(a/3)[D]?,
27)

d[D]/dt=(k /2){[D,]+[DT]/2} —a{[D]*+[D][T]} .
(28)
Again, we set [D]=[T] (which we have observed by ESR

in D-T%), Bk and use Eq. (13) to obtain at 5 K and
below in solid D-T
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[J =1 D,lss=(k7,/12){[D,]+[DT]/2}
=0.25% . (29)

These results are combined with the thermal excitation
values to calculate the steady state J =1 values listed in
Table I.

As a further test of these rate equations, we consider
the formation of DT by the addition of D, and T,. We
have

—‘iz—T]—=—<k/z)[DT]+za[D][T]

={[DTlss—[DT]} /7 » (30)

where [DT]gs is the 50 mol % expected at steady state
from the hot-atom equilibrium and 7., is the exchange
time constant. We calculate that

T (expected)=2/k =196 h . (31)

We performed this experiment by first holding a 98
mol % T, sample at 6 K for 20.6 h. The decrease in the
triton FID showed that the J =1 T, concentration de-
creased from 67 mol % to 2.3 mol % over this time.
Then, the sample was raised to liquefaction at 21 K, an
equal amount of D, was added, and the sample was
quenched back to the solid phase at 6 K, and the triton
FID was monitored with time. By calibration with the
pure T,, the initial D,-T, FID was calculated to be 1.4
mol % J =1 T, with no molecular DT being assumed
present. This allowed the determination of the constant
B relating the triton FID, S(¢), with the actual concen-
tration. We then assumed that the J =1 T, decayed to
0.5 mol % with a 5.1-h time constant. We were then able
to solve for the DT concentration using the equation

S(1)=B{3/4[DT]+2[J=1T,]} . (32)

The exchange reaction function for DT creation, Y, is
then

Y=1—[DT]/[DT]gs . (33)

This function is plotted in Fig. 5 for various steady-state
concentrations, [DT]gs. The expected hot-atom (infinite
temperature) equilibrium with 49 mol % DT produces a
1/e time constant of

T, =280+50, —30h, (34)

slightly longer than the value predicted by Eq. (31). The
thermal equilibrium at 6 K of 18 mol % DT (Ref. 22) is
also shown in Fig. 5. It is clearly nonexponential and the
values of Y go negative at long times, so that a thermal
equilibrium does not appear possible. A 200-h time con-
stant in agreement with Eq. (31) would occur for a 35
mol % steady-state DT concentration, which would
occur at a temperature of 12 K. At this time, however,
we lean toward a probable hot-atom equilibrium with the
thermal endpoint being definitely unlikely.
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FIG. 5. Exchange reaction function, Y, which describes the
formation of DT from D, and T, as a function of time at 6 K.
Several postulated equilibria are shown. These are hot-atom
(infinite temperature) (A ); 20 K (0O ); and thermal at 6 K (0O).

V. DISCUSSION

We may now turn to the cause of the temperature be-
havior seen in Fig. 4. We first note that the mechanism
for J =1 to J =0 conversion in H, and D, is the bimolec-
ular process whereby the magnetic moment of one nu-
cleus creates a magnetic field gradient at another nu-
cleus.?? The process is much faster in tritiated solid hy-
drogen and the reason is almost certainly because of the
large magnetic field gradients generated by the free hy-
drogen atoms.! The conversion time is qualitatively
thought to be dependent on two times. One is the time
for the atom to hop to a new site in the crystal, and the
other is the time for the atom to convert the J =1 mole-
cule that it finds at its new site. At low temperatures,
there are many atoms because their diffusion and recom-
binations are slow. At high temperatures, the atom den-
sity is low but the diffusion rate is high. The atom densi-
ty and the diffusion rate are maximized at about 10 K,
where the minimum 7', values are found.

We rewrite Eq. (21) in the simplified form, useful for
the first decade of J =1 decay:

dlJ=1)/dt=—[J=11/1, , (35)

where [J =1] is the concentration of either /=1 T, or
J =1D,. The time constant may be written as

TJ=R0/(37Td2an) ’ (36)

where R, is the intermolecular distance of 3.6 X107 m,
wd? the cross section, g the conversion probability at a
single site, D the diffusion coefficient,?* probably of the
hydrogen atoms, which should be more mobile than the
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molecules, and 7 is the total D plus T atom concentration
per unit volume. Equation (36) is obtained from the basic
relation that the time constant is inversely proportional
to the conversion cross section times the mean particle
velocity. We then substitute the gas-phase relation that
relates mean velocity with the diffusion coefficient and
the mean free path. In solid-state reactions, the mean
free path is often taken to be a constant of order R,.
This preserves the exponential nature of the rate equa-
tion, which is found by experiment. We shall set d equal
to R, for further simplification.?’

Now, in order for Eq. (36) to be first order, n must be
constant. The D plus T atom densities have been mea-
sured in solid D-T and T, by electron spin resonance at
9.4 GHz.® The atom density increases with the function

n=(k /a)""tanh[(ka)?t]+ct , (37)

where t is time, k is the radiation-driven rate of hydrogen
atom formation, a is the recombination rate (per unit
volume) and ct produces a linear increase seen at longer
times. The atom formation curve is shown in Fig. 6 for
D-T samples studied at 3—5 K. The formation rate of
atoms is so fast that half of them are present by the time
the sample has stabilized at the desired temperatures, so
that the time ¢ is not easy to define. Figure 6 also shows
the J=1 to J =0 conversion, as determined from the
FID’s, for J =1 T, in D-T at 3-5 K. We see that the
time for the saturation of the tanh function in Eq. (37),
i.e., where the rapid increase turns into the slow linear re-
gion, is approximately equal to ;. We see that n is near-
ly but not exactly constant, but it is certainly not exactly
so. This introduces a definite uncertainty into our model,

—r—r-r

Normalized Height

I W—

(V] 5 10 15
Time at Temperature (h)

FIG. 6. Comparison of J =1 to J =0 conversion curves for
J=1 T, (open symbols) and growth of all hydrogen atoms
(closed symbols) in solid D-T at 3 to 5 K. The conversion
curves are derived from the FID’s, and the atom data is ob-
tained from electron spin resonance. The nominal temperatures
are 3K (0);4K (O);and 5K (A).
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because the actual conversion J =1 T, curves appear ex-
ponential.

Table II lists smoothed and interpolated hydrogen
atom data as derived from ESR at 9.4 GHz. The atom
densities are listed in parts per million at all the tempera-
tures where J =1 to J =0 data has been taken.>?® The
densities in ppm may be converted to atoms/m?® using
solid densities of 53 000 and 51 500 mol/m? for solid D-T
and T,, respectively.?’” The quantity n, is the total atom
density at the point at which the tanh function behavior
in Eq. (37) converts into the linear behavior. For both
solid D-T and T, from 1.8-5 K, the data may be approx-
imated by

R~ 56exp[(6.4 K)/T] ppm . (38)

The measured time at ng, is 7, We assume that the
time constant for the tanh function, 7,, occurs at 0.76n,,
and we list this time as well. The intent of listing these
times is to allow comparison with the conversion times,
T;. We see that 7, <7,;(T) in most cases.

We first note that the J =1 to J =0 energies of 57.6 K
for T, and 86.0 K for D, are less than the 100 K Debye
temperature of solid hydrogen.”® The conversion can,
therefore, take place in either hydrogen with a single
phonon process, and we expect no isotopic effect because
of the phonon spectrum.

Next, we shall try to explain why we obtain different
temperature behavior for the conversion time constants
as shown in Fig. 4. We shall consider the assumption
that the conversion probability g is a function of the
length of time that a hydrogen atom spends at a particu-
lar site. We postulate the simple function

g=1—exp(—t;/ty), (39)

where t; is the average time that an atom spends at one
site. It is related to the diffusion coefficient by the rela-
tion
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t;~R%/4D . (40)

The other constant ¢ is the shortest site time for which g
is just one. It is obtained from the diffusion coefficient at
about 8 K, where 7,(T)~1;(D). At 8 K and below, we
can calculate

D=1/{3mRy7yn} . 41)

We return to consider Eq. (39). At temperatures below
8 K, t;>>t,, so that g=1. Then, an atom converts all
the J =1 molecules around it on each hop whether they
are T, or D, so that the conversion time constants are the
same. The diffusion coefficient decreases with tempera-
ture, while the atom density increases so that the temper-
ature dependence of 7, is slight. Above 8 K, ¢,{(t,, and
we use the expansion exp(—x)~1—x in Eq. (39) to ob-
tain g ~t;/t,, so that

gD=R}/4t, . (42)

The product of gD is a constant and the diffusion
coefficient does not enter into the description. Using Eq.
(36) at the higher temperatures, 7; is a function only of
the atom concentration and the diffusion coefficient can-
not be obtained from the data. The rapid increase of 7,
with increasing temperature must be caused by the de-
crease in atoms available for catalysis. This concentra-
tion decrease is caused by the increased diffusion
coefficient and the increased recombination of the atoms.
We must note, however, that the function in Eq. (39) is
the simplest model and may not be completely correct.

At about 8 K, we postulate that g is just equal to one.

The hopping time is calculated to be
ty=~0.6-3 s . (43)

It is important to note that the hopping frequency at our
temperatures is on the order of 1 Hz, far below the NMR

TABLE II. Calculation of hydrogen atom diffusion coefficients using the assumption that the conversion probability is a constant
equal to one. Smoothed and interpolated hydrogen atom ESR data is included. The numbers in parentheses are powers of ten.

J=1T, Time Time Atom Calculated
Time, constant constant density diffusion
Temperature (T) T, Teat R coefficient
Hydrogen (K) (h) (h) (h) (ppm) D (m?%/s)
D-T 1.8 52 1 2 2000 7(—22)
2.6 4.0 2 4 660 3(—21)
3.2 5.6 2 5 410 3(—21)
5.2 5.6 1 2.5 190 7(—21)
8.0 2.5 1.5 3 150 2(—20)
T, 1.8 2.3 1 2 2000 2(—21)
2.8 33 2 4 550 4(—21)
3.4 33 2 5 370 6(—21)
5.4 2.2 1 2.5 190 2(—20)
7.1 1.8 1 3 80 5(—20)
8.4 1.1 1.5 3 50 1(—19)
10.0 0.5 2 3.5 30
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FIG. 7. Calculated diffusion coefficients from the J =1 to
J =0 conversion data in this paper for hydrogen atoms in solid
D-T (0) and T, (@) at 1.5 to 8.4 K. Similar data from atom
recombination ESR studies is indicated for solid D-T (A) and
T, (A). The solid line is the Soviet data for D atoms in undam-
aged D, crystal (Ref. 29). The dashed line is molecular diffusion
coefficient data in solid D, (Refs. 30 and 31).

frequency. It does not appear, therefore, that atomic
hopping can be a direct mechanism for nuclear relaxa-
tion.

We return to Table II, where we list the diffusion
coefficients calculated using Eq. (41). We plot the results
in Fig. 7. Also plotted are diffusion coefficients from ESR
using measured atom recombination rate constants in
m3/atoms.® We see that the two sets of data are in good
agreement. For comparison in Fig. 7, we show two other
curves. The solid line is measured data for D atoms in
undamaged solid D,, where the atoms were created by
gas phase discharge.” The dashed line is molecular
diffusion data taken by NMR for undamaged D, crys-
tals.30:3!

We may note two important observations from Fig. 7.
First, the molecular and atomic diffusion coefficients are
the same in an undamaged crystal above about 8 K, as
first noticed by Ishovskikh et al.* This is because both
atoms and molecules have to cross the 280-K energy bar-
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rier to move between molecules packed at theoretical
density. At low temperatures, however, the thermal en-
ergy for activation of atomic diffusion is not available.
From 1.8-4 K, we find that our data fits the equation:

D =2X10"% exp[(—5 K)/T] m*/s . (44)

We believe that the small 5-K activation energy prob-
ably represents quantum tunneling of the atom from site
to site in the crystal. Ishovskikh et al. determined
diffusion coefficients for D atoms in solid D, by ESR.?
They observed the same rapid decrease of the diffusion
coefficient shown in Fig. 7 at the higher temperatures fol-
lowed by a leveling off at 10723 m?/s below about 5 K.
This behavior was attributed to quantum diffusion. It
occurs two to three orders of magnitude below the tritiat-
ed results of Fig. 7, so that the radiation damage quite
possibly is making atomic diffusion easier.

We return to consider Eq. (14), which compares the
deuteron and tritium J =1 to J =0 time constants at the
higher temperatures of 10—14 K. In this temperature re-
gime, the atom does not reside long enough beside a J =1
molecule to ensure conversion, so that the J =1 to J =0
time constants should be inversely proportional to the
square of the electron magnetic moment times the nu-
clear magnetic moment.> We would expect the
coefficient in Eq. (14) to be about 10, representing the
square of the nuclear magnetic moments. We are not
able to explain why the observed values are smaller.

Finally, we note from Egs. (11) and (12) that, at 5 K
and below, the J=1 T, conversion time is half as long in
T, as in D-T. However, ESR measurements show that
the atom densities are comparable at the same tempera-
tures in the two hydrogens, and one suspects that the
diffusion coefficients are also comparable. The answer is
unknown, but we may postulate that twice as many
ESR-invisible atoms exist in T, as in D-T.
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