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Quantum diffusion and catalyzed conversion of ortho-H molecules in solid hydrogen
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The ortho-para conversion in solid hydrogen catalyzed by a small ameut® () of O, impurities was
studied to determine the temperature and concentration dependence of the odiffadion coefficient. For
T>5 K the diffusion coefficient has the activation-type dependence on tempera(€)
=2x10 Mexp(—92/T) cn?s ! and is independent of the orthosldoncentratiorC. For T<4 K this coef-
ficient substantially changes its behavior and @in the range 0.02—0.75 it can be described by the relation
D(T,C)=1x10"2%T/C cn?s L. The results obtained are interpreted in terms of the quantum diffusion of
ortho-H, molecules in solid hydrogen.

. INTRODUCTION nearest ortho-H neighbors can be detected by means of
NMR,271% infrared!! and microwav& spectroscopy if the
The conversion of ortho-fimolecules to the ground para- ortho-H, concentration is low enough to avoid the broaden-
H, state in pure solid hydrogen occurs due to the weak magg of the pair's spectrum. The correlated change of the num-
netic dipolar interaction between orthor-Hheighbors. It is  Per of singles and pairs after the stepwise temperature
known to be a rather slow processiowever, this process Cchange was shown to be exponential in tifiehe rate being
can be substantially accelerated even by a small amount #f€2kly dependent on temperature. Of course, the clustering
paramagnetic impurities in the,Herystal, provided the dif- rate observed is related to the diffusion properties of single

fusion of ortho-H relative to impurities is fast enougtt ortho-H, molecules in solid parahydrogen. Still it is not clear
" _why the process of pair formation is exponential in time

The reason for the acceleration is the much str_or_lger MaY; stead of being second order in concentration. Furthermore,
The rates of pair formation and pair decay coincide with each
and nearby ortho-fimolecules than that between the ortho oyner ‘propaply it means that both of them are determined by
molecules. Yet, the catalytic effect of the paramagnetic iMye (ime of the transition of orthoHbetween nearest and
purity has a rather short range. Hence the diffusion procesgey;-to-nearest positions to another ortho molecule. Then the
plays an important role in the case of low impurity concen-¢|ystering rate observed can give only the lower limit for the
trations. This makes theatalyzed conversiofiCC) process macroscopic diffusion coefficient.
an effective tool for the diffusion studies in solid hydrogen, Recently the ortho-para conversion in solid hydrogen
actually the unique method in certain temperature rangesatalyzed by molecular oxygen impurities with concentra-
where other techniques cannot be used or give ambiguoufons C,<10 2 was studied in the temperature range from
results. 4.2 to 10.9 K23 The triplet ground state of the,Gnolecule,
The classical diffusion of ortho-Hin solid hydrogen has 325, has the electronic spiB=1 and, consequently, is a
been studied previously at high temperatures by varioustrong catalyst for the conversion of the neighboring ortho-
NMR relaxation technique®® The microscopic diffusion H, molecules. Besides, it is heavy enough for disregarding
correlation time was found to follow the activation-type tem- its diffusion as compared to that of orthg;Hhot only in the
perature dependenceg=1x10 exp(200T) s. However, quantum tunneling regime but also in the case of classical
diffusion-independent relaxation mechanisms become dompver-barrier processdsglue to smaller zero-point energy and
nant in solid hydrogen at relatively high temperatuf@sout  hence a larger activation enejgyrhus the CC rate should
9 K), which puts an essential low-temperature limit for thereflect mostly the diffusion of ortho-jd However, this is true
applicability of those techniques. Cross-relaxation NMRonly as far as the diffusion jump time, is longer than the
techniques used in the experiments on HD molecules imonversion timer. of the ortho-H neighbors nearest to an
parahydrogel” work still at substantially lower tempera- O, impurity. Otherwise, the CC rate becomes independent of
tures, but they cannot be used directly with ortha-H the ortho-H diffusion (and temperatupeas it was observed
Another possibility for the ortho-fidiffusion studies is experimentally at temperaturd@s>8 K.3 The obtained high-
opened at low temperature§ €4 K) and low concentra- temperature limit of the CC rate gives the valig=(10.5
tions of ortho molecules@<0.02). Under these conditions +0.8) s. This imposes a high-temperature limit for the dif-
the quantum tunneling diffusion of ortho,Heads to the for-  fusion studies by the CC effect in solid hydrogen. However,
mation of ortho-H clusters, which become favorable com- such studies make it possible “to fill the gap” between
pared to a single ortho-Hdue to the electric quadrupole NMR relaxation measurements and the experiments based on
(EQQ interaction between ortho-Hneighbors. Pairs of the ortho-H clustering.
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The diffusion coefficient between 4.2&8 K was shown can be considered as a diffusion- controlled chemical reac-
to have the activation-type temperature dependebdd:) tion between ortho-Kland paramagnetic impuritiés. Then
=(3+2)x10 exd—(96+8)/T]. This was interpreted in the total conversion rate in the sample can be written as
terms of the tunneling vacancy diffusion mechanism pro-
posed in Ref. 13. According to this mechanism, the diffusion dC 5
jump of an ortho-H occurs by tunneling to a nearby vacancy dat KscC™=KecCCp, @)
position. In this case the effective activation energy is just )
the energy of the vacancy formation in lerystal and hence WhereKs.=1.8x10"2 h™* is the rate constant of the self-
should not depend on the type of the diffusing particle. Thisconversion process due to the ortho-ortho interatfiamd
seems to be true at least for the two other diffusing particlesKcc IS the corresponding rate for the catalyzed conversion.
studied almost in the same temperature range. The activatidhs far as the diffusion process remains the limiting factor in
energies for HD molecules and H atoms are equal to (98he catalyzed conversion, the CC rate constant can be written
+5) K (Refs. 18 and ¥ and (103-5) K,** respectively. @S Kcc=47Re4Dn, where Ry is the effective conversion
However, the comparison of the pre-exponential factors ifadius, D=a’/6r4 is the ortho-H diffusion coefficient,a
the expression of the diffusion coefficient for the different =3.75<10"° cm is the intermolecular distance in solig H
species, which should reflect the respective tunneling ampliza is the ortho-H diffusion jump time, andh= y2/a® is the
tudesA,, gives an unexpected result: lighter orthe-fol- ~ number density of solid H The expression oK., can be
ecules have the pre-exponential factor almost three orders gnodified to take into account the finite conversion time of
magnitude smaller than that of the heavier HD moleculesthe nearest neighbors of,Q7..=10.5 s? Since the @ im-

The probable explanation for this discrepancy was proposegurity was found to take a substitutional position in hcp lat-
in Ref. 2 and is based on the fact that orthg4dolecules tice of solid hydrogeri,where each molecule has 12 nearest
unlike HD have an electric quadrupole moment. The EQQneighbors, the CC rate constant should be
interaction of a tunneling ortho-Hwith other ortho mol-

. L. . 1 T -1
ecules can make the energy levels in the initial and final +g)
states deviate by some valdelf §>A, then tunneling be- A7RDN 12 -
comes possible only if other lattice excitatiophonons are
taken into account to fulfill the energy conservation law. The catalyzed conversion time of the ortho-H mol-
This, of course, may substantially decrease the tunneling racules decreases steeply with the increasing distRrfoem
of an ortho-H as compared to the “resonant” case. In ad-the O, impurity. The first factor is the declining dipolar
dition, the ortho-H diffusion coefficient(and the CC rate  ortho-H,—O, interaction and the second one the decreasing
should depend on the orthosHoncentration. efficiency of the emission of phonons, which are required to

In the present paper we report results on the concentratioiemove the energy released in the conversi@ince the
and temperature dependence of the catalyzed conversion r@agho-para conversion in solid hydrogen involves two
in solid hydrogen in the temperature range from 1.5 to 6.8 Kphonons,r should vary withR as
The concentration of Qimpurities wasC,= 102 while that
of ortho molecule<C varied from 0.02 to 0.75. No concen-
tration dependence was found in the CC rate at high tem-
peratures 7>4.6 K). ForT between 4.2 and 4.6 K the CC
rate remains practically independent of concentrationCor The effective conversion radius in E@) can be roughly
< 0.1 but decreases slowly whéhincreases higher than 0.1. estimated from the relation(Re¢) =~ 74 . Thus the increase of
At T<4.2 K the CC rate is approximately inversely propor- Re¢ With 74 increasing is expected to be rather weak. Con-
tional to the concentration. Its temperature dependence alsequently, the diffusion coefficieft is roughly proportional
changes drastically when the temperature is lowered below b K.. provided the latter is much less than its high-
K. It becomes much slower than the activation-type depentemperature limitK . <K{.,=12/r... In order to obtain re-
dence observed foF>4.2 K and can be approximated by a liable quantitative data on diffusion from the measurements
linear function. In Sec. Il we discuss a model, which allowson catalyzed conversion, we have to find the exact depen-
the extraction of the diffusion coefficient from the experi- dence ofR.; on 74. This problem was solved using the
mentally measured CC rate constants. Section Il containMonte Carlo simulation approach, which was described in
our experimental results on the CC rate as functions of temdetail in paper Ref. 2. Briefly, it consists of periodical ex-
perature and the orthooHoncentration. Section IV consid- aminations of the matrix, representing the hcp lattice of a
ers the respective dependencies in the diffusion coefficiergolid hydrogen sample, which contained initially randomly
and discusses the obtained results. distributed Q, ortho and para molecules with proper concen-
trations. Between the examinations three processes proceed:
the ortho-H diffusion, the self-conversion of the nearest
ortho-H, neighbors and the catalyzed conversion within the

A detailed model of catalyzed conversion was developediearest 11 coordination spheres of every i@purity. The
previously? Here we repeat the main points, required forcorresponding probabilities are governed by respective time
understanding the data obtained, and also extend and modifpnstantsry, 7o.=12K,. and ... The main algorithm in
the model to cope with additional features of the low-the renewed computations was the same as described in Ref.
temperature experimental results. 2. The code was speed optimized. New computing facilities

In general, the process of catalyzed conversion in solichllowed to double the size of the modeling lattice and to

Kee= (2

12

7(R)=7¢c a

()

Il. THEORY
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FIG. 1. The dependence HBf.. on 74, obtained by Monte Carlo
simulations for ther. values 10.4 gcircles and solid linpand 5.5
s (dashed ling

FIG. 2. The effective conversion radil vs 74, obtained
from Monte Carlo simulations for various; values(see the legend
of Fig. 1).

enhance the statistical accuracy. In addition, the experimens»lmme relationr(Reg) ~ 74. Still the growth is too small to

tally determined value..=10.5 s(Ref. 3 was used instead affect substantially the diffusion coefficiebtextracted from
of 7,.=5.5 s estimated from the self-conversion rate conyne experimentaK . values.

stant
Il. EXPERIMENT
12 (2up\? , -
o=\ 3 . The general scheme of the experiment shown in Fig. 3
Kse \2pe was practically the same as in Refs. 2 and 3. Solid hydrogen
This estimate is rather close to the result of the calculdfion, ™

which gaver..=5.6 s. Yet, it is only about one half of the
experimental value. Furthermore, the simulation was ex-
tended to the region of slower diffusion, which is more im-
portant for the present experiments.

The result of the simulation—the time dependence of the

concentrationC—is then fitted with Eq(1) in order to ex- Ll
tract the CC rate constaHt,. [similarly to the processing of
the experimentally observed dependend®s)]. Figure 1

to pump

L H+0,

shows the obtained dependencégf on 74 for a few values Radiation — |
of 7c¢. shields

The circles represent the simulated values with
=10.4 s and the solid line is a polynomial fit to them. The —
dash_ed Iine is t.he fit to the analogous resultsﬁ(gy: 55s. Sample |
A third simulation was worked out by assuming that ||
=5.5 s for all the coordination spheres except the first one, \i
for which 7..=10.4 s. This is supposed to take into account NMR coil —+— 1>
the possibility of a slight distortion of the first coordination
sphere by the @impurity. The results of this simulation join —Quartz rod
the solid line in Fig. 1 in the fast diffusion region and the [
dotted line for most of the slow diffusion range. It can be
noticed that the simulated results for both valuesgfare
rather close to each other wheg> ... However, a small
difference can be observed in the plotRy vs 74 shown in
Fig. 2. The plot is obtained from the simulated data for
Kcc(7g) using the relatior{2). Note thatRy; in Ref. 2 has a
different definition and hence has a different behavior in the
fast diffusion limit.

The effective radius is found to increase slightly with the
decreasing diffusion jumping time as it is expected from the FIG. 3. The experimental setup.
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samples containing about 0.1% of, @olecules were pre- Which was rather close to the operating frequency of 27
pared by the matrix isolation technique inside the low-MHzZ.

temperature, high-vacuum NMR probe, which is immersed The FID (free induction decaysignal of ortho-H (I

in liquid helium inside the cryostat. The gas mixture of H =1) was observed using the Bruker MSL-300 pulsed NMR
and Q was transported from the gas-handling system to th&Pectrometer. The 90° pulse had the length of abopis3

probe via a stainless steel tube. The lowest temperature &f "€ paramolecules have the nuclear spin0 and do not

the tube was kept higher than 100 K in order to avoid pOS_contribute to the NMR signal.The total number of ortho
olecules in the sample is proportional to the initial ampli-

sible condensation of oxygen of the gas mixture during the"

vansporiaon. The subsate for he sample was made 152 °L IO e Lrierunitey e FID sne carnol b6
single-crystal quartz in order to provide a sufficiently high 9 bu

thermal conductivity to remove the heat of condensationdue to the dead time of the spectrometer. So, we had to
. L extrapolate the FID signal to its starting point by fitting the
The typical deposition rate was aboux30*’ cm 2s ! at P 9 gp y g

- reliable part of FID with proper functions using the criteria
the substrate temperatufe=(1.7+0.2) K. The sample vol- 4t maximum likelihood as described in Ref. 2. Of course this

ume was about 0.03 cmVarious initial ortho-H concentra-  may introduce some uncertainty in the result. Another ap-
tions (C<0.75) were obtained by mixing normal hydrogen proach to the measurements of the total number of ortho-H

gas (€=0.75) with almost pure parahydrogef ¢ 10°°),  molecules is based on the detection of the solid echo
prepared in an ortho-para converter using Fe(9& a het-  signal® Although the echo method is obviously free from
erogeneous catalyst. the ringing problems, it has its own disadvantages. The echo

In our previous experiments the temperatufes4.2 K amplitude is also proportional to the number of orthg-blt
were obtained by lowering the helium vapor pressure in thesimultaneously it depends weakly on the transverse relax-
whole cryostat. Then the amount of liquid helium in the cry-ation time, which itself varies with temperature and the ortho
ostat limited the time for the low-temperature measurementgoncentration. Thus this approach requires a precalibration
to about 2 h. For the present studies we developed a ne@f echo signals, which inevitably causes some inaccuracy.
cooling system of the sample substrate in order to prolondience the FID extrapolation seems to provide a reasonable
the time for continuous conversion measurementsTat COmpromise between simplicity and accuracy for the mea-
<4.2 K. Liquid helium is supplied to the new cryosystem in Surements of the ortho-Hconcentrations in the sample.
two parallel ways:(i) through the stainless steel tugg2  Since the evaporation rate was negllglble for all the tempera-
mm i.d) which can be tightly closed by a low-temperature tures sfcudled in the present investigation, thg ortboebh-
valve, and (i) through a German silver tube filled with CentrationC(t) at any moment can be determined from
pressed copper sinter providing for a high flow impedance.

Helium vapors can be pumped out through a separate stain- c=c Ao(t) @

less steel tube, which goes through the room-temperature T T0AL(0)

flange of the NMR probénot shown in Fig. 3 When the

valve is open and the pump line is connected to the recoveryhere Cq is the ortho-H concentration in the initial gas
line, the sample space can be easily cooled down to 4.2 Knixture. The receiver was saturated during the first$
Temperatures higher than 4.2 K can be obtained by the cong&fter the pulse. In addition, there were some long-term ring-
bined action of the tunable valve and a couple of heaterdng components with relatively small amplitude, probably
controlled by a computer. In order to obtain temperaturesiue to the ringing of the coil itself and the piezoelectric
below 4.2 K, the valve is fully closed when the evacuation ofsignal of the quartz crystal. They, however, degraded sub-
helium vapors is on. In this way one can get temperatures egfantially the signal-to-noise ratio at least in samples with a
low as 1.4 K in a couple of minutes. The flow impedancelow ortho-H, concentration. Fortunately, this long-term ring-
chosen allowed the maximum heat load of about 30 mW aing was relatively stable and could be eliminated by measur-
the minimum temperature. One can easily estimate that thiig a correction signal from the probe without the hydrogen
is at least ten times higher than the heat of hydrogen condesample and by subtracting it from the NMR signals. Figures
sation at the deposition rates used in the experiments. A(a) and 4b) illustrate the efficiency of the ringing elimina-
simple mechanical membrane pressure controller stabilizetion for a typical FID signal. The main disadvantage of this
the temperature between 1.5 and 4.2 K with the accuracynethod is the long-term drift of the ringing, since the correc-
better than 20 mK. It is easily seen that this system allowgion signal cannot be measured before the experiment is over
practically unlimited time for measurements below 4.2 K. (few days later than the respective FID'& more effective

The sample volume was almost fully isolated from the“ringing correction” is achieved by using in the actual FID
rest of the NMR probe volume with a Teflon cdaee Fig. measurements the “antiringing” pulse sequence 961D
3). This was important for the measurementsTat5.5 K.  —t;—180°—t,—90°—FID with a 180° shift of the receiver
Then the hydrogen vapor pressure becomes appreciable aptase during the acquisition of the second FID. The dglay
the sample may recondense to colder walls of the NMRs much longer than the spin-lattice relaxation timeso that
prob€ if the sample volume is not isolated. The Teflon coatthe sequence corresponds to two independent FID measure-
served also as a support for the NMR coil. ments. IfT,<t,<T;, whereT, is the transverse relaxation

The NMR coil was wound of manganine wire to provide time, then the two FID signals of ortho,Hnolecules are
a perfect matching of the serial resonant circuit to the(b60- actually added, while the ringing signals, which are not sen-
low-temperature coaxial cable. The distributed resistance dditive to the 180° pulse, are subtracted. The resulting FID,
the coil helped also to damp a spurious parallel resonancg@resented in Fig. (4), shows at least one order of magnitude
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t(us) FIG. 5. The temperature dependence of the catalyzed conversion
FIG. 4. FID signals of ortho-KHat T=4.2 K andC=0.09, cor-  rate constantK... The initial ortho concentrations are 0.05
responding to 6.8 10'° ortho molecules: original Fia), FID after ~ (squarel 0.09 (filled circles, 0.18 (up triangle$, and 0.65(dia-
substracting the correction signéd), and FID obtained with the monds. The insert shows the low-temperature datafv§he open
antiringing pulse sequence). circles present the data of Ref. 3.

better S/N ratio. The main advantage of this technique, ashibits an activation-type temperature dependence Tor
compared to that described above, is the possibility to obtais-5 K but shows only a weak dependence on temperature
the ringing correction during measurements, which reducegelow 4 K. The low-temperature part of tiedependence is
the effect of possible long-term drifts. shown in more detail on the linear scale in the inset to Fig. 5.
The filling factor of the NMR coil for the average sample  The relatively large scatter at low temperatures reveals a
size was about 0.04. The resulting NMR sensitivity corre-certain correlation between the rate constant and the ortho-
sponds to about #ortho-H, molecules observable with the H, concentration. Th& dependence of the rate constant is
S/N ratio equal to 3 al=4.2 K. shown in Fig. 6. The concentration error bars refer not to the
accuracy of the measurements, but to the change of concen-
tration during the measurement. The shown concentration
values represent the averaged concentration during the mea-
The kinetics of ortho-para conversion, studied at variousurement.
temperatures and concentrations, is described well by Eq. One can observe roughly three temperature intervals with
(1). Under certain circumstancés.. depends on concentra-
tion and, strictly speaking, cannot be considered as a rate 1000 F
constant. Nevertheless, E() can be taken as a good ap- e S = I S
proximation for the conversion kinetics since the change of —°—
concentration during each measurement is relatively small o T
(usually less than 20% at low temperatyreSxperimental 100 f o — et o
data deviate somewhat from E(L) during first few hours
after the sample preparation at the lowest temperatures (
<2 K) and small ortho-K concentrations. Since the devia-
tion was accompanied by a time-dependent increase of the
NMR second moment, we attributed it to the clustering pro-
cess and measured the catalyzed conversion rate after the ! u $4a *
clustering was finished. Our experimental results are plots of * :_'g
the ortho concentratio@® as a function of time and they are
similar to those shown in Refs. 3 and 4.
Figure 5 shows the temperature dependence of the cata-
X ! 0.01 0.1 1
lyzed conversion rate constant as a function df. Whe ex-
perimental points were measured on more than 40 samples ¢
with various initial concentrations. The open circles repre- i, 6. The concentration dependence of the catalyzed conver-
sent the data measured previodslysing the high-  sjon rate at various temperatures: 6.77(¢pen circles 5.87 K
temperature NMR probe. The closed symbols represent thgpen squargs 5.19 K (open up triangles 4.64 K (open down
present data. Both series of data are in a good agreemetiiangles, 4.22 K (filled diamonds, 3.60 K (filled hexagony 3.05
with each other. There is a drastic change in the temperatute (filled circles, 2.40 K (filled up triangle$, 1.88 K (filled down
dependence around 4.2 K. The catalyzed conversion rate ewtangles, and 1.54 K(filled squares

IV. RESULTS
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FIG. 7. The low-temperature part of the concentration depencorrected catalyzed conversion rate constanC®®.
dence ofK... The symbols are the same as in Fig. 6. The dashed
line is a guide for an eye for the 4.24 K points. Solid lines represent V. DISCUSSION
the best fit of Eq(5) to the data for 1.88, 2.40, and 3.05 K, respec-

tively. The dotted line is the extrapolation of the fit to 4.24 K. A. Ortho-H, diffusion coefficient

The results of the Monte-Carlo simulation, presented in

a different concentration dependencekqf,. At high tem-  Fig. 1, can be used to extract the diffusion coefficient of
peratures T>5 K) the rate constant does not depend on theortho-H, molecules in solid hydrogen from the experimental
concentration. In the temperature range between 4 and 5 Kesults on the catalyzed conversion rate constant presented
some concentration dependence is observed only at highbove. The Arrhenius plot of the obtainBddata is shown in
concentrations ©>0.1). And, finally, below 4 KK, de- Fig. 9. A major difference between Figs. 9 and 5 can be
pends on concentration in the whole concentration rangebserved only at high temperatures, where the catalyzed con-
studied(0.01-0.75. version rate becomes almost independent of temperature.

Figure 7 replots the lowest temperature data of Fig. 6 on dhis causes larger error bars in the high-temperature values
larger scale. They were obtained with the new probe an@f D than those oK. in Fig. 5. AlthoughD(T) follows the
show thus less experimental scatter. The concentration dé\rhenius dependence down to 4.2 K, the activation param-
pendence can be approximated by a power function. Theters of the diffusion coefficient were determined using the
weak temperature dependence at low temperatures, whiatata points forT>5 K only, since they seem to have no
can be observed in the inset of Fig. 5, also lead us to choose

a power function for the description of the temperature de- 104 F
pendence:
10—15 -
Keo(T,C)=AT"C™. (5)
If one omits the points at =4.2 K, which clearly have the - =r
concentration-independent region 0k 0.1 (dashed line in T, 1017 b
Fig. 7), then the best fit parameters are 5
-18 |
A=(8.7+0.1)X10°5, g,lO |II|II|IIIII|I|I||I||I||I||[|||||I|||||I||||I
1079 s = n
n=(0.84+0.13), - [T T .
10720 | . s s .
m=(—0.80x0.03. .
10—21 - . . . ) . ) .
The solid lines in Fig. 7 represent the best fits of &jto 00 01 02 03 04 05 06 07
the data for the temperatures 3.05, 2.40, and 1.90 K. The T (K‘l)

extrapolation of the fit tolf =4.24 K (dotted line in Fig. ¥
lies almost parallel to but lower than the experimental points FIG. 9. The temperature dependence of the orthadifusion

for C>0.1. . coefficient in solid hydrogeifthe symbols are the same as in Fig.

In order to clarify the temperature dependence of the catas) The solid line represents E¢). The gray bars were obtained
lyzed conversion rate constant, the temperature dependenggm the clustering rate of ortho molecules fobetween 0.002 and
of the producK .C%®is shown in Fig. 8. It can be compared .01 (Refs. 8—10 by multiplication witha/6. The black bars show
with the insert of Fig. 5, which presents tliedlependence of our estimate oD based on the datéRefs. 8—10. The thick gray
Kcc itself on the same scale. Almost linear temperature define describes the diffusion coefficient of H atoms in soligl (Ref.
pendence can be observed in Fig. 8. 14).
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12 F (if any) concentration dependence in the range of concentra-
< tions between 0.002 and 0.01. In the vapor pressure
I experimenty’ at T>0.8 K the concentration and temperature
dependence were found to follow the equation
- =0.3C" % T~%7h, As mentioned before, it is difficult to
T, 8T obtain the diffusion coefficient directly from the clustering
g time 7.. Thus the stripes of bars in Fig. 9 are just our at-
S 6 tempts to represent the clustering rate in the diffusion do-
8 . main. The gray bars show the clustering rate. hultiplied
o
N
Q

—_
<
T
®

4t by a?/6. The black bars represent the estimate of the diffu-
sion coefficient D, obtained from the relationr,®
~2(4mwaD.)C(+2/a%), which takes into account the num-
ber of diffusion jumps, required for the two orthor-hhol-
0 . . ' . . ' ecules to become nearest neighbors to each other. This is a
0 20 40 60 80 100 120 rather rough evaluation, since the' clugterlng process does_ not
seem to obey the second order kinetics law. If the clustering
TC %7 time is determined by the last jump of two orthg-irhol-
ecules towards each other, then the estimate is incorrect. Yet
FIG. 10. The dependence Dfon temperature and concentration jt can be observed that the temperature dependence of the
at 4.24 K (open diamondsand T<4 K (solid circles. clustering process and of the diffusion, obtained from the
. ~__ catalyzed conversion measurements, are rather close to each
dependence on the concentration. The solid line in Fig. Qther below 4 K. The weak concentration dependence, of
represents Eq.(6), which is the best fit to the high- (eported in Refs. 8-10 does not contradict our data either,
temperature points because for a concentration-independentne might expect
the diffusion coefficient to be inversely proportional to the
cntsl (6) concentrationD o< 1/C. However, one should keep in mind
the above-mentioned reservations on the estimat@of

. The thick gray line in Fig. 9 represent the diffusion data
Equation(6) seems to be more accurate than the results 01r0r H atoms gi]n Zolid H obgt]ainedpfrom the recombination

e e e e o o vy MeaSUTement D, 10" exp(-103T) 410 T T
P Y. e y Y curve is practically parallel to the ortho,Hliffusion data

with 74, both the diffusion coeff|_C|er_1D(T,C) and the CC both in the high-temperature and low-temperature ranges.
rate constanK¢(T,C) have qualitatively the same depen- The only difference is thdDy is independent of the concen-

dence on temperature and ortho concentration. However, m{Fation of atoms and ortho-Hmolecules

nor quantitative differences are observed. The dependencies The linear temperature dependence of the orthaiffu-

of the diffusion coefficient are slightly stronger than those Ofsion coefficient observed in the present study correlates also

:ahfﬁcriael;et %?]nféﬁt‘e-:{;ir';niesarogggrevned der;(t:esl(i)f rt:le ?(;f\f::r'otgr;?vilith the linear temperature dependence of the nuclear spin-
P . gntly lattice relaxation of HD molecules in the temperature range
peratures than in the case §f.. This occurs due to a non-

lirear variation ofR... with Fitting functions analoqous L= K181 The spin-lattice relaxation in that case is deter-

tlo E (\2_)) ! elre segf{owa: rTg .'mlatle?hgdatla for the d'%f l;.Onmined mainly by the cross relaxation between HD and ortho-
g.(5) were u Pproxi Iusi H, molecules and, hence, should be affected by the mobility

coefficient in the low temperature rangé<4 K). The best of ortho-H,

fit is '

O®

(92+4)
T

D(T)=(2+ 1)><1011ex;{ -

D(T,C)=(1.02£0.16 C. Discussion of the temperature and concentration

X 107211—1.00& 0.15C70.97t 0.04 sz Sfl_ (7) ) dependence )
The concentration dependence of the observed CC rate is

Figure 10 shows the diffusion coefficient vs the productdiff?re”t from the_exp_ected behayior in. the case of the tun-
TC 9% for T=4.3 K. The solid line represents E) and _nellng vacancy diffusion mechanism hindered by_ the EQQ
the closed circles the experimental points Tor4 K. One  intéraction between orthosHmolecules. Some hindrance
can see that all the points faf=4.2 K are clearly higher should occur since 'the EQQ interaction of thg tunnelmg
than the others. This probably means that the contribution of"t0-H: molecule with other ortho molecules shifts its en-

the high-temperature diffusion processes is not yet fully fro-£r9Y levels in the neighboring lattice positions by the value
zen out at 4.2 K. 6>A,, whereAj is the tunneling amplitude, which couples

the nearest ortho-Hpositions in the lattice. The shi#i de-
pends on the concentration. At high concentrations it is de-
termined by the varying number of the nearest orthastdl-
Figure 9 contains also the data describing the ortho-Hecules resulting ind/C.?> At small concentrations G
clustering experiments!®'’ The clustering timer, was  >1) one may expect thatxC>?, Since only a small portion
reported° to have a shallow maximum around 0.3 K: xA,/8 of all possible tunneling transitions can satisfy the
7. 1=0.14T%7+2.2x 107372 h™! and to have rather weak energy conservation law, the concentration dependence of

B. Comparison with other diffusion data
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the diffusion coefficient and the CC rate constant should varynteraction. This may give also an alternative explanation for
asC™ " with n between 0.5 and 5/3. Actually, the experimen-the fact thatD in our experiments ne&/ K is smaller than
tal CC rate constant does not depend on concentration at afie value extrapolated from the high-temperature classical
above 5 K. A concentration dependen@édth n~1) is ob-  diffusion data for ortho-KH (Refs. 4 and b(see discussion in
served only wher€>0.1 andT is close to or below 4.2 K. Ref. 3. The power-type dependence of the catalyzed conver-
Since the temperature dependence also changes near 4i@n rate orT at low temperatures is a direct evidence for the
K, one might suppose that the concentration dependenaguantum diffusion of ortho-KHmolecules in solid hydrogen
starts to appear due to another diffusion mechanism beconat T<4 K andC between 0.02 and 0.75. The concentration
ing dominant. However, this is not necessarily true, becausdependence indicates that it is the ortho—ortho interaction
a weak concentration dependence can be observed alreadytlaat affects the tunneling rate. Hence the diffusion of ortho-

4.6 K. H, molecules can be considered as uniform in the sarfgtle
A more probable explanation consists of a competition ofleast in the macroscopic scale
two different interactions, resulting in the shifé&g and 6, According to the theory of quantum diffusion in irregular

with only one of them depending on the concentration. Fosystems??the linear temperature dependence of the diffu-

example, the first interaction is the EQQ interaction betweersion coefficient indicates that one-phonon interactions are

ortho molecules with a concentration dependent shift involved in the tunneling process to compensate the energy

= §(C) and the second interaction, with a concentration in-mismatché. The general expression for the coherent quan-

dependentd,, is probably the EQQ interaction between tum diffusion coefficient can be written as

ortho-H, and Q molecules(the quadrupole moment of the

O, molecule is about 60% of that of the orthg-kholecule. Aga2 Q

The G, and ortho-H molecules can also interact via strain De A m

fields due to lattice deformation around both @nd ortho-

H,. This interaction is proportional t& 3, whereR is the  whereQ(T,4) is the phase relaxation rate in the tunneling

ortho-H,—0O, distance. It has a longer range than that of thetransition determined by interactions with phonons. If the

EQQ interaction, which is proportional ® °. However, at  one-phonon interaction dominates, th@nc 5°T/ 6%, where

short distances it is unlikely to exceed the EQQ interactiorg, is the Debye temperature. In the case of large skhifts

since the deformation around orthg-Hnolecule is very =), the diffusion rate becomes proportional to temperature:

small. One should note that despite the small concentration

of oxygen, the ortho-5+0O, interaction plays an important Aga2 T

role because the catalyzed conversion process inevitably re- 7 0—2

quires ortho-H to approach @ D
The only problem is why the relation betweén and &,

ortho-H, for T<4 K, but has no explicit dependence on the

distances the ortho-Hconverts rapidly to para-Hwhile at shift § to explain the observed concentration dependence.

larger distances the EQQ energy falls down substantially Previously the 1T dependence for the diffusion coeffi-
Since 8,%C" and 8,%R"©, a transition temperaturgy(C) tient was observed in the case of very dilute impurities with

. . . 4 .
should exist corresponding 1@,(C) = 8y(Re 74(To)]). rather weak interactions between thefti¢ in *He). This

Thus aboveT,(0.75) the ortho-H-O, EQQ interaction kind of dependence appears due to the scattering of the “im-

: th . tribution t6 and diffusion is ind dent puriton” quasiparticles from each other. However, this is not
gives the main contribution 16 and diftusion IS Ind€pendent o 4qe jn our system, since it has rather strong interactions
of the ortho concentration. The experiments indicate tha

To(0.1)=4.2 K. Thus forC>0.1 at 4.2 K the interaction etween diffusing particles especially @t-1, which de-

. o stroys any possibility of a quasiparticle behavior. kb1
between ortho molecules prevails resulting in a clear concery dependence of the CC rate on the ortho concentration
tration dependence ¢f... Since the dependence &5 onR

. . ! . riginate from the effect of orth lustering on dif-
is rather strong, then, despite the relatively weak variation o ay onginate 1ro e effect of orthozttiustering on d

. - sion. Let us suppose that the tihg, which an ortho-
R With 74, the transition temperature range, where béth ust us supp Imge, whi H

) . spends in a cluster, is much longer than the diffusion time to
2?(1 9 really compete, is rather narrolin our case 4.2-4.6 another trapping sitéortho-H,). Then the diffusion time to

Still the most reasonable explanation for the high-the nearest 9molecule should be proportional @t and

temperature activation-type dependencebobn T is based the effective d|ﬁu§|on coeff|C|en.t should b@ROz/ (Cty)

on the tunneling vacancy mod&iwhere the diffusion of *1/C, whereRo, is the mean distance between, @ol-
ortho-H, molecules occurs by tunneling to the nearby vacanecules. However, this model can not be applied to samples
lattice positions. Such a process is consistent with thevith high ortho-H concentrations.

“particle”-independent activation energy equal to the en- One possible reason for the failure to explain the experi-
ergy of the vacancy formation. However, the pre-exponentiamentally observed concentration dependence is that the
factor, containing the effect of tunneling, seems to be limitedoriginal theory'?2 considers essentially a two-level system.
by the EQQ interaction between,@nd ortho-H molecules. The real tunneling system in solid hydrogen is much more
Thus diffusion can be faster far from oxygen molecules,complex and includes many quadrupole levels of interacting
where the pre-exponential factor is limited by the ortho-orthoortho-H, neighbors affected by the crystal field, the splitting

EQQ interaction is most important Bt= Ry, Since at closer
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between them being sometimes closeMg This may re- 4. K., does not depend on the concentration when5 K.
quire the theory to be generalized to multiple-level systems. In the intermediate temperature range 4—%KK;. begins
In any case the linear dependence of the diffusion coefficient to decrease witkC increasing at high concentrations. And,
on temperature indicates that one-phonon processes are in-finally, at T<4 K the rate constant is roughly inversely
volved in the tunneling process. proportional to the concentration. This concentration de-
pendence was explained by the competition of the ortho-
ortho and ortho-BH—0, EQQ interactions, affecting the
tunneling of ortho-H molecules in solid hydrogen.
5. The temperature dependence Df abowe 5 K is
described by the Arrhenius relation D(T)
=2x10 Mexp(—92/T) cn?s L. The diffusion of ortho
molecules in this region occurs, probably, via tunneling
to a neighboring vacancy position in the lattice. The tun-
neling rate can be substantially hindered by the ortho-
H,—0O, EQQ interaction.
6. The diffusion coefficient at low temperatures<(4 K)
can be approximately written as D(T,C)
=1x10"2T/C cn?s L. The linear temperature depen-
dence can be explained by a quantum diffusion model
involving one-phonon interactions to compensate the
mismatch of the energy levels of the tunneling molecule.

VI. CONCLUSIONS

We may summarize as follows the main results and con-
clusions reached by our study of the ortho-para conversion in
solid hydrogen catalyzed by a small amounti0 %) of O,
impurities:

1. The catalyzed conversion rate is determined by the diffu-
sion of ortho-H molecules at temperatures between 1.5
and 8 K. Aboee 8 K the diffusion is faster than the con-
version rate of the nearest neighbors of @olecules,
which restricts the total conversion rate.

2. The relation between the catalyzed conversion rate con-
stantK .. and the diffusion coefficierld was obtained by
a Monte Carlo simulation using the experimentally deter-
mined conversion time of the ortho,Hheighbors nearest
to the G molecule.

3. The dependence of bo#,. and D on temperature and
the ortho-H concentration was determined in the region  The authors greatly appreciate discussions with Professor
1.5-10.6 K and 0.02-0.75, respectively. The ortho-H Yu. Kagan and his detailed comments on this manuscript.
diffusion data are presented for the temperature range This work was supported by the Academy of Finland,
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