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Abstract

The recombination rates of D atoms in solid D, films were measured in the tempera-
ture range 0.23-1.64 K. Atoms were formed in thin D, films by maintaining radio-
frequency discharge above the film surface for several days. After stopping discharge
the decay of D atoms concentrations was monitored at different temperatures by the
method of electron spin resonance (ESR). Decreasing the films temperature from
1.64 to 0.23 K resulted in reducing the recombination rate from 7.2 X 10726 cm3s~!
t01.0 x 10727 cm3s~ !,

Keywords Deuterium atoms - Solid Molecular deuterium - Electron spin resonance -
Tunneling chemical reactions

1 Introduction

Solid molecular hydrogen isotopes (H,, HD, D,) are quantum solids characterized
by small masses and weak intermolecular potentials. Light atomic impurities such as
H and D atoms embedded in these solids are able to migrate from one lattice site to
another by a repetition of the tunneling reactions [1-3],

H+H, > H, +H (1)
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D+D,—-D,+D )

When two atoms encounter each other at neighboring lattice sites they recombine.
Exchange tunneling reactions also take place in the solid mixtures of molecular
hydrogen isotopes [4-9]:

D+H, - H+HD 3)

D+HD - H+D, 4)

A substantial production of H atoms occurs due to reactions (3) and (4). Exchange
reactions of hydrogen isotopes are the simplest and most fundamental among the
chemical reactions. These reactions have been the subject of numerous theoretical
and experimental studies [10—14]. These reactions are of special interest in the inter-
stellar chemistry of the early universe and play an important role in the dynamics of
deuterium in the primordial gas [15—17]. Measurements of the reactions (1, 2, 3 and
4) in solids at low temperatures make it possible to study them at very low energies,
whereas gas-phase experiments utilizing molecular beams are restricted to much
higher energies [18, 19]. Since two-body recombination of H or D atoms is inhibited
by conservation laws, recombination in the interstellar environment must occur on
surfaces or within solids. It has been suggested that grains of solid H, could per-
sist in the interstellar medium [20]. Therefore, studies of tunneling and recombina-
tion processes in cryocrystals are also relevant to astrochemistry, as they shed light
on mechanisms that may also occur in space [21, 22]. It is therefore interesting to
study the isotope effects on the exchange chemical reactions. For this, studies of
the recombination rates of H atoms in H, solids and D atoms in D, solids should be
compared.

Investigations of the recombination rates of H atoms in solid H, were per-
formed in the temperature range from 0.1 to 6 K [23-27]. It was found that at
temperatures above 4.3 K the recombination rate of H atoms in solid H, fol-
lows the Arrhenius law, k, ~ exp(—E,/kzT), where E, ~ 103K and kj is the
Boltzmann constant [23, 24]. However, at temperatures between 1.3 and 4.2
K, the rate constant is linearly dependent on temperature k, ~ AT, where
A=2+1)x 10" cm?s~'K~! [14, 23]. Moreover, at even lower temperatures, in
the range 0.1-——0.9 K the recombination rate becomes much smaller, for example,
at T =300mK, k, = 1.5 X 1072 cm?s~! and shows practically absence of recom-
bination at the lowest temperature under study, 7 = 100 mK [25-27].

The studies of the recombination of D atoms in D, solids were performed over
the temperature range 1.9——9.5 K [3, 9, 24]. Similar to the case for the H in H,
system, at 7 > 7.5 K, the recombination of D atoms in normal D, solids obey
the Arrhenius law kp ~ exp(—E,/kzT), but the value of E, = 270 + 30 K [24], is
larger than for H in H,. In the temperature range 4.2-—7.5 K the recombination of
D atoms proceeds due to quantum diffusion initiated by two-phonon process and
follows the formula kj, = BT? [24]. There were also measurements of recombina-
tion rate of D atoms in D, at lower temperatures. Measurements at 7 = 1.9 K and
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T = 4.2 K provided almost identical values for kp = 3.2 X 10727 cm3s~! [2], and
measurement at 7 = 0.15 K gave a value kp = 3(2) X 10728 cm3s~! [9].

All mentioned above measurements of the recombination rates of H(D) atoms
in molecular solids were performed by method of electron spin resonance (ESR).
The decrease in atom concentrations in time was monitored while the temperature of
the solid samples of molecular hydrogen isotopes was stabilized at different values.
However, additional factors can also influence the observed recombination rates. In
experiments with H atoms in solid H,, the recombination rate measured upon run-
ning radio-frequency (RF) discharge above the molecular solid film was ~ 5 times
larger than that measured after stopping discharge and stabilizing the same tempera-
ture 7 = 0.7 K [28]. This experiment points out the possible role of a fluxes of elec-
trons and phonons on the recombination rates of atoms in molecular films.

In this work we studied the recombination of D atoms in solid normal D, films,
over the temperature range 0.23-—1.64 K, by using a 128 GHz cryogenic ESR spec-
trometer [29]. All measurements were carried out by the traditional method of
observing the decay of D atoms concentration in time at different temperatures. It
was found that increasing temperature from 0.23 to 1.64 K resulted in increasing the
D atom recombination rate from 1.0(8) x 10727 cm3s~!to 7.2(3.1) x 10726 cm3s~1.

2 Experimental Setup

The experimental setup is based on a commercial Oxford 200 dilution refrigerator,
which accommodates a sample cell (SC) [29, 30] (see Fig. 1) and a cryogenic 128
GHz ESR spectrometer [31]. The sample cell is attached to the refrigerator mix-
ing chamber and located in the center of a 4.6 T superconducting magnet. The
ESR Fabry—Pérot resonator consists of an upper hemispherical mirror made of sil-
ver plated copper, and the bottom flat mirror. The flat mirror consists of a 1 cm?
400-nm-thick gold layer deposited on a quartz crystalline disk. This quartz disk with
deposited gold layers on both flat surfaces serves as a quartz microbalance (QM) for
measurements of the D, film thicknesses deposited on the flat ESR mirror [29]. An
RF coil placed near the QM (HNMR in Fig. 1) was used to run a RF discharge in a
helium vapor, to create D atoms in the solid D, films.

A special chamber, the dissociator (H2S in Fig. 1) [29] where molecular hydro-
gen H, was condensed prior to the D, film deposition in the sample cell, was
anchored to the continuous heat exchanger of the dilution refrigerator. By running
discharge in the dissociator a steady flux of gas-phase H atoms was supplied into the
sample cell. The electrons of hydrogen atoms in the gas phase are strongly polarized
in high magnetic field (4.6 T) and at the low temperature of the experiment (0.6 K),
resulting in formation of spin-polarized hydrogen gas (H|) in the sample cell. The
ESR lines of the H] were used for determination of the precise positions of the ESR
signals of D(H) atoms in the solid D, films, and for calibration of the absolute num-
bers of D(H) atoms in the solid molecular deuterium films. The calibration principle
was based on finding a correspondence between the heat released due to recombina-
tion of the gas-phase H| atoms and the decrease in area of their ESR lines [27, 28].
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We also analyzed the concentration-dependent broadening of the ESR lines of D(H)
atoms in solid D, to evaluate the local concentration of D atoms embedded in the
molecular deuterium films [27].

In this work, we studied two as deposited polycrystalline solid D, films. For dep-
osition of D, films we used normal D, gas (67% J=0 ortho-D,, 33% J=1 para-D,
[32]) purchased from Cambridge Isotope Laboratories, Inc., which contained 0.4%
HD impurity. The D(H) in D, samples were prepared by first condensing a solid D,
film, from a room temperature reservoir through an electrically heated capillary, onto
the flat mirror of the mm-wave Fabry—Pérot ESR cavity, which was also a Quartz
Microbalance electrode (see Fig. 1). During the deposition of the film, the QM was
maintained at a temperature of ~ 1.5 K. By monitoring the change in resonance
frequency of the quartz microbalance, the deposition rate and overall thickness of
the D, films were measured to be = 2 monolayer/s, and 1 ym, respectively. Natural
para—ortho conversion of D, molecules in solid D, at low temperature is very slow
(0.06%hr_1); therefore, we consider that the ortho—para content of the films did not
change substantially over the duration of the experiment. After depositing the D,
films the sample cell was evacuated, then a small amount of “He gas was condensed
in the sample cell. A helical resonator located adjacent to the Fabry—Pérot cavity in
the sample cell (HNMR in Fig. 1) was then driven with high-power radio-frequency
(RF) pulses, which produced electric discharge in the volume of the sample cell.
Free electrons produced in the discharge possessed an estimated energy of ~ 100

@ Springer



Journal of Low Temperature Physics (2026) 222:40 Page50f14 40

S} w ~

ESR Absorption (arb. u.)

(=]

-300 -200 -100 0 100 200 300
Magnetic Field Sweep (Gauss)

Fig.2 Electron spin resonance (ESR) spectra of H and D atoms in the solid D, film recorded after 12
days of accumulation, at temperature 7 = 580 mK, and at magnetic field By = 4.6 T

eV penetrated the surface of the D, films to an approximate depth of 100 nm. These
electrons then produced D atoms within the film by dissociation of the constituent
D, molecules (D,+hv, — 2D). Constant average RF discharge power was applied,
while the sample temperature was stabilized using a feedback loop, over the course
of days as the D atom content in the D, films saturated. The presence of stabilized
atoms influences the para—ortho conversion of D, molecules in the vicinity of the
atoms, but the concentrations of the atoms were less than 0.25% which does not sig-
nificantly change the para—ortho content in the D, films.

The appearance of H atoms in the sample was due the presence of a known 0.4%
impurity of HD in the D, gas used to form the films. The tunneling exchange reac-
tion, D + HD — H + D,, was the primary mechanism for forming H atoms in the D,
films [6, 8, 9]. Since the reverse reaction is endothermic with an activation energy
€,/k, ~ 500 K, greatly exceeded the available thermal energy in the experiments
T ~ 600 mK, the H atoms in the samples were considered to be immobile.

3 Experimental Results
3.1 ESR Spectra of H and D Atoms in the Solid D, film

After depositing the ~1 ym D, film on the flat mirror of Fabry—Pérot resonator, a
small amount of “He was condensed in the SC, then RF discharge was started in the
sample cell. The RF discharge was then maintained for ~12 days, which produced
D and H atoms in the film, by dissociation of D, and impurity HD molecules in the
solid D, film, due to free electrons from the RF-discharge penetrating the film and
interacting with the constituent molecules. The process of accumulation of D and H
atoms in the solid D, film was monitored by ESR measurements. The majority of D
and H atoms were produced in a thin layer near the surface the film due to the finite
penetration depth, &~ 100 nm of the electrons with average energy ~ 100 eV produced
by discharge. Figure 2 shows ESR spectra of D and H atoms taken at the end of the
12 day of accumulation. Due to the very small amount of (0.4%) impurity HD in
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the solid D,, the majority of atoms produced by dissociation were D atoms. How-
ever, throughout the experiment the observed ratio of [H]/([H] + [D]) was much
greater (5 10%) than one would expect when considering only the dissociation of
HD molecules. Indeed, the larger concentration of H atoms was accounted for by
the the irreversible tunneling exchange reaction (4) which increased the observed H
atom content in the film. The strong triplet of D atoms (Dy, Dy, Dyyp) and the weak
doublet of H atoms (H,, H,) are seen in Fig. 2.

Additionally, it was observed that each of the components of the D and H spectra
were asymmetric, and best fit as the sum of two Lorentzian lines. Figure 3 shows, in
larger scale, the center field component of the D atom spectra (Dy;) and the corre-
sponding fit with two Lorentzian lines, the narrow C, line and the broad C, line. The
two distinct components arise due to the finite penetration depth of the RF electrons
into the film and diffusion of D atoms from the high concentration layer deeper into
the D, film, similar to that of H atoms in solid H, films [28]. The broad component
C, of the D(H) atom ESR spectra corresponds to the atoms in the region with high
concentration of atoms near the film surface. The narrow C; component of D(H)
atom ESR spectra corresponds to the atoms in the region with low concentrations.
The high concentrations of D atoms were formed in the volume of D, film exposed
to electrons from the discharge. The low concentration of D atoms found in the vol-
ume of D, film at the larger distances from the film surface where D atoms propa-
gate due to spatial diffusion. At the end of accumulation the linewidth of the broad
line, I'pywim(C,), was equal to 10 G and the linewidth of the narrow line, I'py (C))
was equal to 2.5 G. The C, component did not change during the time interval used
for measurements of D atom concentration decay.

The local concentrations of D atoms in the D, films were determined from the
FWHM line widths of the observed ESR lines, according equation:

Fewam = Ya.ap + 1 (5)

where gy 15 the measured ESR FWHM linewidth, np is the local concentration
of D atoms, y4 4 = 0.85 % 10719 G - cm? is the dipole—dipole broadening coefficient
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determined from simulations [27], and I'y = 2.1 G is the ESR broadening attributed
to the nuclear moments of the surrounding D, molecules [33].

Since the concentrations of H atoms in the film were considerably smaller than
the concentration of D atoms (~ 10%), the observed broadening of the H atoms
ESR lines were predominantly due to dipole—dipole interactions with neighboring
D atoms. Therefore, in calculating the local concentration of H atoms, the local con-
centrations of H atoms obtained from the ESR linewidth of H atoms were reduced
by the ratio of the integral areas of ESR signals of H and D atoms.

3.2 Measurements of Recombination Rates of D Atoms in Solid D, Film

Measurements of the temperature dependence of the recombination rate of D atoms
in the solid D, film were performed after stopping the accumulation of atoms in
the D, film by turning off RF discharge. During these measurements the tempera-
ture of the SC was stabilized at different values, and the decay of D atom concen-
trations was recorded by the ESR method. In the following measurements of the
recombination rates, we consider only the contribution from the broad, high con-
centration component C,, since the narrow component C,; exhibited no significant
time dependence in both FWHM linewidth as well as integral area. Figure 4 shows
dependence of reciprocal D atom concentration on time for different temperatures.
Observation of the linearity of the data in Fig. 4 provides evidence that the D atom
concentration decay process follows to the second order of D atoms recombination.

In the absence of RF discharge, and neglecting spatial diffusion of D atoms into
the low concentration region of the film, the recombination of D atoms should fol-
low second order recombination:

%[D} = 2k, (T)[DJ? ©)

which can be solved by integration giving the equation for the time dependence of
the concentration of D atoms in the film as:
1 1

— = — + 2k (T
D] [D]0+ At @)

where [D] is the instantaneous concentration of D atoms in the film, [D], the con-
centration of D atoms at the beginning of each measurement, and k,.(7T) the tem-
perature-dependent rate constant for the recombination reaction of D atoms. The
results of the analysis of the data are collected in the Table 1. Table 1 shows tem-
peratures, initial concentrations of D atoms, time intervals and recombination rates
obtained in these measurements. The results are also shown in Fig. 5 as red trian-
gles. It was found that increasing temperature from 0.23 K to 1.64 K resulted in
growing recombination rate of D atoms in solid D, film from 2.3(8) X 1077 cm?s~!
to 7.3(3.1) x 10726 cm3s~1.

The measurements at 1.22 K and 1.30 K were performed on two separately prepared
samples, with different film thicknesses and preparation conditions. The measurement
at 1.22 K was performed in a 1 ym film of D, deposited at the rate 2 monolayer/s,
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Fig. 4 Dependence of reciprocal
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whereas the measurement at 1.30 K was performed in a thicker, ~ 6 ym, film depos-
ited at a faster rate &~ 12 monolayer/s. Additionally, the D atoms were accumulated
in the films at different temperatures, 580 mK for the 1 ym film, and 650 mK for the
6 um. Despite different conditions for sample preparation, we observed similar crystal-
line line widths (~ 2.1 G) and saturation concentration of D atoms (~ 9 x 10'? cm™3)
between the two samples. Each D, film was stored at temperature T < 1K for a simi-
lar period of time before performing the recombination measurements reported in this
work; therefore, we expect similar para—ortho D, content in both films. Furthermore,
when we performed the recombination measurements at similar temperature and initial
concentrations, the results between the differently prepared samples were in excellent
agreement with each other, suggesting good reproducibility of these results.

The appearance of H atom signal in these experiments occurs due to the exchange
tunneling reactions (4). The exchange reactions provided an additional channel for
decreasing concentration of D atoms in the D, film, and affected the calculated accord-
ing Eq.(7) recombination rates of D atoms. Therefore, as a next step, we consider the

Table 1 Temperatures of measurements, recombination rates of D atoms in D, matrix, initial concentra-
tions of D atoms and time intervals of measurements

T,K k,, cm3s~! [DI;igiar» atoms cm™3 At casured> OUTS k,-corr, cm3s™!
0.23(1) 2.3(8) x10~%7 6.43x10" 17.0 1.0(8) x10~%7
0.32(1) 2.3(9) x107%7 7.69x10"° 11.0 1.2(9) x107%7
1.22(2) 7(2) x10727 7.42x10" 7.5 5.6(2) x10~%7
1.30(1) 7.5(1.2) x107%7 7.56x10"° 17.0 6.5(1.2) x107%
1.64(5) 7(3) x107%6 4.88x10" 25 7.2(3.1) x107%6
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Fig.5 Temperature dependence of the recombination rate constant for deuterium atoms in D, films. The
results obtained by using Eq.(7) are shown by red triangles. The results including the correction for the
exchange tunneling reaction (4) obtained following Eq.(9) are shown by blue circles. The sets of data
before/after correction were fit by the equation k,.(7T) = BT" and plotted here: before correction—solid
red curve; best fit after correction—dashed blue curve

influence of the exchange tunneling reaction on the analysis of the data. We model the
time dependence of the D atom concentration in the D, film by the following equation
which includes exchange tunneling reaction:

d%[D] = —k, [HD][D] - 2k,(T) [D]* ®)

where [HD] is the concentration of HD molecules in the film and k,, is the rate con-
stant for the tunneling exchange reaction (4). Equation 8, may be solved exactly, giv-
ing the time dependence of the concentration of D atoms in the D, film as:

(D],

2k, [D], K [HD) _ 2k[Dly 9)
<km[HDl * 1>e PRTIY

[DI®) =

In these experiments the total concentration of HD molecules in the film, was esti-
mated to be [HD] ~ [Dz] X 0.4% ~ 1.23 x 10 cm™ [34] nearly a factor of two
larger than the maximum observed concentration of D atoms. Since the observed
concentration of H atoms was [H] < [D]/10, we have treated the concentra-
tion of HD molecules as effectively constant for these analysis. Additionally, the
rate constant for the exchange tunneling reaction was measured previously to be
k,. = 9(4) x 10~%cm3s~! and was independent of temperature over the temperature
range studied here [9]. The results for the corrected values of the D atoms recombi-
nation rates obtained from Eq. 9 are shown in the last column of Table 1, and as blue
circles in Fig. 5.
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4 Discussion

In the previous work the recombination of D atoms in solid D, were performed at
temperatures higher than 1.9 K [2, 24, 35] and at only one lower temperature, equal
to T = 0.15 K [9]. At temperature 0.15 K studies were performed in solid D, sam-
ples containing 0.23% HD molecules. The reported value of the rate constant of D
atom recombination was corrected on the presence of the exchange tunneling reac-
tion (4) taking place in this sample [9]. In this work we have studied the recombina-
tion rate of D atoms in solid molecular D, in the temperatures range from 0.23 K
to 1.64 K. These results allow us to compare our measurements at the higher tem-
peratures with the earlier measurements of other research groups. Additionally, the
obtained results allow comparisons of the behavior of D in D, solids with that of H
atoms in H, solids in the studied temperature range.

Figure 5 shows recombination rates obtained from Eq. 7 without considering cor-
rections on proceeding exchange reaction (4) in the D, film. The fit obtained by the
power law k,.(T) = BT" is optimal for values log(B) = —26.0 and n = 1.27. When
we used the same power law to fit the data obtained from Eq. 9, which includes
the influence of exchange reaction (4), the optimal values log(B) = —26.1, n = 1.64
were obtained. These fits are represented by the solid and dashed lines in Fig. 5. As
shown in Fig. 5, the corrections are increasing with decreasing temperature. At tem-
peratures above 1 K, the exchange reaction does not strongly influence the measure-
ments of D atom recombination.

Figure 6a shows a comparison of the dependence of recombination rates on recip-
rocal temperature for H atoms in solid H, and D atoms in solid D, in the temperature
range 0.14-10 K. Figure 6b shows the data only over the temperature range 1-10 K, to
emphasize the high temperature range of the data. Both systems exhibit transition from
a high-temperature regime for which recombination rate is governed by classical dif-
fusion according equation k, ~ exp(—E,/kszT) to a low-temperature regime which is
determined by quantum diffusion at temperatures below, 4 K for H in solid H, and 7.5
K for D atoms in solid D, [24] (see Fig. 6b). The transition temperatures between dif-
ferent regimes for H in H, and D in D, are indicated by arrows in Fig. 6b. Therefore, we
carried our investigations in the temperature range corresponding to quantum regime
of D atom recombination. Takayanagi and Sato calculated reaction rates for isotopes
of H atoms in molecular hydrogens utilizing theory based on gas-phase reactions [12].
Since the effect of the solid matrix was not included, good agreement with experiments
was not expected, and their primary goal was to determine the temperature and isotope
dependence of the reactions [13]. They calculated the tunneling exchange reaction rates
assuming that recombination is limited by the approach (tunneling) of atoms. The ratio
k.(H)/k,(D) should reflect the isotope difference. According to their calculations the
D recombination rate in D, should in fact be 103 times lower than that for H in H,.
However, in the experiments of Iskovskikh et al. [24] and in the present work, the ratio
k.(H)/k,(D) was in the range 100-1000, at least two orders of magnitude lower than
was predicted. Hancock et al. applied similar theory, but only considered H and D in H,
and HD [11]. Therefore, we suggest that the theory describing recombination rates for
isotopes of H atoms in solid molecular hydrogens should be revised, with emphasis on
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Fig.6 Comparison of recombination rate constants measured in this work with previous results a in
temperature range 0.14—10 K, b in temperature range 1-10 K for better demonstration of the transition
from classical diffusion (at high temperatures) to quantum diffusion (at low temperatures). Temperature
dependence of recombination rate constant of D atoms in solid D, obtained in this work (blue circles),
from [9] (blue triangle), and from [24] (blue curve). The recombination rate of H atoms in solid H, from
[24] (red curve), and from [25, 35] (red squares). Dashed curves represent the errors for data obtained
in [24]. The transition temperatures for H atoms in solid H, and D atoms in D, are indicated by arrows.
Green curve represents the best fit of the data (blue circles) according to the equation k,.(T') = BT"

accounting for solid matrix and the isotope effects observed experimentally. Our results
show that recombination of D atoms in solid D, occur much faster than that predicted
theoretically. The theory should include a process of para—ortho conversion of D, mol-
ecules in the vicinity of D atoms. The para—ortho conversion generates phonons in the
solid D, film, which can accelerate the D atom recombination.

All results presented in this work were obtained after stopping RF discharge in
the sample cell. However, in the previous work on studying recombination and spa-
tial diffusion of H atoms in H, films the influence of fluxes of electrons and phonons
as well as the concentration of ortho-H, on the recombination rates and spatial dif-
fusion of H atoms was established [28, 36]. In future work we plan investigations
of the influences of the fluxes of electrons and phonons and the concentration of
para-D, on the recombination rates and spatial diffusion of D atoms in D, films at
temperatures below 1 K.
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5 Conclusion

1. The recombination rates of D atoms in solid D, films were measured in the tem-
perature range from 0.23 to 1.64 K.

2. It was found that the presence of 0.4% impurity HD molecules in the D, films
influenced the measurements of the recombination rates of D atoms at tempera-
tures below 1 K. The exchange tunneling reactions of D atoms with HD molecules
should be accounted for in the analysis of the experimental data, especially for
the lowest temperatures.

3. Temperature dependence of the recombination rate of D atoms in solid D, follows
the power law k,.(T) ~ BT", where log(B) = —26.1, n = 1.64.

4. Decreasing temperature from 1.64 to 0.23 K led to reducing D atom recombina-
tion rate from 7.2 X 10726 t0 1.0 x 10727 cm?®s~!
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