
PHYSICAL REVIEW B VOLUME 46, NUMBER 21 1 DECEMBER 1992-I

Continuum emission from irradiated solid deuterium
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A new emission feature from the spectrum of irradiated solid deuterium has been observed in the very
near-infrared spectral region. Experiments from three laboratories, using different excitation conditions,
have confirmed the observation. Comparison of the timing and temperature dependence of the spectral
feature to the information previously available from electron spin resonance studies of solid deuterium,

points to atomic association as the underlying cause. We shall show the connection of this emission to
the occurrence of thermal spikes and optical flashes, previously observed in solid deuterium.

INTRODUCTION

Spectroscopy of solid hydrogens irradiated with high-
energy radiation has revealed the presence of many spec-
tral features not found in the unirradiated solid.
Radiation-induced lines in the fundamental absorption
spectrum of solid deuterium led to the discovery of im-

mobile charge species in the solid. ' Further experimen-
tal investigations in the infrared and ultraviolet spectral
regions, as well as theoretical studies, ' have
strengthened this interpretation. Studies of these features
after the irradiation is terminated show that the charge
species last for many minutes or even hours. A model de-
rived previously explaining the formation of these
charges is able to give satisfactory agreement with the ob-
served results. Whereas that model did not explicitly
consider atom concentration as a variable of interest,
nothing precludes the model from doing so. The model
would allow for a substantial atom concentration but, at
the time, no experimental signature of atoms was avai1-

able.
Unpaired hydrogen atoms in a solid hydrogen sample

were observed by Jen et al." in the ESR spectrum of
condensed microwave discharge products. Since then
atoms have also been observed in solids irradiated by elec-
trons' and gamma radiation. ' The first evidence that
solid hydrogen matrices could store large numbers of
atoms came when Webeler observed rapid energy releases
in tritiated solid hydrogen at temperatures between 0.2
and 0.8 K. ' Webeler interpreted these energy releases,
as much as 0.3 J for a 1-cm sample, as originating from
the recombination of atoms in the solid. Theoretical
work based on Webeler's results' ' predicts atom con-
centrations between 10' and 10' cm . More recently,
Collins et al. ' have observed triggered thermal energy
releases in solid D/T mixtures at temperatures between
1.2 and 5 K. These thermal spikes were found to be
correlated to decreases in the atom concentration corre-
sponding to the recombination of about 300 pprn (ap-

proximately 3 X 10' cm ) of stored atoms. These sam-
ples have also shown triggered optical pulses in which
bright flashes of light are emitted from the sample follow-
ing a triggering thermal pulse. ' The optical Rashes con-
sist of a broad emission feature centered at —1.48 eV
with FWHM of 0.25 eV. No other flash emission is ob-
served over the spectral range of 250-1700 nm. These
optical flashes are believed to be related to the thermal
pulses, and as such related to the D atom concentration.
This work reports the spectrum of these optical flashes
and a detailed study of a steady-state emission associated
with these flashes.

EXPERIMENT

Experimental studies on the red emission were per-
formed independently at three different laboratories, each
employing a different method of irradiation. Experi-
ments at the Lawrence Livermore National Laboratory
use tritium doping, those at Risd use electron-beam irra-
diation, and those performed by the University of Guelph
researchers use proton-beam irradiation. Details regard-
ing these experiments have been published previous-
ly. ' ' ' Brief descriptions, incorporating changes for
these experiments, are included here.

The experimental setup at Risg is shown in Fig. 1. The
electron beam is deflected through a 15' angle so that
light emitted from the filament is not detected by the
monochromator. Electron-beam energies of 1 —3 keV at
currents of 50—300 nA struck a thick film (-1 pm) of
solid deuterium deposited on a gold substrate suspended
below a pumped liquid-helium cryostat. Optical detec-
tion was by a 0.3-m Mcpherson model 218 monochrorna-
tor with a 1200 1/mm holographic grating and a
Hamamatsu R943-02 photomultiplier and standard pho-
ton counting.

For the Guelph experiment, protons from the McMas-
ter Tandem Accelerator passed through a thin Ni foil
and entered a 1-cm sample of solid Dz with an energy of
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FIG. 1. Experimental apparatus at Risque for measuring emis-
sion from solid deuterium.

about 15 MeV at a current of 6-10 nA. Radiation emit-
ted from the sample at right angles to the proton beam
was focused onto the entrance slit of a similar McPherson
monochromator equipped with a 600-1/mm grating
blazed at 1.0 pm. The dispersed light at the exit slit was
focused onto the photocathode of an RCA C31034 h-

~ ~

omult~pher. The signal from the photomultiplier is pro-
cessed in one of two ways: For photon counting the out-
put is first preamplified then input to a Stanford Instru-
ments SR-400 photon counter. For some timing studies
the output from the PMT is shunted through a 15-KQ
resistor, and the resulting voltage signal is input to a
Stanford Instruments SR-510 lock-in amplifier.

In order to study the behavior of the red emission upon
initiation and termination of the irradiation, two types of
timing measurements are made at Guelph. To examine
1ong-time behavior the monochromator is set to the
wavelength of maximum emission, the beam is turned on
or off), and the signal from the photon counter is moni-

tored as a function of time. By this type of timing mea-
surement, times from about 0.1 sec to many thousands of
seconds can be recorded. For short-time behavior the
monochromator is again set to the wavelength of the
maximum emission and the proton beam is pulsed by an
electrostatic chopper at frequencies ranging from kHz to
0.1 Hz. The resulting ac signal is amplified, but not
filtered, by the lock-in amplifier, and input to a transient
digitizer with averaging capabilities. This system is cap-
able of measuring time scales from 10 to 10 sec.

At LLNL, in order to study the red emission before,
during, and after an optical flash, tritiated samples were
monitored by both charge-coupled device (CCD) and
Germanium arrays and spectra recorded at constant time
intervals. These experiments also involved simultaneous
recording of the temperature and optical signal in order
to determine a relationship between these optical flashes
and the previously mentioned thermal spikes.
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FIG. 2. Stet' ady-state red emission. The top spectrum b-0
ained from Ris&, has been calibrated for system response. The

proton-irradiated sample is in the middle, and the tritiated sam-
ple is on the bottom. The latter has been corrected for detector
and monochromator response. The line emission features origi-
nate from known He2 transitions.

t=2.5—5.0 sec (flash emission)

below the threshold of detectibility for the known lines.
Furthermore, the intensity of this spectrum did not in-
crease when samples were doped with nitrogen or o
~ ~ ~ 21

or oxygen
impurities at Risc(. Uncalibrated spectra from all three
laboratories are similar in both shape and intensity.

array spectra of the red emission using trit'
ope samples at LLNL, taken at three time intervals

during a triggered flash are shown in Fig. 3 and demon-
strate that the optical flashes mentioned earlier have
essentially the same spectrum as the steady-state red
emission. It can also be seen from this series of spectra
that after a flash occurs the steady-state emission tem-
porarily disappears. Within the time resolution of these
experiments the optical flashes are observed to occur
simultaneously with thermal spikes. However, at 2.4 K,
spontaneous heat spikes occur sometimes, without
change in the steady-state component of the red emission.

RESULTS

The spectrum of the steady-state red emission in irradi-
ated solid deuterium, as obtained in all three laboratories,
is shown in Fig. 2. This broad continuum spectrum has
not been observed in gaseous deuterium nor does it corre-
spond to any previously observed spectrum in deuterium.
Air impurities can cause observable spectral features in
irradiated solid ddeuterium but the air concentration was20

t=5.0—7.5 see
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FICz. 3. Redd emission during an optical flash using a tritiated
sample, integrated over 2.5 sec per frame.
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Previous studies on the optical pulses indicate that the
steady-state emission has an intensity between 1 and 3 or-
ders of magnitude smaller than that of the flashes, de-
pending on the initial temperature. The integrated pulse
energy remains constant with temperature over the mea-
sured range 2.4—4.2 K. The amount of energy in the
800-nm optical pulse is -0.2% of the available recom-
bination energy. ' No steady-state emission in the spec-
tral range studied has been observed in solid hydrogen
(protium) samples to date at temperatures as low as 4.2
K, and studies of optical flashes have not been carried out
in hydrogen (protium) samples. The mechanism for this
broad emission spectrum in deuterium remains uncertain
but the ultimate cause appears to be association of two D
atoms in the solid.

Uncalibrated emission spectra, using proton-beam irra-
diation, as a function of sample cell temperature, are
shown in Fig. 4. The actual sample temperatures may be
slightly higher than these values due to the thermal con-
ductivity of the sample and heating by radiation, but are
estimated to be within about 0.5 K of these values. Simi-
lar spectra have been observed at LLNL using tritium
doping.

Figure 5 shows the turn on of the red emission on an
annealed (12 K for 10 min) sample using proton-beam ir-
radiation. This shows that the red emission grows in
much faster than any of the charge features previously
observed. The turn on of the red emission on a previous-
ly unirradiated sample is also shown in Fig. 5. This turn
on is diferent from that of the annealed sample and sug-
gests that annealing the sample, while it does eliminate
the charged species, ' does not get rid of some fraction
of the species responsible for the red emission. The time
scale for radiation-induced damage is typically of the or-
der of minutes to hours, and since both the annealed and
fresh sample show a saturated emission after only about
50 sec, the difference between them is not believed to be
related to crystal damage alone. This same behavior has
been seen to exist for N and 0 impurities in solid hydro-
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gen hosts where the sample had to be melted to elimi-
nate the atomic species. A multiexponential fit to the ini-
tial turn on of the fresh sample shows two components: a
fast component growing in too quickly to measure (life-
time (0.15 sec), as well as a slower (lifetime=7 sec)
component. The fast growth component cannot be accu-
rately measured with this timing technique. In the
LLNL experiments, the steady-state emission returns to
full intensity in 8 —10 min following a flash for 50/50
samples of D2/T2 (see Fig. 3). The intensity buildup rate
following a flash is related to the tritium concentration in
the sample.

Fast timing measurements on a previously proton-
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FIG. 5. Slow timing behavior of red emission spectra, taken

with proton-beam irradiation. The top curve is for a previously
unirradiated sample, and the bottom curve is for an annealed
sample. The temperature of the sample is 4 K.
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FIG. 4. Red emission spectra as a function of sample cell

temperature taken with proton-beam irradiation.
FIG. 6. Fast timing curves at various temperatures. Proton-

beam irradiation stopped at t =0.
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FIG. 7. 1/e time (@sec) for turn on and turn off of red emis-

sion, taken with proton-beam irradiation.

DISCUSSION

The red emission has the same spectrum as the optical
flashes of Ref. 19, suggesting that they have the same ori-
gin. It is not obvious, however, that this origin has to be
the unpaired atoms in the solid. In particular, a trigger-
ing thermal pulse would increase the concentration of
many reactive species in the solid by "detrapping" them.
If these species then reacted (radiatively) exothermally,
the process would continue.

One might consider any number of processes involving
a plethora of charged species in the sample. However,
the behavior of the charged species has been studied for

irradiated sample (to make sure the emission feature has
reached its steady-state value) are shown in Fig. 6 for a
variety of temperatures. One of the more interesting
features of these timing curves is that the turn-on and
turn-off curves are almost identical, even to the point
where rnultiexponential fit parameters between the two
show good agreement. The temperature dependence of
the turn off suggest that the turn off is not due to any ra-
diative lifetime, but instead the lifetime of some species in
the solid.

The I/e times (as defined in Ref. 4) for both turn-on
and turn-off curves as a function of temperature are
shown in Fig. 7. The large discrepancies between these
lifetimes and those measured on the previously unirradi-
ated sample suggest the presence of two different species,
one of which turns on and off rapidly with irradiation.
The lifetimes of the fast timing data show a region near 6
K where the lifetime decreases sharply. NMR studies of
vacancy diffusion in solid Hz and Dz indicate that below
6 K all classical diffusion is frozen out, and the only
transport mechanism is tunneling. The diffusion
coefficient for vacancies in solid Dz has also been calcu-
lated by Ebner and Sung and is shown to be extremely
small below 6 K and rapidly increases for greater temper-
atures. The similarity between these temperatures and
the lifetimes from the fast timing data suggests that the
motion of the species involved in the red emission is at
least to some extent a vacancy assisted process.

many years and all experiments have been explained by
considering a large concentration of highly mobile elec-
trons and positive ions (e.g. , D3+) along with a smaller
concentration of two far less mobile positive and negative
charge species which are responsible for timing behavior
on a scale of seconds to hours. ' More importantly, all
of the immobile charge species anneal at temperatures of
about 12 K and no previously measured phenomenon
shows the distinction between a fresh and an annealed

sample that Fig. 5 shows.
It is not so easy to exclude D3 emission as the cause of

the continuum red emission since D3+, e recombination
is occurring continuously and the known uv spectrum of
D3 has been assigned to emission from solid deuteri-
um. ' However, no 800-nm feature is known or predict-
ed for D3 (Ref. 25) and any dynamic modeling that we

have tried cannot account for the behavior shown in Fig.
5.

Of all various species observed in hydrogen solids to
date only nitrogen and oxygen atomic impurities ' have
acted in the manner described by Fig. 5. These N and 0
impurities were not removed by annealing, and the rela-
tive number of impurity atoms to impurity molecules
could only be restored by melting the sample. Since D
atoms are comparable in size to oxygen and nitrogen
counterparts it seems likely that D atoms are also
unaffected by the annealing process. This, of course, is
true only if the dominant mechanism for atom transport
is physical diffusion rather than chemical diffusion.
There has been no direct evidence, however, for atoms in
any experiment capable of performing timing measure-
ments, and so this conclusion is still tentative. The above
arguments suggest that the origin of the red emission
(and the optical fiashes) is related to the disappearance of
D atoms in the solid. The actual radiation process is still
uncertain and we will only briefly mention some possible
mechanisms.

A radiative transition from an excited electron bubble
state could produce a broad emission continuum in the
observed spectral region. ' Because the timing behavior
of this red emission is so very different from that of the
electron bubbles, one has to suppose that bubbles are
formed rapidly in excited states and that the radiative de-
cay is at least as rapid as the observed timing. However,
the bubbles in their ground state are very much slower to
turn on with the proton beam, which necessitates the ex-
istence of some long-lived intermediate state which is not
predicted by our current models. Furthermore, some
mechanism for transferring energy from atom-atom asso-
ciation into additional electron bubble formation would
have to be proposed.

Radiative association of two ground-state D atoms
does not occur following two-body collisions and is not
expected to occur adiabatically. One can conceive of it
occurring in the solid since atoms migrate by hopping be-
tween interstitial or substitutional sites. Two atoms
could find themselves suddenly occupying the same sub-
stitutional site in which case "relaxing" into a molecular
potential well would be probable. Nonradiative relaxa-
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tion is inhibited because %co between high vibrational lev-
els of D2 is very much larger than the thermal kT ener-
gies accessible to phonons. Radiation might then
proceed either through the large admixture of molecular
potentials available in the sudden approximation or
through mediation of electron attachment to one of the
atoms. Models based on the former mechanism are so far
unable to produce the observed spectrum and the latter
mechanism shows some promise in that the observed red
emission spectrum looks very much like the photodetach-
ment spectrum of D which represents the inverse pro-
cess. More experiments and further modeling will be
required before an explanation of the red emission spec-
trum can be proffered.

CONCLUSION

We have presented a continuum emission spectrum
from irradiated solid deuterium that has been studied in
three different laboratories. The origin of the observed
spectrum is uncertain, but is believed to be related to

atomic association. Further experimental studies could
try to monitor an unambiguous spectral signature of the
atoms to examine this relation. Further theoretical work
on atom-atom recombination in a matrix of solid deuteri-
um would also be helpful.
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