Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 7, pp. 862-873

Thermoluminescence of nitrogen—neon and nitrogen—argon
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Ensembles of nanoclusters created by injection of nitrogen atoms and molecules as well as rare gas (RG) atoms
(Ne and Avr) into superfluid *He have been studied via optical and electron spin resonance (ESR) spectroscopies.
We studied the dynamics of thermoluminescence spectra emitted during the warming of porous structures
formed by nitrogen—neon and nitrogen—argon nanoclusters inside superfluid helium. We show experimental evi-
dence that quantum vortices initiate chemical reactions in porous ensembles of nanoclusters. Using this experi-
mental approach, it is possible to study chemical reactions of heavy atoms and molecules at very low tempera-
tures where normally their diffusion and quantum tunneling in solid matrices are completely suppressed.
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1. Introduction

Investigations of thermoluminescence of solid nitrogen
containing stabilized nitrogen atoms have a long history.
According to the mechanism first proposed by Edwards [1],
warming up of the sample initiates diffusion of stabilized
nitrogen atoms through a solid matrix leading to recombi-
nation when atoms occupy neighboring sites in the N, ma-
trix. Products of this recombination are excited nitrogen
molecules which relax to the metastable ABEJ state and
emit light (A32fj—x125, Vegard-Kaplan (VK) bands), or
their excitation energy can be transferred to stabilized ni-
trogen atoms through chains of N2 molecules. Excited ni-
trogen atoms emit o.-group (transition D —48) and &-group
(transition ’p —2D) radiation. In earlier work it was found
that emission starts at T ~ 5 K and continues upon warming
to 36 K [2-4]. Three maxima of thermoluminescence at
T~ 16, 20 and 23 K were observed. These maxima were
explained by three types of traps with different activation
energies needed for leaving these traps [4,5]. Concentra-
tions of stabilized nitrogen atoms in solid N2 did not ex-
ceed 0.03% in these experiments [3]. Thermoluminescence
of nitrogen atoms was also studied in nitrogen—neon [6-8]
and nitrogen-argon solids [6,9].

Completely different temperature dependences of ther-
moluminescence were observed in collections of molecular
nitrogen nanoclusters formed in bulk superfluid helium.
Local concentrations of nitrogen atoms stabilized in mo-
lecular nitrogen nanoclusters were substantially larger, up
to 30% [10]. The ensembles of nanoclusters were formed
by injection of products of a discharge in nitrogen—helium
gas mixtures into bulk superfluid helium [11,12]. The nano-
clusters form a porous gel-like material inside superfluid he-
lium [13,14]. Each nanocluster is coated with a few layers
of solid helium which impedes the recombination of stabi-
lized atoms. X-ray studies gave estimates of average sizes
of nanoclusters in the range 3-10 nm and an overall density
of impurity atoms and molecules of order 100 em™ [13-17].
Ultrasound studies showed a wide distribution of pore sizes
from 8 to 860 nm [14]. Most of the stabilized nitrogen atoms
reside on the surfaces of nanoclusters [18,19].

In contrast to the earlier experiments with N samples,
thermoluminescence of ensembles of molecular nitrogen
nanoclusters containing high concentrations of stabilized
atoms usually started after raising temperature from 1.5 K
[20]. In the first experiments, upon warming, the effect of
thermal explosions of nanoclusters with intense peaks of lu-
minescence was observed during passage through the A-point
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(T ~ 2.17 K) of liquid helium [11,20]. Two maxima of
thermoluminescence were observed, one at T = 2.17 K and
another at T = 3.8 K. These values of temperature are
smaller than those observed in solid nitrogen.

Thermoluminescence was studied when ensembles of
nanoclusters were immersed in liquid helium and when
samples were removed from liquid helium. For the latter
case two maxima of thermoluminescence were observed.
The temperature of both maxima of thermoluminescence
were dependent on the pressure of helium vapor in the
Dewar [21]. For pressures of helium vapor equal to 10 torr
the maxima were observed at 2.5 and 4.5 K. When pressure
in the Dewar was allowed to grow from 10 to 100 Torr, the
maxima were observed at 8 and 10 K [21].

As a consequence of high concentrations of nitrogen at-
oms, extracting nanoclusters from superfluid helium led
to explosive recombination of nitrogen atoms and destruc-
tion of nanoclusters. During the destruction of nanoclusters
the temperature was increasing from 1.5 to 15 K. Dyna-
mics of thermoluminescence during destruction of molecu-
lar nitrogen nanoclusters were studied in our earlier expe-
riments [22,23]. It was found that at the onset of destruction
the fusion of nanoclusters was accompanied with emission
of the a.-group of nitrogen atoms and the VK bands of N>
molecules. At the final stage of destruction the emission of
the B-group of O atoms, the M- and -bands of NO mole-
cules and the second Herzberg bands of O, molecules be-
came dominant [23]. Oxygen was present in these experi-
ments as a result of a small impurity (~ 10‘6) in the helium
gas used for formation of nanoclusters in He I1.

Even more surprising results were obtained during in-
vestigations of thermoluminescence of ensembles of nano-
clusters immersed in superfluid helium. First, it was observ-
ed that afterglow of nanoclusters in the samples lasted much
longer than that in solid molecular nitrogen [24]. Second,
small step heating of nanoclusters immersed in He Il led to
the appearance of luminescence of nitrogen atoms and mo-
lecules. Thermoluminescence was explained by capturing
single metastable N(ZD) atoms and N2 molecules in solidi-
fied helium during the process of accumulation of the sam-
ple and their diffusion in solid helium resulting in the for-
mation of the complexes N(ZD)—NZ [24]. Recently another
mechanism was suggested for explanation of thermolumi-
nescence of nanoclusters immersed in He Il [25]. It was
suggested that electrons and nitrogen ions can be captured
in nanoclusters during their accumulation in He Il. Small
increases of temperature might initiate release of electrons
from the shallow traps. The electrons can tunnel through
solid nitrogen and be attracted to nitrogen ions. As a result
of electron-ion recombination, the excited N> molecules
can be formed which provide energy for observed thermo-
luminescence.

From another point of view, the behavior of nanoclus-
ters immersed in He Il might be influenced by the proper-
ties of superfluid helium. One of the remarkable features of
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superfluid helium is formation of quantized vortices during
application of a heat flux. Recently investigations of quan-
tum vortices and quantum turbulence attracted great atten-
tion [26-28]. Considerable progress in this area has been
obtained due to new experimental methods. For example,
the visualization of quantum vortices was realized [29-33].
By using visualization of vortex cores, the observation of
the reconnection of vortices and direct observation of Kel-
vin waves excited by quantum vortex reconnection had been
made [34,35]. The influence of vortices on the process of
coalescence of nanoparticles in liquid helium was also stu-
died [36,37].

In our previous work we studied the temperature de-
pendence of the thermoluminescence of ensembles of nitro-
gen nanoclusters immersed in He Il and found that maxi-
mum of thermoluminescence coincided with the maximum
of density of quantum vortices for the conditions of our
experiments [38]. The thermoluminescence was explained
by recombination of nitrogen atoms residing on surfaces of
nanoclusters. The recombination occurs in the quantum vor-
tices, which attract the nanoclusters. When nanoclusters are
entrained into vortex cores, the rate of collision of nano-
clusters is increased substantially. That explains why the
temperature dependence of thermoluminescence follows
the temperature dependence of vortex density in He I1.

In present work we performed experiments with en-
sembles of nitrogen—neon and nitrogen—argon nanoclusters
containing stabilized nitrogen atoms. We observed a tem-
perature dependence of thermoluminescence of these nano-
clusters in He Il with maxima at T ~ 1.9 K similar to that
observed for ensembles of nitrogen nanoclusters [38]. In
the thermoluminescence spectra of nitrogen—neon and ni-
trogen—argon nanoclusters immersed in He 1l the a.-group
of N atoms, B-group of O atoms, VK and first positive sys-
tem bands of N> molecules and M-bands of NO molecules
were registered. These results provide additional evidences
that thermoluminescence of nanoclusters immersed in
He Il is initiated by quantum vortices. We discuss possible
mechanisms for thermoluminescence initiated by quantum
vortices.

2. Experimental method

The experimental setup for simultaneous optical and
electron spin resonance (ESR) studies of nanoclusters with
stabilized free radicals at low temperatures has been de-
scribed in more detail elsewhere [39]. The ESR measure-
ments were performed with a Bruker spectrometer operat-
ing in the X-band (8.91 GHz) equipped with a Janis liquid
helium cryostat, whose tail was centered between the pole
faces of a homogeneous Varian 7800 electromagnet. The
Janis cryostat contained a variable temperature insert (VTI),
which was thermally insulated from the main 4 K helium
bath. The ESR measurements were conducted for samples
immersed in superfluid helium at T ~ 1.32 K which can be
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achieved by pumping on the VTI with a roots blower
backed by a mechanical pump.

Figure 1 shows an experimental setup for formation and
optical and ESR studies of atoms contained in the collec-
tions of nanoclusters. Gas mixtures containing N2 and ne-
on or argon along with helium were prepared in a container
at room temperature and transported through a Mass Flow
Controller (a Brooks Model 5850E) with a constant flux of
5.101° particles/s to the cryogenic region. When the pre-
pared gas mixtures passed through a quartz capillary sur-
rounded by liquid nitrogen, high-power radio-frequency
(f ~53 MHz, power ~75W) was applied to electrodes
which were placed around the lower portion of the capil-
lary to dissociate the nitrogen molecules.

The presence of the helium gas in the gas mixture in-
creased the efficiency of dissociation of the N2 molecules
in the discharge due to the interaction of the energetic met-
astable helium atoms and molecules with N2 molecules.
A gas jet was created as the mixed gases passed through
an orifice with diameter 0.75 mm at the bottom of the
quartz capillary. The jet impinged on the surface of super-
fluid helium contained in a small beaker 20-25 mm below
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Fig. 1. (Color online) Schematic of the setup for optical spectro-
scopy and electron spin resonance studies of the ensembles
of nanoclusters immersed in superfluid helium: 1 — cryostat,
2 — magnet, 3 — lens for collecting light emitted from the sample,
4 — optical stage, 5 — fiber optics, 6 — quartz tube, 7 — dis-
charge electrodes, 8 — teflon blade, 9 — liquid helium level
meter, 10 — microwave cavity with optical access, 11 — modu-
lation coil, 12 — sample collection beaker, 13 — ruby crystal.
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the orifice. A fountain pump placed at the bottom of the li-
quid helium bath in the VTI maintained a constant level of
superfluid helium in the beaker. Once the jet meets cold
helium vapor evaporating from the liquid helium, formation
of nanoclusters containing nitrogen molecules and N and O
atoms trapped in the clusters took place. Argon or neon
atoms had also been introduced into the sample gases and
were thus contained in the nanoclusters. The presence of
oxygen in the samples, as we mentioned earlier, is due to
the small contamination of oxygen (1 ppm) in the helium
gas. The jet penetrated through the superfluid He surface
and a gel-like sample was created. This process continued
as the sample was accumulated on the conical part of the
beaker. A set of teflon blades was employed to scrape the
sample from the walls of the funnel while the beaker was
rotated so that all of the sample collected onto the funnel
surface fell into the cylindrical part of the beaker. Sample
accumulation lasted 10 min. During the sample formation,
the temperature was maintained at T = 1.5 K by using
a needle valve connecting VTI with the main helium bath.

Once we had accumulated ~0.3-0.4 cm® of sample in
the cylindrical part of the beaker, sample accumulation was
terminated, and the beaker was lowered into the ESR cavity
by a pair of sliding tubes. Further details of the homemade
cylindrical copper cavity can be found elsewhere [39]. All
ESR signals were detected for samples immersed in super-
fluid helium at ~1.32 K. The modulation frequency was set
at 100 kHz, and derivatives of the ESR absorption lines
were obtained at a magnetic field ~0.32 T by a lock-in am-
plifier.

Double integration of the ESR spectra gave the number
of atoms stabilized by comparison with the signal from
aruby crystal (under the same experimental conditions)
mounted at the bottom of the microwave cavity and oriented
so that the ruby ESR signal did not overlap with the sample
ESR signal. The calibration of the signal from the ruby
crystal was made by reference to a diphenyl-picrylhydrazil
(DPPH) sample, with a known number of spins ~ 2.4-107Y.
ESR measurements were initially performed, providing an
estimate of the average and local concentrations of N(4S)
atoms.

The average concentrations were determined from the
number of stabilized atoms in the samples measured by
ESR and the volume 0.35 cm® occupied by the samples in
the ESR cavity. The local concentrations were estimated
from ESR line widths which were increased due to dipole-
dipole interactions of electron spins of nitrogen atoms [19].
After that we ceased pumping on the helium vapor from
the sample reservoir, and let the temperature rise from
T~1.32 to 2.16 K. The temperature of the sample was re-
corded with a germanium thermometer attached to the top
of the cavity. Warming up the nitrogen—neon/argon-helium
condensates led to the appearance of rather intense thermo-
luminescence. The emitted light passes along the fused silica
quartz cylinder in the cavity, then through the holes in
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the cavity, and finally through the quartz window in
the cryostat.

The window material and the fused silica quartz are
transparent for the wavelength range 200-1100 nm. The
emitted light was guided to the optical fiber with the help
of the lens. The fiber then transferred light to the entrance
of the Andor spectrometer. The Andor spectrometer con-
sists of the Shamrock SR-500i spectrograph, with a 0.52 nm
(1st grating) resolution, equipped with a cooled EM-CCD
(Newton 970) camera. The emission spectra are detected
by the Andor spectrometer with a 150 lines/nm grating (blaze
wavelength 500 nm), and a wavelength range of 340 nm
(mostly in the wavelength range 240-580 nm) with a New-
ton CCD detector unit cooled to —60 °C. For registration of
the thermoluminescence spectra during the sample warm up,
the exposure time was 50 ms. We opened the main pumping
line just before passing the A-point and cooled down the
liquid helium with the sample to the initial temperature
T~1.32 K and again performed ESR detection of stabi-
lized nitrogen atoms.

3. Experimental results

3.1. Studies of thermoluminescence during warming
up of ensembles of nitrogen—argon nanoclusters immersed
in superfluid helium

We studied thermoluminescence of ensembles of ni-
trogen—argon nanoclusters containing stabilized nitrogen
atoms during the warm up from 1.32 to 2.16 K. After per-
forming the registrations of ESR for as-prepared samples
at T = 1.32 K, the samples were heated to 2.16 K by ceas-
ing pumping on the helium vapor from the VTI. It is worth
noting that the samples remain inside the superfluid helium
during the entire period of warming up. Dynamics of the
thermoluminescence of nitrogen—argon nanoclusters prepar-
ed from the gas mixture [N2]J/[Ar]/[He] = 1/1/200 is pre-
sented in Fig. 2(a). Figure 2(b) shows the integrated intensity
of the spectra detected during the thermoluminescence pro-
cess. The integrated spectrum consists of intense VK mole-
cular bands N2(A32+, 0> xlzg, v"), the luminescence
of the a-group of atomic nitrogen N(2D —>4S), and the B-
group emission of atomic oxygen 0(18 —>1D). In addition
to above-mentioned bands, weak B"-groups of O atoms can
be seen as a result of simultaneous vibration excitation of N>
molecules and emission of O atoms. Figure 2(c) presents the
time dependences of a-group, VK bands, and (3-group in-
tensities as well as time dependence of sample temperature
during warming from 1.32 to 2.16 K. It can be seen from
Fig. 2(c), that there are maxima of the intensity of thermo-
luminescence which occur at T ~ 1.9 K for all three lines.

The observation of maxima in the intensity of thermolu-
minescence at T ~ 1.9 K may hold the key to understanding
the nature of thermoluminescence at very low tempera-
tures. Therefore, we performed studies of the behavior of
the thermoluminescence dynamics for ensembles of nano-
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Fig. 2. (Color online) Thermoluminescence of ensemble of nitro-
gen-argon nanoclusters immersed in superfluid helium. An en-
semble of nanoclusters was prepared from gas mixture
[14N2]/[Ar]/[He] = 1/1/200. (a) Dynamics of thermoluminescence
spectra of the ensemble of nanoclusters during warming up from
1.3 to 2.15 K. Each spectrum in the figure is a sum of 100 spectra
taken with exposure time 50 ms. (b) Integrated thermolumines-
cence spectra obtained during entire warming process. (c) Time
dependence of sample temperature (red line). Time dependences
of thermoluminescence intensity for nitrogen molecules integrated
over all observed VK bands (black line with squares), nitrogen
atoms (blue line with circles) and oxygen atoms (magenta line
with triangles).

clusters prepared from gaseous mixtures of different com-
positions. Figure 3 shows the temperature dependences of
thermoluminescence for ensembles of nanoclusters formed
by injecting of [N2]/[Ar]/[He] gas mixtures with different
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Fig. 3. (Color online) Temperature dependences of thermolu-
minescence intensity of nitrogen atoms for ensembles of nano-
clusters formed from different nitrogen—argon-helium gas mix-
tures: 1/1/200 (red line with squares), 1/5/600 (black line with
triangles) and 1/20/2000 (blue line with circles). Warm up to
T ~ 2.15 K lasted 202, 165, and 215 s, respectively.

ratios. In Fig. 3 the intensity of thermoluminescence for
ensembles of nanoclusters prepared from gas mixtures
[N2J/[Ar]/[He] = 1/5/600 and [N2]/[Ar)/[He] = 1/20/2000
were increased for comparison purposes by a factor of 4
and 50, respectively, as indicated on Fig. 3. The position of
the peak as a function of temperature does not change for
the all three samples studied. Figure 4 also shows the inte-
grated spectra of thermoluminescence of three different
ensembles of nitrogen—-argon nanoclusters which were
formed from 14N2/Ar/He gas mixtures during warming.
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Fig. 4. Integrated thermoluminescence spectra obtained during
warming of three ensembles of nitrogen—argon nanoclusters.
Ensembles of nitrogen—argon nanoclusters were prepared from
different [“*NoJ/[Ar]/[He] gas mixtures: (a) 1/1/200, (b) 1/5/600,
(c) 1/20/2000.
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3.2. Studies of thermoluminescence during warming
up of ensembles of nitrogen—neon nanoclusters immersed
in superfluid helium

We also investigated the effect of adding different quan-
tities of Ne atoms to the nitrogen—helium gas mixture on
the behavior of the luminescence of N atoms in IHCs. Fi-
gure 5(a) presents the dynamics of the thermoluminescence
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Fig. 5. (Color online) Thermoluminescence of nitrogen—-neon na-
noclusters immersed in superfluid helium. Nanoclusters were pre-
pared from gas mixture [14N2]/[Ne]/[He] = 1/1/100. (a) Dynamics
of thermoluminescence spectra of the nanoclusters during warm-
ing up from 1.3 to 2.15 K. Each spectrum in the figure is a sum of
100 spectra taken with exposure time 50 ms. (b) Integrated ther-
moluminescence spectra obtained during entire warming process.
(c) Time dependences of sample temperature (red line). Time de-
pendence of thermoluminescence intensity for VK bands of nit-
rogen molecules (blue line with circles), and a-group of nitrogen
atoms (black line with squares).

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 7



Thermoluminescence of nitrogen—neon and nitrogen—argon nanoclusters immersed in superfluid helium

of a nrtrogen neon-helium sample prepared from the gas
mixture [ Ng]/[Ne]/[He] = 1/1/100. The integrated inten-
sity of the spectra obtained during the thermoluminescence
process is shown in Fig. 5(b). Figure 5(c) shows the time
dependence of intensity of the o.-group of N atoms and the
VK bands of N2 molecules. The intensities of the a.-group
and VK bands for this sample are smaller due to the lower
average concentration of N atoms (5-1018 cm‘3) in contrast
to the sample formed from 1/1/200 in the case of nitrogen—
argon-helium gas mixtures, where the average concen-
tration of N atoms is equal to 1-10* cm™3. The N atom
concentrations were determined by ESR.

The integrated spectra of thermolumlnescence of three
different samples which were formed from * Ng/Ne/He gas
mixtures during warm up are shown in Fig. 6. Although only
the a-, B-groups and VK bands are detected for the sample
prepared from the gas mixture [ Nz]/[Ne]/[He] = 1/1/100,
in the case of the samples prepared from [14N2]/[Ne]/[He] =
=1/20/400 and [ Ng]/[Ne]/[He] = 1/50/1000 gas mixtures,
M bands of NO molecules are also present in the integrated
spectra of thermolumlnescence For the case of sample pre-
pared from the gas mixture [ Nz]/[Ne]/[He] =1/1/100 and
[ Nz]/[Ne]/[He] = 1/50/1000, the optical spectra were ob-
tained in the spectral range 240-580 nm. The spectral
range is 300-640 nm for the sample formed from the
[ N2]/[Ne]/[He] = 1/20/400 gas mixture. As can be seen
from Fig. 6(b), the bands at ~589 nm and ~629 nm are pre-
sent in the spectrum. These bands were assigned to the
Bsng —A3ZJ transition of N2 molecules.

The temperature dependences of thermoluminescence
for samples formed by injecting different nitrogen—neon—
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Fig. 6. (Color online) Integrated luminescence spectra obtained
during warming of three ensembles of nitrogen—neon—nanoclusters.
Nitrogen-neon nanoclusters were prepared from [14N2]/[Ne]/[He]
gas mixtures: (a) 1/1/100, (b) 1/20/400, (c) 1/50/1000.
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cence intensity of nitrogen atoms in nitrogen—-neon nanoclusters
formed from different nitrogen—neon-helium gas mixtures:
1/1/100 (red line with squares), 1/5/100 (black line with triangles)
and 1/20/400 (blue line with circles), 1/50/1000 (magenta line
with stars). Warming up to T ~ 2.15 K lasted 157, 212, 255, and
227 s, for curves from top to bottom, respectively.

helium gas mixtures are shown in Fig. 7. The observed
intensities of thermolumlnescence from the samples pre-
pared from gas mixtures [ N2]/[Ne]/[He] 1/5/100,
1/20/400, and 1/50/1000 were increased by a factor of 4,
and 2, respectively, as displayed in Fig. 7. The maxima of
the intensity of thermoluminescence are at T ~ 1.9 K for
the two upper curves in Fig. 7. For the two lower curves
the maxima are shifted to higher temperature. In the sam-
ples which correspond to the two lower curves in Fig. 7,
the nitrogen atoms were stabilized mostly in a neon matrix.
The lifetimes of different components of the a-group emis-
sion of nitrogen atoms stabilized in a neon matrix are sub-
stantially larger (up to ~350 s) than that of nitrogen atoms
in nitrogen and argon matrices (~ 30 s) [24]. When the life-
times of emitted nitrogen atoms are larger than the time for
thermoluminescence registration (~ 227-255 s) the thermo-
luminescence maxima were shifted to the higher tempera-
tures compared to the position of the maximum of vortex
density in He Il for the conditions of our experiments [38].

3.3. Electron spin resonance investigations of nitrogen
atoms stabilized in nitrogen—neon and nitrogen—argon
nanoclusters

We performed investigations of nitrogen atoms stabi-
lized in ensembles of nitrogen-neon and nitrogen—argon
nanoclusters immersed in He Il by the ESR method. The
ESR spectra of nitrogen atoms were obtained for all sam-
ples studied in this work. The ESR spectra were initially
recorded for as-prepared samples at T ~ 1.32 K and later
again after warming up to temperature 2.16 K and cooling
back to T ~ 1.32 K. During the warming processes, regis-
tration of thermoluminescence of the samples were record-
ed. Figure 8 shows examples of ESR spectra of nitrogen
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Fig. 8. (Color online) Comparison of the ESR spectra for as-
prepared ensembles of nanoclusters taken at T = 1.32 K (black
solid line) and after completing cycle of warming to 2.16 K and
cooling back to T = 1.32 K (red dashed line). Spectra were ob-
tained for samples prepared from nitrogen—-neon—helium mixture
[N2]/[Ne]/[He] = 1/1/100 (a), and nitrogen—argon—helium mixture
[N2)/[Ar]/[He] = 1/1/200 (b).

atoms stabilized in nitrogen—-neon and nitrogen—-argon na-
noclusters. As can be seen from this figure the annealing of
the samples immersed in He Il to temperature 2.16 K does
not change the ESR spectra. It means that there is no change
in the concentrations of N atoms in the samples according
to our ESR measurements. Although concentrations of sta-
bilized nitrogen atoms do not show any change during pro-
cess of warming up nitrogen—neon and nitrogen-argon na-
noclusters as indicated from ESR measurements (see Fig. 8),
it is known that total number of emitted photons during the
entire process of warming up is five orders magnitude less
than the number of stabilized atoms [38]. Thus ESR mea-
surements cannot detect such small changes of nitrogen
atom concentrations during the warming and cooling. From
analysis of ESR spectra we determined average and local
concentrations of nitrogen atoms in the samples [40]. The

o
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¢ [N JTAT =
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©
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Integrated a- group intensity of N atoms, x10” counts
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[N,VINe], [N, J/[Ar]

Fig. 9. Dependence of the average concentration of N atoms sta-
bilized in nitrogen—-neon and nitrogen—argon nanoclusters on the
No/Ne (blue line with triangles) and No/Ar (blue line with circles)
ratios in gas mixtures. Dependence of the integrated a-group
intensity of nitrogen atoms during the warming in ensembles of
nitrogen—neon and nitrogen—argon nanoclusters on the Ny/Ne
(red line with triangles) and No/Ar (red line with circles) ratios in
gas mixtures. Arrows correspond to right and left hand vertical
scales, respectively.

estimated values of average and local concentrations of nit-
rogen atoms in ensembles of nitrogen—neon and nitrogen—
argon nanoclusters are shown in Table 1 and Table 2, re-
spectively.

Figure 9 shows dependence of the average concentra-
tion of N atoms and dependence of the integrated o.-group
intensity of N atoms stabilized in ensembles of nitrogen—
neon and nitrogen-argon nanoclusters on the N»/Ne and
No/Ar ratios in gas mixtures used for their preparation.
One can see from Fig. 9 that there is a correlation between
dependence of the average concentration of nitrogen atoms
stabilized in the as-prepared ensembles of nitrogen—neon
and nitrogen—argon nanoclusters and dependence of the
N atom o-group emission intensity integrated over the
entire warming period for these ensembles.

Table 1. Average and local concentrations of nitrogen atoms stabilized in the ensembles of nitrogen—-neon nanoclusters

Gas mixture used for formation 1/1/50 1/5/100 1/20/400 1/50/1000
of nitrogen—neon nanoclusters, [N2]/[Ne]/[He]
Average concentration, cm_3 9.06-1018 5.19.1018 2.11-1018 1.56.10'8
Local concentration, Cm_3 3.42 -1020 2.87 '1020 3.19 -1020 2.66 -1020
Table 2. Average and local concentrations of nitrogen atoms in the ensembles of nitrogen—argon nanoclusters

Gas mixture used for formation

mbere U : 1/1/200 1/5/600 1/20/2000 1/50/5000
of nitrogen—argon nanoclusters, [N2]/[Ar]/[He]
Average concentration, cm_3 9.85 '1018 5.96 '1018 2.58 -1018 2.00 -lO18
Local concentration, Cm_3 3.12 -1020 3.29 -1020 1.75 ‘1020 1.69 -1020
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4. Discussion

Ensembles of nanoclusters immersed in He 11 represent
a new class of non-crystalline nanomaterials formed by
injecting a beam composed of helium and impurity gases
into superfluid helium *He. When the gas jet meets the sur-
face of the superfluid helium, the formation of nanoclus-
ters, each surrounded by one or two layers of solid helium
due to Van der Waal forces, occurs inside superfluid heli-
um. Matrix isolation of highly reactive atoms in nano-
clusters leads to high concentrations of these atoms. Upon
the injection of impurity particles into bulk superfluid helium,
a shell structures of nanoclusters are formed in such a way
that heavier impurities form cores of nanoclusters which
are surrounded by shells of lighter impurities [19,40,41].

The dynamics of thermoluminescence spectra collected
during the warming of ensembles of nanoclusters immers-
ed into He Il differ from the spectra that accompanied their
destruction after removal from liquid helium discussed
previously [23]. Increasing the temperature of the sample
led to intense luminescence. At the beginning of the warm up,
we observed emissions from the a-group of N atoms, the
VK bands of N2 molecules, and also the -groups of O atoms.
We suggest that recombination of nitrogen atoms in the
ground 43 state is the main source of the excitation of at-
oms and molecules during the sample warming since the
excitations from metastable Ng(ASZJ) were efficiently trans-
ferred to the N(4S) and O(3 P) atoms, resulting in the for-
mation of the 2D state of N atoms and the 'S state of
O atoms. Some of the metastable N2(A3ij) molecules
emitted light, producing VK bands. All processes leading
to light emission can be described by the following equa-
tions:

N(*S)+N(*s) > N, (A%S)), 1)
No(A’)+N(*S) » N(*D)+ N (X'29), ()

No(A’E)+O0CP) - 0('S) + Ny (X'Ey),  (3)

N(>D) — N(*S) + a-group, 4)
0(18) - O(1 D) + B-group, (5)
N, (A’S)) = Np(X'S}) + VK bands. (6)

The glowing of the ensembles of nanoclusters im-
mersed in He Il increased in intensity with increasing tem-
perature, and reached maxima at ~ 1.9 K. It should be
pointed out that for most of the observed thermolumi-
nescence curves the position of the maxima does not de-
pend on concentration of nitrogen atoms stabilized in the
sample prepared from different gas mixtures (see Figs. 3
and 7). The average concentrations of nitrogen atoms in
these samples are in the range from ~10'8 to 10! (see
Tables 1 and 2).
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During the sample warming the overall integrated emis-
sion of intensity of the a-group increases with increasing
concentration of nitrogen atoms in the samples (see Fig. 9).
On the other hand, the characteristics of the dynamics of
the thermoluminescence spectra are almost the same for
ensembles of nanoclusters with different concentrations of
stabilized nitrogen atoms. Thus, it can be concluded that
processes of explosive releases of the stored energy in the
nanoclusters are not responsible for the observed dynamics
of the thermoluminescence.

Now we shall discuss the features of the emission spec-
tra of nitrogen—neon nanoclusters immersed into He Il. In
previous work the effect of oxygen impurities on the lumi-
nescence spectra of nitrogen nanoclusters during their de-
struction was investigated [23]. In the present work,
we also observed the influence of oxygen impurities on
the luminescence spectra of nitrogen—-neon nanoclusters
immersed into superfluid helium during the warm up. The
M-bands of NO molecules were absent in the integrated
spectra for the nanoclusters prepared from gas mixture
N2/Ne/He = 1/1/100 (O, / N, = 10™* due to contamination
of oxygen in the helium gas) as presented in Fig. 6(a).
However, increasing the ratio of O2/N2 from 10™ to
4-107% in the ensembles of nanoclusters prepared from gas
mixture No/Ne/He = 1/20/400 led to the appearance of the
M-bands of NO molecules. Similar results are also seen for
the case of nitrogen—argon nanoclusters prepared from the
gas mixtures No/Ar/He = 1/1/200, and No/Ar/He = 1/5/600
(see Fig. 4). We suggest that the NO molecules were
formed as a result of recombination of N(4S) and O(3 P)
atoms, leading to the appearance of NO emission, accord-
ing to the following processes:

N(*S)+0(CP) - NO(a*1T), @)

NO(a*IT) — NO(X 2T1) + hv (M -bands). (8)

In addition to the appearance of the M-bands of NO, the
emission of the First Positive system of N2 molecules was
also detected for this sample as seen in Fig. 6(b). The pres-
ence of the excited NZ(BSHQ) state might be explained by
the fact that the B state has vibrationally resonant levels
with N, (AL state.

For the case of the nitrogen—neon nanoclusters prepared
from the gas mixture No/Ne/He = 1/1/100 the positions of
VK bands of N2 molecules shows that the emission occurs
from the N2 matrix. On the other hand, for the case of
nanoclusters prepared from the gas mixtures No/Ne/He =
= 1/20/400 and N2/Ne/He = 1/50/1000 the VK bands of N>
and the M-band of NO positions correspond to those ob-
tained for Ne matrices. The position of the a-group also
reveals influence of the environment on the emission spectra
of N atoms during warming of nanoclusters. The o-group
spectra in the integrated spectra during the warm-up for the
nanoclusters prepared from the gas mixture Ny/Ne/He =
=1/1/100 had a maximum at 522 nm, whereas for the case
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of the nanoclusters prepared from the gas mixture
N2/Ne/He = 1/20/400, and N2/Ne/He = 1/50/1000 the peaks
were detected at 521 and 520 nm, respectively. This fea-
ture of the spectrum leads to the conclusion that during the
warming of the sample prepared from the Ny/Ne/He =
= 1/1/100 gas mixture the emitting N(2 D) atoms were sur-
rounded mostly by N2 molecules, while during the warming
of nanoclusters prepared from the gas mixture No/Ne/He =
= 1/20/400 and N2/Ne/He = 1/50/1000 the N atoms and NO
molecules were surrounded mostly by Ne atoms. This in-
terpretation is in reasonable agreement with the differences
in the dynamics of the a.-group emission observed in Fig. 7.
The differences of the temperature dependence of the a-group
emission apparently result from the differences in the envi-
ronments of the N(2 D) metastable atom in the nanoclus-
ters. Typical decay times of the a.-group for Ne-containing
nanoclusters are noticeably longer than for N matrices.
For the samples obtained by condensation of Na/Ne/He
mixtures, the decay time of the a-group is ~300 s, whereas
for the N2 matrices it is only ~30 s [24].

All of the above mentioned chemical processes proceed
inside superfluid helium. The nitrogen molecules are form-
ed as a result of recombination of pairs of nitrogen atoms
with the energy close to dissociation limit in high vibra-
tional levels. The vibration relaxation of N2 molecules in
solid N2 is rather slow (a few seconds) [42—44]. During
this long relaxation time all energy released as phonons can
be easy removed by superfluid helium surrounding nano-
clusters [45]. The main question here is how to explain
chemical reactions of heavy atoms (nitrogen and oxygen)
at temperatures in the range 1.1-2.16 K when diffusion of
these atoms in a solid N> matrix is completely suppressed.

Thermoluminescence of solid nitrogen containing stabi-
lized nitrogen atoms was explained by processes of diffu-
sion and recombination of stabilized atoms. At the temper-
atures of our experiments (T ~ 1.2-2.16 K), diffusion of
nitrogen atoms in solid Ny and solidified rare gases are
completely suppressed. The phenomenon observed earlier
of thermoluminescence of nanoclusters containing stabiliz-
ed atoms immersed in He Il was explained by different
mechanisms. The first mechanism suggested that during
injection of atoms and molecules from gas phase into bulk
superfluid helium, single N(2 D) metastable atoms and N
molecules can be captured in solidified helium shells [24].
In the helium shells the lifetime of N(2 D) atom is close
to that of free N(2 D) atom (~ 24 h). Thus in this model,
N atoms and molecules are each surrounded by solid heli-
um. Raising temperature activates atomic and molecular
diffusion through solidified helium which leads to forma-
tion of N(2 D)-Ny Van der Waals complexes. In these com-
plexes the lifetime of N(2 D) atoms became much shorter
(~ 30 s) resulting in observation of luminescence of the o.-
group [24]. On the other hand, x-ray and ultrasound studies
of samples formed in superfluid helium provide strong
evidence that the samples consist of collections of nano-
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clusters which form porous structures inside superfluid he-
lium [14-17]. The observation of only nanoclusters in the
samples rules out the presence of nitrogen atoms and mo-
lecules isolated in solid helium, so the first model does not
provide an explanation of the observed phenomenon.

The second mechanism suggested was that electrons
and nitrogen ions can be captured separately in molecular
nitrogen nanoclusters during the processes of injection of
discharge products in He Il at T = 1.5 K [25]. Increasing
the temperature of the ensembles of nanoclusters immersed
into He Il could initiate release of electrons from the traps.
Following that, the electrons tunnel through the nanoclus-
ters resulting in electron—ion neutralization reactions. The
energy from excited molecules can be emitted as light or
travel through the N2 matrix to stabilized nitrogen atoms
leading to formation N(2 D) atoms with the resulting emis-
sion of the a.-group.

However, in our experiments we did not observed any
ESR signal from electrons in the samples stored in He II.
Moreover none of the above described mechanisms could
explain the temperature dependence of the thermolumines-
cence observed in this and our previous work [38]. Only
the model suggested in Ref. 38 provides a reasonable ex-
planation of the chemical reactions of heavy atoms in He Il
and the temperature dependence of thermoluminescence
for ensembles of nitrogen nanoclusters immersed in He I1.
According to this model recombination of atoms residing
on surfaces of nanoclusters occurs in the vortex cores of
He 11. Free nanoclusters and strands of nanoclusters are en-
trained into the vortex cores, where the collisions of na-
noclusters increased substantially compared to that outside
of vortex cores. Collisions of nanoclusters in the vortex
cores can result in recombination of nitrogen and oxygen
atoms residing on the surfaces of nanoclusters so entrained.
Recombination of atoms leads to formation of excited ni-
trogen molecules which can emit light (VK bands) or
transfer energy through chains of N2 molecules to stabi-
lized nitrogen atoms with subsequent emission of these
atoms. Intensity of the thermoluminescence should be pro-
portional to the density of vortices in He Il. Figure 9 shows
a correlation between the integrated intensities of o.-group
emission of N atoms and concentrations of stabilized ni-
trogen atoms in these samples. This correlation provides
support for the connection between thermoluminescence of
nanoclusters and chemical reactions of nitrogen atoms en-
trained into vortex cores.

Other experimental observations which support this mo-
del are shown in Fig. 10. Figure 10 presents the temperature
dependences of the intensity of thermoluminescence of nit-
rogen—neon, nitrogen—argon and nitrogen nanoclusters im-
mersed in He 1. In this figure the temperature dependence
of the vortex density in bulk helium is also shown. The vor-
tex density, L, in bulk He 11 was estimated from equation

L2 = (T )ups, 9)
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Fig. 10. (Color online) Dependence of vortex density in superflu-
id helium, L, on temperature during observation of thermolumi-
nescence from the ensemble of nitrogen nanoclusters (circles) [38]
and temperature dependences of thermoluminescence intensity of
a-group nitrogen atoms for the different samples formed from
[N2]/[He] = 1/400 (squares), [N2]/[Ar]/[He] = 1/1/200 (triangles),
[N2]/[Ne]/[He] = 1/1/100 (stars) gas mixtures.

where u is the relative velocity of the normal and super-
fluid components, and the coefficient y(T) has been meas-
ured experimentally [31]. For counterflow, u, is related to
the applied heat flux g according to

-9
psST '

Uns (10)

where py is the superfluid density and s is the specific en-
tropy of He I1. The resulting flux density is given by

vz _ Q
v(T) bosT

11)

In the case of applying a temperature gradient, dT/dx,
the heat flux is described by the Gorter—-Mellink heat
transport formula

1/3
q:—[f—l(T,P)d—T} , 12)
dx
where
TV T ’
1 _ 1 T T 57
f=(T,P)=17(.,P) [Tx] {1 (Tx) } (13)

is the heat conductivity function for turbulent flow [46].
If we also consider the dependence on temperature of
the superfluid density of helium in the temperature range

1.1-2.16 K
5.6
(T
Ps =P T, )

and specific entropy of superfluid helium

(14)

5.6
s =1.5838 [l] (15)

T

we can obtain a graph of the dependence of the vortex den-
sity on temperature for the experimentally measured tem-
perature gradient in superfluid helium for the conditions of
our experiments as shown in Fig. 1(b) of Ref. 38. As can
be seen from Fig. 10, the temperature dependences of the
thermoluminescence intensity for all studied ensembles of
nanoclusters are very similar to that of the vortex density
in bulk He Il. All dependences have maxima at T ~ 1.9 K.
This similarity strongly supports our model of thermolu-
minescence of nanoclusters resulting from chemical reac-
tions of nitrogen atoms initiated by attraction of nanoclus-
ters in vortex cores in He II.

Recently we performed investigations of the influence
of the rotation speed of a beaker containing superfluid he-
lium on the intensity of luminescence of collections of ni-
trogen nanoclusters during their injection into He Il [47].
We observed correlations between the rotation speed of the
beaker with He Il and the luminescence intensity of nitro-
gen atoms in molecular nitrogen nanoclusters. The increase
of the luminescence intensity with increase of rotation
speed was explained by the initiation of chemical reactions
of nitrogen atoms on the surfaces of nanoclusters entrained
inside vortex cores. These experiments also support the mo-
del of thermoluminescence initiated by quantum vortices in
He Il.

It is also known that thermoluminescence was observed
only during warming up as-prepared ensembles of nano-
clusters [38]. All following processes of warming up after
cooling do not provide any additional thermoluminescence.
This means that all free nanoclusters and free strands of
nanoclusters are efficiently captured in the vortex cores in
first warming and participated in chemical reactions result-
ing in chemical bondings of almost all free nanoclusters.
Thus they cannot further participate in chemical reactions
after the first warming.

In summary, in this work we carried out a study of ni-
trogen atoms stabilized in nanoclusters of molecular nitro-
gen with different admixtures of Ar and Ne. Similar to our
previous work, we observed maxima of thermolumines-
cence of nitrogen atoms at T = 1.9 K which did not depend
on the sample composition. This observation provides evi-
dence for initiation of thermoluminescence by quantum
vortices in He II.

5. Conclusions

1. Ensembles of nitrogen—neon and nitrogen—argon
nanoclusters immersed in He Il were studied by optical and
ESR spectroscopies during warming up from 1.32 to 2.16 K.
It was found that the temperature dependence of thermolu-
minescence of these ensembles shows a maximum intensity
at T ~1.9K similar to temperature dependence of the vor-
tex density in He Il in this temperature range.
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2. Results obtained in this work provide additional evi-
dence for a mechanism of thermoluminescence involving
chemical reactions of nitrogen atoms residing on surfaces
of nanoclusters. These reactions occur in the vortex cores
of He Il which efficiently entrained nanoclusters and free
strands of nanoclusters.

3. These studies open new possibilities for investigation
of chemical reactions of heavy atoms and free radicals ini-
tiated by vortices in He Il, under the conditions where dif-
fusion and tunneling of reagents in solid noncrystalline
samples are completely suppressed.

4. The approach used in this work provides new possi-
bilities for synthesis of exotic species in nanoclusters at
low temperatures.
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TepmontoMiHecLeHL it a30THO-HEOHOBUX
i a30THO-aproHOBMX HaHOKIacTepiB,
3aHYpEHUX Y HaAMAMHHWUIA renin

A. Meraki, P.T. McColgan,
C. Wenypskos, D.M. Lee,
B.B. XmeneHko

AncamOIli HAHOKJIACTEPiB, OTPHMAaHi BBEJCHHSIM B HaIIIHH-
HHUI Teliifi MOJIeKyJ i aToMiB a30Ty, a TaKoX aTOMiB iHEPTHHX
raziB (Ne i Ar), BUB4EHO METOJIaMU CHEKTPOCKOIIiT eJIeKTPOHHOTO
CIIIHOBOTO PE30HAHCY Ta ONTHYHOI crekrpockormii. JlocmimkeHo
JUHAMIKy CIIEKTpa TEpPMOJIOMIHECIEHIIi IiJ 9ac po3irpiBy mHo-
PHUCTHX CTPYKTYp, C)OPMOBaHMX a30T-HEOHOBUMH Ta a30T-ap-
TOHOBMMH HaHOKJIACT€paMH BCEpeIHHI HaAIUIMHHOTO remito. Ha-
BEJICHO EKCIIEPUMEHTANIbHI [TOKa3U TOrO, L0 KBAaHTOBI BHUXOPH
IHINIIOIOTH XIMIYHI peaknii B MOPHCTHX aHCAMOJISIX HAHOKJIACTe-
piB. BukopHCTaHHS NaHOTO EKCHEPUMEHTAIBHOIO MigXOoxy HO-
3BOJISIE BUBYATH XIMIi4YHI peaxmii BaKKHX aTOMIB 1 MOJEKYJ IIpH
TaKUX HU3BKHUX TEMIIepaTypax, Koiu ix nudysis i KBaHTOBE Ty-
HEJIOBAaHHS ITOBHICTIO MIPUTHIYEHI.

KirodoBi cioBa: TepMOJIOMIHECHEHLIs, HOPUCTI CTPYKTYPH,
HaHOKJIACTEPH, HA/NIUIMHHAN Telii.

TepMOnoMUHECLIEHLIMS 830 THO-HEOHOBBIX
1 a30THO-apProHOBLIX HAHOKMNAaCTEPOB,
MOrpy>KEHHbIX B CBEPXTEKYYUI renmi

A. Meraki, P.T. McColgan,
C. Wenypskos, D.M. Lee,
B.B. XmeneHko

AHcaMOII HAHOKJIACTEPOB, ITOJTYYCHHBIC BBEICHUEM B CBEPX-
TEKy4YMid Teauil MOJEKyJl M aToOMOB a30Ta, a TaKKe aTOMOB
nHepTHBIX ra3oB (Ne u Ar), H3y4eHbl METOAaMH CHEKTPOCKOIINH
3JIEKTPOHHOTO CIIHHOBOTO PE30HAHCA M ONTHYECKOH CHEKTPO-
cxonuu. McciaenoBaHa AMHAMMKa CIIEKTPa TEPMOJIIOMHUHECLICH-
LIMU BO BPEMs pa3orpeBa MOPUCTBIX CTPYKTYP, CHOPMHUPOBAHHBIX
a30T-HCOHOBBIMH U a30T-apTOHOBBIMU HAHOKJIACTEPAMU BHYTPHU
cBepxTeKydero renus. IIpuBeneHsl sKkcriepIMeHTaIbHbIE JOKa3a-
TEJIbCTBA TOr0, YTO KBAaHTOBBIC BUXPHU MHULUUPYIOT XUMUYECKUE
peakIMu B MOPHCTHIX aHcaMONIsX HaHOKIacTepoB. Mcmone3osa-
HUE JAHHOI'O 3KCIEPUMEHTAIBHOIO M0AX0/a MO03BOJET U3y4aTh
XUMHYECKHE PEaKUUH TsDKEIbIX aTOMOB M MOJIEKYN MPH TaKuX
HU3KHX TeMIIepaTypax, Korja ux auddQysus u KBaHTOBOE TyHHE-
JIMPOBAHHE MOTHOCTHIO MOAABIIEHBI.

KiroueBble cioBa: TepMONIOMUHECHECHIUS, IOPUCTBIE CTPYKTY-
PBl, HAHOKJIACTEPbI, CBEPXTEKYUNH TEIUMN.
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