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We performed investigations of ensembles of molecular nitrogen nanoclusters, containing stabilized
nitrogen atoms, immersed in liquid helium by electron spin resonance and optical spectroscopy. We
observed thermoluminescence of nitrogen atoms and molecules via increasing temperature from 1.25
to 4.4 K. Two thermoluminescence maxima were observed, one in superfluid helium (HeII) at T∼1.9
K and another in normal helium (HeI) at T∼3.2K. We explain appearance of luminescence in HeII
by chemical reactions of nitrogen atoms on surfaces of nanoclusters which might be initiated by
quantum vortices. Thermoluminescence in HeI occurs due to the process of nanocluster association
resulting in thermal explosions of a small fraction of nanoclusters. This research might open new
possibilities for studying a broad range of chemical reactions initiated by quantum vortices in HeII.
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INTRODUCTON

Investigations of quantum turbulence in superfluid he-
lium (HeII) have recently attracted great attention.[1–3]
Considerable progress in this area of research has been
achieved due to new experimental methods.[4–8] Visual-
ization of vortex cores has led to the observation of the
reconnection of vortices and direct observation of Kelvin
waves excited by quantized vortex reconnections.[9, 10]
Dissipation of quantum turbulence was studied at the
zero temperature limit.[11, 12] The technique of nano-
wire formation by ablating metallic nanoparticles from a
target in HeII was realized on the basis of coalescence of
the nanoparticles on the vortices.[13, 14] All of these in-
vestigations were performed in bulk superfluid helium.
Investigations of quantum turbulence in restricted ge-
ometries is challenging. An example of this type of study
is the investigation of quantum vortices inside free su-
perfluid droplets with sizes ranging from 100 to 1000
µm.[15, 16] Recently, dynamics of vortices and turbu-
lent behavior have been investigated in atomic gas Bose-
Einstein condensates.[17]

In the past, many theoretical and experimental stud-
ies of the behavior of liquid helium in porous restricted
geometries were performed. [18, 19] Liquid helium has
long provided a testing ground for theories of phase tran-
sitions. Finite size effects might shift or smear out phase
transitions. The multiple-connected substrate geometry
may change the effective dimensionality, or the disorder
induced by the porous material may change the nature
of the transition.[20, 21]

Here we present a unique means for investigating the
influence of the quantum properties of liquid helium on
the behavior of porous ensembles of nitrogen nanoclus-
ters containing stabilized nitrogen atoms. The simulta-

neous measurements of the characteristics of stabilized
nitrogen atoms by the electron spin resonance method
and thermoluminescence of the nanoclusters by optical
spectroscopy were performed. We observed thermolumi-
nescence of nitrogen atoms and molecules in molecular
nanoclusters immersed in liquid helium while increasing
the temperature from 1.25 to 4.4 K. Two thermolumines-
cence maxima were observed, one in superfluid helium at
T∼1.9 K and another at T∼3.2 K. Thermoluminescence
in HeII was found to be a result of chemical reactions of
nitrogen atoms residing on surfaces of nanoclusters which
might be initiated by quantum vortices.

Impurity-helium condensates are composed of aggre-
gations of nanoclusters. The nanoclusters form an ex-
tremely porous gel-like material into which liquid helium
can easily penetrate.[22, 23] The characteristic size of
each nanocluster is of the order of 5 nm and the density
of the impurities inside liquid helium is of the order of
1020 cm−3 as determined from X-ray experiments.[22] Ul-
trasound studies gave estimates for the pore sizes which
varied from 8 to 860 nm, and also provided evidence for
the presence of large size voids in the samples.[24] In
our experiments, nitrogen atoms were captured mainly
on the surface of the molecular nitrogen nanoclusters.[25]
The average concentration of nitrogen atoms in nitrogen-
helium condensates may be as high as 1019 cm−3.[26]

EXPERIMENTAL APPARATUS

In this work optical and electron spin resonance spec-
troscopies were used to investigate ensembles of nan-
oclusters immersed in liquid helium during annealing
from 1.5 to 4.4 K. Aggregates of molecular nitrogen nan-
oclusters immersed in HeII were produced by injection
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of a gaseous helium jet containing a small admixture
of nitrogen molecules (∼0.125 - 1%) passing through
a radio-frequency discharge into superfluid helium[27].
This method has been used for the successful creation of
ensembles of nanoclusters in HeII from a variety of impu-
rities [28, 29]. In the experiment, we used research grade
helium gas from Linde Electronics&Specialty Gases with
99.9999% purity. The oxygen content in the gas mix-
ture (∼1 ppm) results from contamination of the helium
gas. The flux of 5× 1019 atoms/s of the nitrogen-helium
mixture is measured by a Brooks Instrument 5850E flow
controller. During sample collection a temperature of
1.5 K of the liquid helium in the sample tube was main-
tained by pumping the helium bath and was measured
by germanium thermometers. The level of liquid helium
in the sample tube was measured by a superconduct-
ing wire sensor connected to an LM500 level meter. A
beaker for collecting samples was placed below an orifice
at the capillary outlet at a distance of 2.5 cm. The sam-
ple accumulation lasted ∼10 min. The helium level in
the sample beaker was maintained by a fountain pump
during the sample preparation process.

After finishing the sample collection into the lower
cylindrical section, the beaker was lowered into the elec-
tron spin resonance (ESR) cavity. The cavity operated
in the TE011 mode and was situated at the bottom of
the cryostat in the center of an electromagnet. Quartz
windows and holes in the cavity allowed optical access
to the sample. The lower part of the cryostat with the
experimental cell is shown in Fig.1a. For recording of
the ESR spectra of stabilized atoms we used a Bruker
EPR EMX console. The ESR method provides the spec-
troscopic signature for N atoms stabilized in solid matri-
ces. Linewidth, hyperfine splitting and g-factor can be
obtained from the shape and position of the ESR lines.
From this data, the average and local concentration of N
atoms were determined in our work. To obtain the av-
erage concentration of N(4S), we permanently placed a
ruby crystal at the bottom of the microwave cavity (see
8 in Fig. 1a), and calibration of the signal from the ruby
crystal was made by reference to a sample of diphenyl-
picrylhydrazil (DPPH), with a known number of spins ∼
2.4×1017. We thus used the ruby crystal as a secondary
standard.

In the experiments, the luminescence from the samples
was collected by a lens onto the end of an optical fiber (see
13 in Fig. 1a). The fiber transfers light to the entrance
of an Andor Shamrock SR500 spectrograph. The Andor
spectrograph with a Newton EMCCD camera was used
to obtain high resolution (up to 0.05 nm) optical spectra
in the wavelength range between 200 nm and 1100 nm.
All optical spectra presented in this paper are corrected
for the quantum efficiency of the registration system.[30]

We performed measurements of the temperature de-
pendence of the temperature gradient developing in liq-
uid helium in the vertical direction during the process of

FIG. 1. a) Schematic of the set-up for electron spin resonance
and optical spectroscopy studies of the ensembles of nanoclus-
ters immersed in liquid helium. 1-sample tube, 2-level of liq-
uid helium in the sample tube, 3-upper thermometer, 4-quartz
beaker, 5-sample, 6-microwave cavity with optical access, 7-
quartz windows, 8- ruby crystal, 9-fountain pump, 10-liquid
nitrogen shield, 11-levelmeter, 12-lower thermometer, 13-lens
for collecting light emitted from the sample. b)Temperature
dependence of temperature gradient in vertical direction in
the sample tube between two thermometers separated by dis-
tance 20.5 cm.

warming our samples. Two thermometers were separated
by a distance 20.5 cm in the vertical direction (See 3 and
12 in Fig.1a). These measurements were repeated three
times and the averaged curve for temperature gradient is
shown in Fig.1b. The largest gradient (∼ 6×10−4 K/cm)
was observed at the lowest temperatures and the small-
est one (∼ 1×10−4 K/cm ) at temperatures close to Tλ.
This result is in qualitative agreement with the expected
behavior for the temperature gradient in the case of a
small heat flux [31]. We estimated the heat flux from the
measurements of the volume of evaporated helium dur-
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ing the warming of liquid helium from 1.3 to 2.165 K and
cooling back. The volume of evaporated helium was de-
termined from measurement of the level of liquid helium
at the temperature before heating up and after cooling
back down. The estimated average heat flux during the
warming up process was of order 25-30 mW/cm2.

INVESTIGATIONS OF
THERMOLUMINESCENCE OF NITROGEN

NANOCLUSTERS

We studied the thermoluminescence of ensembles of ni-
trogen nanoclusters containing stabilized nitrogen atoms
during warming through the temperature range of 1.25
K-4.4 K. We warmed up the samples immersed in liq-
uid helium by closing off the pumping of helium vapor
from the sample tube containing the liquid helium and
waited as the temperature rose from T ∼ 1.25 to 2.16
K. In this condition a gradient of temperature existed in
the cylindrical volume of helium inside the sample tube.
Near Tλ we pressurized the cryostat with helium gas to
780 torr and waited as the temperature of the sample
increased to 4.4 K. Usually warming up to T ∼ 2.16 K
lasted ∼ 8 min and warming up to T ∼ 4.4 K lasted
∼ 35 min. Warming up the collection of nanoclusters
led to an appearance of intense luminescence. Figure
2a shows the dynamics of thermoluminescence of an en-
semble of nanoclusters prepared from the gas mixture
[N2]:[He] =1:400 in the spectral range of 260 - 600 nm.
The integrated intensity of the spectra obtained during
the thermoluminescence process is shown in Fig. 2b. The
α- and the α′-groups of nitrogen atoms, the β- and β′′-
groups of oxygen atoms and Vegard-Kaplan (VK) bands
of N2 molecules are present in the spectra. The α-group
corresponds to the 2D →4S transition of nitrogen atoms,
the β-group corresponds to the 1S→1D transition of oxy-
gen atoms and the V-K band corresponds to transitions
A3Σ+

u → X1Σ+
g of N2 molecules.[32] Figure 2c shows

the time dependence of α-group and β-group intensities
during warming from 1.25 to 4.4 K. There are two inten-
sity maxima of thermoluminescence in this temperature
range. The first maximum occurs in superfluid helium at
T ∼ 1.9 K and the second one appears in normal helium
at T ∼ 3.25 K.

In order to understand the nature of the appearance
of two maxima in the intensity of thermoluminescence,
we studied the behavior of the samples during cycling of
warming up and cooling down of the collection of nan-
oclusters immersed in liquid helium. Figure 3a presents
the dependence of the thermoluminescence during four
consecutive warm ups after subsequent cool down cy-
cles of nanoclusters immersed in superfluid helium from
1.25 to 2.16 K. Figure 3a shows that the thermolumi-
nescence intensity for each successive warming process is
completely different. The thermoluminescence starts at
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FIG. 2. Thermoluminescence of ensembles of molecular ni-
trogen nanoclusters with stabilized atoms immersed in liq-
uid helium. a) Dynamics of thermoluminescence spectra of
nitrogen-helium sample during warming up from 1.25 to 4.4
K. Each spectrum in the figure is a sum of 10 spectra taken
with exposure time 10 ms. Sample was prepared from gas
mixture [14N2]/[He]=1/400. b) Integrated thermolumines-
cence spectra obtained during entire warming process. Inset
shows spectrum of the α-group obtained with the spectral res-
olution 0.05 nm. c) Time dependence of sample temperature
(1). Vertical arrow shows position of λ-point. Time depen-
dence of thermoluminescence intensity for nitrogen (2) and
oxygen(3) atoms.

a higher temperature and monotonically increases with
increasing temperature. Also the intensity of thermo-
luminescence became smaller for each successive warm-
ing process. Next, we studied the temperature depen-
dence of thermoluminescence of a collection of nanoclus-
ters during the two consecutive warming up processes
over a broader temperature range from 1.25 to 4.4 K
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FIG. 3. Temperature dependence of thermoluminescence of
nitrogen-helium condensates. a) Thermoluminescence of ni-
trogen atoms during warming up from 1.25 to 2.15 K for as
prepared sample - 1, during second warming - 2, during third
warming - 3, during fourth warming - 4. Heat conductivity
function for turbulent HeII - 5. [33] b) Thermoluminescence
of nitrogen (1) and oxygen (2) atoms during warming up from
1.25 to 4.4 K of as prepared sample and during second warm-
ing (3) and (4), correspondingly. Samples were prepared from
gas mixture [14N2]/[He]=1/100

and cooling back (see Fig. 3b). In this case, during
the first warming of the collection of nanoclusters, the
thermoluminescence intensity has two maxima for both
nitrogen and oxygen atoms. However, during the second
warm up, the thermoluminescence only starts at a higher
temperature, T ∼ 4.1 K, which is close to the final tem-
perature (T ∼ 4.4) achieved in the first warming, and
monotonically increases with temperature (see Fig. 3b).
These experiments show that only for as-prepared sam-
ples were the intense thermoluminescence observed. The
first process of warming changed the sample so that dur-
ing following warming processes the luminescence was
substantially suppressed. Processes on the surfaces of
nanoclusters might be responsible for this behavior.

To study the possible influence of the processes at the
surface on the intensity of thermoluminescence we per-
formed experiments for the samples formed by nanoclus-
ters with different average sizes. Samples formed from
nanoclusters with smaller sizes have larger total surface
areas. If thermoluminescence is initiated by processes on
the surfaces the intensity of luminescence should be larger
for these samples. Figure 4 shows the time dependence of
thermoluminescence for ensembles of nitrogen nanoclus-
ters with different average sizes. It is known that reduc-
ing the ratio of concentration of the impurity relative to
that of helium in the gas jet leads to a decrease in the
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FIG. 4. Temperature dependence of thermoluminescence in-
tensity of nitrogen atoms for samples formed from different
gas nitrogen-helium mixtures: 1:100 (black line with open
stars), 1:400 (blue line with open triangles) and 1:800 (red
line with open circles).

size of nanoclusters forming porous structures in liquid
helium.[23] Reducing the concentration of N2 molecules
from 1% to 0.25% in the nitrogen-helium gas mixture
substantially increases the intensity of luminescence of
the nanoclusters (see Fig. 4). However, the intensity of
luminescence for the sample prepared from an even more
dilute gas mixture containing 0.125% of N2 molecules is
smaller than that prepared from gas mixture containing
0.25% of N2 molecules. This results from the fact that
the time for sample preparation was the same but the to-
tal quantity of the sample prepared from the more dilute
mixture is twice smaller, and therefore the sample only
partially fills the observation region. During the inves-
tigation of the nanoclusters prepared from gas mixture
containing 0.125% of N2 molecules we observed a thermal
explosion inside HeII. The explosion provided an intense
emission, shown as a sharp peak on red curve of Fig.4.
From these experiments, we can conclude that increasing
of the surface area in the ensemble of nanoclusters results
in enhancement of intensity of thermoluminescence.

The investigation of thermoluminescence decay at con-
stant temperature could also provide information on the
origin of thermoluminescence. The most intense feature
of the observed thermoluminescence is the α-group of ni-
trogen atoms. In the solid nitrogen the α-group decays
exponentially with a characteristic time of ∼30 s.[32] We
studied the decay of the α-group of nitrogen atoms in a
collection of molecular nitrogen nanoclusters immersed
in superfluid helium at constant temperature. In these
experiments the ensemble of nitrogen nanoclusters was
prepared from a gas mixture N2:He=1:400 at T ∼ 1.5 K.
After stopping the discharge, we waited until the after-
glow became weak. Stepwise increasing of the tempera-
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FIG. 5. Kinetics of thermoluminescence intensity for nitro-
gen nanoclusters (blue-line), under step heating from 1.47K
to 2.12K (green-line). Red dashed curves were obtained by
computer fitting of experimental results in accordance with a
hyperbolic law. The sample was prepared from gas mixtures
N2:He=1:400.

ture led to a strong enhancement of the thermolumines-
cence. A typical dependence of the thermoluminescence
intensity on the temperature of the nanoclusters during
the three-stage step heating is presented in Fig 5. The
time dependence of themoluminescence intensity (I) at
any constant temperature below Tλ is best described by
the hyperbolic law I∼t−1 and the characteristic decay
time is substantially longer compared to that in solid
nitrogen.[32]

ELECTRON SPIN RESONANCE
INVESTIGATIONS OF NITROGEN ATOMS
STABILIZED IN MOLECULAR NITROGEN

NANOCLUSTERS

To understand the role of stabilized nitrogen atoms
in the appearance of thermoluminescence, we performed
investigations by the ESR method. Via this technique,
measurements of concentrations of nitrogen atoms stabi-
lized in nanoclusters immersed in liquid helium were car-
ried out during the process of warming. The ESR spectra
of N(4S) atoms were obtained for all samples described in
the previous section. The spectra were recorded at tem-
perature T ∼ 1.32 K, just before warming the samples,
and again after cycles of warming up to temperatures of
either 2.16 K or 4.4 K followed by cooling back down to
T ∼ 1.3 K. It was found that annealing of the samples
to 2.16 K does not change of any of the measured ESR
signals. However, as can be seen from Fig. 6, annealing
of the samples to 4.4 K resulted in an increase of the ESR
signals for two of the samples prepared from gas mixtures
[N2]:[He]=1:100 and [N2]:[He]=1:400 but does not change
the signal of the sample prepared from the [N2] :[He] =
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FIG. 6. a) Comparison of the ESR spectra for as-prepared
samples (black) and after warming to 4.4 K (red). Spec-
tra were obtained for samples prepared from nitrogen-helium
mixtures [N2] :[He] = 1:100 (a), 1:400 (b) and 1:800 (c).

1:800 gas mixture. Figure 6 shows the comparison of the
ESR spectra of N(4S) atoms for as-prepared samples and
then after warming to 4.4 K. The increase of the ESR sig-
nals of N atoms during warming in HeI for two samples
indicates that after preparation, the samples had a larger
volume than could be placed in the ESR cavity. During
warming up above Tλ some material, which was initially
accumulated in the beaker above the ESR cavity, entered
into the sensitive zone of the ESR cavity. In the case
of the sample prepared from the [N2] :[He] = 1:800 gas
mixture the initial volume of the sample was small so the
entire sample was in the sensitive zone of the ESR cavity
from the beginning. The average concentrations of N(4S)
were calculated by comparison between double integrals
of ESR signals of the N(4S) atoms and those from ruby
signals under the same experimental conditions. Table I
shows the average concentrations of N atoms stabilized
in the samples prepared from different nitrogen-helium
gas mixtures. As can be seen from the Table 1, all of the
samples studied contained high average concentrations of
stabilized nitrogen atoms. The average concentrations of
N atoms were in the range between 1.2× 1018 cm−3 and
5 × 1018 cm−3. Dipolar magnetic interactions of elec-
tron spins is the dominant line broading mechanism in
this system. This allows local concentrations of nitrogen
atoms to be estimated by the following formula[34],

∆Hpp = 2.3gµ0

√

S(S + 1)nl, (1)

modified for N atoms ( nl=5.4 · 1018 ∆Hpp) where ∆Hpp

is the peak to peak width of the ESR lines in Gauss, and
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TABLE I. Average concentration of N atoms in the samples
prepared from different nitrogen-helium gas mixtures

Gas mixtures [14N2]/[He] Average concentration, cm−3

1/100 5.09×1018

1/400 2.47×1018

1/800 1.21×1018
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FIG. 7. Experimental ESR spectrum of N atoms for
an as-prepared nitrogen-helium sample formed by the
[14N2]/[He]=1/100 gas mixture is shown as a black line with
open-triangles (a). The sum of the fitting lines is shown as
red line with circles (a). Three triplets of fitting lines used for
decomposing the experimental ESR spectrum are shown in
(b): blue line with circles is a triplet of Lorentzian lines with
the width 3.2 G, red line with open triangles is a triplet of
Lorentzian lines with the width 8.7 G, black line with squares
is a triplet of Lorentzian lines with the width 19.1 G.

nl is the local concentration of the atoms in cm−3. The
characteristic features of the ESR spectra of N atoms
in as-prepared samples are the broad wings and weak
triplet at the central part (see Fig. 6). All features of
experimental ESR lines can be fitted with a sum of three
triplets of Lorentzian lines, as shown in Fig. 7. The fit-
ting process was performed by a Graphic User Interface
(GUI) program written in Matlab. This GUI program
can simulate the experimental signal using up to eight
Lorentzian/Gaussian function components. It automat-
ically searches for the best hyperfine splitting constant
and linewidth corresponding to each triplet. When the
difference between the simulated and experimental curves
becomes minimal, the program stops searching and gives
the corresponding parameters. Figure 7(a) shows an ex-
perimental ESR spectrum for N atoms in the collection
of nanoclusters prepared from the [14N2]/[He]=1/100 gas
mixture, and the sum of the three fitting triplets which
provide rather good agreement with the experimental
spectra. Figure 7(b) shows three fitting lines composed
of the triplets with different hyperfine splittings and line

widths. Each of the triplets could be assigned to atoms in
specific environments. A similar analysis was performed
on all spectra obtained for samples prepared from differ-
ent nitrogen-helium gas mixtures. Some spectra could be
fitted with a sum of two triplets of Lorentzian lines. The
local concentration was estimated for each of the respec-
tive fitting lines by using equation (1) . The results of
this analysis are presented in Table II.

In a previous study, it has been found that fitting
lines with larger widths belong to N atoms located on
the surface of the N2 nanoclusters, and the fitting lines
with smaller widths can be assigned to N atoms stabi-
lized inside the N2 nanoclusters.[29] The spectroscopic
characteristics (A values and g-factors) obtained sup-
port this conclusion. The local concentrations of atoms,
(1− 2)× 1020 cm−3, determined from the width of ESR
spectra were considerably larger than average concentra-
tions. The much larger local concentration is an expected
consequence of the high porosity of the sample. From
the results obtained we can also conclude that decreas-
ing the size of the nanoclusters by reducing the content
of N2 molecules in a condensed nitrogen-helium gas mix-
ture leads to increasing of local concentration of N atoms
residing on the surfaces of the N2 nanoclusters. Analy-
sis of the ESR spectra of nitrogen atoms stabilized in
the nanoclusters also provided evidence that most of the
atoms (70-80%) resided on the surfaces of the nanoclus-
ters. The collection of nanoclusters with high concentra-
tions of N atoms on their surfaces is very promising for
observing chemical reactions if the collisions of the nan-
oclusters could be initiated. However, the ESR measure-
ments show that high concentrations of N atoms are not
reduced during the process of warming samples in liquid
helium and do not show any sign of nitrogen atom re-
combination. Possibly only a small portion of the atoms
can participate in the process of recombination but their
quantity could not be determined by the ESR method
because the majority of atoms are stable and continue to
produce a large ESR signal.

DETERMINATION OF THE NUMBER OF
PHOTONS EMITTED DURING WARMING OF A

SAMPLE IMMERSED IN LIQUID HELIUM

We performed experiments to determine the absolute
number of photons emitted from the the collection of nan-
oclusters during the process of thermoluminescence. This
number provides an estimate of the number of N atoms
participating in the process of thermoluminescense. The
details of these measurements can be found elsewhere.[35]
The measurements were performed with a collection of
nanoclusters prepared from the [N2] :[He] = 1:400 gas
mixture. First we recorded the intensity of thermolumi-
nescence during the entire process of warming from 1.25
to 4.4 K. A Hamamatsu photomultiplier tube (PMT)
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TABLE II. Hyperfine constants, A, g-factor, peak to peak line widths, ∆Hpp, and local concentrations of N atoms in nitrogen-
helium condensates obtained from ESR line fittings.

Gas mixtures, Curve type A, G g-factor ∆Hpp, G Local concentration, Weight, %

N2:He nN cm−3

1:100 Lorentzian 4.00 2.0020 19.1 1.03×1020 77.9

Lorentzian 4.20 2.0020 8.7 4.69×1019 18.4

Lorentzian 4.10 2.0020 3.2 1.73×1019 3.7

1:400 Lorentzian 4.00 2.0022 24.7 1.33×1020 80.2

Lorentzian 4.20 2.0022 10.1 5.45×1019 19.8

1:800 Lorentzian 4.00 2.0021 35.2 1.90×1020 67.2

Lorentzian 4.20 2.0021 12.5 6.75×1019 32.8

R928 was used to detect the emitted light. The out-
put of the PMT was fed into a LeCroy oscilloscope. The
dependence of intensity of the thermoluminescence on
time was similar to that shown in Fig. 2c. The inte-
grated signal on oscilloscope was calculated as I=2411
V·s over the entire warming of the sample. From the ge-
ometry of the experiment, the solid angle for detecting
light from the sample was estimated as dΩ=0.033 radi-
ans. Second, we performed calibration of the PMT by
using an Ocean Optics DH-2000 balanced halogen source
with known output power. It was found that the am-
plitude 1V of the signal on the oscilloscope correspond-
ing to the power of light detected by the PMT (P) was
equal to P=4.27×10−5 µW. Taking into consideration
this information, we can calculate the total energy of the
light emitted by the sample during the entire warming
period, Etot=P×I×4π/dΩ=3.92 ×10−5 J. The most in-
tense emission in the thermoluminescence corresponds to
the α-group of nitrogen atoms at λ ∼ 523 nm. The en-
ergy of a photon which corresponds to this wavelength
is Eph=3.8×10−19 J. The total number of photons emit-
ted from the sample during warming from 1.25 K to 4.4
K is equal to Etot/Eph=∼1×10

14. This fact means that
only a small fraction (∼4×10−5) of all atoms contributed
to the thermoluminescence processes. The integrated in-
tensity of thermoluminescence in HeII is approximately
one order magnitude less than that in HeI, leading us
to the estimate that an even smaller fraction of nitro-
gen atoms (∼4×10−6) was emitted during the process of
warming up in HeII. If we suggest that the emission of
N atoms is a consequence of nitrogen atom recombina-
tion, we conclude that ∼1×1014 atoms should recombine
in HeII during the process of thermoluminescence. The
change in the number N atoms at this level can thus not
be determined by the ESR method in the presence of the
very large concentration (∼2.5×1018 cm−3) of stabilized
nitrogen atoms.

DISCUSSION

We have studied the temperature dependence of the
thermoluminescence of molecular nitrogen nanoclusters
containing high concentrations of stabilized atoms im-
mersed in liquid helium. Two thermoluminescence max-
ima were observed, one in superfluid helium at T∼1.9 K
and another at T∼3.2 K. It is natural to assign the ap-
pearance of thermoluminescence to the recombination of
nitrogen atoms stabilized on the surfaces of nanoclusters
immersed in liquid helium. Only the mechanisms initi-
ating nitrogen atom recombination at low temperatures
should then be considered.
Thermoluminescence of samples in HeI can be ex-

plained by thermal explosions of a small fraction of the
nanoclusters initiated by the process of association of
nanoclusters. It has been observed in X-ray experi-
ments on collections of nanoclusters immersed in liquid
helium that the nanoclusters grow during warming in
HeI.[22, 28, 36] Thus the density of the porous structure
formed by collections of nanoclusters increases. The in-
crease of the ESR signals of N atoms during warming in
HeI obtained in this work, also indicates that the increase
of the density of the sample is due to the entrance of
additional nanoclusters which were initially accumulated
in the beaker above the sensitive zone of the ESR cavity.
The growth in size of the nanoclusters was also accompa-
nied by collapsing of the pores in the samples in HeI. As
the nanoclusters made contact, pairs of N atoms on the
surfaces could recombine, eventually leading to energy
release inside nanoclusters and initiation of recombina-
tion of other N atoms contained in these nanoclusters.
From the comparison of the N atom concentration mea-
sured by ESR and the estimations of number of emitting
atoms during thermoluminescence we can conclude that
only a negligible fraction of all the atoms (∼4×10−5)
participate in emission. The poor thermal conductivity
of liquid helium at temperatures above Tλ does not al-
low the heat, released as a result of chemical reactions,
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to spread rapidly to other nanoclusters. This tends to
isolate explosions to small regions of the sample.

The observation of thermoluminescence in HeII is a
more unusual phenomenon even if we consider that the
collection of molecular nitrogen nanoclusters contain a
high density of stored energy. Thermoluminescence in
HeII is approximately one order of magnitude less intense
than in HeI. It is difficult to satisfy the conditions for
initiation of thermal explosions of nanoclusters in HeII
because of the effective heat removal from nanoclusters
by the superfluid helium.[35] Even if recombination of N
atoms occurs in nanoclusters immersed in HeII, the N2

molecules are formed at high vibrational states. The vi-
brational relaxation of N2 molecules is rather slow (∼ 1
s)[37–39] and the energy released can be easily removed
by the superfluid helium[33] thus preventing chain re-
actions of stabilized atoms in nanoclusters, and thermal
explosions of nanoclusters. We did not observe any struc-
tural changes of the collection of nanoclusters immersed
in HeII and the ESR signal was unchanged during the
warming process in HeII. The fraction of nitrogen atoms
participating in thermoluminescence in HeII was rather
small, of order (∼4×10−6).

The thermoluminescence of nitrogen atoms in sam-
ples formed by injecting products of a gas discharge into
superfluid helium was studied earlier.[40, 41] The ther-
moluminescence initially was assigned to the emission
of N(2D)-N2 van der Waals complexes in solid helium.
It was suggested that solid helium could be formed by
injection of single heavy atoms and molecules into su-
perfluid helium.[42] Via this model, single metastable
N(2D) atoms and N2 molecules could be captured in
solid helium. The thermally activated diffusion of these
species in solid helium would then lead to the formation
of N(2D)-N2 van der Waals complexes where the prob-
ability of optical transition N(2D ← 4S) of metastable
nitrogen atom is substantially enhanced.[40] However,
structural studies of the samples formed in HeII did
not find the presence of single atoms or molecules in
solid helium but instead provided strong evidence that
the sample consisted of a porous collection of molec-
ular nitrogen nanoclusters with the pores filled with
superfluid helium.[22, 23] Complementary ESR studies
showed that all of the stabilized atoms reside in the
nanoclusters.[26, 43] Recently, another mechanism of N
atom themoluminescence in HeII was discussed.[41] The
authors of Ref.[41] suggested that electrons and nitrogen
ions would be captured separately in molecular nitrogen
nanoclusters during the process of injection of discharge
products in HeII at T=1.5 K. They proposed that in-
creasing the temperature of the ensembles of nanoclus-
ters immersed in HeII could initiate the release of elec-
trons from the traps. After that, the electrons could
tunnel through the nanoclusters resulting in electron-
ion recombination.[41] The nitrogen molecules so excited
could emit light or transfer energy to stabilized nitrogen

atoms thereby initiating α-group emission. In contrast,
in our experiments we did not observe any ESR signal
from electrons or ions in the samples immersed in HeII.
Electrons and nitrogen anions were only detected dur-
ing the process of destruction of the sample, where these
species could be formed during the fast release of stored
energy.[44, 45] Additionally, none of the above mecha-
nisms could explain the temperature dependence of the
thermoluminescence observed in this work.
We explain the thermoluminescence of collections of

nanoclusters immersed in HeII as a result of recombina-
tion of nitrogen atoms stabilized on the surface of nan-
oclusters. We suggest that the process of atom recom-
bination might be initiated by quantum vortices created
when the heat flux is applied. The rationale is as follows:
The resulting vortex density L is given by

L1/2 = γ(T ) · uns (2)

where uns is the relative velocity of the normal and su-
perfluid components, and the coefficient γ(T ) has been
measured experimentally.[6] For counterflow, uns is re-
lated to the applied heat flux according to

uns =
q

ρssT
(3)

where ρs is the superfluid density and s is the specific
entropy of HeII. The resulting flux density is given by

L1/2 = γ(T ) ·
q

ρssT
(4)

For the case of an applied temperature gradient, dT/dx,
the heat flux is described by the Gorter-Mellink heat
transport formula

q = −

[

f−1(T, P ) ·
dT

dx

]1/3

(5)

where

f−1(T, P ) = f−1(Tλ, P )

(

(

T

Tλ

)5.7
[

1−

(

T

Tλ

)5.7
])3

(6)
is the heat conductivity function for turbulent flow.[33,
46] If we consider also the dependence on temperature of
the superfluid density of helium,

ρs = ρ

(

T

Tλ

)5.6

(7)

and entropy,

s = 1.5838

(

T

Tλ

)5.6

(8)

we can construct a graph of the dependence of the vortex
density on temperature for the experimentally measured
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temperature gradient in superfluid helium shown in Fig.
1b. Figure 8 shows the dependence on temperature of
the vortex density in the case of an existing gradient of
temperature in the bulk helium. This dependence has
a maximum at a temperature ∼ 1.9 K. The shape of
this dependence is determined by the heat conductivity
function for turbulent HeII, f−1(T, P ), which is shown as
curve 5 in Fig. 3a.[33] In Fig. 8 we also show the temper-
ature dependence of the thermoluminescence of ensem-
bles of nanoclusters during warming in HeII. The tem-
perature dependence of the thermoluminescence intensity
for as-prepared ensembles of nanoclusters is in reason-
able agreement with the temperature dependence of the
vortex density for the conditions of our experiments. It
is significant that the maximum thermoluminescence in-
tensity occurs at the same temperature as the maximum
vortex density in bulk HeII. The estimate of the heat
flux during the process of warming our samples is 25-30
mW/cm2. This value is larger than the critical value for
the creation of turbulence in bulk HeII.[47] These facts
provide some evidence of the involvement of vortices cre-
ated in superfluid helium for the initiation of the thermo-
luminescence of nitrogen atoms at such low temperatures.
The mechanism of initiation of thermoluminescence by
vortices may involve the following steps. When a heat
flux is applied to the sample immersed in HeII, vortices
are created in the bulk helium and in the pores of the
sample. Superfluid helium easily penetrates through the
interconnected pores of the sample. The temperature
gradient in the samples should be larger than in bulk he-
lium, so the efficiency of creation of vortices in the pores
should be more efficient than in the bulk helium. Sam-
ples contain strands of nanoclusters. Some strands can be
attached only by one end to the main porous structure.
Vortices can attract and capture in the vortex cores the
free swimming strands of the nanoclusters. In the vortex
cores, the collisions of nanoclusters from different strands
take place. The collisions of nanoclusters in the vortex
cores can initiate recombination of N atoms that reside
on the surface of the nanoclusters. As a result of this re-
combination the neighboring strands become connected
together by newly formed chemical bonds. The excited
molecules formed as a result of recombination of nitro-
gen atoms can emit light (V-K bands) or transfer energy
to nitrogen and oxygen atoms stabilized in nanoclusters
which then emit α -group and β- group spectra, respec-
tively. The temperature dependence of the intensity of
emission for all species is correlated with the tempera-
ture dependence of the vortex density in HeII. Suppres-
sion of thermoluminescence during the later processes
of warming and cooling down demonstrated in Fig.3 can
be explained by a reduction in the number of free strands
available needed for nitrogen atom recombination. This
may be a consequence of the formation of chemical bonds
between adjacent strands of nanoclusters during the first
warm-up.
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FIG. 8. Dependence of vortex density on temperature in
superfluid helium during observation of thermoluminescence
from the ensemble of nitrogen nanoclusters (circles) and tem-
perature dependence of thermoluminescence intensity of ni-
trogen atoms for the sample formed from [N2]:[He] = 1:400
gas mixture (triangles).

The suggestion that we observed quantum vortex in-
duced thermoluminescence was also supported by experi-
ments with ensembles of nanoclusters with different sizes.
When the sizes of nanoclusters are reduced, the frequency
of their collisions in the vortex core increases and the
overall available surface for possible interactions in the
case of smaller clusters increases. Additionally, for the
smaller size clusters the probability for reaction of two
nitrogen atoms residing on the surfaces of different nan-
oclusters per collision should increase. In fact, we ob-
served experimentally (see Table II) that nanoclusters
with smaller sizes were characterized by larger local con-
centration of nitrogen atoms stabilized at the surfaces of
the nanoclusters. All these factors lead to the increas-
ing intensity of thermoluminescense for the ensembles of
nanoclusters of smaller sizes. In the sample with the
smallest size of nanoclusters prepared from a gas mix-
ture containing 0.125% of N2 molecules, vortex induced
recombination of stabilized atoms results in the initiation
of a chain reactions of nitrogen atoms in some nanoclus-
ters and their thermal explosion. As evidence of this
process, a sharp thermoluminescence peak was observed
at T ∼ 1.9 K, where the efficiency of vortex formation
in HeII in our experimental conditions reaches a maxi-
mum. The local concentration of N atoms stabilized on
the surface of nanoclusters in this sample was maximal
in our experiments and was equal to 2×1020 cm−3. How-
ever, only a small fraction of the nanoclusters immersed
in HeII was destroyed in this explosion as indicated by
the small number of photons (∼ 1012) detected during
the explosion.

Further evidence that thermoluminescence is con-
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nected with the vortices in HeII was obtained from the
decay of thermoluminescence at constant temperatures
T=1.82, 1.95, and 2.12 following step heating. A simi-
lar result for α-group decay was previously observed.[40].
In solid nitrogen the characteristic decay time of the α-
group is 30 s and thermoluminescence intensity of nitro-
gen atoms should be negligible after 200 seconds follow-
ing termination of excitation. The observed long decay
of the thermoluminescence of collections of nanoclusters
provides evidence that an additional mechanism for exci-
tation of nitrogen atoms exists in superfluid helium. This
source of excitation is quantum vortices which contin-
ued to initiate recombination of nitrogen atoms and their
luminescence even when the temperature of the sample
was kept constant. Thus the thermoluminescence de-
cay is consistent with a hyperbolic law decay of the vor-
tex densities in superfluid helium.[1, 48] The long time
decay of the vortex density with a similar characteris-
tic time (hours) was observed in Ref.[48]. We suggested
that the long decay of the vortices occurred in the voids
of the sample, and in the bulk helium surrounding the
sample.[39] From the decay time of the luminescence ob-
served, the size of the voids in the sample was estimated
to be ∼0.3 cm. Recently it was recognized that only for
small heat fluxes (less than 50 mw/cm2) does the vortex
density decay approximately according to a hyperbolic
law.[49] The estimate of the heat flux during the process
of warming our samples is 25-30 mW/cm2, which is in the
range where the hyperbolic decay of the vortices should
be observed.

CONCLUSIONS

In summary, we developed a new experimental ap-
proach for studying chemical reactions in porous struc-
tures formed by nanoclusters containing stabilized atoms
immersed in liquid helium. We have observed chemical
reactions in porous ensembles of nanoclusters immersed
in superfluid helium, which might be induced by quan-
tum vortices. These observations might open new possi-
bilities for studying chemical reactions of heavy species
initiated by vortices at very low temperatures in HeII
where diffusion and tunneling in solid nanocrystallites
are completely suppressed. We also observed the ther-
moluminescence of ensembles of nitrogen nanoclusters in
normal liquid helium which was initiated by association
of the nanoclusters resulting in thermal explosions of a
small fraction of the nanoclusters containing high con-
centrations of stabilized nitrogen atoms. Thermal explo-
sions occur due to chain reactions of nitrogen atoms in
nanoclusters under the conditions of poor thermal heat
removal by the surrounding liquid helium.

This work was supported by NSF grant No DMR
1209255 and Welch Foundation grant No A 1884.
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