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We studied the luminescence of neon nanoclusters doped with nitrogen atoms. Neon nanoclusters
were collected inside bulk superfluid helium at temperatures below 1.5 K. We found that the spectra of
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the nitrogen atom a-group had a specific shape with an enhanced narrow line at 4 = 519.9 nm. The
measured spectroscopic characteristics of this line, such as the position, narrow linewidth, relatively
large intensity, and long lifetime, allow assignment of this line to nitrogen atoms on the surfaces of neon
nanoclusters, surrounded by layers of solid helium. This is the first observation of the influence of solid
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1 Introduction

Matrix isolation of impurities in condensed helium is a fasci-
nating area of research.'® Historically, the first studies of
impurity species immersed in bulk liquid helium were performed
by o-particle bombardment of colloidal particles suspended in
liquid helium, and the emission spectra of N, and O, molecules
immersed in liquid helium were observed.” A systematic study of
atoms stabilized in superfluid helium (Hell) was carried out
using the method of injection of the products of gaseous
discharge into Hell.>® Optical spectroscopy, electron spin reso-
nance (ESR), ultrasonic, and x-ray studies were used for char-
acterization of the impurity structures formed in liquid helium.’
Initially, it was suggested that impurities form an impurity-
helium solid phase, which consists of solid helium surrounding
the impurities.'>™* However, X-ray and ultrasound investigations
of the samples formed by impurities in Hell provided evidence
that the impurities formed nanoclusters with sizes of 5-6 nm,
building a porous aerogel-like structure inside liquid helium."*™*°
Most of the stabilized chemically active atoms resided on the
surfaces of nanoclusters.”®>* It was suggested that one or two
layers of solid helium were formed on the surfaces of the
impurity nanoclusters, providing the stability of atoms in the
porous structures. Later spectroscopic studies of alkali and alkali-
earth atoms and ions embedded into Hell and solid helium were
performed.'"*° The observed absorption and emission spectra of
atoms embedded into condensed helium were explained in the
“bubble” model."*
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helium on the spectral characteristics of atoms inside the bulk superfluid helium.

Interest in the investigation of embedded into Hell atoms,
molecules, and clusters was increased after the implementation
of impurity doping into helium nanodroplets.”***’ This
method allows studies of the properties of liquid helium as
well as optical and magnetic characteristics of atoms and
molecules captured in liquid He nanodroplets. Helium nano-
droplets have been used for investigations of atomic and
molecular aggregation, since they provide a high degree of
control of the aggregation process, efficient cooling to 0.37 K,
and enable measurements with low matrix effect, compared to
other noble gas environments.>?*%>°

In the studies of atoms and molecules in liquid helium, a
question arises about the structure of helium surrounding the
impurities. Depending on the interaction between the impurity
and the surrounding liquid helium, the solvation structure can
be divided into two different cases. The “bubble” structure is
observed for impurities with mostly repulsive interactions with
helium, however, the “snowball” structure forms around impu-
rities exhibiting strongly bound potentials with helium.

In this article, we are focusing on the impurities that have
attractive potential with the surrounding helium. The formation
of a solvated layer around an impurity exhibiting strongly bound
potential toward helium has been studied theoretically using
different approaches.’*® The pronounced shell structure of He
atoms around a single Xe atom was predicted.* Later, by using a
density functional theory, it was shown that in bulk liquid
helium, all rare gas atoms are surrounded by strongly bound
helium shells in which helium densities are equal to or exceed
the solid helium density.*> Furthermore, the possibility of a
quantum gel, formed from impurities surrounded by solid
helium, was discussed in the literature.>® Fluorine and neon
atoms were suggested as good candidates for impurity-based
quantum gels.>**> A problem of the collapse of He shells
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surrounding the impurity atoms and the formation of clusters of
impurities in liquid helium was also discussed theoretically. The
formation of Ne, van der Waals complexes inside superfluid
helium was considered recently, and conclusions were made
about the possibility of the formation of “quantum gel”/“quan-
tum foam” where a layer of solid helium separates neon atoms.>®

The dynamics of argon atoms clustering in superfluid *He
nanodroplets were investigated in real time using the density
functional approach applied to liquid helium. Depending on the
initial kinematic conditions, two different argon structures can
be formed: either a compact Ar cluster, or a loosely bound
metastable cluster with dense helium cage inside.>” In summary,
there are theoretical predictions for the existence of structures
formed by helium “snowballs” surrounding the impurity species.

Recently, experimental evidences for the existence of struc-
tures formed by the solvation helium layers surrounding impur-
ity atoms in helium nanodroplets were found. The first example
was the observation of a foam structure by doping helium
nanodroplets with Mg atoms.*®*! In the foam structure, the
Mg atoms are separated by layers of He atoms. The distance
between the Mg atoms in the structure was found to be about
1 nm. The electronic and optical properties of the Mg atoms in
the foam are similar to those of a single atom, as demonstrated
by resonance two-photon ionization in the vicinity of the atomic
transition. The metastable network of Mg atoms undergoes
spontaneous collapse upon illumination by laser radiation.*®>°
As a result, Mg, clusters are formed in the relaxation process. In
contrast, recent studies of the infrared spectra of magnesium-
doped superfluid helium nanodroplets, with different sizes and
numbers of dopants, were consistent with the formation of
compact magnesium clusters.*>

The second experimental evidence for the foam structure
was obtained from electron diffraction studies of Xe-doped
helium nanodroplets with sizes in the range of 10°~10° helium
atoms and xenon structures containing up to one hundred
atoms.*>** For reliable fitting of some recorded diffraction
patterns, in addition to the Xe-Xe and Xe-He distances, longer
distances between Xe atoms, such as Xe-He-Xe and Xe-He-He-
Xe, should be included. This fact supports the observation of
the Xe foam structure.

The experimental approach for forming macroscopic quan-
tities of quantum gel (foam structure) can be similar to that
used in the work on the injection of impurity helium gas
mixtures into bulk superfluid helium.®° Only the concentra-
tions of impurities in the impurity-helium gas mixtures should
be reduced substantially in comparison with the previous
experiments. Reducing the concentration of the impurities
prevents the formation of nanoclusters and can lead to the
realization of the conditions for the injection of individual
atoms or molecules into bulk superfluid helium. All previous
experiments were performed with impurity-helium gas mixtures
containing 1% or more impurity. As a result, only collections of
impurity nanoclusters were observed in bulk Hell.>"* Even in
these conditions, the impurity nanoclusters were covered by at
least one layer of solid helium. Further dilution of impurities by
helium gas in the condensed gas mixture should reduce the size
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of impurity clusters injected into Hell and increase the quantity
of solid helium in Hell.

To date, there have been no direct observations of the
influence of solid helium on the characteristics of impurities
collected in Hell. Searching for evidence of a solid helium layer
surrounding impurities or clusters of impurities in superfluid
helium is a challenging task. Recently, we studied the lumines-
cence of nitrogen-neon nanoclusters immersed in bulk Hell.
We studied the a-group spectra of N atoms corresponding to the
’D — ‘S transitions. The spin and parity forbidden *D — *S
transitions of N atoms in the solid matrices gave rise to a group
of lines with wavelength in the range 519-523 nm. These lines
correspond to the emission of nitrogen atoms in different
trapping sites of the solid matrices.**™*® The N,/Ne ratios in
nitrogen-neon nanoclusters were 10% and 20%. The observed
a-group spectra of N atoms were fitted by seven components. It
was found that the narrow component at A = 519.9 nm prevails
at the late stages of luminescence decay.’® Tentatively, this
spectral component was assigned to nitrogen atoms stabilized
on the surfaces of neon nanoclusters surrounded by a layer of
solid helium. The characteristic of these nitrogen atoms might
be influenced by interaction with the solid helium layer sur-
rounding the neon nanoclusters.

In the present work, we performed a comprehensive study of
the luminescence of neon nanoclusters immersed in bulk Hell.
A small amount of nitrogen atoms were added to the Ne
nanoclusters as a probe. The o-group spectra of N atoms
stabilized in Ne nanoclusters immersed in bulk Hell were
studied for nanoclusters with different N,/Ne ratios ranging
from 0.016% to 5%. We found that the shape of a-group spectra
was similar for all studied nitrogen-neon nanoclusters with a
small content of N atoms. The component at 4 = 519.9 nm was
the largest in all the studied a-group spectra. The lifetime of this
component was x280 s, the position of this component was
close to that of the N atom in the gas phase, which has a much
longer decay time (~44 hours). The above facts allow us to
suggest that for the first time we observed N atoms in bulk Hell,
whose characteristics are influenced by solid helium.

2 Experimental setup

The optical spectroscopy studies presented in this work were
conducted in a glass helium Dewar.’°> The experimental
setup was described in detail elsewhere.”®> The helium Dewar
was surrounded by another Dewar, filled with liquid nitrogen,
as shown in Fig. 1. The collections of nitrogen-neon nanoclus-
ters were accumulated in a small 15 mL quartz beaker (9 in
Fig. 1) located within the helium Dewar. The level of liquid
helium in the Dewar was kept below the quartz beaker for the
duration of the experiments. A superfluid fountain pump (6 in
Fig. 1) was used to continuously fill the quartz beaker with Hell
during the experiments. A liquid nitrogen-cooled quartz capil-
lary (1 in Fig. 1) was used for the injection of impurity-helium
(Im-He) gases into the beaker. The capillary extended from the
top of the Dewar to 3 cm above the beaker, and the outlet of the
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Fig. 1 Schematic of the experimental setup for the optical study of the
luminescence of gas jets and collection of the neon nanoclusters: (1)
quartz capillary, (2) optical fiber with spectral range of 200—-1000 nm, (3)
RF discharge resonator, (4) liquid helium Dewar, (5) liquid nitrogen Dewar,
(6) fountain pump, (7) first thermometer, (8) second thermometer, (9)
sample accumulation beaker, (10) N,—Ne—He gas jet, (11) 0.75 mm orifice
in the quartz capillary, (12) optical fiber input, (13) collection of neon
nanoclusters.

quartz capillary was tapered and had a small orifice at the end, so
that the exiting gases created a well-formed jet. Located just
above the capillary orifice was a helical resonator (3 in Fig. 1),
which facilitated radio frequency (RF) discharge of the gas
mixtures used in this experiment. The resonator was operated
at a frequency of ~80 MHz and was supplied with 50 W of power.

An Oxford Instruments Andor optical spectrometer was used
to register the emission spectra of the gas jet, as well as the
accumulated samples. The Andor spectrometer measured wave-
lengths from 505 to 540 nm with a resolution of 0.03 nm. The
Andor spectrometer measured the emission spectra from within
the cryostat using a cryogenic bifurcating optical fiber (2 in
Fig. 1) that extended into the cryostat, with the end directed
toward the center of the beaker bottom.

The gas mixtures of N,:Ne:He = 1:10:220, 1:20:400,
1:50:1000, 1:50:2500, and 1:1000:50 000 as well as Ne:He =
1:20, 1:50, 1:100, and 1:200 were used in these experiments.
Gas mixtures were first prepared in a room-temperature gas
handling system. These gas mixtures were then fed into the
helium Dewar through the liquid nitrogen-cooled quartz capillary
at a constant flow rate of ~5 x 10" particles per s, maintained by
a Brooks Model 5850E Mass Flow Controller. Each sample was
then accumulated for a period of x20-25 min. During accumu-
lation, the temperature of Hell in the beaker was 1.5 K. After the
sample was accumulated, we stopped supplying the Im-He gas
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mixture and terminated the RF discharge. The spectra of nitrogen
a-group luminescence decay were then registered. Two calibrated
Lake Shore semiconductor thermometers were placed near the
bottom of the beaker for the temperature measurements.

3 Experimental results

We studied the decay of the a-group spectra of N atoms stabilized
in Ne nanoclusters. The luminescence decay was recorded at a
temperature of ~1.3 K. Fig. 2 and 3 show the integrated spectra
of the a-group during the decay process. The N,/Ne ratio in the
impurity-helium gas mixtures was varied from 5% to 0.016%.
Fig. 2 shows spectra of samples prepared from the N,-Ne-
He gas mixtures, and Fig. 3 shows spectra for samples prepared
from the Ne-He gas mixtures, where nitrogen was present only
as an impurity in the He gas. In order to estimate the quantity
of nitrogen impurity in He gas, we performed experiment in
which we compared the integrated spectra of the sample
produced from a nitrogen-neon-helium (N,:Ne:He =
1:1000:50000) and from a neon-helium (Ne:He = 1:50) gas
mixtures. In the preparation of the first gas mixture, we used
purified Ne gas using a liquid nitrogen trap and a known
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Fig. 2 Integrated spectra of nitrogen atom a-group luminescence decay
for collections of neon nanoclusters doped with nitrogen atoms. Samples
were formed by injecting the following gas mixtures into Hell: N,: Ne: He =
1:10:220(1), 1:20:400(2), 1:50:1000(3), 1:50:2500(4), and 1:1000:
50 000(5) (spectra were shifted along the y-axis for clarity).
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Fig. 3 Integrated spectra of nitrogen atom a-group luminescence decay

for collections of neon nanoclusters. Samples were formed by injecting
the following gas mixtures into Hell: Ne:He = 1:20(1), 1:50(2), 1:100(3),
and 1:200(4). Nitrogen was present in the mixture as an impurity in the He
gas. (Spectra were shifted along the y-axis for clarity).

quantity of added nitrogen gas. The ratio Ne/He, which deter-
mines the size of the Ne nanoclusters, was the same for both
mixtures. The obtained integrated spectra for samples prepared
from the above-mentioned two mixtures are shown in Fig. 4.
Both spectra were obtained under similar experimental condi-
tions and were almost identical after scaling the second spectra
by a factor of 3.5. This experiment allowed us to determine the
nitrogen content in the He gas, which we found to be equal to
~8 ppm. All spectra presented in Fig. 2-4 have an approxi-
mately similar shape, with a greater intensity of the narrow line
at 4 & 519.9 nm. The intensities of the spectra decrease with
the reduction of the nitrogen content in the gas mixture used
for sample preparation.

Fig. 5 shows the dynamics of the a-group decay for the
collection of nitrogen-neon nanoclusters prepared from three
different gas mixtures. During the decay process, the shape of
the o group spectra changed slightly, however the narrow line at
A =519.9 nm was always the strongest in the spectra. The a-
group spectra possessed a complex structure in the wavelength
range 519-524 nm. The spectrum was fitted as the sum of seven
components, shown in Fig. 6. Voigt functions were used to
model each of the spectral components.
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Fig. 4 Integrated spectra of a-group luminescence decay at T ~ 1.3 K for
collection of nanoclusters formed by gas mixtures N,:Ne:He =
1:1000:50000 (black line) and Ne:He = 1:50 (red line, scaled by the
factor of 3.5).
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Fig. 5 Dynamics of the a-group intensity decay for the nitrogen—neon
nanoclusters formed in Hell by condensation of different gas mixtures: (a)
N,:Ne:He = 1:10:220, (b) N,:Ne:He = 1:50:1000, and (c) Ne:He =
1:20. Plots show the change in the shape and amplitude of the a-group
after the discharge and gas mixture supply were turned off.

Fig. 6a shows the a-group spectrum at the beginning of
the decay (during the first 10 seconds) and the corresponding
seven fitting Voigt functions for the collection of nanoclusters
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Fig. 6 Fit of the a-group luminescence spectra decay for collection of
nanoclusters obtained by N,:Ne:He = 1:50:1000 gas mixture, at differ-
ent moments after beginning of registration: (a) t = 10 s, (b) t = 120 s, and
(c) t = 240 s. Spectra (black) were taken via an Andor spectrometer with a
1800 | mm™! grating. The individual spectral components fitted by Voigt
functions are shown by the following colors: 1 — green, 2 - blue, 3 -
purple, 4 — orange, 5 — cyan, 6 — magenta, 7 — maroon. The sum of the
seven components is shown as “fit” — red. The parameters for the spectra
components obtained from the fits are shown in Table 1.

prepared from the gas mixture N, : Ne: He = 1:50:1000. Fig. 6b
shows the spectrum in the middle of the decay (120 s after
beginning) and the seven corresponding fitting components.
Fig. 6¢ shows the spectrum at the late stages of the decay (240 s
after beginning) and seven fitting components.

In order to model the a-group spectra, we used the following
approach. We first assumed that the positions and widths of each
component of the spectra did not change during the decay
process. Therefore, the function used for fitting the o group
spectra during the early and later stages of the decay should only
differ by the amplitudes of the components, not their shapes. In
the first step of our analysis procedure, we fitted the early stage of
the decay spectra with Voigt functions using seven components
for which the position, width, and amplitude were left as free
parameters. For the next steps, the decay spectra were split into
10 to 12 s intervals. Spectra recorded during each interval were
fitted with a composite Voigt function, with the positions and
widths of the components fixed to the values obtained in step
one, while the amplitudes were left as free parameters.

For each of the individual components, amplitudes extracted
from the fits have been fitted with a decay exponent or a sum of
decay exponents, as shown in Fig. 7. Fig. 7 is presented in
logarithmic scale on the y-axis, in which the exponents are
straight lines. Only the blue line (fast decay) and green line (slow
decay, narrow line) can be fitted by a straight line, and therefore
can be represented by a single exponent. For other lines, we used
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Fig. 7 Time dependence of a-group component amplitudes during
decay process for collection of nanoclusters formed by N,:Ne:He =
1:50:1000 gas mixure: line at 519.92 nm - green circles, 520.14 nm -
blue squares, 520.2 nm - purple up triangles, 520.63 nm — orange down
triangles, 521.19 nm - cyan crosses, 521.87 nm — magenta stars, and
522.86 nm — maroon rhombuses. Decay times for each line are listed in
Table 1.

the sum of two decaying exponents (fast t ~ 30 s and slow
T & 300 s).

The same decay analysis procedure was used for all samples
studied in this work. The results of these analyses are presented
in Tables 1 and 2, where wavelengths, linewidths, and decay
times for each of the components of the nitrogen a-group are
listed.

Most of the spectral components presented in Tables 1 and 2
had a long decay time ranging from 224 to 332 s. Only the
components at 4 ~ 520.1 nm were found to have relatively
short decay times ranging from 28 s to 58 s. The decay times for
these components were attributed to the presence of N, mole-
cules in the neon nanoclusters. For the samples with the largest
content of nitrogen, the spectra of the a-group had stronger
intensities, but during the decay process, the components that
were influenced by nitrogen molecules decayed fastest. Fig. 8
shows the dynamics of the ratio of narrow line intensity to the
total intensity of a-group spectra. For the samples with large
content of nitrogen in neon nanoclusters (0.14-5%) the ratio at
the beginning of decay was growing during ~275 s and after
reaching maximum was decreasing linearly. The initial growth of
the ratio was due to the faster decay of o-group components,
which were influenced by the presence of N, molecules in the
neon nanoclusters.*”> The decay of components corresponding to
N atoms surrounded by Ne atoms is much slower.*® For samples
with small (0.04-0.08%) content of nitrogen in neon nanoclus-
ters, the weight of the narrow line linearly decreased in the decay
process. This might be a consequence of longer decay times for
the other components of a-group spectra for the latter samples.

The shapes of the a-group spectra in neon nanoclusters with
strong maxima at 4 &~ 519.9 nm were similar for all as-prepared
samples studied in this work. Warming of the collection of
neon nanoclusters from 1.3 K to 13 K initiated recombination
of the stabilized nitrogen atoms and led to changes in the
nanocluster structures. Fig. 9 shows the o-group spectra of
nitrogen atoms in neon nanoclusters obtained during decay of
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Table 1 Parameters of nitrogen atom a-group spectral components (centers, linewidths, decay times) extracted from the luminescence spectra fits of
the nitrogen—neon nanoclusters. For each mixture, the sum of seven Voigt functions was used. The amplitudes obtained from fits at different stages of
the sample luminescence decay were used to determine the characteristic decay times. For components 3—7, the exponents with two different

characteristic times have been used

N, : Ne: He gas mixtures (N,/Ne ratio in the nanoclusters)

Spectra components 1:10:220(10%) 1:20:400(5%)

1:50:1000(2%) 1:50:2500(2%) 1:1000: 50 000(0.14%)

1 A, nm 519.92(0.01) 519.92(0.01)
FWHM, nm 0.39(0.04) 0.22(0.05)
7,8 302(15) 271(12)

2 A, nm 520.09(0.04) 520.1(0.05)
FWHM, nm 0.41(0.05) 0.26(0.03)
17,8 31(12) 47(11)

3 7, NM 520.25(0.05) 520.2(0.05)
FWHM, nm 0.45(0.1) 0.47(0.7)
™S 50(12) 38(15)
7,8 283(25) 266(25)

4 7, nM 520.55(0.07) 520.62(0.08)
FWHM, nm 0.65(0.12) 0.79(0.14)
™S 36(4) 32(6)
7,8 284(35) 246(68)

5 A, nm 521.1(0.12) 521.22(0.13)
FWHM, nm 1.08(0.25) 0.83(0.24)
™S 55(12) 33(8)
7,8 273(56) 299(79)

6 7, nM 521.94(0.17) 521.87(0.13)
FWHM, nm 1.26(0.4) 0.8(0.28)
™S 34(15) 35(17)
7,8 311(79) 224(109)

7 7, nM 522.97(0.23) 522.78(0.14)
FWHM, nm 1.62(0.4) 1.62(0.4)
™S 22(12) 33(17)
7, S 300(112) 282(107)

the as-prepared sample made by N,:Ne:He = 1:50:2500 gas
mixture and during destruction of this sample initiated by warm-
ing. As can be seen in Fig. 9, the spectrum of the a-group acquired
during the destruction of the sample was completely different
from that obtained for the as-prepared sample. The spectrum
recorded during destruction had a maximum at 4 &~ 521.9 nm.
This spectrum corresponds to the o-group spectra of nitrogen
atoms in N, nanoclusters."" The intensity of this spectrum was 20
times smaller than that of the as-prepared sample collected during
the decay process. The spectrum obtained during sample destruc-
tion was the result of a series of processes. These processes include
the recombination of nitrogen atoms with the formation of excited
N, molecules and the successive transfer of their energy through
nanoclusters to the nitrogen atoms surrounded by N, molecules.

4 Discussion

Recent experiments have provided evidence for the formation
of solvation layers of solidified helium around neutral impurity
atoms injected into superfluid helium (Hell).>*** Additionally,
there have been theoretical predictions of the formation of
solvation solid helium layers around impurities immersed into
liquid helium®*?*3%3%37 and even possibilities of the formation
of quantum gels from single impurities surrounded by solva-
tion layers of He atoms.**%’

The first attempts to create solidified helium were made by
injecting gas discharge products into bulk Hell.>™' The high

This journal is © the Owner Societies 2026

519.93(0.01) 519.91(0.02) 519.9(0.02)
0.32(0.05) 0.28(0.03) 0.37(0.05)
256(19) 279(9) 289(12)
520.12(0.04) 520.1(0.05) 520.09(0.03)
0.25(0.03) 0.23(0.03) 0.41(0.07)
44(8) 58(8) 51(8)
520.2(0.05) 520.2(0.04) 520.23(0.05)
0.47(0.9) 0.47(0.11) 0.55(0.12)
34(14) 43(11) 31(15)
180(65) 240(45) 290(35)
520.63(0.07) 520.64(0.09) 520.59(0.12)
0.65(0.13) 0.58(0.12) 0.6(0.12)
31(7) 43(10) 21(8)
277(59) 290(75) 319(51)
521.19(0.07) 521.16(0.13) 521.09(0.16)
0.79(0.31) 1.06(0.37) 1.08(0.32)
40(12) 70(25) 74(26)
280(75) 326(43) 329(37)
521.87(0.15) 521.87(0.12) 521.91(0.16)
0.97(0.34) 1.26(0.41) 1.26(0.34)
29(14) 49(20) 58(23)
240(71) 331(45) 332(66)
522.86(0.22) 522.9(0.19) 522.77(0.3)
1.62(0.4) 1.62(0.4) 1.62(0.4)
38(15) 44(18) 25(13)
294(121) 320(115) 320(97)

concentrations of stabilized nitrogen atoms inside superfluid
helium obtained in these experiments were explained by the
formation of metastable impurity-helium solids, in which the
impurity atoms and molecules are surrounded by solid layers of
helium due to van der Waals forces between the helium atoms
and heavy impurities.”"® Subsequent X-ray and ultrasound
investigations of these solid samples revealed only the presence
of impurity nanoclusters, which form a porous structure inside
Hell."**° The high concentrations of nitrogen atoms in Hell were
explained by the efficient stabilization of these atoms on the
surfaces of N, nanoclusters.>*"** Additionally, it was tentatively
suggested that layers of solid helium are formed on the surfaces
of the impurity nanoclusters. However, until now, there have
been no direct experimental observations of the solid helium
layers in the collection of nanoclusters immersed in Hell.

The goal of this work is to observe the influence of solid
helium on the characteristics of nitrogen atoms stabilized on
the surfaces of neon nanoclusters immersed into Hell. In our
recent study on the luminescence of nitrogen-neon nanoclus-
ters immersed in Hell, we observed a narrow line at A =
519.9 nm in the N atom a-group spectra.*® During the afterglow,
this line became the dominant spectral component. It was
tentatively suggested that this line can be assigned to N atoms
on the surfaces of Ne nanoclusters surrounded by a solid layer
of He atoms.

In order to provide additional evidence for this suggestion,
we performed systematic studies of the luminescence of N
atoms stabilized in neon nanoclusters with smaller nitrogen
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Table 2 Parameters of nitrogen atom a-group spectral components (centers, linewidths, decay times) extracted from the luminescence spectra fits of
the neon nanoclusters (same as described in Table 1). In neon—helium gas mixtures, molecular nitrogen is present as an impurity in helium gas at a level of
8 ppm. The absence of decay times for some components is due to their low intensity, resulting in the failed fits

Ne: He gas mixtures (N,/Ne ratio in the nanoclusters)

Spectra components 1:20(0.016%)

1:50(0.04%) 1:100(0.08%) 1:200(0.16%)

1 2, nm 519.91(0.02)
FWHM, nm 0.33(0.03)
7,8 254(25)
2 2, nm 520.11(0.05)
FWHM, nm 0.26(0.05)
7,8 35(7)
3 2, nm 520.27(0.05)
FWHM, nm 0.53(0.011)
™8 37(8)
7,8 294(57)
4 J, nm 520.65(0.12)
FWHM, nm 0.79(0.18)
'S 30(9)
7,8 302(78)
5 2, nm 521.16(0.17)
FWHM, nm 0.87(0.21)
™8 65(24)
7,8 288(87)
6 J, nm 521.88(0.2)
FWHM, nm 1.13(0.3)
'S 31(15)
7,8 312(125)
7 A, nm 523(0.5)
FWHM, nm 1.62(0.4)
A 31(11)
7,8 300(125)
0.45—
0.4F
0.35—
2 E
S 03"
P =
5 0.25;
302
_Eo15
0.1-
0.05 -
e I L Ll L L
0 0 200 400 __, 600 800 1000 1200
Time, s
Fig. 8 Dynamics of the a-group narrow component (A = 519.9 nm)

weight. The weight is calculated as the ratio of the narrow component
integral luminescence to the entire a-group luminescence. Presented data
were obtained in experiments with different gas mixtures: N,:Ne:He =
1:20:400 - green circles, No:Ne:He = 1:50:1000 - blue squares,
No:Ne:He = 1:50:2500 - purple up triangles, N,:Ne:He =
1:1000:50 000 — orange down triangles, Ne:He = 1:50 — teal crosses,
and Ne:He = 1:100 - magenta stars.

contents than those used in the previous work. In this work, N,/
Ne ratio in nanoclusters was varied in the range from 5% to
0.016%. For all spectra obtained in this work, the intensity of
the narrow line at 2 = 519.9 nm was maximal. Furthermore, the
relative intensity of this line increased relative to all other
components of the a-group as the content of nitrogen in Ne
nanoclusters was reduced (see Fig. 2 and 3). According to ESR
studies of atoms in the nanoclusters, the majority of the N
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519.92(0.02) 519.91(0.03) 519.91(0.03)

0.38(0.04) 0.35(0.06) 0.34(0.05)
287(12) 293(17) 247(19)
520.09(0.06) 520.09(0.07) 520.09(0.08)
0.56(0.12) 0.61(0.15) 0.38(0.08)
38(7) 48(9) 28(5)
520.37(0.07) 520.4(0.12) 520.36(0.11)
0.71(0.013) 0.35(0.01) 0.58(0.016)
42(11) 19(12) 25(10)
280(63) 282(34) 279(45)
520.65(0.14) 520.64(0.12) 520.65(0.12)
0.68(0.21) 0.86(0.24) 0.62(0.23)
42(12) 52(34) 39(22)
320(87) 328(93) 263(120)
521.11(0.17) 521.17(0.22) 521.07(0.24)
1.08(0.25) 1.03(0.23) 1.03(0.35)
29(18) 72(42) 47(34)
305(71) 327(112) 312(120)
521.99(0.23) 522.01(0.22) 521.87(0.32)
1.23(0.31) 1.23(0.32) 1.25(0.34)
523(0.5) 523(0.5) 523(0.5)
1.6(0.4) 1.62(0.4) 1.62(0.4)
x10°

1000—
%) L
‘E 800/
S L
S L
< 600 —
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2 400/
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200—

R I T EP T e e S
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Fig. 9 Integrated spectra of a-group luminescence decay at T ~ 1.3 K for

the collection of nanoclusters formed by gas mixture N,:Ne:He =
1:50:2500 (black line) and integrated spectra of a-group during explosive
destruction of this collection of nanoclusters initiated by warming from
13Kto T ~ 13 K (red line).

atoms were stabilized on the surfaces of nanoclusters.’ >

Therefore, the strongest line in the a-group at A = 519.9 nm
might be assigned to the N atoms trapped on the surfaces of Ne
nanoclusters. The enhancement of the narrow line and the
increase in relative intensity upon reducing the nitrogen con-
tent in nanoclusters support the assignment of the narrow line
to N atoms on the surfaces of neon nanoclusters. With lower N
atom content, a larger fraction of atoms was stabilized on the
surfaces of the Ne nanoclusters.
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Fig. 10 Comparison of the structure of the a-group in Ny/Ne films
containing 1% (1 — red curve®®) and 0.05% (2 — green curve and 3 - blue
curve?) of nitrogen with the a-group of neon nanoclusters containing
0.04% of nitrogen during afterglow (4 — black curve). Spectra 1 and 2 were
obtained in the process of bombarding N,/Ne films by low-energy
electrons. Spectrum 3 was taken during afterglow, 210 s after registration
of spectrum 2.

When neon nanoclusters are immersed into Hell, the solid
helium layers are formed on the surfaces of nanoclusters accord-
ing to experimental® and theoretical studies.*” The van der
Waals interaction between Ne atoms on the surfaces of the
nanoclusters and surrounding helium atoms is strong enough
to form solid helium layers surrounding neon nanoclusters.
These first helium layers are definitely solid because the resulting
pressure in these helium layers substantially exceeds the pressure
needed to solidify liquid helium.*>**** We can expect that only in
the second or third layers, for which the attraction of He atoms to
Ne nanoclusters is weaker, it is possible to observe fluxional®® or
supersolid behavior.’® Therefore, neon nanoclusters immersed
into Hell are surrounded by a ~1-2 layers of solid helium.>>* It
is natural to expect that characteristics of N atoms stabilized on
the surfaces of Ne nanoclusters should be influenced by the close
proximity of solid helium layers, and the shape of the a-group
luminescence of nitrogen-neon nanoclusters immersed in Hell
should be different from that of solid N,/Ne films.

We can compare spectra of the o-group luminescence of
nitrogen-neon nanoclusters immersed in Hell, and the lumi-
nescence of N atoms in solid N,/Ne films (see Fig. 10).*”*® The
a-group spectra of N atoms stabilized in mixed N,/Ne films
were studied at a temperature of 7.8 K upon low energy (less
than 500 eV) electron excitation for different concentrations of
N, molecules ranging from 100% to 0.05%.%”*® Substantial
transformations of the o group spectra were observed when the
concentration of the N, molecules was changed from 100% to
1%. At N, concentrations equal to 7%, the o group spectrum
had two maxima at A = 521 nm and A = 523 nm, but at 1% N,
concentration, the spectra become very broad with only one
maximum at 4 = 520 nm (see 1 in Fig. 10).*® Further reduction
of the concentration of N, in the neon film to 0.05%, resulted in
the observation of three maxima during excitation by electrons
(see 2 in Fig. 10) and five maxima in the following afterglow
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(see 3 in Fig. 10), when the electron flux was terminated.*” In
the latter spectrum, two blue-shifted maxima were observed at
wavelengths 4 =519.26 nm and A = 519.59 nm, with decay times
less than 340 s. The rest of the lines in this spectrum were at 4 =
520.11 nm, 520.46 nm, 521.07 nm, and their decay times were
equal to 340 s.*” The a-group spectra of neon nanoclusters (see
4 in Fig. 10) was substantially different from the o-group
spectra of N,/Ne solid films with similar nitrogen content.

The a-group spectra of N atoms in nitrogen-neon nanoclus-
ters immersed in Hell were previously studied during the process
of accumulation®” and during the decay process.*® In experi-
ments, when the o-group was studied during the accumulation
process, the content of N, molecules in neon nanoclusters was
varied from 30% to 3%. All spectra obtained in these experiments
had only one maximum, but the position of this maximum
shifted from 4 = 521 nm to 4 = 520 nm, when the concentration
of N, molecules was reduced from 30% to 3%.>”

In the present work, the ratio N,/Ne in neon nanoclusters
was varied from 5% to 0.016%, and it was found that all a-group
spectra had a maximum at /4 = 519.9 nm. The dynamics of the
intensity ratio of the narrow component and the entire o-group
spectra shown in Fig. 7 provide information about nitrogen
molecules captured in the neon nanoclusters. In the nanoclusters
with the ratio N,/Ne in the range 5-0.14%, the N atoms can be
trapped in the vicinity of N, molecules inside neon nanoclusters.
For these atoms the decay times are rather small (t < 305).*> Asa
result, the intensity ratio of the narrow component to the entire
a-group spectra grew during the first 275 s of afterglow as seen in
Fig. 7. When all N atoms in nanoclusters influenced by N,
molecules had decayed, only the emission of the N atoms
surrounded by Ne atoms and the N atoms on the surfaces of
Ne nanoclusters provided the afterglow characterized by long
decay times (t & 300 s). During this period of afterglow, the
weight of the narrow line decreased linearly, demonstrating a
longer decay time of N atoms surrounded by Ne atoms in the
interior of the nanoclusters, in comparison with that of N atoms
on the surfaces of Ne nanoclusters. For nanoclusters with a
smaller N,/Ne ratio equal to 0.08% (gas mixture Ne:He =
1:100), only a small influence of N, molecules was observed
during a shorter period of 100 s. Finally, at the N,/Ne ratio equal
to 0.04% (gas mixture Ne: He = 1:50), there was no influence of
N, molecules on the afterglow of Ne nanoclusters. From the
beginning of the afterglow, the weight of the narrow line was
linearly decreased. Therefore, we can conclude that all N, mole-
cules were dissociated in the discharge and only single N atoms
were captured in the interior and on the surface of Ne nanoclus-
ters formed by condensation of the Ne: He = 1:50 gas mixture.

The position of the narrow line is close to the emission of N
atoms in the gas phase (4 =519.8 and A = 520 nm>®). It is known
that the shift of the a-group in solid rare gas matrices relative to
the undisturbed position of the lines in the gas phase is linearly
proportional to the polarizability of the atoms forming solid
matrices.”” The polarizability of He atoms is almost twice
smaller than that of Ne atoms. Therefore, we might expect that
the position of the a-group in a solid helium matrix should be
closer to the undisturbed position of the lines in the gas phase.
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This is exactly what we observed in our experiments: the
position of the most intense narrow line in the o-group spectra
was very close to the undisturbed position of the lines in the gas
phase. Even though the position of the narrow line was close to
the position of the undisturbed atoms, the lifetime for this line
was substantially less than that for undisturbed atoms, show-
ing the influence of the environment. This provides evidence
that this line corresponds to the emissions of the N(*D) atoms
for which the influence of the surrounding environment is less
than for N(>D) atoms in a Ne matrix. This might be considered
as further evidence of the N atoms being surrounded by a solid
helium layer.

The third evidence of the presence of solid helium layers in
the vicinity of emitting N(*D) atoms originated from the stability
studies of nitrogen-neon nanoclusters with small nitrogen con-
tent. The solid helium layers were stable when the collections of
Ne nanoclusters were immersed in Hell at T ~ 1.5 K. Removing
the nanoclusters from Hell by evaporating all Hell from the
beaker and warming above 4.2 K initiates the diffusion of atoms
within the nanoclusters and the recombination of stabilized
nitrogen atoms. The energy released from N atom recombination
accelerates the structural changes in neon nanoclusters and the
destruction of solid helium layers, which should alter the emis-
sion spectra of N atoms. Indeed, the spectra of the o group
observed during the destruction of neon nanoclusters are com-
pletely different from those observed during the luminescence
decay at T =~ 1.3 K (see Fig. 9). The spectra of the o group during
the destruction of Ne nanoclusters were found to be identical to
those observed in N-N, nanoclusters,'! providing evidence for
the major role of N, molecules in the emitting N(*D) atoms
during the nanocluster destruction process.

5 Conclusions and future work

We studied the a-group spectra of nitrogen atoms stabilized in
neon nanoclusters immersed in bulk Hell. The spectra were in
the wavelength range 519-523 nm, and their line-shapes were
asymmetric with an enhanced narrow peak at 2 =519.9 nm and
an unresolved band with smaller intensity. We modeled the
spectra as a superposition of seven components represented by
Voigt functions. The position of the most intense narrow line,
at 4 = 519.9 nm, was remarkably close to the position of the
emission line of nitrogen atoms in the gas phase at 41 =
519.8 nm.”® This intense narrow line observed a-group spectra
might be assigned to the most populated trapping sites of N
atoms in the neon nanoclusters. Earlier ESR studies found that
the majority of nitrogen atoms were trapped on the surfaces of
neon nanoclusters.”*™* Therefore, it is natural to assign this
narrow line to the nitrogen atoms trapped on the surfaces of
neon nanoclusters immersed into Hell. It is also known that
neon nanoclusters immersed in Hell were covered by at least
one layer of solid helium.*** All experimental findings men-
tioned above allow the assignment of the narrow line of the a-
group spectra to nitrogen atoms trapped on the surfaces of
neon nanoclusters, surrounded by a layer of solid helium.

4062 | Phys. Chem. Chem. Phys., 2026, 28, 4054-4064

View Article Online

Paper

The shifts of the positions of the a-group lines in solid rare gas
matrices relative to the position of the undisturbed gas phase
lines, for nitrogen atoms, were proportional to the polarizability of
the atoms forming solid matrices.”” For the case of trapping N
atoms in a solid helium matrix, the position of the a-group should
be closest to the gas phase position for nitrogen atoms. This
tendency indirectly supports our assignment of the narrow line to
the trapping sites influenced by a solid helium layer.

During warming, the spectra of the a-group changed dras-
tically. The narrow line at 1 = 519.9 nm, present in spectra of as-
prepared samples, disappeared, and a broad spectrum with a
maximum at £ = 521.9 nm was observed. The transformation of
the a-group spectra can be explained by changing the environ-
ment of the emitting nitrogen atoms. During the warming-up
process, the unique fragile environment containing the solid
helium layer was destroyed, and a stable and stronger interact-
ing surrounding containing N, molecules was formed.

The three experimental evidences, which include the close
to gas-phase line position and narrow linewidth of the a-group
component at 4 = 519.9 nm, the exponential decay of this
component with a characteristic time of 280 s as well as
disappearance of this component upon warming up from
1.3 K to 13 K, allow us to conclude that the o-group component
at 4 =519.9 nm corresponds to the nitrogen atoms stabilized on
the surfaces of neon nanoclusters and surrounded by layers of
solid helium. The evidence for solid helium layers on the neon
nanoclusters obtained in this work was supported by previous
theoretical®*™” and experimental studies.*®*™**

In future experiments, we plan direct registration of solid
helium formed on the surfaces of impurity nanoclusters. For this
purpose, we will study collections of neon nanoclusters with
smaller sizes. It is known that dilution of impurities by helium
gas in condensed impurity-helium mixtures allows the formation
in Hell the collections of nanoclusters with smaller sizes."*'* In
the past, the gas mixtures with more than 1% of impurities had
been used. As a result, the average size of nanoclusters was of
order 5 nm (~ 2000 impurity atoms/molecules).”>'* We plan the
preparation of neon nanoclusters by using impurity helium gas
mixtures with Ne/He ratios from 0.1% to 0.01%. The ratio of the
quantity of He atoms in solid helium layers to the quantity of Ne
atoms in the samples will be larger in the collection of nanoclus-
ters with the smaller sizes. The method of X-ray diffraction can be
used for the determination of the neon nanocluster sizes and for
the direct observation of the solid helium on the surface of neon
nanoclusters. Earlier experiments showed that the collection of
neon nanoclusters can survive after being removed from liquid
helium, forming dry samples."? For dry samples, the background
signal from liquid helium will be considerably reduced, providing
a better chance for detection of the X-ray diffraction signal from
the solid helium layers.
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