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ABSTRACT

We studied luminescence accompanied an injection of the nitrogen-helium gas mixture after passing discharge into dense cold helium gas.
Initially, when the experimental beaker was filled with superfluid helium and the nitrogen-helium gas was injected into bulk superfluid
helium at T ≈ 1.5 K, the dominant band in the emission spectra was the α-group of nitrogen atoms. At these conditions, the nanoclusters of
molecular nitrogen with high concentrations of stabilized nitrogen atoms were formed. When superfluid helium was evaporated from the
beaker and the temperature at the bottom of the beaker was increased to T≈ 20 K, we observed a drastic change in the luminescence
spectra. The β-group of oxygen atoms was dominated in the luminescence spectra, and the emission of the α-group became small. At high
temperatures (T ≈ 20 K), most of the nitrogen atoms recombine on the surface of N2 nanoclusters with the formation of excited nitrogen
molecules. We explained the effect of the enhancement of β-group emission by effective energy transfer from excited nitrogen molecules to
the stabilized impurity oxygen atom inside N2 nanoclusters.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/10.0028138

1. INTRODUCTION

The first investigations of luminescence of solid nitrogen bom-
barded by electrons, protons, and X-rays were carried out in 1924
by Vegard.1,2 These experiments aimed to provide evidence for his
idea that the auroral spectrum can be explained by emission from
clusters of solid nitrogen. He found that most of the auroral spec-
tral lines can be explained by the emission of nitrogen molecules
and ions. He also made an assignment of the intense auroral green
line at λ ¼ 5577 Å to the emission of the solid nitrogen exposed by
electrons. Later McLennan et al.3,4 repeated Vegard’s experiments
and showed that green emission from solid nitrogen bombarded
by electrons in this spectral range represented a broad band with
three maxima at λ ¼ 5556, 5617, and 5654 Å, none of each coin-
cides with the auroral line at λ ¼ 5577 Å. In the following
work, McLennan’s group observed in the laboratory emission at
λ ¼ 5577 Å from the discharge in gas mixtures of oxygen and rare
gases (RG). This emission was assigned to the forbidden transition
1S →1D of oxygen atom in the gas phase.5,6

In 1950, researchers became interested in studying the lumi-
nescence of solid nitrogen for the second time when a program
aimed to achieve high concentrations of stabilized atoms in
solid matrices at low temperatures was initiated.7 Although the

program’s main goal of attaining high concentrations of stabi-
lized radicals for practical applications was not achieved, com-
prehensive studies of the properties of various matrix-isolated
species were conducted. Among them were oxygen atoms in
solid molecular nitrogen. During nitrogen gas discharge products
condensation onto cold surfaces (at a temperature of approximately
4.2 K), and during the bombardment of solid nitrogen by electrons,
a bright green emission was observed. The most intense lumines-
cence was registered at approximately 523 and 560 nm wavelengths.
These emissions were assigned to the nitrogen atom 2D →4S transi-
tion (so-called α-group) and to the oxygen atom 1S →1D transition
(so-called β-group), correspondingly.8–11 Usually, in the experiments
with solid nitrogen, only trace amounts (1–10 ppm) of oxygen were
present. However, due to the significantly lower radiation life-
time of O (1S →1D) transition in solid N2 matrix (τβ ¼ 0:2 ms)10

compared to that of N(2D →4S) transition (τα � 25–37 s)8,12,13

even small contamination of oxygen in solid molecular nitrogen
provide bright emission from oxygen atoms, comparable with the
emission of nitrogen atoms. Recently the radiation effects and relaxa-
tion process in pre-irradiated by an electron beam solid N2 and N2

doped solid RG matrix have been studied.14–20 It was found that at
low temperatures, the thermoluminescence of pre-irradiated solids
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occurs due to neutralizations of ions produced during pre-irradiation
by detrapping electrons, while at temperatures T � 20 K, the neutral
atom diffusion and their recombination become important. The emis-
sion of oxygen atom β-group was observed in this works.14–20 Strong
evidence for the observation of tetranitrogen cation Nþ

4 was obtained
in this work Ref. 17, 18, and 20.

The third time, the emission of the β-group of oxygen atoms
attracted researchers’ attention during studies of the molecular nitro-
gen nanoclusters immersed in superfluid 4He (He II). The collections
of molecular nitrogen nanoclusters, with stabilized nitrogen and
oxygen atoms, were formed by injection into bulk superfluid helium
of the mixture of helium gas and molecular nitrogen gas after passing
the region of radio-frequency discharge.21,22 Spectra taken during
sample preparation shows the most intense luminescence from stabi-
lized nitrogen atoms at λ � 522 nm (α-group) and oxygen atoms at
λ � 560 nm (β-group).23–25 In these experiments, oxygen was never
intentionally added to the nitrogen-helium mixture, but it was present
due to the small contamination of oxygen (1–10 ppm) in high-purity
helium gas used in the experiments.

The strong emission of oxygen atoms β-group, accompanied by
less intense β0 and β00-groups, was also observed during the destruc-
tion of impurity-helium condensates containing high concentrations
of stabilized nitrogen atoms.16,26–32 The destruction of impurity-
helium condensates is accompanied by a rapid release of chemical
energy stored in the samples. Interestingly, a substantial part of the
stored energy is released through the emission of oxygen atoms sur-
rounded by nitrogen molecules in the solid phase. The emissions of
oxygen atoms β-group were also observed in the impurity-helium
samples immersed in bulk superfluid helium during samples warming
up from 1.3 to 2.16 K.33,34 This thermoluminescence of the nanoclus-
ters in He II is explained by recombination reactions of nitrogen
atoms residing on the surfaces of nanoclusters initiated by quantum
vortices in superfluid helium. Later, rotationally induced luminescence
of nanoclusters immersed in He II was studied.35 The β-group of
oxygen atoms was always present in the luminescence spectra.

In this work, we discovered a phenomenon of enhanced lumines-
cence of β-group of oxygen atoms in solid molecular nitrogen nano-
clusters during condensation of helium-nitrogen gas jet onto a cold
quartz surface. We studied the condensation of a nitrogen-helium gas
jet into a beaker filled with superfluid helium. During the experiment,
the supply of He II to the beaker was turned off. After the jet evapo-
rated liquid helium from the beaker, we observed an explosion of the
accumulated in the He II nitrogen-helium condensate. Soon after, the
spectra maximum rapidly shifts from 522 nm (which corresponds to
α-group of nitrogen) to � 560 nm (β-group of oxygen), and the green
β-group emission also occurs near the bottom of the beaker. Intense
β-group emission starts at a temperature around 20 K (measured by
the thermometer at the bottom of the beaker) and lasts until the tem-
perature in the beaker reaches 36 K. We will discuss the nature and
the characteristics of this enhanced emission of oxygen atoms.

2. EXPERIMENTAL SETUP

The schematic of the experimental setup is shown in Fig. 1.
The experimental setup consists of two concentric glass Dewars,
shown as (8) and (9) in Fig. 1. The helium Dewar is filled with
liquid helium. Helium vapors are pumped with an Edward 80

vacuum pump until they reach a pressure range of 0.3–5.6 torr cor-
responding to a desired temperature range from 1.1 to 1.6 K.

The next step involves filling the beaker with He II using a
fountain pump and starting the process of sample accumulation by
sending the gas mixture into helium Dewar through a quartz capil-
lary. The gas mixture used in the experiments is prepared in a gas
handling system at room temperature. The set of mixtures used in
the experiments includes N2:He ratios of 1:100, 1:200, 1:400, 1:800.
The duration of each experiment varies from 15 to 30 min, depend-
ing on the conditions. The high-purity helium used in the experi-
ments did not undergo any additional purification procedures and
had O2 impurities of around 1 ppm. The gas mixture passed
through the discharge zone, and the discharge products entered the
helium Dewar through a 0.75 mm orifice in a quartz capillary. The
RF signal for discharge is generated by a Hewlett-Packard Model
8656B signal generator and sent to an E&I 3100L RF amplifier con-
nected to an LN2 cooled RF cavity. This is a custom-built cavity
with additional shielding for decreasing influence on external elec-
tronics.36 The resonance frequency of the RF cavity was varied
from 76.5 to 82.5 MHz. The Brooks Model 5850E Mass Flow
Controller measured gas flow and kept it at 5⋅1019 particles/s.

FIG. 1. Schematic of the experimental setup for the optical study of the lumi-
nescence of gas jets and impurity-helium condensates: (1) quartz capillary, (2)
bifurcating optical fiber, (3) RF discharge cavity, (4) digital camera, (5) convex
lens, (6) optic fiber, (7) motorized lab jack, (8) liquid helium Dewar, (9) LN2
Dewar, (10) fountain pump, (11) first thermometer, (12) second thermometer,
(13) sample accumulation beaker, (14) gas jet, (15) 0.75 mm orifice, (16) bifur-
cating optical fiber input, (17) impurity-helium condensate, (18) LN2 refill system.
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Inside the helium Dewar, the discharge products form a jet in the
cold, dense helium gas. The jet is directed to the center of the
beaker filled with He II, which is installed 2 cm below the orifice
(see Fig. 1).

The usual experimental procedure consisted of accumulating
the sample in bulk He II inside the beaker, turning off the supply
of He II in the beaker, waiting for the helium to evaporate from the
beaker, and observing the explosive destruction of the accumulated
sample. During one of the experiments, this procedure was
changed: the fountain pump was turned off, and the jet evaporated
all the He II from the beaker. As all helium evaporated, we
observed a sudden change in the emissions of α- and β-group. The
intensity of β-group was increased substantially, while the α-group
intensity diminished.

All presented optical spectra were recorded simultaneously by
three spectrometers. Andor (0.35 nm resolution) and Ocean Optics
(1.5 nm resolution) spectrometers are connected to the bifurcating
cable, the other end of which is channeled directly into the helium
Dewar and aimed at the bottom of the beaker. The Andor spec-
trometer has 150 lines/mm grating with 500 nm blaze (maximum
sensitivity region, as shown in Fig. 2) and 360–710 nm spectral
acquisition range.

An Avantes spectrometer was used to record Near-infrared
(NIR) data with 5 nm resolution. The spectrometer signal was
recorded from outside helium and nitrogen Dewars, which were
coated with silver for thermal radiation insulation, with small strips
left clear for observations. We installed convex lenses along with
optic fiber on a motorized lab jack. By adjusting the position of the
lab jack, we could select the region in the beaker from which we
collect light for NIR signal registration. Using Ocean Optics and
Avantes spectrometers simultaneously allowed us to collect data in
a wide range from 200 to 1650 nm. Additionally, we used an Andor
spectrometer to provide a better resolution of optical spectra. The
integration time for Avantes and Ocean Optics spectrometers was
150 ms, with an external synchronization trigger of 4 Hz. The
Andor spectrometer had an integration time of 50 ms with a 20 Hz
internal trigger. We also filmed the luminescence of the jet and the

impurity-helium sample with a digital camera (25 mm sensor size).
The camera had a lens focus of 50 mm, a shutter window of
1/100 s, an f-stop of f/4.0, a sensitivity of ISO 4000, a resolution of
720p, and a recorded video at 60 frames per second.

Two thermometers were placed inside of the beaker. The first
thermometer is secured at the center, at the bottom of the beaker,
and the second is placed vertically on the side of the beaker. The
first thermometer is shown in Fig. 1 and Fig. 6(b). Thermometers
are LakeShore germanium resistors (GR-200A series) connected to
the LR-400 resistance bridge. Temperature differences between two
thermometers up to 1 K were recorded (after He II evaporation).
This difference is a result of different thermometers’ locations.

Two automatic LN2 refill systems control liquid nitrogen levels
in the LN2 Dewar and the quartz tube, where the RF discharge
cavity and the quartz capillary are located. The two refill systems
are almost identical but differ only in thermocouple locations. One
system consists of a thermocouple pair, HP 3478A Multimeter,
microcontroller system, gas solenoid valve, pressurized nitrogen gas
supply, and LN2 refill Dewar. As soon as the LN2 level in the main
(glass) Dewar drops below the thermocouple location, it starts to
heat up. The heat-up process causes a change in the potential dif-
ference at the thermocouple, which the multimeter detects.
Multimeter readings changes are monitored by a microcontroller,
which triggers the gas solenoid valve to open, increasing pressure
in the refill LN2 Dewar. Pressure causes liquid nitrogen flow from
the refill Dewar to the main one (see Fig. 1). The quartz tube refill
system works the same way, the only difference being that it has
two thermocouple pairs at the top and bottom of the tube and ref-
erence Dewar filled with LN2.

The pressure inside the helium Dewar was monitored by an
MKS gauge and recorded by the PC DAQ system.

3. EXPERIMENTAL RESULTS

Solid nitrogen nanoclusters are formed by injecting nitrogen-
helium gas mixture discharge products into dense cold helium gas
above the surface of He II. After entering bulk He II nanoclusters
form a porous gel-like structure inside He II. Each nanocluster is
covered with a few layers of solid helium, which impedes the
recombination of atomic nitrogen, mostly stabilized on the nano-
cluster’s surface.34

Figure 3 displays the time integrated luminescence spectra of
the entire observation period for the experiment conducted with a
gas mixture of N2:He = 1:200. All identified lines are marked in the
figure and listed in Table I. The bands of first (B3Πg ! A3Σþ

u ) and
second (C3Πu ! B3Πg) positive systems of molecular nitrogen, as
well as atomic lines of helium, oxygen, and nitrogen, are present in
the spectra. Nitrogen molecular bands and helium lines correspond
to gas phase emission from the jet. Atomic α- and δ-group of the
nitrogen and β-group of oxygen corresponds to the emission of
atoms stabilized in solid molecular nitrogen. Despite using a
mixture of N2:He = 1:200 and having O2 impurities in He gas of
around 1–2 ppm, the oxygen atom β-group intensity is an order of
magnitude higher than the nitrogen atom α-group intensity, as
evident from the figure. The dynamics of the luminescence spectra,
recorded by the Andor spectrometer, are presented in Fig. 4 in log-
arithmic scale.

FIG. 2. Quantum efficiency as a function of wavelength of detectors used in
experiments: (1) Andor Shamrock SR-500i-D2 spectrograph with
SR5-GRT-0150–0500 grating (150 lines/mm, 500 nm blaze, 0.35 nm resolution)
and Newton CCD (Charge Coupled Device) (black curve); (2) Ocean Optics
USB2000 + spectrometer (green curve); (3) Avantes NIR512-1.7TEC spectrome-
ter with NIR200-1.5 grating and 25 μm slit (red curve).
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We will be focusing our attention on luminescence in a range
from 550 to 570 nm, which belongs to the β-group (1S →1D transi-
tion in oxygen atom), and in a range from 520 to 525 nm, which
corresponds to α-group (2D →4S transition in nitrogen atom). The
dynamics of the integrated intensities of those bands is shown in
Fig. 5, alongside the temperature. Noise in the spectrum integral
(see Fig. 5) can be assigned to the slight instability in the discharge.

From Fig. 5 one can see that while the helium level in the
beaker was relatively high the α-group emission was stronger than

the β-group emission [see Figs. 6(a) and 6(b)], but when more and
more helium was evaporated by the jet (helium supply to the
beaker was terminated) the β-group emission started to be more
prominent (around 300 s mark, see Fig. 5). At point c in Fig. 5, all
helium was evaporated from the beaker, which led to the explosion
of the accumulated sample [see Figs. 6(c) and 6(d)]. The explosive
destruction period is less than one second. Intense β-group emis-
sion starts almost instantly after the liquid helium is evaporated
and, therefore, synchronized with the sample explosion. If the

FIG. 3. Integrated spectra of luminescence, during N2:He = 1:200 gas mixture condensation, observed with three different spectrometers: Ocean Optics (a), Andor (b), and
Avantes (c). The experiment consists of the following phases: accumulation of the sample in bulk He II, evaporation of the He II by the jet, explosive destruction of the
accumulated sample, and a new regime of intense β-group emission.
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sample accumulation time was short, we don’t have enough sample
in a beaker for its explosion to be distinctive on top of the intense
β-group emission regime. After the explosion, the nature of the
emission, and correspondingly spectrum, changed rapidly and dras-
tically. The α-group almost completely disappears, and β-group
luminescence increases tenfold [see Fig. 6(e)]. One can visually
observe how a prominent β-group emission appeared from the
bottom of the beaker [see Fig. 6(f )]. We consistently recreated
the observed effect multiple times. The green β-group emission
continued for around 500 s but became less intense with time
[see Figs. 6(g) and 6(h)] and ended when the temperature on the

thermometer reached T � 36 K. After the emission disappeared, the
experiment could be continued. If the fountain pump was turned on
and the beaker cooled to a temperature below 30K, the β-group emis-
sion reappears (see Fig. 7).

TABLE I. Wavelengths of the transitions for different energy levels of molecular nitrogen, atomic nitrogen, atomic oxygen, and helium, which were identified in obtained
spectra.

Molecular nitrogen bands Atomic lines and groups

B3Πg ! A3Σþ
u (1+) C3Πu→ B3Πg(2+) Element Energy levels λ, nm

v0 v00 λ, nm v0 v00 λ, nm v0 v00 λ, nm v0 v00 λ, nm He 43D→ 23P 447.1

0 0 1051 3 4 1113 7 5 716.4 0 0 337.1 43S→ 23P 471.3
1 1240 4 0 618.6 8 4 595.9 1 357.6 31P→ 21S 501.6
2 1498 1 678.8 5 646.8 2 380.4 N 2 D→ 4S(α) ≈522

1 0 891.2 2 750.4 9 5 590.6 3 405.9 O 1 S→ 1D(β) ≈560
1 1022 4 943.6 6 639.4 4 434.3 He 33D→ 23P 587.6
2 1193 5 1078 10 5 544.2 1 2 353.6 31D→ 21P 667.8
3 1430 5 1 612.7 6 585.4 3 375.5 33S→ 23P 706.5

2 0 775.3 2 670.4 7 632.2 4 399.8 N 2 P→ 2D(δ) ≈1040
1 872.3 3 738.7 11 6 540.6 5 426.9 He 23P→ 23S 1083
2 994.2 6 1044 7 580.4 2 3 350
3 1151 6 2 606.9 8 625.3 4 371
4 1364 3 662.3 12 7 537.2 5 394.3

3 0 687.5 4 727.3 8 575.5 6 420
1 762.6 7 1013 3 6 389.4
2 854.2 7 3 601.3 7 414.2
3 968.2 4 654.5 4 8 409.4

FIG. 4. Dynamics of luminescence spectra during N2:He = 1:200 gas mixture
condensation taken by Andor spectrometer with an exposure time of 50 ms.

FIG. 5. Kinetics of α-group emission integral from 520 to 525 nm (1, red),
β-group emission integral from 550 to 570 nm (2, black), and temperature
(3, blue) during the experiment with N2:He = 1:200 gas mixture. Letters corre-
spond to points in time, which are more closely inspected in Fig. 6.
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We performed a special set of experiments to understand the
possible role of the nanoclusters accumulated in He II on the
observed phenomenon of enhanced emission of β-group of oxygen
atoms in the collection of N2 nanoclusters. In these experiments,
with gas mixture N2:He = 1:200, different accumulation times were
used for collection of nanoclusters in bulk He II (tacc = 0, 5, and
10 min) before starting the evaporation process of He II from the
beaker. When He II evaporated from the beaker, we observed
explosive destruction for each sample. The emission intensity
during sample destruction was proportional to the sample accumu-
lation time. For each of the three experiments, we observe the effect
of the enhancement of β-group emission after sample destruction.
The dependence of β-group emission on temperature for three dif-
ferent accumulations is shown in Fig. 8.

It has been observed that a longer accumulation time has a
negative impact on the luminescence intensity of the β-group but
leads to higher-intensity explosions due to the larger amount of
accumulated nanoclusters.

In one of the experiments, bulk He II was evaporated by the
pure helium jet. When the beaker was empty, and the tempera-
ture in the beaker reached 25 K, the gas supply was switched
from pure helium to the N2:He = 1:200 mixture, and intense
β-group emission appeared in the jet and at the bottom of the
beaker.

We studied the influence of nitrogen atom concentration in the
gas jet on the observed enhanced β-group emission of O atoms in N2

nanoclusters. We used N2–He gas mixtures with different N2 content
from 1/800 to 1/100 in these experiments. It is known that the con-
centration of nitrogen atoms in the discharge products of N2–He gas
mixture is proportional to the content of N2 molecules.40 Fig. 9 shows
the dependence of the β-group emission integral on the content of N2

molecules in the condensing N2–He gas mixtures. One can see that
increasing N2 content from 1/800 to 1/200 in N2–He mixtures led to
a linear increase of the O atoms β-group emission in N2 nanoclusters,
but a further increase of N2 content to 1/100 results in a significant
drop in intensity of β-group emission.

Also, experiments with a neon-nitrogen-helium mixture were
conducted. The spectra accumulated during those experiments are
shown in Fig. 10. The addition of neon to the nitrogen-helium gas
mixture decreases luminescence intensity from the jet and the
nitrogen-neon nanoclusters.

4. DISCUSSION

Activated solid nitrogen containing stabilized nitrogen atoms
exhibits a strong optical emission at low temperatures. Previous
studies of N–N2 systems include condensation of products from
gaseous discharge as well as γ rays and electron bombardment of
solid nitrogen. Intense “green” emissions were observed in these
experiments. Most intense bands in these emissions were assigned
to the forbidden transitions 2D →4S of nitrogen atoms and 1S →1D
of oxygen atoms. These transitions are strongly forbidden in a gas
phase. The lifetime of N (2D →4S) transition in gas phase is � 44.5 h37

and of O (1S →1D) transition is 0.75 s.38 The N (2D →4S) is also for-
bidden by the angular momentum selection rule and the parity
rule for dipole transition at centrosymmetric atomic sites in solid
N2 lattice. However, it occurs as induced dipole radiation due to

FIG. 6. Spectra of luminescence during condensation of N2:He = 1:200 gas
mixture obtained by Andor spectrometer at different moments in time and image
of the jet and the sample at the same moments. Integration window is 1 s. (a),
(b). At t = 300 s during sample accumulation in bulk He II phase; (c), (d) at
t = 540 s during the accumulated sample explosive destruction time; (e), (f ) at
t = 700 s, the enhanced β-group emission period; (g), (h) at t = 1000 s, the
beaker temperature reaches 36 K, and the green glow almost disappears. × 11
at (a), × 1.5 at (e), and ×7 at (d) represent amplification of the spectra along the
y axis for corresponding panels.
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the weak dynamical perturbing fields arising from lattice vibrations.12

The lifetime of N atom α-emission in solid N2 is � 30 s.8,12,13 The
influence of N2 lattice on O (1S →1D) transition is even stronger. This
parity-forbidden oxygen transition in the N2 lattice is composed of
a group of three broad components. One component is blue-
shifted, whereas the other two are red-shifted compared to the gas
phase wavelength of 5577 Å. The primary trapping site for N and
O atoms in the N2 lattice is the substitutional centrosymmetric site
of symmetry S6.

11,16 The β-group of O atoms in this site is com-
posed of three components due to crystal field splitting of the final
O (1D2) state. Each component contains a zero phonon line origin,

which gives rise a little or no emission. The asymmetric
phonon-induced modes of N2 lattice cause a change in parity, and
the O (1S →1D) transition becomes dipole-allowed, resulting in the
almost identical lifetimes of all three components of the β-group.

The N and O atoms excitation mechanism in solid N2 is also
well established.12,49 It includes the recombination of N (4S) atoms
and formation of metastable N2(A3Σþ

u ) molecules:

N(4S)þN(4S) ! N2(A
3Σþ

u , v):

The energy of metastable molecules can be easily transferred
through the N2 matrix. When the excitation approaches the stabi-
lized atoms, it transfers energy to them:

N2(A
3Σþ

u , v)þ N(4S) ! N(2D)þN2(X
1Σþ

g , v
0),

N2(A
3Σþ

u , v)þ O(3P) ! O(1S)þN2(X
1Σþ

g , v
0)

with the following emissions from atoms:

N(2D) ! N(4S)þ α-group,

O(1S) ! O(1D)þ β-group:

This mechanism explains emissions during the accumulation prod-
ucts of the discharge in N2 gas on the cold surfaces and upon bom-
bardment of solid N2 by electrons and γ rays, as well as
thermoluminescence accompanied by warming up of solid N2 con-
taining stabilized N and O atoms.

We injected the nitrogen-helium gas mixture discharge prod-
ucts into the bulk superfluid helium in our experimental method.
On the way from the entering orifice to the surface of He II, the
nanoclusters of solid N2, containing a high concentration of N
atoms, are formed.42–44 Most of the N atoms are stabilized on the
surface of nanoclusters.36,40,41 The nanoclusters form an aerogel-

FIG. 7. Images of the jet and the β-group emission from the bottom of the
beaker taken at different points in time. Time, temperature, and integral intensity
of β-group (50 ms accumulation time) are shown at the top of each frame. In
frame 1, one can see the usual regime after some time after the explosion. In
frame 2, the bottom of the beaker (registered by the thermometer, one can see)
is heated above 36 K, and the β-group emission is weak. There is no green
glow in the region directly under the jet at the bottom of the beaker. In image 3,
the fountain pump is turned on and starts to supply He II into the beaker. In
image 4, the bottom of the beaker is cooled down, and the intensity of β emis-
sion is higher than in image 1. The gas mixture N2:He = 1:400 was used in this
experiment.

FIG. 8. Dependence of β-group intensity on temperature in the beaker. All lines
correspond to the same gas mixture of N2:He = 1:200 but with different accumu-
lation times before the fountain pump was turned off: (1) no accumulation
(black), (2) 5 min accumulation (red), (3) 10 min accumulation (green).

FIG. 9. Dependence of integrated O atom β-group (550–570 nm) luminescence
intensity on N2 content in condensing nitrogen-helium gas mixtures.
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like structure inside He II.45–47 The abovementioned mechanism
also explains the green luminescence of the collection of nano-
clusters during accumulation. The integral of α-group emission
is much larger than that of β-group emission. The expanded
spectrum of β-group during sample accumulation is shown in
Fig. 11(a).

The investigation of the emission spectra during the explosive
destruction of the collection of the nanoclusters shows that in these
fast flashes, the emission intensity of β-group is much larger than

that of α-group. The relative increase of β-group intensity was
explained by reducing the concentration of stabilized atoms due to
their recombination and the much smaller lifetime of the oxygen
atom transition, which provides an efficient channel for releasing
the energy created in the sample from the recombination of stabi-
lized nitrogen atoms. The spectrum of β-group during sample
destruction is shown in Fig. 11(b).

In this work, we described the regime of enhanced longtime
β-group emission of oxygen atoms in solid molecular nitrogen

FIG. 10. Comparation of integrated spectra of the jet and the impurity-helium sample luminescence obtained by three spectrometers for experiments with N2:He = 1:200
(black lines) and N2:Ne:He = 1:5:1000 (red lines) gas mixtures. Spectra obtained by Ocean Optics (a), Avantes (b), and Andor (c) spectrometers. The regimes for obtaining
integrated spectra are similar to that described in Fig. 3. In a nitrogen-neon-helium mixture, the content of nitrogen is reduced by 5 times compared to that of the nitrogen-
helium mixture. This reduction led to a substantial decrease in all emissions.
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nanoclusters. The regime was realized during condensation of acti-
vated (passing RF discharge) nitrogen-helium gas jet into dense
cold helium gas at temperatures of 20–35 K. The spectrum of
β-group during enhanced emission regime is shown in Fig. 11(c).
The similarity of the β-group spectra during enhanced emission
regime and that during the destruction of N2 nanoclusters collec-
tion containing a high concentration of stabilized nitrogen atoms
[see Figs. 11(b) and 11(c)] suggest the resemblance of the emission
mechanism for these two cases.

The phenomenon of the enhanced oxygen atom β-group
emission during nitrogen-helium gas jet condensation in a cold
helium vapor can be explained by the following mechanism. The
nanoclusters of molecular nitrogen are formed upon cooling down
of the discharge products in the cold helium gas. The N2:He = 1:200
gas mixture contains 0.5% of N2 molecules and �10–3% of O2 mole-
cules. The O2 molecules appear as an impurity in the helium gas. The
flux of the helium gas is �5 � 1019 s�1, so the flux of N2 molecules is
dN2/dt � 2:5 � 1017 s�1, and the flux of O2 molecules is �5 � 1014s�1.
In a cold helium gas, the nanoclusters of N2 molecules with a size
of � 5–10 nm (� 2500 N2 molecules) are formed.42–44 The rate of
cluster formation is dncl/dt � 1 � 1014s�1. Therefore, the N2 nanoclus-
ters formation rate is of the same order as the flux of O2 molecules.
At such a small content of O2 molecules in the He gas, all O2 mole-
cules are dissociated in the discharge zone.48 Therefore, only the
atomic form of oxygen should be present in the gas jet. These O
atoms might be at the center of nanoclusters. The mechanism of stabi-
lizing O atoms in the interior of N2 nanoclusters involves recombina-
tion with N atoms, resulting in the formation of NO molecules.
Because of a large van der Waals attraction, NO molecules can be
centers of N2 nanoclusters formation. When the NO molecule attracts
an N atom, a fast reaction NO+N ! N2 þO results in stabilizing
the O atom surrounded by N2 molecules. As a result, each N2 nano-
cluster should have a few (up to 5) O atoms stabilized in the interior
of N2 nanoclusters. In the usual conditions at temperatures of
� 1.5 K, N atoms mostly stabilized on the surfaces of N2 nano-
clusters.36,40,41 In the condition of observation of intense β emis-
sion of O atoms in N2 nanoclusters, the temperature is much
higher (�24–35 K), and at high temperature, the efficiency of sta-
bilization became much smaller, and N atoms from the jet mostly
recombine on the surfaces of nanoclusters formed in the periph-
eral cold region of the jet. The metastable N2 (A3Σþ

u ) molecules
formed on surfaces of N2 nanoclusters transfer excitation energy
into the interior of nanoclusters, where O (3P) atoms are stabi-
lized. The fast energy transfer through N2 molecules in nanoclus-
ters delivers energy for the excitation of stabilized O atoms in N2

nanoclusters.49

The relatively short lifetime of O (1S →1D) transition
(�0:2 ms), comparative to the �30 s for N (2D →4S) transition,
provides an efficient channel of emission β-group of O atoms. The
large surface area of the collection of nanoclusters makes the
process of recombination of N atoms very effective, and most of
the chemical energy from the excited N2 molecules is released as an
emission of oxygen atoms. Much less intensity of α-group of N
atoms was observed in this regime as seen in Figs. 6(e) and 6(g).

We did not observe any bands of O2 molecules or Oþ
2 ions in

the experimental spectra. With low concentrations of O atoms, the
probability of their recombination is very small. Also, there is no

FIG. 11. Spectra of β-group luminescence during N2:He = 1:200 gas mixture
condensation, obtained by Andor spectrometer at different moments with time
integration window of 1 s: (a) during sample accumulation in bulk He II at
t = 300 s; (b) during the sample explosive destruction at t = 540 s; (c) during
intense β-group luminescence period at t = 700 s.
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evidence for the influence of charge recombination reactions on the
observed phenomenon of enhanced β-group emission of O atom in
N2 nanoclusters.

The results presented in Fig. 9 show the dependence of
β-group emission of O atoms, stabilized in N2 nanoclusters, on the
N2 content in N2–He gas mixture. Higher nitrogen molecule
content in the gas mixture leads to larger nitrogen atom concentra-
tion in the discharge products, resulting in increased nitrogen atom
recombination rate on the surface of the nanoclusters, providing
higher energy flux for excitation of O atoms stabilized in N2 nano-
clusters. Since stabilized oxygen provides an efficient energy release
channel through the 1S →1D transition, we see an increase in
β-group luminescence intensity. The intensity of β-group emission
is linearly growing with increasing content, from 1/800 to 1/200, of
N2 molecules in the N2–He gas jet. However, when the energy flux
is too large, the nanoclusters are melted, and the β-emission almost
disappears, as observed for the 1/100 content of N2 molecules in
N2–He gas jet.

The suggested mechanism is supported by an experiment with
the addition of Ne atoms to the N2:He gas mixture. The gas
mixture change from N2:He = 1:200 to N2:Ne:He = 1:5:1000 is a
5-time reduction in nitrogen content, which leads to substantial
suppression of the intensity of all emissions (see Fig. 10). The pres-
ence of Ne atoms also changes the structure of nanoclusters. Neon
atoms are captured in the interior and on the surfaces of N2 nano-
clusters.36 In this case, the N atoms from the jet recombine on the
surface of nanoclusters with the formation of excited N2 molecules.
However, the Ne atoms suppress the transfer of excitation from the
N2 molecules on the surface to the interior of N2 nanoclusters,
since the lowest excited state of Ne atom (�16.6 eV) is much
higher than the energy released in N (4S) atom recombination
(� 9.8 eV).24 Therefore, the emission of β-group of O atoms inside
the N2 nanoclusters is substantially suppressed, as observed in
experiments with the gas mixture containing neon.

5. CONCLUSIONS

We observed enhanced β-group emission of oxygen atoms in
the collection of molecular nitrogen nanoclusters at temperatures
of 20–35 K. The energy for excitation of O (3P) atoms was trans-
ferred through the N2 matrix from the surface of nanoclusters. This
energy results of the recombination of N atoms from the gas jet on
the surfaces of N2 nanoclusters, leading to the formation of the
metastable N2 (A3Σþ

u ) molecules. The fast process of excitation
transfer through the N2 matrix and the relatively small lifetime of
O (1S →1D) transition provide an efficient mechanism of enhanced
luminescence of oxygen atoms in solid molecular nitrogen
nanoclusters.
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