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Abstract
Impurity-helium condensates (IHCs) formed by injecting the discharge products of 
gaseous mixtures of helium atoms and nitrogen molecules into bulk superfluid 4 He 
at temperature 1.5 K, were studied by X-band electron spin resonance. IHCs consists 
of collections of N

2
 nanoclusters which form aerogel-like structure inside bulk HeII. 

It was found that N
2
 nanoclusters have a two shell structure, an outer shell which 

contains high concentration of stabilized N atoms and an interior shell with lower 
concentrations of N atoms. In this paper, we have studied the dependence of the 
shell structure of the N

2
 nanoclusters which compose the IHCs by varying the ratio 

of nitrogen to helium in the prepared gas mixture from 0.06 to 1%. The highest local 
concentration of N atoms in nanoclusters (1.2 ⋅ 1021 cm−3 ) was observed in the sam-
ple prepared from the gas mixture containing the lowest nitrogen admixture (0.06%). 
Additionally, the evolution of nanocluster structure was studied as the samples were 
drained of liquid helium (T ≤ 3.5 K) and warmed beyond the point of explosive 
recombination (3.5 K ≤ T ≤ 6.5 K).
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1  Introduction

The first studies of electron spin resonance (ESR) spectra of nitrogen atoms sta-
bilized in solid molecular matricies were carried out in the middle of the last 
century [1–7]. The spectroscopic parameters, g-factor, and hyperfine splitting 
constant, A, for N atoms stabilized in different solid matricies were obtained [4, 
6]. Although only small relative concentrations of stabilized N atoms in solid 
matricies ( N/N2 × 100% ≈ 0.1% ) were achieved in these studies, it was shown 
that ESR spectra of stabilized atoms provide important information about their 
environments in solid matricies. The interaction between nitrogen atoms and their 
environments increases the hyperfine splitting constant compared to the free atom 
value [8]. Multiple trapping sites of nitrogen atoms in solid molecular nitrogen 
were identified [9].

The method of injecting the discharge products of nitrogen-helium gas mix-
tures into superfluid helium (HeII) allowed for a substantial increase in concentra-
tions of stabilized N atoms [10–12]. Upon entering bulk HeII, the impurity gasses 
rapidly condense, forming a porous aerogel-like structure composed of nanoclus-
ters containing stabilized atoms. Experiments utilizing x-ray diffraction [13–16] 
and ultrasound techniques [17–20] have found typical nanocluster sizes ranging 
from 3 to 6 nm, with pore sizes ranging from 8 to 860 nm. The relative concentra-
tions of nitrogen atoms were found to be 10–30% [21, 22], more than two orders 
of magnitude larger than that obtained in earlier experiments. It was predicted 
that most of the stabilized nitrogen atoms should reside on the surfaces of the N2 
nanoclusters [23]. Application of the ESR method for studying the structure of 
nanoclusters containing stabilized H, D, or N atoms in nanoclusters with different 
compositions revealed a shell structure of the nanoclusters [24–26]. During con-
densation of the atoms and molecules with different masses, at the early stage of 
cooling gas jet, the heavier impurities are freezing first, forming the cores of the 
nanoclusters due to stronger van der Waals interactions between heavy particles. 
At the next stage, lighter atoms and molecules stick to the cores of nanoclusters 
forming the shell structure of the nanoclusters. These nanoclusters form a loosely 
connected network inside bulk HeII.

The shell structure of nanoclusters composed of nitrogen and different rare gas 
atoms was extensively studied [27, 28]. In all studied nanoclusters most of the N 
atoms (70–80%) were stabilized on the nanocluster surfaces. Preliminary studies 
of N-N2 nanoclusters were also performed [12, 29]. The highest local concentra-
tion of N atoms ( nloc ≈ 8 ⋅ 1020cm−3 ) in N2 nanoclusters immersed into HeII were 
achieved. The average concentrations of N atoms were of order navg ≈ 1.4 ⋅ 1019 
cm−3 . However, no information about the structure of the N-N2 nanoclusters, nor 
the changes of the nanoclusters’ structure during warming up were reported.

In this work, we studied N2 nanoclusters containing stabilized N atoms, pre-
pared from a variety of N2-He gas mixtures. The content of N2 molecules in N2

-He gas mixtures was varied in the range from 0.0625 to 1%. We found that the 
N-N2 nanoclusters possess a two-shell structure for all gas mixtures used. The 
cores of the nanoclusters consisted of N2 molecules with small concentration of 
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stabilized N atoms, and were surrounded by an outer shell with a high concen-
tration of N atoms. It was also found that the average concentration of N atoms 
stabilized in the collection of N2 nanoclusters is linear growing with increasing 
of the quantity of N2 molecules in the condensed N2-He gas mixtures. The local 
concentrations of N atoms stabilized on the outer shells was found to be largest 
for the most dilute ([N2:He] = 1:1600) gas mixture. The stability of N atoms in 
different shells during the process of warming up was also studied.

2 � Experimental Setup

The process of forming IHC samples, as well as the experimental setup used in these 
experiments has been described in great detail elsewhere [28, 30]. Therefore only a 
brief summary will be provided here. All data presented in this work was gathered 
using a continuous refill Janis research cryostat, with a base temperature of 1.1 K.

First, a gas mixture of N2 in 4 He was prepared in a room temperature gas han-
dling system, by diluting spectroscopically pure 4 He (Linde Research Grade Helium 
Gas) with high purity N2 (Matheson Research Purity 99.999%). After allowing suf-
ficient time for the gasses to mix ( ≥ 30 min.), the admixture of gasses were intro-
duced to the cryostat Variable Temperature Insert (VTI), at a constant flux of 3 mL/s 
( dN2

dt
= 5 ⋅ 1019s−1 ), through a liquid nitrogen cooled quartz capillary and RF dis-

charge cavity. Immediately after dissociation, the discharge products exit the quartz 
capillary through a small orifice (0.75 mm diameter) forming a jet within the VTI. 
Once in the VTI, the dissociated gas mixture traveled a short distance ( ≈ 2  cm) 
before entering a superfluid helium filled quartz beaker. The fast cooling process 
upon entering the VTI, filled with liquid helium, caused the discharge products to 
rapidly condense. For each sample studied, this accumulation process was continued 
for 8 min, before halting the influx of gas mixture and lowering the sample accumu-
lated in the beaker into the ESR cavity located at the bottom of the cryostat.

Upon lowering the sample filled beaker into the ESR cavity the, the X-band 
microwave bridge was activated and tuned to the cavity resonance frequency of ≈ 
8.9 GHz. Once tuned and the cryostat allowed to reach its base temperature (typi-
cally 1.1 K), ESR registrations of the stabilized nitrogen atoms in the sample as well 
as a reference ruby signal were taken. The ruby reference signal allowed for calibra-
tion of the total number of nitrogen atoms stabilized in the sample [30]. After initial 
registration and calibration of the ESR signal, of the condensed sample, the VTI was 
warmed first above the 4 He lambda point, then the beaker drained of liquid helium, 
while simultaneously recording the atomic nitrogen ESR spectra. Due to the volatil-
ity of impurity helium condensates (IHCs) containing high concentrations of atomic 
nitrogen, registration of the sequences of ESR spectra was unsuccessful for many 
samples, as explosive recombination of the samples occurred before proper meas-
urements could be taken.

As it was mentioned this set of experiments were carried out in a Janis 
Research cryostat, with a variable temperature insert volume, connected with a 
main liquid helium reservoir via a thin capillary. A needle valve at the interface 
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between the capillary and main helium reservoir allows for regulation of the flux 
of helium entering the VTI, and a heater located at the interface of the capillary 
and VTI allows control of the temperature of the helium exiting the orifice. Fig-
ure 1 presents a simplified diagram of the experimental setup, emphasizing the 
temperature control scheme used in these experiments.

A Lakeshore Model 340 temperature control unit was utilized to implement the 
temperature control feedback loop. The temperature reading from the thermom-
eter embedded in the top of the ESR cavity was used as the feedback point for sta-
bilization. In these experiments, a purely linear proportional, integral, derivative 
(PID) feedback process was utilized. Due to the physical separation of the heating 
element and the thermometer used for feedback, a large delay was present in the 
feedback loop, making the temperature control unstable. Additionally, due to the 
relatively low thermal conductivity of the quartz beaker and the sample itself, 
precise measurement of the sample temperature was not possible.

In order to initiate the process of sample destruction and explosion, the needle 
valve was first closed, and all liquid helium in the VTI evaporated. With no liquid 
helium remaining in the VTI, the needle valve was partially re-opened and the set 
point of the temperature controller was set to 3 K, in order to ensure no superfluid 
helium remained in the VTI. After measurement of the ESR spectra at T = 3 K, 
the temperature controller was set to higher temperatures (5–6.5 K), and regis-
tration of the ESR spectra were performed until the explosive destruction of the 
samples occurred.

Fig. 1   Simplified diagram of the experimental setup, with emphasis on the temperature control scheme
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3 � Experimental Results

3.1 � Stabilization Efficiency

We studied the dependence of average concentration of N atoms stabilized in 
N-N2-He condensates, on the content of N2 in the initial nitrogen-helium gas mix-
tures used for sample preparation. The ESR spectra of N atoms, stabilized in N2 
nanoclusters prepared from different nitrogen-helium gas mixtures are shown in 
Fig. 2. By first measuring the ESR signal of the calibrated ruby crystal located 
at the bottom of the ESR cavity, then comparing the second integrals of the ruby 
and nitrogen atoms ESR signals, the average concentration ( navg ) of stabilized N 
atoms was calculated using the following equation,

where NR = 6.417 ⋅ 1016 is the number of spins in the ruby reference crystal, IN and 
IR are the double integrals of the nitrogen 4 S atoms and ruby signals respectively, 
� = 2.66 is the correction factor for the non-uniform sensitivity of the ESR cavity, 
S = 3

2
 is the electron spin of a 4 S ground state 14 N atom, and Vs = 0.352 cm3 is the 

volume of the sample within the cavity. The results of the analysis of ESR spectra 
are listed in Table 1 and plotted versus nitrogen content in the nitrogen-helium gas 
mixtures are shown in Fig. 3.

Figure 3 shows almost proportional dependence of average concentration of N 
atoms stabilized in N2 nanoclusters, on the amount of N2 molecules in condensed 
nitrogen-helium gas mixtures.

Additionally, the efficiency of stabilization of nitrogen atoms ( � ) in the sam-
ples was calculated as the ratio of the total number of stabilized atoms ( Ntot ) in 
the sample to the number of atoms sent from the discharge cavity into the super-
fluid helium filled beaker ( Ni ), using the following formula,

where ta = 480 s (8 min) is the accumulation time of the samples, dN2

dt
 is the flux of 

N2 molecules, and � ≈ 30% is the efficiency of N atom dissociation in discharge. 
The results of these calculations are listed in Table  1 and plotted versus nitrogen 
content in the initial gas mixtures, in Fig. 4.

The efficiency of N atoms stabilization initially growing from 0.9 to 3.5% with 
increasing content of N2 molecules in the condensed nitrogen-helium gas mixture 
from 0.06 to 0.25%, but after that it became constant at the level of � ≈ 2.5%.

(1)navg =

(

NR ⋅
IN

IR
⋅ � ⋅

4

3
S(S + 1)

)

∕Vs

(2)� =

Ntot

Ni

=

(

navg ⋅ Vs

)

∕

(

dN2

dt
⋅ ta ⋅ � ⋅ 2

)
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3.2 � Structure of N‑N
2
 Nanoclusters

Information about the environments of the stabilized nitrogen atoms in N2 nan-
oclusters was extracted from the analysis of the line shape of the ESR signals. 
Previous work on IHC samples [24–28] has established that the constituent N2

-RG nanoclusters possess a shell structure. The spectroscopic parameters of N 
atoms stabilized in substitutional sites of N2 matrix, obtained in previous studies, 

Fig. 2   Derivatives of ESR spectra of N atoms stabilized in the samples prepared from a variety of nitro-
gen-helium gas mixtures: a [ N

2
]:[He] = 1:1600, b [ N

2
]:[He] = 1:800, c [ N

2
]:[He] = 1:400, d [ N

2
]:[He] 

= 1:200, e [ N
2
]:[He] = 1:100. Amplitudes of the spectra were normalized to emphasize the line shape



Journal of Low Temperature Physics	

Fig. 3   Dependence of the average concentration of N atoms stabilized in the N-N
2
-He samples, on con-

tent of N
2
 in He (%) in the condensed gas mixtures

Fig. 4   Dependence of stabilization efficiency of N atoms in the N-N
2
-He samples, on the ratio of N

2
/He 

in the gas mixture used for preparation of samples

Table 1   Flux of nitrogen-helium 
mixtures used for preparation of 
IHCs, average concentrations of 
N(4 S) atoms within IHCs, and 
N atom stabilization efficiency

Gas mix-
ture [N2

]:[He]

Flow rate dN2

dt
 , s−1 Average con-

centration navg , 
cm−3

N atom stabiliza-
tion efficiency, 
� , %

1:100 4.95 × 10
17

1.02 × 10
19 2.52

1:200 2.49 × 10
17

5.24 × 10
18 2.57

1:400 1.25 × 10
17

3.62 × 10
18 3.54

1:800 6.24 × 10
16 8.82 × 10

17 1.73
1:1600 3.12 × 10

16 2.26 × 10
17 0.89
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are shown in Table 2. In order to extract information about the N 2 nanoclusters 
structure the atomic nitrogen ESR signals were modeled as the superposition of 
two Lorentzian triplets with known hyperfine constants, see Fig. 5. We identified 
the triplet (blue line) in Fig. 5 with N atoms stabilized in N2 matrix (A = 4.20 
G); and the broad triplet (red line) in Fig. 5 is assigned to N atoms residing on 
the surfaces of the nanoclusters (A = 4.12 G). The experimental ESR spectra of 
N atoms were successfully fitted, by using two sets of Lorentzian triplets. The 
results of analysis are shown in Table 3. This provides evidence for the two shell 
structure of N2 nanoclusters formed by injecting nitrogen-helium gas mixtures 
into bulk HeII. Using the linewidths of the fit spectra components, the local con-
centrations of the nitrogen atoms residing in each shell were determined using the 
following formula [31],

(3)ΔHpp = 2.3g�0

√

S(S + 1)nloc

Fig. 5   Derivatives of ESR spectrum of N atoms in nitrogen-helium sample formed by N
2
:He = 1:200 gas 

mixture: a the experimental data (blue circles), and the fit sum of two Lorentzian triplet spectra (solid red 
line), b the two fitting Lorentzian triplets independently, corresponding to the two different environments 
of N atoms: N atoms on the surfaces (red), N atoms in N

2
 matrix (blue) (Color figure online)

Table 2   Hyperfine splitting 
constants, A and g factors of 
nitrogen atoms stabilized in 
substitutional sites in N2 matrix

Matrix A, G g factor

Free [32] 3.73 2.00215
N

2
 [27] 4.20 2.00216

N
2
 [2] 4.31 2.00200(6)

N
2
 [33] 4.22 2.002155(5)

N
2
 [34] 4.21 2.00201(12)
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where ΔHpp is the peak-to-peak line-width of the ESR derivative line in gauss, 
g is the electron g-factor, �0 is the Bohr magneton, S is the overall electron spin 
(S=3/2 for 14 N atom), and nloc is the local concentration of nitrogen atoms with units 
atoms ⋅ cm

−3 . Experimental ESR spectra of nitrogen atoms for each as-prepared 
sample studied has been plotted in Fig. 2, and scaled to unity in order to empha-
size the variation in lineshapes. The MATLAB curve fitter application was used to 
facilitate the fitting of our model to each of the experimental spectra. The results of 
applying Eq. 3 on the fit spectra are plotted versus nitrogen content of the initial gas 
mixture in Fig. 6, and also listed in Table 3.

Fig. 6   Dependence of local concentration of N atoms in N
2
 nanoclusters, stabilized on nanocluster sur-

faces (red triangles), and in nanocluster interior cores (blue circles), on the ratio of N
2
 (Color figure 

online)

Table 3   Results from analysis of ESR spectra of N atoms stabilized in molecular nitrogen nanoclusters, 
prepared from different N2:He gas mixtures. Here A is the hyperfine structure constant, g factors of the N 
atoms and ΔHpp the peak-to-peak linewidth for the derivative ESR spectra

1 The g factor was calculated from the center field H
0
 , units G, of the respective triplet and the applied 

microwave frequency � , units MHz, using the equation h� = g�
0
H

0

Gas mixture A, G ΔHpp , G nloc , cm−3 Weight, % g factor1

[N
2
]:[He] = 1:100 4.12 38.37 4.56 × 10

20 88.20 2.0027
4.22 8.16 9.67 × 10

19 11.80 2.0020
[N

2
]:[He] = 1:200 4.12 32.17 3.84 × 10

20 92.20 2.0023
4.22 6.76 7.97 × 10

19 7.80 2.0023
[N

2
]:[He] = 1:400 4.12 43.38 5.27 × 10

20 85.65 2.0022
4.22 12.69 1.53 × 10

20 14.35 2.0030
[N

2
]:[He] = 1:800 4.12 31.34 3.84 × 10

20 89.69 2.0024
4.22 11.20 1.46 × 10

20 10.31 2.0021
[N

2
]:[He] = 1:1600 4.12 102.1 1.80 × 10

21 66.08 2.0015
4.22 20.82 2.25 × 10

20 33.92 2.0025
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The maximal local concentration of N atoms ( nloc = 1.8 ⋅ 1021 cm−3 ) was found 
to be at the surface layer of nanoclusters prepared from gas mixture [ N2:He] = 
1:1600. Local concentrations on the surfaces of nanoclusters prepared from less 
dilute nitrogen-helium gas mixtures were at the level ≈ 5 ⋅ 1020 cm−3 . The local con-
centrations in the interior layers of nanoclusters for all samples were smaller ≈ (1−
2.5)⋅1020 cm−3.

3.3 � Studies of Changes in N
2
 Nanoclusters Structure During Warming up Process

We also studied the changes in the shells of N2 nanoclusters and total and local con-
centrations of stabilized atoms during warming up of the collection of nanoclus-
ters prepared from gas mixtures N2:He=1:400. In this study, the temperature was 
incrementally increased over the range 1.1– 6.5 K and the ESR spectra of nitrogen 
atoms were recorded at different temperatures. Figure 7 presents the evolution of N 
atom ESR spectra as temperature was increased from 3.0 to 6.5 K. In order to obtain 
information on the structure of N2 nanoclusters and concentrations of stabilized N 
atoms, we used the same approach of fitting the experimental ESR spectra as a sum 

Fig. 7   Derivatives of ESR spectra of N atoms for sample prepared from gas mixture [ N
2
]:[He] = 1:400 

at different moments during warming to 5.2 K: a 240 s (T = 5.0 K), b 260 s (T = 5.0 K), c 280 s (T = 4.5 
K), d 300 s (T = 5.2 K), e 320 s (T = 5.2 K). Spectra d and e were taken after the sample explosion
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of two Lorentzian triplets corresponding to N atoms on the surfaces of nanoclusters 
and to the N atoms in the N2 matrix in the interior shell of nanoclusters. From this 
analysis, we obtained the linewidths and integrals for two sets of fitting Lorentzian 
triplets, which provided information on local and total concentrations of N atoms 
stabilized in each of the two shells of N2 nanoclusters. It was found that N2 nano-
clusters preserved two shell structure in the warm up process even though the local 
concentrations in each of the shells changed substantially. The time dependences of 
local concentrations of N atoms on surfaces and in the interior of the N2 nanoclus-
ters are shown in Fig. 8. The local concentrations in both shells are stable at temper-
atures below 3.0 K and even have tendency to increase before explosive destruction 

Fig. 8   Time dependence of local concentration of N atoms in N
2
-He nanoclusters, stabilized on nano-

cluster surfaces (red triangles), and in the cores of N
2
 nanoclusters (blue circles), as well as tempera-

ture  (dashed line) of the ESR cavity during warming from 3 – 6.5 K. Sample was prepared from gas 
mixture [ N

2
]:[He] = 1:400 (Color figure online)

Fig. 9   Time dependence of the total number of N atoms in the sample prepared from gas mixture [ N
2

]:[He] = 1:400 (green squares), and the number of N atoms stabilized on nanocluster surfaces (red trian-
gles), and in the cores of N

2
 nanoclusters (blue circles), as well as temperature (dashed line) of the ESR 

cavity during warming from 3 – 6.5 K (Color figure online)
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of the sample. Sharp reduction of the local concentration of N atoms ( ≈ 30 times) on 
the surfaces of nanoclusters occurs at temperature ≈5.2 K due to chain recombina-
tion reactions of N atoms. At the same time, the decrease in the local concentrations 
in the interior of nanoclusters was much smaller ( ≈ 2 times).

The time dependence of the total number of N atoms stabilized in the sample, as 
well as time dependences of the total number of N atoms stabilized on the surfaces 
and in the interior layers of nanoclusters are shown in Fig. 9. From this figure, one 
can see that initially most of the N atoms are stabilized on the surfaces of nano-
clusters, however, after explosive destruction of the sample most of the survived N 
atoms are in the interior layers of nanoclusters, their number decreased by a factor 
of 20. The drop of the total numbers of N atoms on the surfaces is much larger, from 
1019 to 3 ⋅ 1014 ( 3 ⋅ 104 times).

4 � Discussion

Impurity-helium condensates consist of a collection of nanoclusters, which form 
aerogel-like structure in superfluid HeII [35]. The size of the nanoclusters ( ≈ 6 
nm) was obtained from x-ray studies [13–16] and the range of pore sizes (8–800 
nm) was determined from ultrasound studies [17–19]. These condensates are very 
promising in achieving high concentrations of stabilized atoms. It was shown that 
most of the stabilized atoms reside on the surfaces of the nanoclusters. The structure 
of mixed N2-RG and H 2-RG nanoclusters was extensively studied [24–28]. It was 
found that nanoclusters have a shell structure. As an example in N2-Kr nanoclusters, 
three shells were identified [24]. The core of nanoclusters was formed by the heavi-
est krypton atoms, after that the layer of N2 molecules was formed, and the last outer 
surface layer was formed. Most of the nitrogen atoms (75–85%) were stabilized on 
the surfaces of nanoclusters, and only 15–25% were stabilized in the two inner lay-
ers. Accordingly the local concentration of atoms stabilized on surfaces of nanoclus-
ters was high, of order 2 ⋅1021 cm−3 , an order of magnitude higher than that in the 
inner layers.

In the previous studies of nitrogen-helium condensates the high average 
( 1019 cm−3 ), and local concentration (up to 8 ⋅ 1020 cm−3 ) of N atoms were obtained 
[12, 29]. However, the analysis of the structure of N2 nanoclusters had not been 
performed.

In this work, we studied the structure of N2 nanoclusters in nitrogen-helium 
condensates formed by condensation of nitrogen-helium gas mixtures, after pass-
ing through RF discharge, in bulk HeII. The broad range of ratios of N2/He from 
1:100 to 1:1600, was used in these experiments. For each samples the ESR spectra 
of N atom stabilized in N2 nanoclusters were recorded. From the analysis of the ESR 
spectra of nitrogen atoms, it was found that the N-N2 nanoclusters have a two shell 
structure.

The local concentration formula, Eq.  3, assumes Lorentzian broadening due to 
nearest-neighbor dipole-dipole interactions of irregularly spaced N-atom impurities 
in the N2 nanoclusters which constitute the IHC samples. Previous X-ray diffraction 
studies on IHC samples formed from dilute N2-He gas mixtures, without discharge 
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[13, 15], revealed the structure of the N2 nanoclusters to be hexagonal-icosahedral 
(hico), with diameter ∼ 60Å. Based on the measured linewidths of the N atom ESR 
spectra we can calculate the nearest-neighbor separation by dN- N = (nloc)

−1∕3 . Tak-
ing the averages of the local concentrations for the 4 samples formed from least 
dilute N2-He gas mixtures with similar structure, we estimate the nearest-neighbor 
distance for N atoms assigned to the surfaces d Surf

N - N
≈ 1.32 nm, and those assigned 

to the core dCore

N - N
≈ 2.0 nm.

In Fig.  10, we present an approximate model for the structure of the N2 nano-
clusters, and distribution of nitrogen atoms stabilized on the nanocluster surfaces. 
Taking the diameter of an N2 molecule to be ≈ 3.65 Å, and knowing the approximate 
diameter and hico structure of the nanoclusters, we estimate that the average nano-
cluster contains m = 8 icosahedral shells, with a total number of 2057 molecules, 
and an outer layer of hcp sites on all of the 20 faces, provides 720 possible surface 
sites, in a fully filled nanocluster.

Similar to the case of N2-RG nanoclusters, most of the N atoms (70–90%) are sta-
bilized in the outer shells, on the surfaces of nanoclusters, and the rest of the atoms 
(10–30%) stabilized in N2 matrix in the interior of the nanoclusters. In the outer 
(surface) shell, local concentrations of N atoms from 4 ⋅ 1020 cm−3 to 1.2 ⋅ 1021 cm−3 
were achieved. This corresponds to ∼ 2 N atom stabilized within the core of each 
nanocluster, and ∼ 40 N atoms stabilized on the surfaces. The local concentra-
tions of N atoms in the inner layer were almost one order of magnitude lower, from 
8 ⋅ 1019 cm−3 to 2.5 ⋅ 1020 cm−3 . The average concentrations of stabilized N atoms in 
the samples were smaller because of the porosity of the samples.

In the samples prepared from nitrogen-helium gas mixtures with different N2/He 
ratios, the average concentration of stabilized N atoms was almost proportional to 
the content of N2 molecules in the gas mixture (see Fig. 3).

Figure 11 and Table 4 show comparison of the results obtained in this work and 
previous [12, 27, 29] studies of average ( navg ) and local ( nloc ) concentrations of N 
atoms stabilized in N2 nanoclusters. In all of these studies, the N-N2 nanoclusters 
were formed by injection of the discharge products of nitrogen-helium gas mixtures 
into bulk superfluid helium.

The largest average N atom concentrations ( ≈ 1 ⋅ 1019 were obtained by using gas 
mixture N2:He = 1:100. The values of local concentration have tendency to increase 

Fig. 10   Idealized model of the 
N-N

2
 nanoclusters which con-

stitute the IHC samples of this 
experiment: green spheres - N

2
 

molecules, orange spheres - N 
atoms (Color figure online)
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when the admixture of N2 molecules in nitrogen-helium gas mixtures is decreasing. 
The maximal local concentration was achieved in this work by using the most dilute 
gas mixture N2:He = 1:1600. It is known that decreasing of N2 molecules quantity 
in the nitrogen-helium gas results in reducing sizes of N2 nanoclusters formed upon 
injection of gas mixtures into HeII [16]. Therefore, the stabilization of N atoms is 
more efficient in the nanoclusters with smaller sizes.

Warming of the sample prepared from gas mixtures N2:He = 1:400 from 1.1 to 
5.0 K does not have an influence on the concentration of N atoms stabilized in dif-
ferent shells of the N2 nanoclusters. The explosive destruction occurs upon storing 

Fig. 11   Dependences of average concentration (a), and local concentration (b) of N atoms stabilized 
in N

2
 nanoclusters on the N

2
/He ratio in nitrogen-helium gas mixtures used for samples preparation 

obtained in recent work (red circles), from citation [12] (green squares), from citation [27] (blue dia-
monds), and from citation [29] (yellow triangles) (Color figure online)

Table 4   Comparison of the results for measurements of average ( navg ) and local concentrations ( nloc ) of 
N atoms stabilized in N2 nanoclusters obtained in this work (bold) and previous work [12, 27, 29]

The collection of N
2
 nanoclusters with stabilized N atoms were formed by injection of nitrogen-helium 

gas mixtures with different composition into superfluid helium-4

Gas mixture Average concentration navg , cm−3 Local concentration nloc , cm−3

[N
2
]:[He] = 1:25 4.3 ⋅ 10

18[29],   6.5 ⋅ 1017[12] 1.5 ⋅ 10
20[12]

[N
2
]:[He] = 1:100 5.1 ⋅ 10

18[27],   1.05 ⋅ 1019[29] 6.6 ⋅ 10
20[29],   1.8 ⋅ 1020[12]

1.2 ⋅ 10
18[12],   1.02 ⋅ 1019 4.6 ⋅ 10

20

[N
2
]:[He] = 1:200 5.24 ⋅ 10

18
3.86 ⋅ 10

20

[N
2
]:[He] = 1:400 2.5 ⋅ 10

18[27],   4.2 ⋅ 1018[29] 8 ⋅ 10
20[29],   2 ⋅ 1020[12]

8.5 ⋅ 10
17[12],   2 ⋅ 1020 5.21 ⋅ 10

20

[N
2
]:[He] = 1:800 1.21 ⋅ 10

18[27],   �.�� ⋅ ���� 3.76 ⋅ 10
20

[N
2
]:[He] = 1:1600 2.26 ⋅ 10

17
1.23 ⋅ 10

21
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the sample at T ≈ 5.2 K. After sample destruction, the ESR spectra of the remain-
ing N atoms also can be fitted by two sets of Lorentzian triplets. During the sample 
explosion the local and total concentrations of N atoms in both shells of N2 nano-
clusters reduced substantially (see Figs. 8 and 9 ).

5 � Conclusion

1.	 The structure of molecular nitrogen nanoclusters containing stabilized N atoms 
were studied by ESR spectroscopy. The collections of nanoclusters were prepared 
within superfluid helium, by injection of nitrogen-helium gas mixtures with a 
broad range of N2/He ratios in condensed N2-He gas mixtures. The obtained 
results provide evidence for two shell structure of N2 nanoclusters in the samples 
prepared from gas mixtures with different N2/He ratios. Most of the N atoms 
stabilized on the surfaces of N2 nanoclusters, and much less N atoms stabilized 
in the interior core of nanoclusters.

2.	 The average concentration of stabilized N atoms in the collections of nanoclusters 
is proportional to the content of N2 molecules in the N2-He gas mixtures used for 
samples accumulation. The average concentration of N atoms navg = 1019 was 
achieved.

3.	 Local concentrations of N atoms stabilized on the surfaces of N2 nanoclusters 
on the order of 1.2 ⋅ 1021 cm−3 were achieved in this work. These concentrations 
were obtained in the sample prepared from the most dilute nitrogen-helium gas 
mixture: [ N2:He]=1:1600.

4.	 Behavior of nitrogen atoms in different shells of N2 nanoclusters were studied 
as the sample warmed up from 1.1 to 6.5 K. Warming up from 1.1 to 3.0 K did 
not have an influence on the local concentrations of stabilized N atoms in both 
shells. Storage of the sample at temperature ≈ 5.2 K led to explosive destruction 
of nanoclusters, with sharp decrease in N atom concentrations.
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