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This topical review presents new trends in emission spectroscopy of solid nitrogen. Developed approach to 
study of charged centers and their role in radiation-induced phenomena as well as relaxation processes is dis-
cussed. The emission spectroscopy elaborated incorporates correlated in real time detection of several relaxation 
emission — optical photons, electrons and emission of particles. Key details of this approach applied in research 
of pre-irradiated by electron beam solid nitrogen and nitrogen–helium nanoclusters grown by a gas jet condensa-
tion technique are given. New methods — nonstationary luminescence and nonstationary desorption, designed to 
study ion-electron recombination reactions — are briefly presented. The selected recent results obtained employ-
ing this approach and emission spectroscopy techniques to study the charge related phenomena in condensed ni-
trogen are summarized. Main attention is given to detection of polyatomic ionic centers containing four and three 
nitrogen atoms: 4N ,+  3N ,+  3N .−  Their part played in radiation-induced phenomena and relaxation processes, in 
particular desorption, is discussed. 
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1. Introduction 

Nitrogen solids gained general recognition as classical 
model molecular crystals and their properties were re-
viewed in [1,2]. The keen interest in the research of elec-
tronic structure, stability of nitrogen polyatomic species 
and ways of their formation is related to the problem of 
polynitrogen compounds considered as environment-
friendly high energy-density materials HEDM [3–5]. In 

this context it is noteworthy to mention a cycle of studies 
performed with such an exotic HEDM as grown from dis-
charge nitrogen-containing nanoclusters immersed in su-
perfluid He, e.g. [6–12]. High local concentration of stabi-
lized nitrogen atoms (up to 2⋅1021 cm−3) has been obtained 
in porous nitrogen nanoclusters in superfluid helium [7,11]. 
Nitrogen and nitrogen-rich, so-called ices present in large 
abundance in outer space [13], where they are exposed to 
solar wind and galactic cosmic rays, have become objects of 
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laboratory simulation of astrophysical processes [14–20]. 
Solid nitrogen itself is rich in applications: it is used as 
matrix in radiation chemistry [21], as moderator [22] and 
source of nitrogen plasma [23]. Understanding the pro-
cesses underlying desorption from solid nitrogen, is essen-
tial for ensuring the safe functioning of high-energy 
charged particle accelerators incorporating elements oper-
ating at liquid-helium temperature [24]. Thin films of re-
sidual gases (mostly nitrogen), condensed on cryogenic 
surfaces, are subjected to intense ionizing radiation, and 
radiation-induced desorption can greatly affect the operat-
ing conditions. There were a number of studies on radia-
tion induced desorption [25–32] but only recently spectral 
methods have been successfully applied [33–35]. In all 
mentioned fields of science and applications radiation ef-
fects, energy transformation, storage, and its release are the 
focus of studies and among the methods used spectroscopy 
is one of the most effective.  

Optical spectroscopy of solid nitrogen has a long story. 
Molecular electronic states of solid nitrogen and exciton-
phonon interaction have been the objective of much re-
search [36–43]. Numerous studies have focused on radia-
tion effects — dissociation of  N2 molecule and synthesis 
of polynitrogen species. The formation of N radicals in 
solid nitrogen grown from discharge and irradiated with an 
electron beam was detected in the first studies related to 
clearing up emitters of Polar Aurora [44,45]. Later studies, 
e.g. [46–48], revealed an interaction of N radicals with the 
surrounding molecules in the lattice and formation of a 
weakly bound triatomic molecule, N2–N. The laboratory 
studies of radiation-induced processes in astrophysical ices 
detected the azide radical N3 in solid nitrogen exposed to 
energetic particles, e.g., protons [14], electrons [15] and 
VUV photons [16]. In most of studies radiation effects in 
solid N2 were explored and considered in terms of neutral 
electronic excitations and their interactions. In spite of the 
fact that ionic compounds such as 3N+  and 4N+  were de-
tected in pure solid nitrogen [49] and 4N+  in the nitrogen-
doped neon matrix [50,51] almost 30 years ago, the fasci-
nating problem of charged (ionic) species dynamics and 
their role in a variety of radiation-induced phenomena re-
mained poorly investigated. Active research in this direc-
tion has been undertaken in recent years [33–35,52–62]. 
First manifestation of charged centers accumulation and 
induced by their recombination features in luminescence 
spectra of nitrogen-doped rare gas solids were published in 
[63,64]. Direct detection of electron accumulation in solid 
nitrogen under irradiation was accomplished using activa-
tion spectroscopy current method — thermally stimulated 
exoelectron emission (TSEE) [65].  

In this review we present new trends in spectroscopy of 
solid nitrogen. Much progress towards an understanding of 
the role of charged centers in radiation-induced phenomena 
and relaxation processes has been achived due to introduc-
tion of a new approach and new methods. Most of earlier 

studies used an absorption spectroscopy in the infrared 
range — Fourier-transform infrared (FTIR) spectroscopy 
and mass spectroscopy. The method of activation spectros-
copy — thermally stimulated luminescence (TSL) — was 
first applied to solid nitrogen by Brocklehurst and Pimentel 
[66]. The total yield of TSL from solid nitrogen prelimi-
nary exposed to an electron beam was detected and inter-
preted as a recombination of neutral N atoms followed by 
excited molecule formation (presumably in 3

uA +Σ  state), 
in other words, as chemiluminescence. The TSL of solid 
nitrogen grown from discharge was registered in the range 
of atomic transition 2D→4S [67]. We have already referred 
to numerous studies, e.g. [6–12], of nitrogen enriched im-
purity-helium condensates (IHCs) grown by a gas jet con-
densation technique suggested by Gordon and coworkers 
[6] and developed in a new field of activity focused on N 
radicals. It should be emphasized that TSL could come not 
only from recombination of neutral atoms but also from the 
recombination of charged centers — the process well-
known in a variety of materials [68]. However, this mech-
anism of TSL production via neutralization reactions has 
not been considered for a long time when discussing the 
results of studying relaxation processes in solid nitrogen. 

In order to distinguish between recombination of neutral 
and charged particles, it is necessary to involve current 
methods, such as TSEE or measurements of thermally stim-
ulated currents TSC along with optical methods of activation 
spectroscopy. A new approach involving the use of current 
spectroscopy techniques has been developed and imple-
mented in the research of radiation effects in solid nitrogen 
exposed to an electron beam [33–35,53,55,56,58–60] and in 
the studies of IHCs [54,57,62,69]. New methods of 
nonstationary spectroscopy to probe charged species in irra-
diated solid nitrogen were implemented in [34,53,55,59]. 
The developed techniques and the results obtained will be 
discussed in the next sections. Main attention is given to 
detection of polyatomic ionic species containing four and 
three nitrogen atoms: 4N+ , 3N+ , –

3N . Their part played in 
radiation-induced phenomena and relaxation processes, in 
particular desorption, is also discussed. 

2. New experimental approach and techniques 

2.1. Detection of relaxation emissions: photons, electrons, 
particles 

Charge carriers generated in dielectric media by ioniz-
ing radiation could survive being trapped or self-trapped. 
Electrons in low-temperature α-phase of solid nitrogen are 
highly mobile [70]. The most probable structure trapping 
sites of electrons are thought to be vacancies or vacancy 
clusters in view of the negative electron affinity Ee = –0.8 eV 
[71] of solid nitrogen. Species with positive electron affini-
ty (like radiation induced nitrogen species, e.g. the azide 
radical N3, as well as impurity O atoms and O2 molecules) 
form deep traps. The electrons may be promoted from 
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shallow and deep traps into the conduction band at heating 
or irradiation by photons of appropriate energy. Then they 
can either neutralize positively charged ions yielding 
TSL/PSL, or be registered with an electrode kept at a posi-
tive potential, as TSEE/PSEE or TSC/PSC. Third relaxa-
tion emission — emission of particles from the surface of 
pre-irradiated with an electron beam solid nitrogen, so-
called “post-desorption”, was first detected in [72]. Its key 
feature was nonmonotonous behavior of particle yield up-
on warm up of the sample — an intense peak of post-
desorption was detected at temperatures much lower than 
the characteristic temperature of solid nitrogen sublima-
tion. A correlation between the particle and electron emis-
sions clearly demonstrated a dominant role of charge re-
combination reactions in this phenomenon. 

In view of the sensitive dependence of the TSEE/PSEE, 
TSL/PSL, post-desorption and other phenomena upon the 
sample structure, impurity concentration, and other varia-
bles, there is obvious need to perform time correlated 
measurements of all the thermally/optically stimulated 
emissions simultaneously, on the same sample to get relia-
ble results and come to solid conclusions. Such an ap-
proach was implemented in the studies of relaxation dy-
namics and the role of charge carriers in films of solid 
nitrogen and IHCs. 

2.2. Activation spectroscopy techniques applied to solid N2 

The experimental methods of optical and current activa-
tion spectroscopy of solidified gases have been described 
in detail in Sec. 7 of Ref. 73 along with the selected results 
of rare gas solids (RGS) studies performed using this ap-
proach. Here, we give a brief account of the procedures 
and new technique — nonstationary desorption (NsD) [34] 
in parallel with nonstationary luminescence (NsL) [74]. 
These techniques were designed to reveal charged species 

contribution to desorption and luminescence. The experi-
mental setup used for emission spectroscopy studies is 
shown in Fig. 1. The films of solid nitrogen are formed by 
deposition of pure gas onto a cold metal substrate mounted 
on a liquid He cryostat tank. Samples are irradiated with an 
electron beam of subthreshold energy to exclude the knock-
on defect formation and sputtering. By varying electron en-
ergy and, therefore, changing the penetration depth it is pos-
sible to probe solid nitrogen films “layer-by-layer” what 
enables to discriminate surface and bulk emitting centers.  

The required temperature measured with a Si sensor can 
be set using the heater. The preset heating rate of the sam-
ple is controlled by the program. The luminescence spectra 
are recorded simultaneously in VUV and visible range 
(from 50 nm up to 1100 nm) using two ports of the exper-
imental chamber. Additional chamber port is used in ex-
periments on photon-stimulated emissions — PSEE and 
PSL from pre-irradiated nitrogen films. The total yield of 
desorbing particles is monitored with an ionization detector 
(a Bayard–Alpert gauge) simultaneously with the yields of 
spectrally resolved TSL and TSEE. 

2.3. Nonstationary desorption and luminescence 
techniques 

The developed nonstationary desorption and lumines-
cence techniques are aimed to reveal the role of charged 
species recombination, viz. neutralization reactions, in re-
laxation cascades and stimulation of electronically induced 
phenomena, specifically desorption from the surface of 
irradiated solids. At low temperatures when some part of 
electrons produced under irradiation appeared to be 
trapped in the lattice, the corresponding part of the posi-
tively charged ionic species, that managed to avoid fast 
recombination, remain stable. The main idea of these 
methods is to create conditions when localized charge car-

Fig. 1. (Color online) Scheme of the experimental setup for activation spectroscopy study of solid N2. 
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riers of different signs come into play. For the purpose at 
the first stage the charged species of interest are generated 
with an electron beam of a high current density. In differ-
ent experiments current densities from 1 mA/cm2 up to 
5 mA/cm2 have been used. The irradiation was carried out 
until the corresponding emission was saturated. As a rule 
the temperature increase under beam did not exceed 0.4 K. 
At the second stage the ionic species generated were 
probed by NsD and NsL which were induced by a low-
density electron beam under gradual heating. An intensity 
of probing electron beam was set by an order of magnitude 
lower to minimize the production of new ions. Electrons 
released from the progressively deeper traps, in situ “in-
jected”, recombine with positively charged species enhanc-
ing yields of particles and photons and thus contributing to 
the NsD and NsL. This contribution to the nonstationary 
emissions results in nonmonotonic temperature evolution 
of the particle and photon yields. The shape of these curves 
is determined by the energy levels of electron traps in the 
sample, from which the electrons are released upon heat-
ing. The controlled heating was performed at the same rate 
(of 6 K/min) at which the TSEE yield was measured to 
trace their correlation. The methods of NsL and NsD were 
employed to advantage in the experiments that found de-
sorption of excited atoms and molecules. Relevant results 
will be discussed in the following sections.  

3. Optical and current spectroscopy of nitrogen-
containing nanoclusters 

A gas jet condensation technique used to accumulate ni-
trogen nanoclusters in superfluid He was described in de-
tail, e.g. in [6,75]. A gas mixture of N2 (1%) and He or 
with the addition of any heavier inert gases (N2/Ar/He, 
N2/Xe/He) was transported by a gas handling system to the 
cryogenic part. Nitrogen atoms were produced by dissocia-
tion of N2 molecules by using a high power radiofrequency 
(rf) discharge (f ~ 40 MHz, P ~ 40 W) applied to elec-
trodes placed around the quartz capillary carrying the 
mixed gases. The resulting jet of helium gas with nitrogen 
particles emerging from the quartz capillary was directed 
onto the surface of superfluid 4He contained in a glass 
beaker. The gas jet flux was about of 4⋅1019 particles/s. 
Figure 2 presents the scheme of experimental setup for 
preparation and study of IHC according [57]. 

During the cooling of the gas jet, at first nitrogen 
nanoclusters are formed. When the temperature gets low-
er, He atoms are adsorbed on the surface of the nitrogen 
clusters. The temperature during sample preparation was 
kept about 1.5 K. As the jet penetrated the surface of the 
liquid He, a macroscopic snow-like objects consisting of 
nitrogen nanoclusters isolated by solid He shells were 
created. Warming the sample when removed from bulk 
liquid He initiates evaporation of helium layers, giving 

Fig. 2. (Color online) (a) Scheme of experimental setup for preparation and study of IHC samples: atom source (1); electrodes for rf 
discharge (2); liquid nitrogen (3); optical fiber (4); gas jet (5); ion collector (6); glass beaker filled with superfluid helium (7); thermom-
eter (8); fountain pump (9); nitrogen glass dewar (10); helium glass dewar (11); (b) and (c) IHC sample preparation by condensation of 
the gas jet passed through an rf discharge (a gas mixture [N2]/[He] = 1/100 and [N2]/[Xe]/[He] = 1/1/400, correspondingly). White ar-
rows point to filament-like structures [57]. 
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rise to direct contact between neighboring cluster surfaces, 
accompanied by recombination of the reactive species. 
During the sample warm-up the TSL spectra were repeat-
edly detected. The glass dewars and beaker restricted the 
accessible spectral range from 325 to 1100 nm. 

In the study [69] measurements of electrical currents 
accompanying heating and destruction of nitrogen–helium 
samples was first introduced. Currents were collected on 
an electrode held at the positive potential (+9 V). In this 
experiment the detecting electrode was placed at the bot-
tom of a glass beaker filled with superfluid helium. A sig-
nal collected by the electrode was digitized with 
picoammeter (Keithley 6485). Measurements of current 
were performed in correlated fashion with a total yield of 
luminescence. Figure 3 shows the first results of current 
detection from IHC.  

In further experiments [54] it was directly demonstrated 
that currents can be observed only from the IHCs prepared 
with an rf discharge. The authors found that the destruction 
of impurity–helium condensates induced by evaporation of 
liquid helium from the beaker is accompanied with pres-
sure and luminescence peaks, and current pulses of posi-
tive and negative polarities. As an example, Fig. 4(a) 
shows the temporal dependences of the temperature, pres-
sure, current, and integrated luminescence intensity during 
destruction of the sample prepared from a gas mixtures 
[N2]/[Xe]/[He] = 1/1/400. Correlation of these peaks sug-
gests that charged species of both signs are strongly in-
volved in the relaxation dynamics.  

The carriers of negative charge were supposed to be elec-
trons, while the positively charged particles are most likely 
to be nitrogen cations, as suggested in [57]. Note, that 3N+  
and 4N+  cations were detected in a rf glow discharge sus-
tained in a N2/He gas mixture [76]. Two mechanisms of 
nanocluster charging were proposed. The first one is trap-
ping electrons and positive ions by nanoclusters growing in 
the cold jet passed through a radiofrequency discharge. The 

second mechanism, by the authors’ opinion, consists in cap-
ture of electrons from the contacting surfaces by metastable 
N2(A3Σ) molecule. Its interaction with surfaces followed by 
forming an intermediate shape resonance 2

2N ( )g
− Π  was 

considered for the case of dielectric in [77]. This mechanism 
results in electrostatic charging the IHC fragments and pro-
vides a charge separation of nanoclusters. 

Recently the same group of authors elaborated imped-
ance spectroscopy technique in addition to optical and 
current spectroscopy for studying processes during de-
struction of impurity–helium condensates [62]. A planar 
capacitive sensor had been chosen to measure an imped-
ance of IHC samples. Fringing electric field sensor was 
adopted to the beaker cross-section. A sinusoidal signal 
source of the amplitude 5 V was used. The sample im-
pedance was measured every 0.4 s at fixed frequency 
(equal 2.7 or 3 kHz). As the authors note, the efficient 
penetration length of the sensor is relatively small (0.55 
mm by estimation) that is the main drawback of such a 
construction of fringing electric field sensors. However it 
was quite sensitive to detect charged species within the 
efficient volume of the sensor (0.14 cm3).  

As an illustration, Fig. 5 shows the temporal depend-
ences of the temperature, luminescence intensity, re-
sistance and capacity, corresponding to real and imaginary 
parts of impedance, during a destruction of sample pre-
pared from [N2]/[Xe]/[He] = 1/1/400 gas mixture. Note, 
that measurements of the temperature, current and imped-
ance during rf discharge were not possible because of 
strong electric field interference but combination of these 
techniques appeared to be quite effective to study destruc-
tion of IHC samples. Detection of current pulses as well as 

Fig. 3. (Color online) The time dependence of the current (black 
line with hollow circles), the integrated luminescence intensity 
(blue line), and the temperature (red line with solid circles) de-
tected during warm-up and destruction of a nitrogen–helium 
sample [69]. 

Fig. 4. (Color online) (a) The temporal dependences of the tem-
perature (1), pressure (2), current (3), and integrated lumines-
cence intensity (4) during destruction of sample prepared from a 
gas mixture [N2]/[Xe]/[He] = 1/1/400 passed through an rf dis-
charge zone. The orange vertical line shows the time when liquid 
helium had completely evaporated from the beaker. (b) Photo of 
the third flash (at t = 323 s) [54]. 
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sharp decreases of a real part of the impedance provided 
clear evidence of charged fragments formation in the IHCs. 

4. Experimental detection of polynitrogen ions and
stimulated processes  

4.1. 4N+ : fingerprints in the emission spectra

In this section we will focus on experimental findings 
indicating the formation of the 4N+  cation in solid N2, its
stability and part in relaxation dynamics. The information 
about species formed during exposure to an electron beam 
and the relaxation cascades was obtained from cathodo-
luminescence (CL) spectra, their evolution under irradia-
tion and behavior of time-correlated relaxation emissions. 
Figure 6 illustrates the typical CL spectrum of solid nitro-
gen in the VUV range. The most intense bands are the sin-
glet molecular progression 1 1 u ga X− +′ Σ → Σ  and intercom-

bination transition 3 1 u gA X+ +Σ → Σ . The positions of the
vibrational bands of both progressions are in good agree-
ment with those observed in the early studies of VUV lu-
minescence of solid N2 [36,37,41–43]. 

All the vibrational bands of both progressions show a 
matrix shift towards lower energy in comparison with the 
gas phase spectra indicating the bulk origin of the emitting 
species. An emission from the 1

ua −′ Σ  state was identified in
earlier studies as emission related to excitons [36,37,41–43]. 
However monitoring of the CL spectra temporal evolution 
has revealed an increase in the luminescence intensity with 
an exposure time (shown in Fig. 7) pointing to accumula-
tion of radiation-induced centers responsible for this mo-
lecular emission [53]. 

At the beginning slow rise of the recombination emis-
sion intensity was observed followed by faster increase and 
then saturation. The first phase of dose dependence (slow 
rise) corresponds mainly to filling of electron traps. The 
following phase (faster rise with saturation) can be de-
scribed by the simple expression: 

( )sat( ) 1 –  exp /I t I t= − τ   (1) 

with the characteristic τ ≈ 250 s. Isat corresponds to the 
intensity value upon reaching saturation. Such a behavior 
indicates an accumulation of radiation-induced centers 
which were supposed to be 4N+  cations [53].

Effective test of charged centers is activation spectros-
copy based on escaping of trapped electrons stimulated by 
heating or by photons. During irradiation the electron beam 
energy is absorbed by the sample and after switching off 
the excitation certain part of it remains stored in the solid. 
The energy storing centers could be trapped or self-trapped 
holes, trapped electrons, radicals, dopant ionic species and 

Fig. 5. (Color online) Destruction of sample prepared from 
[N2]/[Xe]/[He] = 1/1/400 gas mixture: temporal dependences of 
the temperature (1) and luminescence intensity (2) (a); temporal 
dependences of the capacity (3) and resistance (4) (b) [62]. 

Fig. 6. Cathodoluminescence of solid nitrogen in the VUV range. 

Fig. 7. Dose dependence of the 1 1 u ga X− +′ Σ → Σ  progression in-
tensity shown in the example of the 0-4 band. Red line — fit. 
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their fragments. As long as the temperature is maintained 
low the charged centers are separated in the sample and 
energy relaxation processes cannot start. Heating or irradi-
ation with photons activates relaxation cascades and re-
leases some part of the stored energy. The electrons promot-
ed to the conduction band from some traps are highly mobile 
in the α-phase of solid nitrogen [70]. Some of them can es-
cape from the surface and be detected as thermally stimulat-
ed exoelectron emission TSEE. A competing relaxation 
channel is recombination of the released electrons with posi-
tively charged ionic species: self-trapped/trapped holes and 
other cations. Neutralization reactions of charge centers re-
sult in thermally stimulated emission of photons — thermal-
ly stimulated luminescence (TSL). The information about 
the ionic species survived in the preliminary irradiated solid 
and about relaxation processes has been obtained from the 
measurements of spectrally resolved TSL [53,55]. 

Comparison of the TSEE yield measured simultaneous-
ly with TSL detected at wavelengths of the 1 1 u ga X− +′ Σ → Σ
progression is shown in Fig. 8 on the example of a 0-4 mo-
lecular band. There is a pronounced TSEE peak at about 16 K 
with a weak shoulder near 13 K yield. The spectrally re-
solved TSL yield exhibits a wide feature in the same tem-
perature range (12−18 K). Correlation of the molecular 
band with TSEE yield at low temperatures suggests that 
primary ionic centers responsible for the 1 1 u ga X− +′ Σ → Σ
molecular emission are neutralized by the released elec-
trons. In view of localized character of positive charge 
carriers in solid nitrogen [78], it was suggested that holes 
are self-trapped due to interaction with phonons [53] and 

4N+  cation is formed in course of the dimerization reaction:

2 2 4N  N N+ ++ → . (2) 

The dimerization reaction with 4N+  formation was also
observed in supersonic nitrogen jet below 20 K [79].  

The second TSL peak at 28 K has no corresponding 
feature in the TSEE yield. However, formation of the 

1
ua −′ Σ  state via atom-atom recombination in a pre-

irradiated sample is unlikely taking into account that its 
dissociation limit is formed by two nitrogen atoms in excit-
ed states: N(2D) + N(2D) [80] and the 28 K TSL peak can-
not be explained by the recombination of nitrogen atoms. 
It was suggested that this peak is caused by neutralization 
of close ion-electron pairs 4N e+ −+ . This process does not
contribute to TSEE yield because of much higher probabil-
ity for released electrons to recombine with neighboring 

4N+  cation than to reach the sample surface. The NsL
method was implemented to test the hypothesis [53]. For 
ionic species generation a solid nitrogen film was first irradi-
ated with a 1 keV electron beam (6 mA/cm2) and then the
sample was probed with a 1 keV beam of 1 mA/cm2 upon
gradual heating. The NsL yield measured at a wavelength of 
0-4 molecular transition of the 1 1 u ga X− +′ Σ → Σ  progression
is shown in Fig. 8. The observed correlation of NsL and 
TSL in the entire temperature range supports the idea that 
the 1 1 u ga X− +′ Σ → Σ  radiative transition is induced by neu-
tralization reaction. 

The neutralization of 4N+  results in the population of
excited molecular states. Relaxation can occur via transi-
tion structures for fragmentation [3]. The barrier height for 
fragmentation depends on the electronic states of *

2N  in-
volved. A theoretical study undertaken in [81] for the 
N4(D2h) configuration predicted no barrier for the state 
with the dissociation limit: 1 1

2 2( ) (N N )u ua a− −′ ′Σ + Σ  as 
shown in Fig. 9. 

Therefore it can be expected that the neutralization of 
the self-trapped holes results in the emergence of mole-
cules in the lowest excited singlet states, followed by their 
radiative decay by the reaction 

* * 1 * 1
4 4 2 2N N N ( ) ( ) N  u ue a a+ − − −′ ′+ → → Σ + Σ +  

1 2 2 1 2N N +2E h E+∆ → + ν + ∆ . (3) 

Additional evidence of effective 4N+  formation and ac-
cumulation in solid nitrogen under electron beam was 
demonstrated in [55] by means of activation spectroscopy 

Fig. 8. TSL detected at a wavelength of the 0-4 vibrational mo-
lecular band of the 1 1 u ga X− +′ Σ → Σ  series, the TSEE yield and
spectrally resolved NsL of solid nitrogen. 

Fig. 9. Dependence of the N4(D2h) system energy on the coordi-
nate R [81]. 
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methods based on photon-stimulated release of electrons 
(PSEE and PSL). Relevant results will be given in the next 
section.  

Reaction of dissociative recombination (2) represents 
the so-called “cage exit” [82] scenario when the excited 

*
2N  molecule exits the parent lattice “cage” where cation
4N+  has recombined with an electron. However, there could

be another relaxation scenario after dissociation. The ex-
cited *

2N  molecule could relax with a ground state N2
molecule from the surroundings to form *

4N  and then N4:

** * *
4 4 2 2 3 4 4 2 4N N N N N N .e E h E+ −+ → → + +∆ → → + ν +∆

(4) 

This scenario can be referred to as “cage effect” which 
confines the reaction products in the parent lattice “cage”. 
Coexistence of scenarios (3) and (4) of 4N+  neutralization
has been proposed in [59]. Relaxation paths after neutrali-
zation and their branching are defined by potential curves 
of N4 cluster and barriers for dissociation. It was shown 
theoretically [81] that for an N4 cluster of D2h symmetry 
the population of 1B2u state formed from 3

2N ( )u
+Σ  and

3
2N ( )u∆  states may result in a radiative transition into the

ground state 1Ag at ≈ 3 eV. In this spectral region, the lu-
minescence band was recorded at 360 nm even in the early 
work of [83]. It was clear that this band belongs to nitrogen 
species however, its identification remained a long-stand-
ing problem. Moreover this band overlaps with the peaks 
of the second positive system, which belong to the emis-
sion of nitrogen molecules desorbing in the excited state, 
as shown in [34]. To “isolate” this band, the CL spectrum 
in this range was detected at the conditions when the de-
sorption was suppressed — at excitation of thick films with 
higher-energy electrons when bulk features dominate the 
spectrum. The behavior of the band in question was inves-
tigated by emission spectroscopy methods. It has been 
shown that this band is characterized by strong dose de-
pendence as illustrated by Fig. 10.  

Enhancement of this band with exposure time reveals 
its radiation nature and points to accumulation of radia-
tion-induced centers responsible for the emission ob-
served. An additional test showed that the shape of the 
CL band is similar to the shape of the TSL band as seen 
in Fig. 11.  

Time-correlated measurements of spectrally-resolved 
TSL yield and yield of TSEE were performed and compared 
to the spectrally resolved NsL yield. Correlation of all these 
relaxation emissions directly proves that the 360 nm band 
appears as a result of neutralization reaction. 

An important point is the absence of the 360 nm band in 
the TSL of matrix-isolated N2 molecules indicating its 
connection to a complex nitrogen center including more 
than two atoms. Taking into account the experimental find-
ings and theoretical prediction [81] it has been suggested 

that the recombination of 4N+  centers with electrons fol-
lowed by excited *

4N  cluster formation is responsible for
the detected 360 nm emission [59].  

A broad band about λ ≈ 360 nm was also detected in the 
luminescence of molecular nitrogen nanoclusters [84]. Op-
tical spectra were observed during the destruction of 
nanoclusters accompanied by a rapid release of chemical 
energy stored in the samples. This emission was identified 
as corresponding to 2Ag → 1Ag transition of N4(D2h)
polynitrogen center formed in IHC during the process of 
sample destruction accompanied by fast chemical reactions 
of nitrogen atoms and molecules. The authors assumed that 
the N4 polynitrogen molecules are the product of the neu-
tralization reaction of 4N+  ions with electrons in N2
nanoclusters [61]. It should be pointed out that N4 neutral 
was detected by the neutralization-reionization mass-
spectrometry [85–87]. The authors of [87] who performed 
both experiment and ab initio calculations concluded that 
the observed neutral cannot be the weakly bound van der 
Waals cluster (N2)2. 

It is worth of note that, until now, there are no reliable 
experimental data on the N4 and 4N+  structure in solid

Fig. 10. Evolution of the 360 nm luminescence band with expo-
sure time. 

Fig. 11. Bands of spontaneous luminescence CL and stimulated 
luminescence TSL. 
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nitrogen. So considering that, the need for further expe-
rimental and theoretical studies of the N4 cluster for-
mation is clear.  

4.2. 3N−  and 3N :+  their manifestation by emission
spectroscopy 

The use of PSEE technique allowed finding “Finger-
prints” of the anion 3N−  centers formation in pre-irradiated
solid nitrogen. The sample preliminary irradiated with 
electrons was then subjected to continuous illumination. 
The energy of stimulating photons was selected in accord-
ance with the electron affinity of 3N−  (χ = 2.76 eV). Detec-
tion of the PSEE signal (Fig. 13) proves that deep electron 
traps were 3N−  anion centers efficiently formed in solid
nitrogen pre-irradiated with an electron beam. A test of the 
TSEE yield after irradiation with photons confirms that 
2.76 eV photons released electrons from deep traps, speci-
fically from 3N−.

Contribution of the 3N−  in electrostatic charging of pre-
irradiated with electrons solid nitrogen was demonstrated 
[56]. In this study significant accumulation of negative 
charge with an accumulation of trapped electrons (no less 

than 1016 cm–3) was revealed. Note that negatively charged
species 3N−  have been also produced in N2-dominated ices
under proton bombardment and detected by IR spectroscopy 
in ices warmed to 35 K [88]. Stable 3N− anions were detected
in small nitrogen clusters embedded in helium droplets [89] 
using time-of-flight mass-spectroscopy.  

In experiments [55], simultaneously with PSEE, stimu-
lated by photons with an energy of 2.76 eV, the PSL yield 
was measured at wavelengths of the 1 1 u ga X− +′ Σ → Σ  tran-
sition, as shown in Fig. 13 on the example of the vibration-
al band (0-4). In contrast to the discussed above experi-
ments on thermal stimulation [53] the measurements of 
PSEE and PSL were performed at low temperature (5 K), 
when all processes of atom diffusion were frozen to ex-
clude the population of the 1

ua −′ Σ  state via the recombina-
tion of two excited N* atoms in 2D states. The observed
clear correlation of PSL and PSEE proves the hole self-
trapping with tetranitrogen cation 4N+  formation, which is
followed by the photon-stimulated dissociative recombina-
tion reaction of 4N+  cations with electrons as described in
previous section. The entire set of data [55] made it appar-
ent that charges of both signs ( 3N−  anions, 4N+  cations and
electrons) can be stored at low temperatures.  

Along with 4N+  one of the main products of nitrogen
radiolysis is 3N+  cation [3,4]. 3N+  is a relatively stable
molecular ion (D0 = 3.4 eV) compared to 4N+  (D0 = 1 eV)
[3]. Photoabsorptions by 3 2( )N N n

+ −  complexes have
been observed in clusters [90]. It was shown that the larger 
complexes essentially consist of an 3N+  core surrounded
by electrostatically bound N2 ligands. Experiments on fast 
ion collision with icy surface of nitrogen revealed two se-
ries of positive ions: 2 2(N ) Nn

+  and 2(N ) Nn
+  with a pre-

dominance of small clusters [91]. The IR absorption meas-
urements of the electron-bombarded pure solid N2 [52] 
found the formation of 3N+  cation, which was confirmed by
the observed in VUV range electronic transitions 

3 3
u gA X −Π ← Σ  of 3N+  [52]. Formation of 3N+  cations was

also detected in CL spectrum of solid nitrogen shown in 
Fig. 14 [58]. The band 3 3(000)u gA X −Π → Σ  (000) at 281
nm has been registered against 0-6 band of the 

3 1
u gA X+ +Σ → Σ  transition. A weak band at 273 nm in the CL 

spectrum was assigned to the 2 200( )0u gA X+Σ → Π  (000) 
transition of  N3 radical. Low intensity of this band in exper-
iments [58] is likely due to efficient formation of 3N−  anions
detected with PSEE technique as described above. 

Experimental and theoretical data on formation of 
trinitrogen system were reviewed in [3,4]. The relative 
energies of the trinitrogen system in different states are 
schematically presented in Fig. 15.  

It is worthy of note that the N(4S) atom should first be
excited into its 2D state to be able to form a new chemical
bond with N2 and create N3 neutral [3,4]. 

In view of essential role of electrons in relaxation pro-
cesses information on neutralization reaction of 3N+  is of
vital importance. The study of this reaction performed at 

Fig. 12. TSL detected at 360 nm band maximum (middle curve), the 
TSEE yield (low curve) and the NsL yield measured at 360 nm. 

Fig. 13. Correlation of PSEE and PSL detected in (0-4) band of 
the 1 1 u ga X− +′ Σ → Σ  transition.
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the heavy-ion storage ring CRYRING [92] revealed two 
exothermic channels — two-body and three-body:  

 3 2 5N N Ne E+ −+ → + +∆ , (5) 

 3 6N N N Ne E+ −+ → + + +∆ . (6) 

Both channels represent dissociative recombination reac-
tions. In the case when the reactions (5) and (6) products 
are formed in the ground state, the energy release in the 
reaction (5) comprises ΔE5 ~ 10.5 eV and ΔE6 ~ 0.7 eV in 
the reaction (6). In view of that a strong propensity to dis-
sociate via the N2 + N channel has been found [92]. A 
large amount of energy released in two-body channel (5) 
provides a basis for electronically stimulated processes — 
defect formation and desorption.  

4.3. Charged species in electronically stimulated processes 

Interesting feature of the α-group emission (N(2D–4S) 
transition) is its dose dependence observed in [35]. At the 
beginning, a slow rise of the recombination emission inten-
sity was observed followed by a faster increase and then 
saturation. The excited N(2D) atom may appear as a result of 
direct excitation of N(4S) — product of N2 molecule disso-
ciation, under electron beam. Another possibility is the re-
combination of ground state nitrogen atoms followed by 
formation of electronically excited molecules 3

2 ( )N uA +Σ  
and 5

2 ( )N gA +Σ . Energy transfer from these molecules to 
N(4S) atoms can also result in the production of electroni-
cally excited N(2D) atoms [94]. However the dose depend-
ences of the α-group emission and the 3 1

u gA X+ +Σ → Σ  pro-
gression appeared to be different. Moreover the TSL of 
solid nitrogen recorded at the wavelength of the 2D → 4S 
transition shows only one low-temperature peak at about 
15 K, in contrast to the TSL of matrix-isolated N2 centers, 
in which the second TSL peak is also observed at higher 
temperatures [63] where mass diffusion processes come 
into play. In solid nitrogen the observed TSL peak corre-
lates with the TSEE yield pointing to a connection of the 
atomic center N(2D) generation with a charge recombina-
tion reaction. Recombination of 2N+  with an electron can-
not be responsible for the TSL in α-band of pure nitrogen 
because of hole self-trapping/trapping, while in N2-doped 
rare-gas matrices the dissociative recombination of 2N+  
may result in creation of defect center N(2D) [64] by anal-
ogy with the well-known dissociative recombination in a 
low-density nitrogen gas [93]. Ionic center 4N+  dissociates 
into molecules at neutralization. The trapped holes — 3N+  
centres discussed above, look like good candidates for the 
neutralization process by reaction (5). The energy released 
in the channel (5), exceeds 10 eV which creates precondi-
tions for dissociation with the emergence of N(2D) center. 
Then 2D excitation decays radiatively leaving a point de-
fect N(4S) in the nitrogen lattice.  

A huge energy release in reaction (5) can also produce N 
atoms in higher states. Thus, in [34], reaction (5) was pro-
posed as one of the possible mechanisms of the excited N* 
atom desorption of atoms in the 3s 4P5/2-1/2 state. In this 
study two atomic lines were found at 120 and 113.4 nm. 
The distinctive feature of these lines is their coincidence 
with the gas phase spectrum within the accuracy of the 
measurements in [34]. Spectral line at 120 nm belongs to the 
3s 4P5/2-1/2 → 2p3 4S3/2 transitions. Weaker line at 113.4 nm 
stems from the transitions 2p4 4P1/2-5/2 → 2p3 4S3/2 tran-
sitions. Experiments on samples of different thickness 
and probing them in depth by changing the electron beam 
energy confirmed the connection of these emissions with 
the surface. Direct connection of 120 and 113.4 nm lines 
with charge recombination reactions was evidenced using 
NsD and NsL methods [60]. The relevant result is shown 
in Fig. 16. 

Fig. 14. Feature related to 3N+  in the CL spectrum of solid nitrogen.  
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Fig. 15. Schematic representation of relative energies of the 
trinitrogen system by [3]. 
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The low-temperature peak near 8 K coincides with the 
position of the low-temperature peak of TSEE near 8 K 
indicating the connection of the 120 nm line with the neu-
tralization process. As it was pointed ΔE5 = 10.5 eV can 
ensure the population of the 3s 4P5/2-1/2 state with subse-
quent desorption of excited atoms. However ΔE5 is insuffi-
cient for population of the 2p4

 
4P1/2-5/2 state that suggests 

another mechanism of highly excited atoms desorption.  It 
was assumed [34,60] that creation of N+ ions at the surface 
via core excitations followed by their neutralization may 
result in desorption of highly excited N* atoms.  

Similar approach was used in study of excited molecule 
desorption [34,35]. In the near UV range the emission of 
second positive system (2PS) was registered — the transi-
tions between C3Πu and B3Πg excited molecular states 
(Fig. 17). The positions of the observed bands coincide 
with those detected in the gas phase nitrogen spectra. The-
se bands were observed at 5 K in early study [83] and in-
terpreted as stemming from freely rotated *

2N  molecules 
in solid nitrogen. But this assignment is in contradiction 
with the calculated height of barrier 35 K for rotation in the 
α-phase of solid N2 where molecules are frozen [95]. 

Measurements of the thickness dependence of the 2PS 
emission and probing with an electron beam established 
connection of these bands with the surface. It was conclud-
ed that the 2PS emission in solid nitrogen stems from *

2N  
molecules desorbing in the excited C3Πu state [34,35].  

A blue matrix shift of the bands in Ne matrix in accord-
ance with [96] supports the conclusion. Desorption of met-
astable nitrogen molecules stimulated by low-energy elec-
trons was detected by time-of-flight technique in [29]. A 
study of dose-response behavior performed in [35] re-
vealed the accumulation of centers responsible for the de-
sorption of excited molecules and suggested the neutraliza-
tion reaction of 2 2(N )+  van der Waals dimer ions as the 
underlying process. Formation of 2 2(N )+  ions under irradi-
ation of a dense gas was investigated in a number of stud-
ies, e.g. [97–100]. First observation of photon emission 
due to electron-ion recombination of 2 2(N )+  was reported 
in [101]. The neutralization of these ions by electrons re-
sulted in the dissociative recombination reaction followed 
by an emission of the 2PS of *

2N  molecule: C3Πu → B3Πg 

 * 3
4 2 2( )N N  Nue C h+ −+ → Π + + ν . (7) 

Contribution of charged centers in desorption of the ex-
cited nitrogen molecules was proved by measurements of 
the spectrally-resolved TSL on wavelengths of the 2PS. 
Simultaneously with the TSL the yields of TSEE and post-
desorption (pressure curve) were measured. 

Figure 18 presents all the time-correlated emissions. 
Photon yield – TSL, is shown on the example of 0-1 band 
of the C3Πu → B3Πg transition. Temperature behavior of 
the recombination luminescence strongly correlates with 
the TSEE current, indicating that the primary process, 
which underlies the desorption of excited nitrogen mole-
cules, is the recombination of electron with positively 
charged ionic center 2 2(N )+ . The excited molecule at the 
surface experiences a repulsive interaction with neighbors 
because of negative electron affinity of solid nitrogen [71] 

Fig. 16. NsL measured at 120 nm (4P → 4S atomic transition) detect-
ed simultaneously with NsD (pressure curve) and TSEE yield. 

Fig. 17. The 2PS in luminescence of solid N2 excited with 500 eV 
electron beam. 

Fig. 18. Yields of the TSL measured in 0-1 band of the 2PS in 
comparison with concurrently detected TSEE yield and total yield 
of post-desorption. 
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that makes the so-called “cavity expulsion” mechanism effi-
cient. It is interesting that neutral van der Waals clusters (N2)2 
were also observed in dense gas [102] and in free icosahedral 
nitrogen clusters formed in supersonic jet [103]. 

Conclusions 

In this topical review we have focused on the recent 
studies of charged centers generated in solid nitrogen and 
their role in radiation-induced phenomena. Numerous new 
methods employed to advantage of this reserch line are 
presented including current spectroscopy. The developed 
approach is based on time correlated emission spectrosco-
py with monitoring of optical photons, charge carriers and 
emission of particles. Recent findings in research of pre-
irradiated by electron beam solid nitrogen and nitrogen-
helium nanoclusters grown by a gas jet condensation tech-
nique are presented. Main attention is given to detection of 
polyatomic ionic centers containing four and three nitrogen 
atoms; 4N+ , 3N+ , 3N−. Their photo- and thermostability were 
explored along with stimulated phenomena and relaxation 
processes. Examples of defect production and desorption 
induced by ion-electron reactions are discussed.  
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Нові тенденції в спектроскопії твердого азоту 
(Огляд) 

О. Савченко, І. Хижний, V. Bondybey 

Цей огляд представляє нові тенденції в емісійній 
спектроскопії твердого азоту. Обговорюється розвинений підхід 
до вивчення зарядових центрів та їх ролі в радіаційно-
індукованих явищах і релаксаційних процесах. Розроблена 
емісійна спектроскопія включає в себе корельоване в реальному 
часі детектування декількох релаксаційних емісій — оптичних 
фотонів, електронів та емісію частинок. Наведено основні деталі 
цього підходу, що застосовується при дослідженні попередньо 
опромінених електронним пучком твердого азоту й азот-
гелієвих нанокластерів, вирощених методом газоструйної 
конденсації. Коротко подані нові методи — нестаціонарна 
люмінесценція і нестаціонарна десорбція, призначені для вив-
чення реакцій іон-електронної рекомбінації. Узагальнено 
недавні результати, отримані з використанням цього підходу і 
методів емісійної спектроскопії, для вивчення пов'язаних з заря-
дом явищ у конденсованому азоті. Основну увагу приділено 
виявленню багатоатомних іонних центрів, що містять чотири і 
три атоми азоту: 4N ,+  3N ,+  3N .−  Обговорюється їх роль в радіа-
ційних явищах і релаксаційних процесах, зокрема десорбції. 

Ключові слова: твердий азот, аніони і катіони азоту, реакції 
рекомбінації, нейтралізація, тетраазот, десорбція. 

Новые тенденции в спектроскопии твердого азота 
(Обзор) 

Е. Савченко, И. Хижный, V. Bondybey 

Этот обзор представляет новые тенденции в эмиссионной 
спектроскопии твердого азота. Обсуждается развитый подход к 
изучению зарядовых центров и их роли в радиационно-
индуцированных явлениях и релаксационных процессах. Разра-
ботанная эмиссионная спектроскопия включает в себя коррели-
рованное в реальном времени детектирование нескольких ре-
лаксационных эмиссий — оптических фотонов, электронов и 
эмиссию частиц. Приведены основные детали этого подхода, 
применяемого при исследовании предварительно облученных 
электронным пучком твердого азота и азот-гелиевых нанокла-
стеров, выращенных методом газоструйной конденсации. Крат-
ко представлены новые методы — нестационарная люминес-
ценция и нестационарная десорбция, предназначенные для 
изучения реакций ион-электронной рекомбинации. Обобщены 
недавние результаты, полученные с использованием этого под-
хода и методов эмиссионной спектроскопии, для изучения свя-
занных с зарядом явлений в конденсированном азоте. Основное 
внимание уделено обнаружению многоатомных ионных цен-
тров, содержащих четыре и три атома азота: 4N ,+  3N ,+  3N .−  Об-
суждается их роль в радиационных явлениях и релаксационных 
процессах, в частности десорбции. 

Ключевые слова: твердый азот, азотные анионы и катионы, 
реакции рекомбинации, нейтрализация, тетраазот, десорбция. 
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