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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: NX, N;, N3. Their part played in radiation-induced phenomena and relaxation processes, in

particular desorption, is discussed.

Keywords: solid nitrogen, nitrogen anions and cations, recombination reactions, neutralization, tetranitrogen,

desorption.
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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
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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 2-10 cm73) 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 Nj 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, No>—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 Ny were explored and considered in terms of neutral
electronic excitations and their interactions. In spite of the
fact that ionic compounds such as N3 and Nj were de-
tected in pure solid nitrogen [49] and NI 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
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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 A32:; state),
in other words, as chemiluminescence. The TSL of solid
nitrogen grown from discharge was registered in the range
of atomic transition 2D—"S [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: N, N3, N3 . 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 a-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 £, =—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 O, 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 N

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-
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Fig. 1. (Color online) Scheme of the experimental setup for activation spectroscopy study of solid N».
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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/cm’ up to
5 mA/cm® 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.
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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 Ny (1%) and He or
with the addition of any heavier inert gases (Ny/Ar/He,
N»/Xe/He) was transported by a gas handling system to the
cryogenic part. Nitrogen atoms were produced by dissocia-
tion of N, 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 He contained in a glass
beaker. The gas jet flux was about of 410" 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 (/); 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 (/0); helium glass dewar (/7); (b) and (c) IHC sample preparation by condensation of
the gas jet passed through an rf discharge (a gas mixture [N,]/[He] = 1/100 and [N;]/[Xe]/[He] = 1/1/400, correspondingly). White ar-

rows point to filament-like structures [57].

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 9

1147



E. Savchenko, I. Khyzhniy, and V. Bondybey

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 N;’
and N cations were detected in a rf glow discharge sus-
tained in a Np/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
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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].
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Fig. 4. (Color online) (a) The temporal dependences of the tem-
perature (/), pressure (2), current (3), and integrated lumines-
cence intensity (4) during destruction of sample prepared from a
gas mixture [Ny])/[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 r =323 s) [54].

second mechanism, by the authors’ opinion, consists in cap-
ture of electrons from the contacting surfaces by metastable
No(4 E) molecule. Its interaction with surfaces followed by
forming an intermediate shape resonance N2( II,) 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 cm™).

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 [N>]/[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

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 9
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Fig. 5. (Color online) Destruction of sample prepared from
[N2])/[Xe]/[He] = 1/1/400 gas mixture: temporal dependences of
the temperature (/) and luminescence intensity (2) (a); temporal
dependences of the capacity (3) and resistance (4) (b) [62].

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. N : fingerprints in the emission spectra

In this section we will focus on experimental findings

indicating the formation of the NX cation in solid Ny, 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 a’lZ; -> X 12; and intercom-

bination transition A4°%% — X 12; 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 N> [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 a’]Z; 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].
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Fig. 6. Cathodoluminescence of solid nitrogen in the VUV range.

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:

I(t) = I [1 — exp(-t/1)] (1)

with the characteristic T = 250 s. Ig¢ corresponds to the
intensity value upon reaching saturation. Such a behavior
indicates an accumulation of radiation-induced centers
which were supposed to be N 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
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Fig. 7. Dose dependence of the a'li;l -> X 122 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 a-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 a'lZ; -> X 12;
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 a'12; - X 12;
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
N cation is formed in course of the dimerization reaction:

N3 + N, - Nj. ()

The dimerization reaction with N:{ 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

TSL, NsL Intensity, arb. units

1 1 0
5 10 15 20 25 30 35
T,

Fig. 8. TSL detected at a wavelength of the 0-4 vibrational mo-
lecular band of the a’IZ; - X 12; series, the TSEE yield and
spectrally resolved NsL of solid nitrogen.
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a’12; 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(°D) + N(°D) [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 N4+ +e". This process does not
contribute to TSEE yield because of much higher probabil-
ity for released electrons to recombine with neighboring
N 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/cmz) and then the
sample was probed with a 1 keV beam of 1 mA/cm® upon
gradual heating. The NsL yield measured at a wavelength of
0-4 molecular transition of the a'IE; - X 12; progression
is shown in Fig. 8. The observed correlation of NsL and
TSL in the entire temperature range supports the idea that
the a'IZ; - X 12; radiative transition is induced by neu-
tralization reaction.

The neutralization of N} 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 N; in-
volved. A theoretical study undertaken in [81] for the
N4(D»2p) configuration predicted no barrier for the state
with the dissociation limit: N,(a"Z;)+N,(a’'L;) 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

Nj +e = Nj o Ny (a''S,) + Ny (a''5,) +
+AE1 - N2 +N2+2h\/1 +AE2. (3)

Additional evidence of effective N; formation and ac-
cumulation in solid nitrogen under electron beam was
demonstrated in [55] by means of activation spectroscopy
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Fig. 9. Dependence of the N4(Dy;) 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
N; molecule exits the parent lattice “cage” where cation
N7 has recombined with an electron. However, there could
be another relaxation scenario after dissociation. The ex-
cited N; molecule could relax with a ground state Nj
molecule from the surroundings to form NZ and then Ngy:

Nj +e” >Ny >N+ N, +AE; > Ny = N, +hv, +AE,.
“)

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 N7 neutralization
has been proposed in [59]. Relaxation paths after neutrali-
zation and their branching are defined by potential curves
of Ny cluster and barriers for dissociation. It was shown
theoretically [81] that for an Ny cluster of Djyj; symmetry
the population of "By, state formed from N, (3 T,) and
N, (3 A,) states may result in a radiative transition into the
ground state Ag 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 N 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

Intensity, arb. units
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Fig. 10. Evolution of the 360 nm luminescence band with expo-

sure time.

that the recombination of N centers with electrons fol-
lowed by excited NZ cluster formation is responsible for
the detected 360 nm emission [59].

A broad band about A =~ 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 zAg — lAg transition of Na(Dyp)
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 Nj ions with electrons in N,
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)».

It is worth of note that, until now, there are no reliable
experimental data on the N4 and N7 structure in solid

.g_ _g
£ £
= [
g 18
= RS
s iz
340 350 360 370 380 390

Wavelength, nm

Fig. 11. Bands of spontaneous luminescence CL and stimulated
luminescence TSL.
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Fig. 12. TSL detected at 360 nm band maximum (middle curve), the
TSEE yield (low curve) and the NsL yield measured at 360 nm.

nitrogen. So considering that, the need for further expe-
rimental and theoretical studies of the Ny cluster for-
mation is clear.

4.2. N3 and N3: their manifestation by emission
spectroscopy

The use of PSEE technique allowed finding “Finger-
prints” of the anion N3 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 N3 (x=2.76 eV). Detec-
tion of the PSEE signal (Fig. 13) proves that deep electron
traps were N3 anion centers efficiently formed in solid
nitrogen pre-irradiated with an electron beam. A test of the
TSEE vyield after irradiation with photons confirms that
2.76 eV photons released electrons from deep traps, speci-
fically from Nj.

Contribution of the N3 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
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20
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Fig. 13. Correlation of PSEE and PSL detected in (0-4) band of

the o'1%, — XIZE transition.

1152

than 10 cm73) was revealed. Note that negatively charged
species N3 have been also produced in Np-dominated ices
under proton bombardment and detected by IR spectroscopy
in ices warmed to 35 K [88]. Stable N3 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 a’IZ,: - X 12; 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 o£ the a’lZ; 2state via the recombina-
tion of two excited N atoms in "D states. The observed
clear correlation of PSL and PSEE proves the hole self-
trapping with tetranitrogen cation N formation, which is
followed by the photon-stimulated dissociative recombina-
tion reaction of N cations with electrons as described in
previous section. The entire set of data [55] made it appar-
ent that charges of both signs ( N3 anions, N} cations and
electrons) can be stored at low temperatures.

Along with NX one of the main products of nitrogen
radiolysis is NJ cation [3,4]. N3 is a relatively stable
molecular ion (Dg = 3.4 eV) compared to Ny (Do =1¢V)
[3]. Photoabsorptions by N3 —(N,), complexes have
been observed in clusters [90]. It was shown that the larger
complexes essentially consist of an N3 core surrounded
by electrostatically bound N» ligands. Experiments on fast
ion collision with icy surface of nitrogen revealed two se-
ries of positive ions: (N,), N3 and (N,),N* with a pre-
dominance of small clusters [91]. The IR absorption meas-
urements of the electron-bombarded pure solid Ny [52]
found the formation of N; cation, which was confirmed by
the observed in VUV range electronic transitions
A1, <—X3Z; of N3 [52]. Formation of N3 cations was
also detected in CL spectrum of solid nitrogen shown in
Fig. 14 [58]. The band A’I1,(000)—> X X, (000) at 281
nm has been registered against 0-6 band of the
A5 5x 2+ transition. A weak band at 273 nm in the CL
spectrum was a551gned to the A4 Z+ (000) > X-T1 ’n g (000)
transition of N3 radical. Low intensity of this band i 1n exper-
iments [58] is likely due to efficient formation of N3 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 p state to be able to form a new chemical
bond with Nj and create N3 neutral [3,4].

In view of essential role of electrons in relaxation pro-
cesses information on neutralization reaction of N3 is of
vital importance. The study of this reaction performed at
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Fig. 14. Feature related to N}r in the CL spectrum of solid nitrogen.

the heavy-ion storage ring CRYRING [92] revealed two
exothermic channels — two-body and three-body:

N3j +e” >N, +N+AEs, 6)
N3 +e” > N+N+N+AE;. (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 AE5 ~ 10.5 eV and AEg ~ 0.7 €V in
the reaction (6). In view of that a strong propensity to dis-
sociate via the Np + 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.

+ 1
+
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Fig. 15. Schematic representation of relative energies of the
trinitrogen system by [3].

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 9

4.3. Charged species in electronically stimulated processes

Interesting feature of the a-group emission (N(ZD—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(ZD) atom may appear as a result of
direct excitation of N(4S) — product of N> molecule disso-
ciation, under electron beam. Another possibility is the re-
combination of ground state nitrogen atoms followed by
formation of electronically excited molecules N, (A3Z;)
and N, (A5 2+) Energy transfer from these molecules to
N('S) atoms can also result in the production of electroni-
cally excited N( D) atoms [94]. However the dose depend-
ences of the a-group emission and the A32 - X! E pro-
gression appeared to be different. Moreover the TSL of
solid nitrogen recorded at the wavelength of the ’p 4
transition shows only one low-temperature peak at about
15 K, in contrast to the TSL of matrix-isolated N, 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("D) generation with a charge recombina-
tion reaction. Recombination of N} with an electron can-
not be responsible for the TSL in a-band of pure nitrogen
because of hole self-trapping/trapping, while in N»-doped
rare-gas matrices the dissociative recomblnatlon of N3
may result in creation of defect center N( D) [64] by anal-
ogy with the well-known dissociative recombination in a
low-density nitrogen gas [93]. lonic center N:{ dissociates
into molecules at neutralization. The trapped holes — N;’
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(ZD) center.
Then D excitation decays radiatively leaving a point de-
fect N( S) 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 mechamsms of the excited N
atom desorption of atoms in the 3s P5/2 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 P5/2 12— 2p S3/2 transitions. Weaker line at 113.4 nm
stems from the transitions 2p "~ Pj/.50 — 2p S3/2 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.
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Fig. 16. NsL measured at 120 nm (4P — 4§ atomic transition) detect-
ed simultaneously with NsD (pressure curve) and TSEE yield.

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 AE5 = 10.5 eV can
ensure the population of the 3s 4P5/2_1 /2 state with subse-
quent desorption of excited atoms. However AEjs 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 C'II, and BTl 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 N; molecules
in solid nitrogen. But this assignment is in contradiction
with the calculated height of barrier 35 K for rotation in the
o-phase of solid Ny where molecules are frozen [95].
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Fig. 17. The 2PS in luminescence of solid N, excited with 500 eV
electron beam.
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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 N;
molecules desorbing in the excited C3 I1, 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 (N,)5 van der Waals dimer ions as the
underlying process. Formation of (N,)3 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 (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 N; molecule: C3Hu — B3Hg

N§ +e” > N5 (C3T, )+ Ny +hv. (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 C° 1, — B3Hg 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 (N,)%. The excited molecule at the
surface experiences a repulsive interaction with neighbors
because of negative electron affinity of solid nitrogen [71]
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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),
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; Nz, N3, N3. 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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HoBi TeHOeHLUiT B cnekTpocKonii TBEpAoro a3oTy
(Ornsim)

O. CaBueHko, |. XwxHui, V. Bondybey

Ieit ommm mpencraBise HOBI  TEHAGHIIT B eMiCIHHIN
CIIEKTPOCKOIIIT TBepOro a3oTy. OOroBOPIOETHCSI PO3BUHEHHIT IMi/IXi
O BUBYEHHS 3apsOBUX LEHTPIB Ta iX pomi B pamiamiiHo-
IHIyKOBaHMX SIBHINAX 1 penakcauiiHux mnpouecax. Po3pobneHa
eMiCiliHa CIIEKTPOCKOITisSI BKITFOYA€E B ce0E KOPEIbOBAaHE B PCATBHOMY
Yaci JICTeKTyBaHHS JEKUIbKOX pejlaKcalliiHUX eMiCiii — ONTHIHHX
(hOTOHIB, €IEKTPOHIB Ta eMiciro YacTHHOK. HaBeneHo OCcHOBHI aetaii
LBOTO TIAXOMY, II0 3aCTOCOBYETHCS MPH JOCTIIKEHHI IONEePEaHbO
OIPOMIHCHHX ENEKTPOHHHM ITydKOM TBEpHOro as3oTy H a3or-
Teli€BUX HAHOKJIACTEPIB, BHUPOLICHHX METOJOM Ta30CTpYHHOI
koHzeHcarii. KopoTko mojaHi HOBI MeToqu — HeCTalliOHapHa
JIIOMIHECICHIsl 1 HecTalioHapHa IecopOLlis, TpU3HAYeH] ISl BHB-
YeHHS peakmii I0H-eNeKTPOHHOI pekoMOiHamil. Y3araJbHEeHO
HEZIaBHI pe3yJbTaTH, OTPUMAHi 3 BUKOPHCTAHHSIM LHOTO MiAXOMY i
METOJIiB eMICIHHOI CHIEKTPOCKOIi, /Is1 BUBYEHHS MOB'SI3aHUX 3 3aps-
JIOM SBULI Y KOHACHCOBaHOMY a30Ti. OCHOBHY yBary NpHUIJICHO
BUSIBJICHHIO 0aratoaTOMHUX IOHHMX IIEHTPIB, IO MICTATh YOTHPH i
TPH aTOMU a30Ty: NZ, N§, N3. O6roBoproeThes X poJib B pajiia-

LIHHUX SBUIIAX 1 peslakcaiifHuX mpornecax, 30KpemMa JIecopOrii.

KurouoBi croBa: TBepauit a30T, aHIOHM 1 KaTiOHM a30Ty, peakuii
pexoMOiHamii, HeWTpai3amnisi, TeTpaa3oT, 1eCopOIis.

HoBble TeHAEHLMM B CNEKTPOCKONUN TBEPAOro a3oTa
(O630p)

E. CaByeHko, N. XvxHbin, V. Bondybey

OT10T 0030p MpEenCTaBiIAeT HOBbIE TEHACHLIUHM B 3MHCCHOHHOM
CIIEKTPOCKOIIMH TBEpIoro a3ora. OOCyKaaeTcst pa3BUTHIA MOIXO K
U3YydEHUIO 3apsIOBBIX ILIEHTPOB M MX pONM B PaJUAlIOHHO-
HHIYIUPOBAHHBIX SIBICHILIX U PeaKcallMOHHBIX Iporeccax. Paspa-
0oTaHHAas SMHCCHOHHAs CIIEKTPOCKOMHMS BKIJIFOYAET B ce0sl KOppemnu-
POBaHHOE B pealbHOM BPEMEHH IETEKTHPOBAHHWE HECKOIBKHX pe-
JIAKCALIMOHHBIX SMUCCUH — ONTHYECKUX (POTOHOB, HIEKTPOHOB M
smuccuro vactuil. [IpuBenieHsl OCHOBHBIE JAETaMM JTOTO IOJXO[a,
MPHUMEHSEMOT0 TIPH HCCIIEOBAHUU TIPEBAPUTENBHO OOTy4eHHBIX
SNIEKTPOHHBIM ITyYKOM TBEPJOTO a30Ta M a30T-TEIMEBbIX HAHOKIIA-
CTEpOB, BHIPAILICHHBIX METOZOM I'a30CTpyHHON KoHAeHcarmu. Kpat-
KO TPE/ICTaBJICHBI HOBBIE METOJBI — HECTAIMOHAPHAS JIIOMUHEC-
HEHIMS M HEeCTallMOHAapHas AecopOlWs, MNpeAHa3HAuYCHHBIE [T
H3YdEeHMS] PeakIui MOH-2JIEKTPOHHOH pexoMOuHarmu. OO00IIeHE!
HEIaBHUE PE3YNBTaThI, MOIYUYEHHBIE C UCIOIB30BAHUEM 3TOTO TMOJ-
XOJ]a U METOJI0B SMUCCUOHHON CIIEKTPOCKOINH, JUIS M3y4eHHs CBSI-
3aHHBIX C 3apsAIOM SBIEHHI B KOHIEHCUPOBaHHOM a30Te. OCHOBHOE
BHUMAaHHE YJEIEHO OOHApPY)KEHHIO MHOTOATOMHBIX HOHHBIX IICH-
TPOB, COAEPXKAIUX YETHIPE U TPU aToMa a30Ta: NZ, Nér, N3. O6-
CYXKJIaeTCsl MX POJIb B PAIHALMOHHBIX SIBICHISIX W PEIAKCAIMOHHBIX
TpoLECcax, B YaCTHOCTH JIECOPOLIHN.

KimoueBsle cioBa: TBEepABI a30T, a30THBIC AHWOHBI M KAaTHOHEL,
peaKuuy peKoMOMHALINY, HEHTpaau3anus, TeTpaasoT, AecopOnus.
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