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OPTICAL CHARACTERISTICS
AND PLASMA PARAMETERS OF THE GAS-DISCHARGE
RADIATOR BASED ON A MIXTURE OF CADMIUM
DIIODIDE VAPOR AND HELIUM

The optical characteristics and plasma parameters have been found for the gas-discharge ra-
diator emitting in the red spectral interval and operating on a mixture of cadmium diiodide
vapor and helium. The reduced electric field strength at which the specific discharge power
spent for the excitation of exciplex cadmium monoiodide molecules is maximal is determined
as well. Additional processes of population of the upper 𝐵2Σ+

1/2-state of exciplex cadmium
monoiodide molecules giving rise to the radiation power growth have been revealed. The re-
search results can be used to create a more efficient gas-discharge radiator emitting in the red
spectral interval.
K e yw o r d s: barrier discharge, gas-discharge plasma, radiation emission by exciplex
molecules, plasma parameters, cadmium diiodide, helium.

1. Introduction

Gas-discharge plasma ignited in a mixture of cad-
mium diiodide vapor with an inert gas is the source
of a selective radiation in a spectral interval of 610–
720 nm, which coincides with one of the radiation
intervals for the active photosynthesis by plants,
namely, 610–720 and 400–510 nm [1,2]. Sources emit-
ting radiation in those spectral intervals are mainly
used for artificial lighting. Here, the most widely used
are high-pressure sodium lamps. One-third of the ab-
sorbed radiation power is converted and emitted by
them in the spectral interval of active plant photo-
synthesis [3].

For the light control over photosynthesis together
with the growth and development of plants and algae
to be more efficient, the creation of a new genera-
tion of radiation sources with selective characteristics
in the spectral ranges of 610–720 and 400–510 nm is
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required. LED lamps found the substantial practical
application in those spectral intervals. They have the
highest luminous efficiency among other light sources
(100 lm/W). At the same time, it was found that
the application of powerful (>100 W) LED lamps is
limited by a necessity to cool them. Otherwise, they
would lose their operational capability [4].

There is no such restriction on gas-discharge ra-
diation sources (excilamps) in the visible spectral
range. Furthermore, those sources possess a capabil-
ity to scale the radiating surface without changing the
specific energy characteristics [5–7]. In the 610–720-
nm spectral interval, an exciplex gas-discharge radia-
tor on the basis of mixtures of cadmium diiodide va-
por and inert gases can play such a role [8–10]. The
present work is devoted to the study of the optical
characteristics and parameters of a plasma-discharge
radiator based on the mixture of cadmium diiodide
vapor and helium. The aim of the work is to reveal
regularities both in the spectral, integral, and tempo-
ral characteristics of radiation emitted by excilamps
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Робочою зоною випромінювання служила бічна поверхня випромінювача. 

 

  

Рис.1. Основні вузли ексиплексного випромінювача: 1 - кварцова трубка, 2 - електрод, 3 - Fig. 1. Schematic diagram of exciplex radiator: quartz tube
(1 ), electrode (2 ), perforated electrode (3 ), discharge region
(4 ), quartz tube (5 ), vacuum (6 ), electrical inputs (7, 8 )

and in their plasma parameters, which can be used
to find physico-chemical capabilities to increase their
energetic efficiency.

2. Experimental Equipment and Technique

Figure 1 schematically illustrates the main compo-
nents of an exciplex gas-discharge radiator, in which
a single-barrier discharge was used to create plasma in
a working mixture of cadmium diiodide vapor and he-
lium. The radiator had a cylindrical design. The lat-
eral surface of the radiator served as the working area
for radiation emission.

Exciplex gas-discharge radiator (1 ) was fabricated
from a quartz tube 16 mm in diameter and 220 mm in
length. Tungsten electrode (2 ) with a circular cross-
section 4 mm in diameter was arranged along the tube
axis. The second, stainless steel electrode (3 ) was per-
forated (with a radiation transmittance of 50%) and
arranged on the outer surface of the tube. The diam-
eter of discharge region (4 ) and the burning distance
of the coaxial bulk discharge were 12 and 216 mm,
respectively. The exciplex source was located in an
end-welded quartz tube (5 ) 230 mm in length and
26 mm in diameter. The atmospheric air in volume
(6 ) between the exciplex lamp and the quartz tube
(5 ) was pumped out. The both electrodes (2 ) and
(3 ) were supplied with a pulse-periodic voltage from
a voltage pump source through metal-quartz input
contacts (7 ) and (8 ).

The presence of volume (6 ), from which the at-
mospheric air was pumped out, in the design of the
exciplex gas-discharge source was dictated by a ne-
cessity to provide high partial pressures of cadmium
diiodide vapor in discharge region (4 ) by elevating the

temperature of the working mixture. In turn, this en-
abled us to enhance the energy characteristics of the
radiation source by 40% as compared to the radiator
design without such a volume.

The radiation was emitted from quartz tube (1 )
normally to tube (5 ). A discharge was excited in a
mixture of cadmium diiodide vapor and helium in
the 31-cm3 discharge region (4 ) with the help of a
pulse-periodic generator of nanosecond high-voltage
pulses. The generator provided the amplitudes of the
voltage and current pulses at the radiator electrodes
at levels of 10–20 kV and 300 A, respectively. The
repetition rate of voltage and current pulses was
18–20 kHz.

The working mixtures were prepared immediately
in the device volume. A 100-mg piece of cadmium di-
iodide (CdI2) powder was evenly poured into quartz
tube (1 ). After the salt was loaded, the radiator was
dehydrated by heating it at 50 ∘C and pumping
out for two hours; then, helium was introduced. The
partial pressure of the saturated vapor of cadmium
diiodide was created by heating the working gas-
vapor mixture owing to the discharge energy dissi-
pation. The partial pressure values were determined
according to the temperature of the coldest radia-
tor point by interpolating the reference data of work
[11]. The partial pressure of helium was measured us-
ing a standard membrane pressure gauge. The spec-
tral, integral, and temporal characteristics of the ex-
ciplex source were studied with the help of a registra-
tion system described in work [12].

3. Experimental Results

Figure 2 demonstrates a surveillance spectrum of
radiation emitted by an exciplex source operating
on the mixture of cadmium diiodide vapor and he-
lium. The radiation spectrum of this mixture was
characterized by the presence of a system of spec-
tral bands associated with the 𝐵2Σ+

1/2 → 𝑋2Σ+
1/2

electron-vibrational transition in exciplex molecules
of cadmium monoiodide (CdI*) with a radiation max-
imum at the wavelength 𝜆 = 650 nm, 𝜈′ = 0–
2 → 𝜈′′ = 61.62 [13], a steep intensity growth of
those spectral bands on their long-wavelength side,
and their slow recession on their short-wavelength
side. The heads of spectral bands overlapped a wave-
length interval of 470–700 nm. Besides those spectral
bands, radiation was also observed at the wavelengths
𝜆 = 479.991 and 508.582 nm (the 5𝑝3𝑃 0-6𝑠3𝑆 (𝐽 = 1–
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Fig. 2. Surveillance spectrum of radiation emitted by an ex-
ciplex source on a mixture of cadmium dioxide vapor with he-
lium. The pump pulse repetition frequency 𝑓 = 18 kHz, the
voltage and current amplitudes 𝑈 = 10 kV and 𝐼 = 300 A, re-
spectively. The total pressure of the mixture 𝑝 = 250.024 kPa

1) and 5𝑝3𝑃 0-6𝑠3𝑆 (𝐽 = 2–1) transitions in Cd atoms
[14]). As the pump pulse repetition rate was changed
from 18 to 20 kHz, the radiation intensity in the spec-
tral bands and lines increased by 10%. The radiation
intensity of CdI* molecules in its maximum located
at the wavelength 𝜆 = 650 nm exceeded the radia-
tion intensity of cadmium atoms at the wavelengths
𝜆 = 479.991 and 508.582 nm by 3.4 and 1.8 times,
respectively.

The dependence of the average emitted power 𝑃
on the partial helium pressure 𝑝He is exhibited in
Fig. 3. With the growth of 𝑝He from 120 to 260 kPa,
the power 𝑃 first increased when 𝑝He grew within an
interval of 120–250 kPa, then reached a maximum
value at 𝑝He = 250 kPa, and finally decreased, as the
helium pressure grew further. The partial pressure of
cadmium diiodide vapor was 𝑝CdI2 = 24 Pa.

When the partial pressure of cadmium diiodide va-
por 𝑝CdI2 was increased to 1000 Pa, the average ra-
diation power first increased, when 𝑝CdI2 grew within
an interval of 1–100 Pa, then reached a maximum of
55 W at 𝑝CdI2 = 100÷110 Pa, and finally decreased,
as the pressure 𝑝CdI2 increased further (Fig. 4). When
measuring the dependence of the average radiation
power 𝑃 on the partial pressure of cadmium diiodide

Fig. 3. Dependence of the average radiation power 𝑃 on the
partial pressure of helium 𝑝He. The voltage and current ampli-
tude 𝑈 = 10 kV and 𝐼 = 300 A, respectively. The pump pulse
repetition frequency 𝑓 = 20 kHz

Fig. 4. Dependence of the average radiation power 𝑃 on the
partial pressure of cadmium diiodide vapor 𝑝CdI2 at a partial
pressure of helium 𝑝He = 250 kPa. The voltage and current
amplitude 𝑈 = 10 kV and 𝐼 = 300 A, respectively. The pump
pulse repetition frequency 𝑓 = 20 kHz

vapor 𝑝CdI2 , the latter was varied by heating the ra-
diation source with the help of an external electric
heater switched on after the partial pressure of the
cadmium diiodide vapor had reached a value of 24 Pa.

In Fig. 5, the dependence of the radiation power on
the number of pump pulses or the discharge burning
time (i.e. the time of the visual observation of the
discharge since the moment of its ignition by pump
pulses). This dependence is characterized by a linear
increase of the radiation power until the number of
pulses reaches a value of 3.5 × 107. If the number of
pump pulses increases further, the radiation power
decreases by 11%.
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Fig. 5. Dependences of the average radiation power 𝑃 on the
number of pulses (bottom axis) and the discharge burning time
(upper axis). The amplitude of voltage pulses 𝑈 = 10 kV. The
helium partial pressure 𝑝He = 250 kPa. The pulse repetition
frequency 𝑓 = 20 kHz

a

b

c
Fig. 6. Voltage (𝑎), discharge current (𝑏), and radiation power
oscillograms (𝑐). The total mixture pressure 𝑝 = 250.024 kPa,
the pulse repetition rate 𝑓 = 20 kHz

The efficiency factor of the radiation source was
4.3% at an average radiation power of 32 W.

Figure 6 demonstrates characteristic voltage, dis-
charge current, and radiation power oscillograms.
The error and reproducibility of the results of oscil-
loscopic measurements were 10% and 90%, respec-
tively. The current pulses had different polarities,
with a maximum amplitude of 300 A and a duration
of 150 ns.

The time dependence of the radiation power
(Fig. 6, 𝑐) has two peaks, whose maxima coincide in
time with the maxima of current pulses (Fig. 6, 𝑏).
The amplitudes of the second current and radia-
tion power pulses are larger than the amplitudes of
the corresponding first pulses. The second radiation
power pulse is characterized by a longer duration in
whole and a longer trailing edge in comparison with
their counterparts for the first pulse.

4. Numerical Simulation

In the experiment, we used an atmospheric-pressure
pulse-periodic barrier discharge generated at a pump
voltage pulse duration of 150 ns. Under the exper-
imental conditions, the discharge was uniform. The
optimal plasma parameters for obtaining the maxi-
mum radiation power from the electric barrier dis-
charge in the CdI2–He (0.000095 : 0.999905) mix-
ture at a total pressure of 250.024 kPa were de-
termined numerically. They were calculated as the
complete integrals of the electron-energy distribu-
tion function (EEDF). The latter was found by solv-
ing the Boltzmann kinetic equation for the quasis-
tationary electron distribution function [15]. Its ap-
plication is valid, if the plasma environment changes
in an electric field that varies more slowly than the
electron distribution function relaxes to the equilib-
rium [15].

The time required for a quasistationary electron
distribution to relax is known to be approximately
equal to the relaxation time of the average electron
energy [16],

𝜏 =
𝑚𝜈𝑒𝜀

𝑒2𝐸2
,

where 𝑚 is the electron mass, 𝑒 the electron charge,
𝜀 the average electron energy, 𝐸 the electric field
strength, and 𝜈𝑒 is the frequency of elastic electron
collisions with He atoms and CdI2 molecules in the
gaseous mixture. The estimate of the relaxation time
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𝜏 for our experimental conditions gave a value of
1 × 10−13 s, which is much shorter than the pulse
duration (150 ns). This circumstance means that the
plasma environment changed in an electric field that
varied more slowly than the relaxation time of the
EEDF.

The EEDF was calculated making use of the well-
known Bolsig+ software program [17]. The results
of calculations were applied to determine a number
of plasma parameters and their dependences on the
magnitude of the reduced electric field (the ratio 𝐸/𝑁
between the electric field strength 𝐸 and the total
concentration 𝑁 of helium atoms and a small ad-
mixture of cadmium diiodide molecules). The vari-
ation interval for the parameter 𝐸/𝑁 was 1–100 Td
(1 × 10−17–1 × 10−15 V cm2), and it included the
interval of 𝐸/𝑁 values that were realized in our ex-
periment. All calculations were performed for the dis-
charge at partial pressures of 24 Pa for cadmium di-
iodide and 250 kPa for helium, at which the maxi-
mum radiation power was reached in the experiment
(Fig. 3).

In the integral of electron collisions with atoms and
molecules, the following processes were taken into ac-
count: elastic electron scattering at helium atoms;
excitation of energy levels in helium atoms (a thresh-
old energy of 19.8 eV); ionization of helium atoms
(a threshold energy of 24.58 eV); dissociative exci-
tation of the 𝐵2Σ+

1/2 state of cadmium monoiodide
molecules (a threshold energy of 4.986 eV) and cad-
mium atoms (at 𝜆 = 479.991 and 508.582 nm, a
threshold energy of 6.386 eV); and dissociative ion-
ization of cadmium diiodide molecules with the for-
mation of cadmium diiodide (a threshold energy of
10 eV), cadmium monoiodide (a threshold energy of
11 eV), cadmium (a threshold energy of 13 eV), and
iodine (a threshold energy of 14 eV) ions. The data
for the effective cross-sections of those processes, as
well as their dependences on the electron energy, were
taken from database [17] and works [18,19]. The elec-
tric field strength 𝐸 and the reduced electric field
strength 𝐸/𝑁 in plasma at which the observed ra-
diation power in the spectral band of the cadmium
monoiodide molecule (with 𝜆max = 650 nm) was max-
imum were found to equal 2.0×106 V/m and 55.9 Td,
respectively. They were determined using the method
described in our work [12].

The numerical simulation of the electron trans-
port characteristics in the mixture of cadmium diio-

Fig. 7. The dependence of the average electron energy on
the reduced electric field strength 𝐸/𝑁 in plasma in the mix-
ture CdI2–He (0.000095 : 0.999905) at the total pressure 𝑝 =

= 250.024 kPa

dide vapor and helium at their partial pressure ratio
𝑝CdI2 : 𝑝He = 24 Pa : 250 kPa (see Fig. 7 and Table 1)
showed that if the reduced field strength 𝐸/𝑁 in the
plasma increases, the average energy 𝜀 of electrons,
their temperature 𝑇 , and drift velocity 𝑉dr also in-
crease, whereas their concentration 𝑁 decreases. The
constants of excitation and ionization rates of cad-
mium diiodide molecules and helium atoms by elec-
trons (see Fig. 8 and Table 2) also increase with the
𝐸/𝑁 parameter. The maximum values are observed
for the dissociative excitation constant of cadmium
monoiodide molecules.

Specific power losses of the discharge in the mix-
ture of cadmium diiodide vapor with helium owing
to elastic and non-elastic electron collision processes
with the mixture components were maximum for he-
lium atoms (Fig. 9, curves 8, 9 and 10 ). For the
elastic scattering of electrons by helium atoms, those
losses reached 98% at a reduced electric field strength

Table 1. Transport characteristics
of electrons in plasma in the mixture of cadmium
diiodide vapor and helium at the partial pressure
ratio of components 𝑝CdI2 : 𝑝He = 24 Pa : 250 kPa

𝐸/𝑁 , Td 𝜀, eV 𝑇 0, K 𝑉dr, m/s 𝑁 , m3/s

7.83 4.490 52 084 1.6× 105 4.2× 1018

55.9 10.37 120 292 1.7× 105 4.0× 1018

100 14.09 163 444 1.9× 105 3.6× 1018

ISSN 2071-0186. Ukr. J. Phys. 2021. Vol. 66, No. 2 145



A.A. Malinina, A.K. Shuaibov, A.N. Malinin

Table 2. Rate constants for excitation of the 𝐵2Σ
+
1/2

state of CdI* exciplex molecules (𝑘CdI*),
excitation of cadmium atomic levels (𝑘Cd*), ionization of CdI2 molecules (𝑘

CdI
+
2

), electron elastic scattering

(𝑘𝑒), excitation of helium atomic levels (𝑘He*), and ionization of helium atoms (𝑘He+) in the mixture of cadmium
diiodide vapor and helium at the partial pressure ratio of components 𝑝CdI2 : 𝑝He = 24 Pa : 250 kPa

𝐸/𝑁 , Td 𝑘CdI* × 10+15, 𝑘Cd* × 10+15, 𝑘Cd* × 10+15, 𝑘+CdI2
× 10+14, 𝑘𝑟 × 10+14, 𝑘He* × 10+16, 𝑘+He × 10+17,

m3/s 𝜆 = 650 nm m3/s 𝜆 = 479 nm m3/s 𝜆 = 509 nm m3/s m3/s m3/s m3/s

CdI2 He

7.83 3.002 0.1203 0.1804 0.2265 6.930 0.017 0.002
55.6 7.481 1.205 1.827 2.113 7.757 2.448 9.359

100 9.101 2.188 3.325 3.530 7.545 6.789 51.58

of 4.41 Td (Fig. 9, curve 9 ). At the same time, for
cadmium diiodide molecules, they did not exceed 1%
for the dissociative excitation of the 𝐵2Σ+

1/2 state of
CdI* exciplex molecules at 𝐸/𝑁 = 7.8 Td (Fig. 9,
curve 4)), being at a level of 0.05% for a reduced
field strength of 55.9 Td at which the experimen-
tally observed radiation emission power in the spec-
tral band of cadmium monoiodide molecules with
𝜆max = 650 nm was maximum. With the increase
of the 𝐸/𝑁 parameter value to 100 Td, the spe-
cific losses of the discharge power in the mixture be-
came maximum (51%) for the excitation (a thresh-
old energy of 19.80 eV) and ionization of helium
atoms (Fig. 9, curves 10 and 8, respectively). For
the ionization of cadmium diiodide molecules with
the formation of CdI+2 ions, the specific discharge
power losses were 1.5% at 𝐸/𝑁 = 11.2 Td. For a
reduced field strength of 55.9 Td, the specific losses
of the discharge power spent for the ionization of
helium atoms and cadmium diiodide molecules were
31% and 2.5%, respectively. For the excitation of a
metastable helium energy level with a threshold en-
ergy of 19.80 eV, the specific power losses were max-
imum and equal to 90%.

Because of high losses of the discharge power spent
on the excitation of the metastable energy level
of helium atoms (a threshold energy of 19.80 eV),
we may expect that the process of energy transfer
from metastable helium atoms to cadmium diiodide
molecules should affect the amplitude and shape of
the radiation pulse (Fig. 6, 𝑐). This assumption is
confirmed by a modification in the shape of the sec-
ond radiation pulse as compared to that of the current
pulse (Fig. 6, 𝑏). One may also expect a substantial
increase of the radiation power in the spectral band of

cadmium monoiodide molecules with 𝜆max = 650 nm
when applying a field with a reduced strength of
7.8 Td, at which the discharge power losses for the
dissociative excitation of the 𝐵2Σ+

1/2 state of CdI*

exciplex molecules are maximum.

5. Discussion of the Results

The spectral bands with the maximum at the wave-
length 𝜆 = 650 nm correspond to the electron-
vibrational transition 𝐵2Σ+

1/2 → 𝑋2Σ+
1/2 of the CdI*

molecule in gas-discharge plasma in the mixtures of
cadmium diiodide vapor with helium. They are a re-
sult of processes leading to the formation and destruc-
tion of the 𝐵2Σ+

1/2 state of a cadmium monoiodide
molecule. The major of them are as follows [4, 20]:

CdI2 + 𝑒− → CdI2(
3,1Σ+

𝑢 ) → CdI(𝐵2Σ+
1/2) + I + 𝑒−,

(1)

or → CdI(𝐵2Σ+
1/2) + I−, (2)

CdI(𝐵2Σ+
1/2) → CdI(𝑋2Σ+

1/2) + ℎ𝜈 (3)

(𝜆max = 650 nm),

and

CdI(𝐵2Σ+
1/2) +𝑀 → CdI(𝑋2Σ+

1/2) +𝑀 +Δ𝐸, (4)

where 𝑀 stands for the CdI2 molecules and He
atoms, and Δ𝐸 is the reaction energy difference. As
follows from the time dependences of the current
and radiation power amplitudes (see Figs. 6, 𝑏
and 𝑐) 1, reactions (1) and (2) are the main sources

1 The time difference between the beginning and the maximum
of the pulse was the same for the current and radiation power
pulses to within an oscilloscope measurement error of 10%.
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Fig. 8. Dependences of the rate constants of electron colli-
sions with cadmium diiodide molecules and helium atoms in
the mixture of cadmium diiodide vapor and helium CdI2–He
(0.000095 : 0.999905) on the parameter 𝐸/𝑁 at the total pres-
sure in the mixture 𝑝 = 250.024 kPa: ionization of a helium
atom (1 ), excitation of the helium atomic level (the threshold
energy 𝐸th = 19.8 eV) (2 ), dissociative excitation of a cad-
mium atom (𝐸th = 9.85 eV, 𝜆 = 479.991 nm) (3 ), dissociative
excitation of a cadmium atom (𝐸th = 9.85 eV, 𝜆 = 508.582 nm)
(4 ), dissociative ionization of a cadmium monoiodide molecule
(𝐸th = 11 eV) (5 ), dissociative ionization of a cadmium atom
(𝐸th = 13 eV) (6 ), ionization of a cadmium diiodide molecule
(𝐸th = 10 eV) (7 ), dissociative ionization of an iodine atom
(𝐸th = 14 eV) (8 ), elastic electron scattering by a helium atom
(9 ), dissociative excitation of the 𝐵2Σ1/2+ state of a cadmium
monoiodide molecule (𝐸th = 5 eV) (10 )

of the generation of CdI* exciplex molecules. The
electron-vibrational transitions 𝐵2Σ+

1/2 → 𝑋2Σ+
1/2 of

CdI* molecules give rise to the emission of spectral
bands with the maximum intensity at the wavelength
𝜆max = 650 nm [reaction (3)]. The quenching reac-
tion (4) describes the electron-vibrational transition
of a cadmium monoiodide molecule into the ground
state without radiation emission.

The emission of cadmium spectral lines takes place
owing to the reactions [21]

CdI2 + 𝑒− → Cd(5𝑝3𝑃 0) + I + I−, (5)

Cd(5𝑝3𝑃 0) → Cd(6𝑠3𝑆0, 𝐽 = 1–1) + ℎ𝜈 (6)

(𝜆 = 479.991 nm),

and

Cd(5𝑝3𝑃 0) → Cd(6𝑠3𝑆0, 𝐽 = 2–1) + ℎ𝜈 (7)

(𝜆 = 508.582 nm).

Fig. 9. Dependences of specific discharge power losses spent
on electron collisions with cadmium diode molecules and he-
lium atoms in the mixture of cadmium diiodide vapor and
helium CdI2–He (0.000095 : 0.999905) on the parameter 𝐸/𝑁

at the total pressure in the mixture 𝑝 = 250.024 kPa: dis-
sociative excitation of a cadmium atoms (𝐸th = 9.85 eV,
𝜆 = 479.991 nm) (1 ), dissociative excitation of a cadmium
atom (𝐸th = 9.85 eV, 𝜆 = 508.582 nm) (2 ), dissociative
ionization of a cadmium atoms (𝐸th = 13 eV) (3 ), dissocia-
tive excitation of the 𝐵2Σ1/2+ state of cadmium monoiodide
molecules (𝐸th = 5 eV) (4 ), dissociative ionization of a cad-
mium monoiodide molecule (𝐸th = 11 eV) (5 ), dissociative
ionization of iodine atoms (𝐸th = 14 eV) (6 ), ionization of
cadmium diiodide molecules (𝐸th = 10 eV) (7 ), ionization of
helium atoms (8 ), elastic electron scattering by helium atoms
(9 ), excitation of the helium atomic level (the threshold energy
𝐸th = 19.8 eV) (10 )

The excitation rate constant equals 7.481×
× 10−15 m3/s for the 𝐵2Σ+

1/2 state of a cadmium
monoiodide exciplex molecule, and 1.203×10−15 and
1.804 × 10−15 m3/s for cadmium atoms at the re-
duced electric field strength 𝐸/𝑁 = 55.9 Td, which
took place for the mixture of cadmium diiodide va-
por and helium under our experimental conditions
(see Table 2). A contribution of the discharge power
to the excitation of the 𝐵2Σ+

1/2 state of CdI* exci-
plex molecules [reactions (1)–(3)] was about 0.05% at
a reduced field strength of 55.9 Td (Fig. 9, curve 4 ),
which could not provide an experimental efficiency
value of 4.3%. In this connection, additional processes
for the population of the 𝐵2Σ+

1/2 state of CdI* exci-
plex molecules should be considered:

CdI2 + 𝑒− → CdI2(𝐷) →

→ CdI(𝐶2Π1/2, 𝐷
2Π3/2) + I + 𝑒− (8)
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and

CdI(𝐶2Π1/2, 𝐷
2Π3/2) + CdI2(He) →

→ CdI(𝐵2Σ+
1/2) + CdI2(He) + Δ𝐸1,2. (9)

Formula (8) describes the excitation of CdI2
molecules into the state 𝐷 by electrons [22, 23]. This
state is the sum of all states of a cadmium diiodide
molecule located between the threshold (5 eV) and
ionization (11 eV) energies [22]. One may expect that
the effective excitation cross-section of this state in
a cadmium diiodide molecule by electrons is close to
the corresponding parameter for the 𝐷 state of a mer-
cury dibromide molecule (about 10−15 cm2 [23]). No
emission is observed from the 𝐷 state of a CdI2
molecule, because this state predissociates with the
formation of a cadmium monoiodide molecule in the
𝐶 and 𝐷 states. The emission from the latter states
was also not observed under our experimental con-
ditions owing to a high efficiency of the quenching
process (9) [23]. The population of this state is trans-
ferred to the 𝐵2Σ+

1/2 state of CdI2 molecules or into
other non-optical channels [23, 24].

A drastic increase of the radiation intensity on the
large-wavelength side of the spectrum and its slow de-
crease at short wavelengths (Fig. 2) are explained by
the behavior of potential curves (the excited 𝐵2Σ+

1/2

state is shifted toward longer internuclear distances
with respect to the 𝑋2Σ+

1/2 state), as well as the pro-
cesses of population relaxation on upper vibrational
levels of the excited electron state, which are more
rapid than the electron-vibrational transition into the
ground 𝑋2Σ+

1/2 state [25].
The fact that the partial pressure of the helium

buffer gas has an optimum value (Fig. 3) is con-
nected with the discharge energy fraction spent for
the heating of a working mixture [26]. As the total
pressure in the mixture increases, the 𝐸/𝑁 param-
eter decreases. As a result, the specific losses of the
discharge power on the elastic scattering of electrons
at atoms and molecules increase (Fig. 9, curve 9 ),
the mixture is heated, and, consequently, the partial
pressure of cadmium diiodide vapor and the radiation
power emitted by CdI* molecules grow. If the helium
pressure increases further, the presence of the maxi-
mum in the dependence of the radiation power 𝑃 of
CdI* molecules on the helium pressure 𝑝He (Fig. 3)
is a result of two factors: (i) a reduction in the av-
erage energy of electrons (see Fig. 6 and Table 1),

which, in turn, leads to a lower rate constant for the
dissociative excitation of the 𝐵2Σ+

1/2 state of a CdI*

molecule by electrons in the gas-discharge plasma [see
Fig. 7, curve 4 and reaction (1)]; and (ii) the quench-
ing process of the 𝐵2Σ+

1/2 state of cadmium monoio-
dide molecules by helium,

CdI(𝐵2Σ+
1/2) +He → CdI(𝑋2Σ+

1/2) +He+Δ𝐸, (10)

where Δ𝐸 is the reaction energy difference released
in the form of heat.

The dependence of the average radiation power 𝑃
on the partial pressure of cadmium diiodide vapor
𝑝CdI2 (Fig. 4) is explained by the growth in the con-
centration of molecules in the 𝐵2Σ+

1/2 state, as their
partial pressure increases, and by the process of their
quenching. The optimum partial pressures for cad-
mium diiodide vapor are determined by an establish-
ment of a dynamic equilibrium between those pro-
cesses. Above a certain value of the partial cadmium
diiodide vapor pressure, the quenching process

CdI(𝐵2Σ+
1/2) + CdI2 → CdI(𝑋2Σ+

1/2) + CdI2 +Δ𝐸,

(11)

where Δ𝐸 is also the reaction energy difference re-
leased in the form of heat, begins to play a substantial
role. Therefore, the radiation power decreases. The
corresponding rate constant equals (9.2 ± 1.1)×
× 10−10 cm3/s [27].

The increase in the radiation power 𝑃 with the
growth of the number of pump pulses 𝑁 (Fig. 5) is
governed by the process of discharge energy dissipa-
tion. Namely, at a larger number of pump pulses,
the mixture becomes more heated, and, accordingly,
the partial pressure of cadmium diode vapor and the
power of radiation emission by means of processes
(1)–(3) increase. The saturation in the dependence of
the radiation power on the number of pump pulses, its
further decrease by 11%, and stabilization at a level
of 32 W are induced by the quenching process (9) and
the stabilization of the working mixture temperature.

The oscillatory character of the voltage pulse am-
plitude (Fig. 6, 𝑎) is a result of the mismatch between
the output impedance of a voltage generator and the
input impedance of a radiation source. The structure
of the current pulse (Fig. 6, 𝑏) is associated with the
charging and discharging of the insulator capacitance
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during a voltage pulse, the amplitude of which is suf-
ficient to break down the discharge gap [28]. The dif-
ference between the front- and back-edge shapes of
current pulses appears due to the opposite directions
of the current flow through the gas gap. Accordingly,
there arise different conditions of charge absorption at
the internal insulator surface in the case of a single-
barrier discharge, which was realized in our experi-
ment. The temporal broadening of both the second
power radiation pulse and its back edge in compari-
son with the first pulse is caused by the accumulation
of cadmium monoiodide in the ground energy state
within the time interval between the pulses, because
not all cadmium monoiodide molecules have enough
time to recover via the process [27]

CdI(𝑋2Σ+
1/2) + I + He → CdI2 +He.

This ultimately modifies the amplitude and the tem-
poral behavior of the second pulse by increasing the
population of the 𝐵2Σ+

1/2 state of cadmium monoio-
dide through the electron excitation of the 𝑋2Σ+

1/2
state,

CdI(𝑋2Σ+
1/2) + 𝑒− → CdI(𝐵2Σ+

1/2) + 𝑒−.

6. Conclusions

To summarize, in this work, we have studied the op-
tical characteristics (in the red spectral interval) and
some other parameters of the plasma created in a
mixture of cadmium diiodide vapor with helium by
a pulse-periodic barrier discharge excited in an exci-
plex gas-discharge radiator. It is found that the ra-
diation spectrum of the given source is mainly com-
posed of the bands emitted by cadmium monoiodide
molecules. Those bands are located within an inter-
val of 470–700 nm, with the maximum intensity at
the wavelength 𝜆 = 650 nm. More than 90% of the
radiation power is concentrated in the red spectral
interval. The application of a heat-insulating screen
in the radiator construction allowed the radiation
power to be increased by 40%. We have determined
the partial pressures of cadmium diiodide vapor and
helium at which the maximum values of the aver-
age and peak radiation power are obtained. Addi-
tional processes giving rise to the population growth
in the 𝐵2Σ+

1/2 state of cadmium monoiodide exciplex
molecules due to the quenching process of transitions

from the 𝐶2Π1/2 and 𝐷2Π3/2 states at electron colli-
sions with cadmium diiodide molecules and helium
atoms are revealed. The magnitude of the reduced
electric field strength at which the specific contri-
bution of the electric discharge power to the exci-
tation of the 𝐵2Σ+

1/2 state of cadmium monoiodide
molecules is maximum was determined. The obtained
value equals 7.8 Td, which makes it possible to en-
hance the energy parameters of a gas-discharge radi-
ator operating on the mixture of cadmium diiodide
vapor and helium and emitting in the red spectral
interval. Gas-discharge radiators of this kind can be
used to more effectively control the photosynthesis
process, as well as the growth and development of
plants and algae.

1. A.A. Abdulaev, V.E. Semenenko. Intensive culture Duna-
liella salina Teod. and some of its physiological character-
istics. Fiziol. Rasten. 27, No. 6, 31 (1980) (in Russian).

2. A.I. Sakevich. Exometabolites of Freshwater Microalgae
(Naukova Dumka, 1985) (in Russian).

3. F.G. Baksht, V.F. Lapshin, Energy balance of a pulsed
emitting sodium-vapor/xenon discharge. Techn. Phys. 42,
1004 (1997).

4. V.B. Basov. LEDs: Their advantages and shortco-
mings. Elektro Elektrotechn. Elektroenerg. Elektrotechn.
Promyshl. No. 6, 34 (2010) (in Russian).

5. A.N. Malinin, A.V. Polyak, N.N. Guyvan, N.G. Zubrilin,
L.L. Shimon. Coaxial HgI excilamps. Kvant. Elektron. 32,
155 (2002) (in Russian).

6. G. Zissis, S. Kitsinelis, State of art on the science and
technology of electrical light sources: From the past to the
future. J. Phys. D 42, 173001 (2009).

7. U. Kogelschatz. Ultraviolet excimer radiation from
nonequilibrium gas discharges and its application in pho-
tophysics, photochemistry and photobiology. J. Opt. Tech-
nol. 79, 484 (2012).

8. V.S. Shevera, A.N. Malinin, A.K. Shuaibov. Investigation
of the excitation and quenching of the CdI* state in the
pulsed dielectric discharge. Zh. Prikl. Spektrosk. 39, 476
(1983) (in Russian).

9. A.N. Konoplev, V.A. Kelman, V.S. Shevera. Investigation
of the radiation of pulse discharge in mixtures of ZnI2,
CdI2, and HgI2 with helium and neon. Zh. Prikl. Spektrosk.
39, 315 (1983) (in Russian).

10. S.P. Bogacheva, A.N. Konoplev, A.I. Khodanich, V.S. She-
vera, The population of excited atoms and molecules
in gas-discharge Ne-CdI2 plasma. Ukr. Fiz. Zh. 37, 678
(1992) (in Russian).

11. Tables of Physical Quantities. Edited by I.K. Kikoin (At-
omizdat, 1976) (in Russian).

12. A.O. Malinina, A.K. Shuaibov, O.M. Malinin. Mechanism
enhancing the emission power of gas-discharge lamps based

ISSN 2071-0186. Ukr. J. Phys. 2021. Vol. 66, No. 2 149



A.A. Malinina, A.K. Shuaibov, A.N. Malinin

on mixtures of neon, nitrogen, and mercury dichloride va-
por in the blue-green spectral interval. Ukr. J. Phys. 64,
797 (2019).

13. R.W. Pears, A.G. Gaydon. The Identification of Molecular
Spectra (Chapman and Hall, 1963).

14. A.N. Zaidel, V.K. Prokof’ev, S.M. Raiskii, V.A. Slavnyi,
E.Ya. Shreider. Tables of Spectral Lines (Springer, 1970).

15. G.J.M. Hagelaar, L.C. Pitchford. Solving the Boltzmann
equation to obtain electron transport coefficients and rate
coefficients for fluid models. Plasma Sourc. Sci. Technol.
14, 722 (2005).

16. M.M. Mkrtchyan, V. T. Platonenko. Kinetics of gas-dis-
charge XeF excimer laser. Kvant. Elektron. 6, 1639 (1979)
(in Russian).

17. https://www.bolsig.laplace.univ-tlse.fr/.
18. A.N. Konoplev, N.N. Chavarga, V.N. Slavik, V.S. Shevera.

Dissociative excitation of CdI2 by electron impact. Pis’ma
Zh. Tekhn. Fiz. 15, 48 (1989) (in Russian).

19. A.N. Konoplev, V.N. Slavik, V.S. Shevera. Dissocative ion-
ization of CdI2 molecules by electron impact. Pis’ma Zh.
Tekhn. Fiz. 16, 86 (1990) (in Russian).

20. V.S. Shevera, A.N. Malinin, A.K. Shuaibov. Investigation
of the excitation and quenching of the CdI* state in a
pulsed discharge through an insulator. Zh. Prikl. Spektrosk.
39, 476 (1983) (in Russian).

21. Yu.M. Smirnov. Inelastic collisions of slow electrons with
cadmium (II) iodide molecules. Khim. Vysok. Energ. 34,
405 (2000) (in Russian).

22. W.R. Wadt. The electronic structure of HgCl2 and HgBr2
and its relationship to photodissociation. J. Chem. Phys.
72, 2469 (1980).

23. W.L. Nighan, R.T. Brown. Kinetic processes in the
HgBr(B-X)HgBr dissociation laser. J. Appl. Phys. 53, 7201
(1982).

24. A.M. Boichenko, M.I. Lomaev, A.N. Panchenko et al.
Ultraviolet and Vacuum Ultraviolet Excilamps: Physics,
Technology, and Application (State Tomsk Univ., 2011)
(in Russian).

25. V.V. Datsyuk, I.A. Izmailov, V.A. Kochelap. Vibrational
relaxation of excimers, Physics-Usp. 41, 379 (1998).

26. Yu.P. Raizer. Gas Discharge Physics (Springer, 1997).
27. M.N. Ediger, A.W. McCown, J.G. Eden. CdI and CdBr

photodissosiation lasers at 655 and 811 nm: CdI spectrum
identification and enhanced laser output with 114CdI2.
Appl. Phys. Lett. 40, 99 (1982).

28. Yu.S. Akishev, A.V. Demyanov, V.B. Karalnik et al. Pul-
sating regime of a diffuse mode of a barrier discharge in
He. Fiz. Plazmy 27, 176 (2001) (in Russian).

Received 13.01.20.
Translated from Ukrainian by O.I. Voitenko

А.О.Малiнiна, О.К.Шуаiбов, О.М.Малiнiн

ОПТИЧНI ХАРАКТЕРИСТИКИ I ПАРАМЕТРИ
ПЛАЗМИ ГАЗОРОЗРЯДНОГО ВИПРОМIНЮВАЧА
НА СУМIШI ПАРIВ ДИЙОДИДУ КАДМIЮ ТА ГЕЛIЮ

Встановлено оптичнi характеристики та параметри пла-
зми газорозрядного випромiнювача червоного спектраль-
ного дiапазону на сумiшi парiв дийодиду кадмiю та ге-
лiю, величину приведеної напруженостi електричного по-
ля, при якiй питома потужнiсть розряду, що вноситься в
збудження ексиплексних молекул монойодиду кадмiю, ма-
ксимальна. Встановлено додатковi процеси заселення верх-
нього 𝐵2Σ+

1/2
-стану ексиплексної молекули монойодиду ка-

дмiю, якi збiльшують потужнiсть випромiнювання. Резуль-
тати дослiджень можуть бути використанi для створення
бiльш ефективного газорозрядного випромiнювача, що пра-
цює в червоному спектральному дiапазонi.

Ключ о в i с л о в а: бар’єрний розряд, газорозрядна плаз-
ма, випромiнювання ексиплексних молекул, параметри пла-
зми, дийодид кадмiю, гелiй.
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