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Abstract. The state of the art and prospects for the development
of quantitative optical spectroscopy methods for analyzing the
composition of small chemically active components of a none-
quilibrium plasma are discussed. The capabilities of the meth-
ods are considered in combination with the conditions of
applicability, both for fundamental research in the fields of
plasma physics and chemistry, and for monitoring the techno-
logical processes in reactors for the benefit of the energy sector,
micro- and nano-electronics, medicine, the creation of optical
coatings, and generating active radicals and excited particles.
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1. Introduction

Plasma, the most widespread of the four known states of
matter in nature [1], has been and remains the subject of
ongoing research. This is motivated by a variety of applica-
tions, even at the earliest stages of the development of society,
although a wide class of these objects was assigned to a
separate aggregate group only in 1879 (Crookes), and the
term ‘plasma’ for a partially or fully ionized electrically
conducting quasi-neutral medium was introduced in 1928
(Langmuir) [2]. For a long time, interest in plasma was mainly
related to its thermal and optical properties that allow
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applications for processing food and materials, room heat-
ing, illumination, and navigation. A large group of plasma
forms, from primordial fire to jet engine torches, consists of
various types of flames supported by combustion reactions.
The scope of plasma forms of practical interest has been
drastically widened by the application of electric current and
voltage sources, i.c., discharges of various types, to produce
them. Although some substances in ‘traditional’ aggregate
states, e.g., charged particles in solids, also manifest plasma-
like properties, it is accepted to consider objects formed of
gaseous media to be plasma. Under terrestrial conditions,
they are the atmosphere and ionosphere, as well as laboratory
and technological devices. For them, the degree of ionization,
as a rule, is not high, less than 10~!—1073; such plasma is
referred to as low-temperature plasma (LTP). If the notion of
temperature has a physical sense to describe the motion of
various sorts of particles in the translational and/or internal
degrees of freedom, LTP heating does not exceed 10° K.
Interest in high-temperature plasma (HTP) heated above
10% K, when the gas particles are multiply ionized up to the
nucleus charge, is mainly due to the possibility of nuclear
reactions in it [3, 4]. In nature, this happens, e.g., in ‘young’
stars. Since the 1950s, efforts in the physics and technology of
such plasma forms have been intensified in the direction of
creating them under terrestrial conditions, prognosing their
properties upon spontaneous initiation (explosion) with the
intension of creating alternative sources of power using
controlled thermonuclear fusion (CTF). In this case, the
processes that restrict plasma stability are of importance;
this is a separate field of investigation beyond the scope of this
review. However, experience shows that, even in such systems
due to incomplete isolation and/or dynamic peculiarities,
processes beyond nuclear reaction zones, e.g., near reactor
walls, are of importance. In fact, the presence of such zones is
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‘pay’ for the isolation of central regions and the possibility of
utilizing the released energy. LTP studies have accelerated
and expanded since the 1960s due to the development of gas
lasers, applications in ecology and medicine, the technology
of elements in optics and electronics, etc.

LTP properties strongly depend on the plasma’s chemical
composition; elucidation of the mechanism of its formation is
one of the central tasks of plasma physics and diagnostics. A
deviation from thermodynamic equilibrium is characteristic
of LTP. Even with the same chemical formula, particles
possess different reactivity in different excited states with a
discrete spectrum energy of terms. The proportion and role of
atomic and molecular radicals and charged particles in
chemical transformations increase; to describe the balance
of particles, a large number of processes must be taken into
account. Current modeling facilities allow operations with
arrays of 10> —10* reactions, which implies using nearly the
same number of input parameters in the form of reaction rate
constants and plasma macroscopic characteristics. Even in
the local approximation, this leads to difficulties because of
limited accuracy and reliability. The completeness of a kinetic
scheme also implies discussion in each particular case.
Experimental methods of determining the concentrations of
various particles in various states take on particular signifi-
cance. Many analytic methods developed for gas analysis,
although sometimes used for plasma, suffer from limitations
related to correct sampling [5]. In this relation, methods of
quantitative spectroscopy that do not disturb the plasma
advantageously differ from them.

By now, LTP spectroscopy has developed into a specific
line of research. Early papers and monographs mainly
discussed the issues of equilibrium plasma spectroscopy [2,
6]. Later, more attention was paid to plasma forms with
substantial deviations from thermodynamic equilibrium and
selectivity of elementary processes [7-9], including those with
nonequilibrium chemical kinetics [10]. The main current
methods of spectroscopy, the physical grounds for their use,
and interpretations of results of measurements under non-
equilibrium conditions are considered in monograph [11],
while some general issues are presented in reviews [5, 12—-14].
Tens of more particular reviews on LTP spectroscopy
achievements related to either a new measurement technique
or application to new subjects are being published.

Review [15] discusses some methods of laser spectroscopy
for measuring the concentration of radicals in plasma at
atmospheric pressure. Reviews [16, 17] present the results of
measuring the content of atoms and simple molecules in
atmospheric-pressure plasma using a number of traditional
diode and quantum-cascade lasers. A few reviews are devoted
to the spectroscopy of radicals in plasma jets from capillaries
and microdischarges. Due to favorable conditions for
transport in the atmosphere, they find application in
medicine, in biology, for the activation and inhibition of
drugs, and for the disinfection of food [18-21]. Series of
reviews are devoted to classical and laser spectroscopy of
plasma in laboratory and industrial reactors for spurring
coatings, etching parts in microelectronics, and growing
nanostructures [22, 23]. Studies of plasma by intracavity
laser spectroscopy and the attenuation of light in an external
optical cavity are the subject of reviews [24-26]. Several
reviews analyze studies that used nonlinear laser spectro-
scopy, including fluorescence and multiphoton excitation
[27], as well as various versions of four-wave mixing [28].
Recent review [5] analyzes the state of the art in low-pressure

plasma studies under conditions typical of a near-wall layer in
electric-discharge CTF facilities; attention is focused on laser
absorption methods and proposals for new methods of
optical actinometry.

The present review of the current state of LTP quantita-
tive spectroscopy is based on a list of particles studied under a
wide range of conditions. The capabilities of new methods
being outlined and those already used are compared. We
intend

— to systemize methods by general characteristics
accepted in spectroscopy and their correspondence to
physical applicability conditions in nonequilibrium LTP;

— to give an idea of the prevalence and success of the
methods used and the ranges of particle concentration
measurements;

— to note the features of the experimental technique and
the validity of its application to various objects;

— to evaluate the factors affecting the sensitivity and
accuracy of measurements, and peculiarities of detecting and
processing signals related to particle concentrations;

— to assess the nature of the change in priorities in the
choice of spectroscopy methods and the prospects for
emerging new opportunities.

Such an outline could become a base for further general-
izations of appearing results and understanding the prospects
of the spectroscopy of nonequilibrium LTP small compo-
nents.

2. Direct absorption spectroscopy

2.1 Absorption and concentration of particles,

general notes

The intensity of light at frequency v of an atomic transition
u — [ (uand [ being the upper and lower energy levels) passing
distance z through a uniform medium decreases according to
the Beer—Bouguer—-Lambert (BBL) law

I(v,z=1)=1(v,z=0)exp [—y, ()] (1)

The quantities y,,(v), y,(v)! are the spectral absorption index
and coefficient, respectively. The relation between the integral
absorption coefficient y,, with the populations of the lower
and upper energy levels N;, N, has the form

hvul 8 Nu

Xlu JX/H(V) dv c B/llNl<1 Qu N[) ’ (2)
where g,, g; are the statistical weights, v,; is the center
frequency of the absorption line contour, and By, is the
Einstein coefficient for absorption. Instead of By, other
Einstein coefficients are used: the oscillator strengths
Ju = —fug1/gu and the line strength S,; = S, = S[2, 29].

The form of the relation between y;, and the absorption
index for the center of the line contour y,, (v = vu) = %o
depends on the line broadening mechanism [2, 6, 9, 29].
Ignoring the induced radiation (N; > N,) and assuming / be
measured in nanometers, N;incm ™3, and yincm™!, we get for
Doppler or Lorentz broadening

8u Au/ 4

— 5 MtV

g Alp (3)
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where Avp, Avp, are the half-maximum widths, respectively.
When N; » N,, the notion of cross section ¢ [cm?] of light
absorption by one particle at the lower energy level is also
used in practice:
v
on(v) = le(;) . (4)
Absorption methods determine the difference between (or
ratio of) Ny and N,,.. In many cases, induced transitions can be
ignored and the measurement yields the values of lower
(absorbing) level populations. Generally, to determine the
total concentration of particles &, it must be related to the
population N of a particular energy level, in the present case,
the absorbing one:

— Ngk

Ni ;
Qin

QinzzgiNh (5

where Qi, is the so-called internal partition function
(statistical sum over the bound states) of the particle. The
statistical weights are determined by the structure of particles,
and the quantities Qj, depend on both the structure of terms
and the conditions of their excitation.

Under the thermodynamic condition, Qj, are determined
by the unique temperature 7,

_ _ AL
00 =Y wew (<37 )

if the energy AE;( of the levels is counted from the ground
state k = [ = 0, kg being the Boltzmann constant. The rules
for calculating g; and Q;, with the structure and symmetry of
terms taken into account are described in Ref. [11]. In the
absence of equilibrium, the quantity Qj, should be calculated,
generally, by direct summation (5) over all states, which is
practically unreal, so that additional assumptions and models
are unavoidable.

For atoms and their ions, the internal states are the
electronic ones. The number of excited energy levels can be
rather large, but under plasma conditions, it is limited because
of the interaction of charged particles [11]. The Debye energy
of the interaction of electrons is e?/rp, and the atom ionizes
spontaneously in states with a smaller binding energy — this
is the effect of ionization potential lowering. Under the
conditions characteristic of LTP, as a rule, energy levels
with the principal quantum number n < 40 can be observed.

Another limitation for the number of energy levels to be
taken into account is due to the fact that, as a rule, the energies
of the first excited states already exceed the mean energies of
electrons in LTP. If the lower level of a transition is the
ground state and the energy distribution of electrons is
Maxwellian, then in Eqn (6) the temperature corresponds to
that of electrons, T~ T.. In this case, the value of the
statistical sum can be replaced with the value of the ground
state statistical weight [11].

Electronic states of molecules have an energetically dense
vibrational-rotational structure. For many molecules with
the number of atoms N, < 5—7, the approximate independ-
ence of different kinds of particle motion in different degrees
of freedom is well fulfilled, which leads to an expression for
the internal partition function,

Qin = QerQm (7)

where Q., Oy, and Q; are the electronic, vibrational, and
rotational partition functions.

The electronic partition function Q. is found by analogy
with that in the case of atoms.

To calculate the vibrational partition function Qy, the
harmonic oscillator approximation is commonly used. In the
same approximation, based on the analysis of relaxation
processes due to collisions of the particles (vibration
exchange and quenching), the deviation from thermody-
namic equilibrium can be taken into account by introducing
individual vibrational temperature 7, for each oscillator.
This is justified for a long-lived ground state or a metastable
excited electronic state. In short-lived excited states (with
lifetimes shorter than the vibrational relaxation time)
depending on the excitation mechanism, the values of Ty, can
differ from those for the ground state or cannot be introduced
at all [30].

For a diatomic molecule, direct summation in Eqn (6) with
AE,, = vv (instead of k, we use a generally accepted notation
v to denote a vibrational energy level number, v being the
oscillator frequency) with an infinite upper limit yields

o en( )]

where the frequency v is expressed in wavenumber units
[cm~!] and it is taken into account that for all diatomic
molecules g, = 1.

For vibrations of a polyatomic molecule, an individual
oscillator corresponds to each normal mode frequency v,.
Summation (6) for the number of modes n with the
degeneracy multiplicity d,, and the statistical weights taken
into account yields [31, 32]

i
y

Qv = H(] - Zn)_d” )

n=1

hevy,
Z, = exp (_ kpT. ) s (9)

where Ty, is the vibrational temperature in the nth mode.

When calculating the rotational partition function by
means of Eqn (6), the model of rigid rotator is most
frequently used. The rotational and kinetic temperatures are
assumed to be equal, 7, = T, due to the rapid energy
exchange between the rotating molecules and translationally
moving ones. As in the case of vibrational temperatures 7y,
the introduction of T is physically justified for long-lived
electronic states (with the lifetime longer than the time of
rotation-translational energy exchange) [11, 31]. For diatomic
molecules,

1 kT,

Or = o heB,

(10)

where By is the rotational constant of the vibrational energy
level v, and the symmetry number (taken into account in the
statistical weight) is ¢ = 1 for heteronuclear molecules and
o = 2 for homonuclear ones.

For polyatomic molecules,

Q _1 T kBTr 3
"o\l 4,B,Cy \ he ’

where A4,, By, C, are the rotational constants, not equal to
each other in asymmetric top molecules. For symmetric tops,
two of these constants coincide. The values of ¢ = 1 —24 fora

(11)
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number of molecules with the number of atoms from 2 tol7
are presented in Ref. [11].

Approximation (7) for polyatomic molecules corresponds
to vibration amplitudes and centrifugal stretching that are
small compared to the internuclear distance. It is valid in most
molecules with small number of atoms N, <5-7 at a
relatively low level of energy in internal degrees of freedom.
An example of violation of these conditions is the class of
polyatomic molecules with internal rotations or torsional
vibrations.

If the potential barrier that impedes free internal rotation
of molecular fragments is high enough compared to the
excitation energy (in equilibrium, to the temperature), then
torsional vibrations arise, which can be considered an
additional vibrational degree of freedom with the corre-
sponding contribution to the vibrational partition function.
If the barrier is exceeded and free internal rotation arises, the
motion should be attributed to a rotational degree of freedom
rather than a vibrational one, with the appropriate contribu-
tion to the rotational partition function. In this case, the
symmetry numbers ¢ will also change. These issues have been
considered in Refs [32, 33]. The data on barrier values in a
number of molecules with internal rotation are presented in
Refs [11, 33]. Direct calculations show that, for example, in
the relatively simple molecule CH,, Eqn (8) underestimates
the internal partition function Qj, by nearly 40% at 300 K,
and by nearly 3.5 times at 1000 K [33]. The appropriate
corrections are important for absorption measurements.

2.2 Methods of absorption spectroscopy

In the absorption measurements of small concentrations of
particles, the sensitivity is of importance. At the same time, to
determine the total concentrations under nonequilibrium
conditions, data on the distribution of particles over the
excited states should be obtained, and it is often desirable to
measure the concentrations for various sorts of particles. This
implies the development and use of precise quantitative
methods with wide spectral and dynamic ranges and the
sensitivity retained. Practically, the set of such conditions
makes it necessary to combine several methods. Some of them
are known from general analytic spectroscopy, others are
specific just to plasma investigations. They can be divided
into three groups by the spectrum type of the radiation
transilluminating the plasma and the method of detecting
absorption.

2.2.1 Absorption against the continuum background. In the
measurement region, source E transilluminating plasma P
(Fig. 1) has a continuous spectrum, while the plasma
absorption spectrum consists of discrete lines. A spectral
instrument with entrance slit Sp selects an interval Av of
frequencies including a line of plasma absorption. A single

Figure 1. Absorption measurement. P— plasma, E—light source, Sp—
spectrometer, M —modulator, D —detector.

line is selected; within the interval Av, the continuum intensity
change is minor, Av,g > Av > Av,;, where Av,; is the spectral
separation from the closest neighboring absorption line, and
Av,,; is the half-width of the absorption line.

To relate the intensity change to the populations of energy
levels (see Eqn (2)), the notion of total absorption A4 is used:

Iy —1 (12)
0

AG:AV

= A\)AL7

where [, I are the intensities of light from the source E within
the frequency interval Av before and after passing through the
plasma. For homogeneous plasma with length L,

Ag = J [1—exp (—yu(v)L)] dv. (13)
Av
For the Doppler-broadened contour center,
1 b
A = RVATY Avpxo, 1w LS(x0, 1 L) 5 (14)
and for the Lorentz-broadened one,
b
Ag = 5 Aviyo 1 LS (20 1 L) - (15)

The Ladenburg—Levi function S and the Ladenburg—Reiche
function S’ that enter Eqns (14) and (15) are tabulated in
Ref. [9]. In the case of mixed Voigt broadening, the quantities
Ac(xo, 1, L) are calculated numerically [9, 11]. In graphical
form, they are called van-Geld growth curves. For informa-
tion on the calculation of S and S’ functions for unresolved
multiplets, see Ref. [11].

Let us note some of the circumstances not always taken
into account. From Eqns (3), (12)—(15), it is seen that,
independent of the broadening type for the given y, ,,L, the
measured quantity A4; becomes less as the ratio 'Av/Avh,
increases. This limits the measurement sensitivity against the
background of the continuum, since Av is determined by the
spectral instrument. An increase in the resolution is accom-
panied by a decrease in the aperture ratio and signal-to-noise
ratio of the detection.

When measuring absorption, a detector D fixes the light
from both source E and plasma P (see Fig. 1). The total
number of spontaneous transitions per unit time in a unit
volume of plasma and the number of induced transitions
caused by the radiation field of the transilluminating source
with the spectrum u,z is equal to N,A,; + N Byu,z. The
number of absorption events amounts to N;Bju,g. If the
radiation from the source and from the plasma propagate
within the same solid angle, then, for an equal number of
events,

quhVul(NuBul - N/Blu) = NuAul hvuh (16)
so that the plasma does not distort the source spectrum u,g
and no absorption is detected. This corresponds to the
condition of so-called spectral line reversal [34]. For a source
with a black-body spectrum at a temperature of 7 and
Uyg = Uy,

N, _ 8u ( hvul)

~ = &Xp|— )

N kg T
and the reversal occurs at the relative population of energy
levels u and /, corresponding to the ‘excitation temperature’

(17)
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Texc of particles in the plasma, equal to the temperature of the
transilluminating source. Against the background of the
source spectrum, the lines of plasma emission are seen at
Texe < T and the lines of plasma absorption, at Tex > T.
Expression (17) can be applied as well to a source different
from a black body (in this case, T has the sense of brightness
temperature 7p) and to the ‘excitation temperature’ of
particles averaged over a few optical transitions. To measure
the absorption and the concentration of particles, the source
should have brightness temperature Tg > Ty, Which can not
always be estimated a priori for a nonequilibrium plasma.
The difficulty can be avoided in experiments; for example, a
modulator M placed between the source and the plasma can
be used to avoid recording the light from plasma by the
detector (see Fig. 1). In the case of lock-in detection at the
modulation frequency, the plasma intrinsic emission plays the
role of a background, its effect reducing to a shift of the
working point of the detection system, which imposes a
condition on the linearity of its response or a requirement to
take into account the arising nonlinearity. As a rule, for a
steady-state object and source at moderate intensities and
photoelectric recording, the linearity condition is valid. If the
plasma object is pulsed, it is also necessary to ensure the
necessary modulation frequency, operation rate of the
detector, and detection system bandwidth.

The possibility of saturation of the optical transition
should also be taken into account. Let an entire beam of
transmitted light with power P and cross section 4 be
collected at the detector. Then, power change AP due to the
absorption is [35, 36]
GluNl

AP =14 ML
P=147270T,

L, (18)
where I = P/A, I is the saturation power density. The
minimum measured value AP = APy, is determined by the
noise level. For example, in the typical case of photoelectric
detection with the Poisson statistics of photoelectrons [37],

AP :é, PhV/u
min At]/lD )

where At is the registration time, and yp is the quantum yield
of the photodetector. The factor £’ ~ 1 depends on how the
acceptable signal-to-noise ratio is defined in a particular
measurement, and we will not specify it for estimates.

The minimum detectable number N, .. of particles related
to AP, at the lower energy level / in the light beam zone is
reached at I = I,

A‘C[
Niw =24 .
min A“’IDglu

Practical measurements in the saturation regime, how-
ever, face certain difficulties associated with the nonlinear
dependence of AP on P. It is more convenient to choose the
regime with I < [ [35], the sensitivity degrading not being too
much; according to Eqns (18)~(20), for I=10"2J, the
quantity N/ . increases fivefold. The absolute power of light
remains high. For example, the typical saturation intensity
for resonance transitions in atoms is Iy ~ 10 W cm~2. For a
beam with a cross section of 1 cm?, the corresponding light
power is 0.1 W. Usually, noises are characterized by the noise
equivalent power (NEP), at which the signal-to-noise ratio
equals 1, or a reciprocal quantity, the detection ability

(19)

(20)

D* = (NEP)"'. At high radiation power, the detector
response is large and its intrinsic noises are not so critical.
So, in the IR spectral region, where the limitations because of
thermal noise are typical, using modern detectors with
Np ~ 0.4 and detection ability D* ~ 10'° cm Hz W~! at
wavelengths A ~ 10 pm, in absorption measurements, it is
possible to ignore the noises at power density P > 1 mW cm ™2,
For more details on measuring the absorption against the
noise background, see Ref. [38].

2.2.2 Absorption of light with a limited spectrum. Source E (see
Fig. 1) emits light in the frequency band Av coincident at least
partially with the line spectrum of plasma absorption (see
Eqn (12)). The light is modulated by chopper M at a signal
detection frequency from detector D, and the intrinsic
radiation of the plasma is not recorded. A spectral instru-
ment, if used, plays the role of a filter to select a portion of the
spectrum in the region to be investigated. This known
approach [39] is developed for various combinations of
conditions in the light source and plasma studied. In
application to equilibrium plasma, this technique is called
atomic absorption (line absorption) and is used in the
elemental analysis of different substances, when the plasma
simultaneously plays the role of atomizer, too. In the simple
case, when an object identical to the studied one is used as a
source for transillumination (e.g., two discharge tubes), both
having plasma length L for a singlet line

S*(zlo, wl) }

S*(xo,uL) @

A2:2[17

where S* = S for Doppler broadening, and S* = S’ for the
Lorentz one. Table 1 presents numerical values of the
absorption function (21) for the Doppler (4, ) and Lorentz
(A7) broadening. The bottom line presents the values of
A; = A) =1 —exp(—yg L) for the case when source E
emits a monochromatic line with the frequency at the
maximum of the plasma absorption line. In all three cases,
relative changes in the source line intensity transilluminating
the plasma with the fixed values of y, ,, are comparable within
a range of no worse than a factor of ~ 2. Therefore, the use of
a high-resolution spectral instrument or transilluminating
source with the emission line narrower than the absorption
line will not lead to a principal increase in sensitivity. The
absorption functions for multiplets with unresolved structure
are presented in [30].

Table 1. Values of the absorption function of a single line [9].

Zowl| 01 | 02 | 04 | 06 | 08 | 1.0 | 20 | 40
Az | 0.066 | 0.130 | 0.238 | 0.329 | 0.404 | 0.469 | 0.673 | 0.806
A, 10049 | 0.090 | 0.163 | 0.225 | 0.278 | 0.319 | 0.445 | 0.527
A% 1 0.095 | 0.181 | 0.330 | 0.451 | 0.551 | 0.632 | 0.865 | 0.982

The advantage of line absorption over absorption in a
continuum is mainly due to two reasons. First, as mentioned
above in the discussion of Eqn (15), the absorption measure-
ment sensitivity in a continuum decreases with a decrease in
the ratio of the spectral width of the spectrometer slit Av to the
spectral width of the absorption line Avy,, and the reduction in
Av decreases the aperture ratio. In the absorption of light with
a line spectrum, a spectral instrument with a high aperture
ratio or a filter with large Av sufficient to select the required
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Figure 2. Spectra of plasma sources of continuous spectra: (a) hydrogen lamp, (b) continua of inert gases in discharge lamps, (c) continuum and lines in the

spectrum of a high-pressure Xe lamp.

spectral region can be used. Second, the radiation from
sources of the line spectrum has, as a rule, higher spectral
density. The advantages of a broadband source are
determined by the possibilities of measuring the absorp-
tion at many lines of transitions in different particles.

2.2.3 Broadband light sources. Such sources are used for
illumination in everyday life and engineering, but a number
of them have been developed especially for spectroscopy.

A. Thermal and plasma sources. Incandescent and gas-
discharge lamps are sources with the radiator inside a
transparent shell. In incandescent lamps of the visible
region, the spectrum is often close to that of a black or grey
body. The difference is usually taken into account by the color
temperature parameter 7., equal to the temperature of a
black body, at which the ratio of radiation intensities and
wavelengths A, and /1, is the same as in the thermal Planck
spectrum. It is accepted to use wavelengths of 1; = 655 nm
and 4, = 470 nm. To approach the black body model with
T.~ T more closely, special configurations of heating
elements made of heat-resistant materials with developed
roughness and porosity of the surface are used [34].

The corresponding spectra are characterized by tempera-
tures 7°< 3000 K. An exception is halogen-filled tungsten
lamps, where temperatures can be higher. Among open heat
sources, Chernin graphite sources [34] used in plasma spectro-
scopy should be noted, which have a spectrum close to
thermal at a temperature of ~ 2500 K in the visible and IR
ranges due to the screening of the central heating element.

In gas-discharge lamps, the deviations from a thermal
spectrum are greater and the concept of T, is conventional,
although the contribution of continuous spectra can be
significant, too. These nonequilibrium continua are present
in the visible, UV, and VUV regions [40—42] and, along with
the lines, are used for quantitative plasma spectroscopy by
atomic and molecular transitions involving ground electronic
states. Figure 2a shows the continuous spectrum of a
hydrogen lamp, and Fig. 2b shows continuous spectra of
gas-discharge lamps with inert gas filling. The spectra vary
when changing the filling. Convenient designs are those in
which the variation is achieved without loss of discharge
stability.

Among gas-discharge lamps, hydrogen lamps with xenon
filling at a high pressure of 10-20 atm provide the highest
radiation power of 50-500 W. Figure 2c shows a typical
spectral density distribution for an Xe lamp in W sr~! nm~!.
A large number of spectral lines are observed, but a

continuum with the maximum near 500-550 nm can also be
selected at 7, ~ 5000 K.

Among other sources intended for plasma spectroscopy,
we can mention various versions of lamps emitting in the
VUV region, with discharges supported by miniature hollow
cathodes (MHCs) [43, 44]. Instead of a hydrogen lamp, a
deuterium lamp is often used, since its intensity is nearly twice
as high and the spectrum is almost the same.

Gas-discharge sources without a shell are called open
sources. The most known are arch discharges, which have
been used in emission spectral analysis. In modern versions,
these are mainly plasmatrons with magnetic-vortex stabiliza-
tion and a spectrum close to the Planck one at temperatures of
~ (3—4) x 10* K [41]. To study the composition of none-
quilibrium plasma with high intrinsic emission, high-bright-
ness pulsed discharges are used as external sources. A
spectrum close to equilibrium at a temperature up to
4 x 10* K is produced by sources with spatially restricted
discharges in narrow capillaries with a partially evaporating
wall [45] and on a ferrite surface [46], as well as by a laser spark
(LLDS) [47].

B. Light-emitting diodes. Under the electric current
pumping of direct gap semiconductor diode structures
(light-emitting diodes, LEDs) made of materials belonging
to the AT'BY, AUBVI groups, recombination radiation is
generated in the range of 180-2000 nm with varying band
centers and characteristic diode powers. Due to the spectral
power, it is more profitable for spectroscopy to use, from
existing ones, diodes that emit bands with a nearly Gaussian
shape. Their half-maximum width is ~ 20—30 nm and the
power is up to 3 W in the range from 400 to 800 nm and 0.5-
5 mW in the range from 280 to 350 nm. Figure 3 shows the
relative spectral densities for an LED (340 mW, 455 nm), Xe
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Figure 3. Relative spectral densities of radiation power per unit radiator
area for unit power radiated into a unit solid angle. Gas-discharge Xe lamp
Osram 450 W/2 XBO, LED Luxeon LXHL-LR3C (3 W), and tungsten
halogen lamp (20 W, magnified 10 times).
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lamp continuum (450 W, 6000 K), and tungsten incandescent
lamp filled with halogen (20 W, 3000 K) [48].

With a large difference between the total power and
efficiency, the spectral density of LED radiation multiply
exceeds that for lamps due to the smaller thermal scattering
and spectral width. At present, LEDs are being developed,
including those intended for spectroscopy, with extended
ranges and uniform intensity distribution in the range of
650-1050 nm (OSRAM SFH 4737). In comparison with gas
discharge sources, LEDs possess a number of advantages.
They are compact energy-efficient sources with a long service
life for autonomous operation in optical systems. The
radiation indicatrix is well described by the Lambert—Malus
law ~ cos® 0, where 0 is the angle between the distribution
axis and the normal to the emitting surface. The radiation is
well collimated and can be power modulated by the pump
current with a frequency of up to ~ 10% Hz. This practically
removes the problem of the effect of intrinsic emission of the
plasma studied upon the locked-in detection, including for a
number of nonstationary objects. The drawbacks of LEDs
include the following. To operate with plasma absorption
spectra in an interval wider that 20 nm, a set of diodes is
required. Reliable LEDs working in the UV and VUV regions
(< 250 nm) are not yet available. In the emission spectra of a
number of LEDs, structures associated with interference
effects in them can be observed [48].

C. Synchrotron radiation. The bremsstrahlung of relati-
vistic electrons accelerated in synchrotrons has a spectrum
close to a high-brightness equilibrium spectrum with the
maximum position depending on the energy of the electrons.
At acceleration energies characteristic of synchrotrons, it lies
inthe UV, VUV, and X-ray regions. For example, at 680 MeV
(S-60, DEZI), the effective temperature is about 100 kK.
Since the 1960s, synchrotron radiation is widely used in the
spectroscopy of solid state isolated atoms and molecules. A
number of synchrotrons are either equipped with special
channels for spectroscopy or especially intended for these
applications [49]. In plasma spectroscopy, such a technique is
also beginning to develop. Figure 4 shows an example of the
atomic oxygen spectrum in a plasma jet at atmospheric
pressure in the VUV region [50].

D. Laser frequency combs and continua. Since the end of
the 1980s, methods of generating ultrashort pulses (USPs)
with a duration of ~ 10~3—10"15 s (femtosecond lasers,
FSLs; see, e.g., [S1-57], etc.) have been developed. The effect
of self-mode-locking in a laser cavity is used. The method has
been known since the 1960s and has been used to generate
nanosecond pulses, but qualitatively new facilities appeared
after developing laser media with broadband gain. The
interest is due to its applications, mainly in metrology, high-
precision measurements, and nonlinear optics. The spectrum
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Figure 4. Spectrum of transmission of synchrotron radiation from atomic
oxygen (O(2p*3P, — 3s3S})) through an atmospheric-pressure plasma; a
section for J = 2.
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Figure 5. Comb structure in time (a) and frequency (b) domains [54, 55].
Electric field strength E (a) and intensity / (b) of light are plotted along the
ordinate axes.

formation is usually explained using illustrations like that in
Fig. 5[52, 55, 57].

A train of ultrashort pulses (comb) separated by time
interval 7 equal to the duration of the light’s round-trip in a
cavity with length L is being studied (Fig. 5a). The pulses are
envelopes of the oscillating carrier field. The structures of the
repeated pulses are not fully identical. Due to group velocity
dispersion in the cavity (reflectors, medium between them),
the maxima of the carrier field oscillations in the adjacent
trains have different phase shifts Ag, with respect to the
envelope maxima. The radiation spectrum (Fig. 5b) is given
by the Fourier transform of the square of the electric field
(power) presented in Fig. 5a. The frequencies of the spectral
lines v,, are expressed in units of the pulse repetition rate
Jrep = 1/7 = ¢/2L in the comb,

Vm = mfrep +/0,

and fy is the offset frequency corresponding to the phase
detuning A(pce’ /0 = Agoce.fl"cp/2n’ 0 <f0 <f;‘0p'

Equation (22) represents the direct relation between
optical frequencies v, and frequencies frp, and fy. Depend-
ing on the FSL construction and length L, the latter
frequencies vary, staying within the radio frequency range of
107—10'% Hz, and can be measured with sufficient accuracy
using direct detection. The comb spectral lines have a finite
width, but it can be very small. From the Fourier transform, it
follows that, if the FSL generates a series of combs and their
shape and amplitude reproduce during time 7*, then the line
width is of = 1/T*. With appropriate stabilization of the
lasing conditions during more than 1 s, the linewidth lies in
the sub-Hz range. For absorption spectroscopy, the resolu-
tion is determined by the frequency f.p. In principle, the
measurement of positions v,, in such intervals is possible using
optical spectral instruments of high resolution, e.g., Fourier
spectrometers [58]. To measure fj, methods of higher
accuracy have also been proposed, e.g., the method of
nonlinear optical interferometry [59]. The absorption spec-
trum can be recorded in the entire range without scanning
when using multichannel detection for a duration sufficient to
provide an acceptable signal-to-noise ratio. New methods are
also being developed for spectroscopy, e.g., using two
sequences of combs with different f., (dual comb) and a
number of others, which in the future can allow increasing the
resolution to the width of a single line of the comb. A number
of reviews are devoted to this issue [57, 60].

(22)
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These properties are realized in a wide region of the
spectrum A*v, which, in turn, depends on the properties of
the active medium, pumping conditions, and cavity radiation
losses. In the early 2000s, Ti:sapphire lasers and Er, Yb, and
Tm fiber lasers in the visible and near-IR ranges of 0.8-2.5 um
were studied and brought to application [61-63]. A number of
developments are commercially available. The possibilities of
proceeding to the mid-IR 2.5-20 um and far-IR 20-100 pm
regions, the most interesting for molecular spectroscopy, are
being studied. Direct comb generation in the far IR range is
achieved by using quantum cascade lasers [64]. Thanks to the
high FSL peak power of ~ 101 —10'® W, the radiation gives
rise to nonlinear optical effects, which can be used to extend
A*v, particularly upon focusing or propagation through
optically bulk and fiber media. These possibilities are
realized in several areas.

The most obvious one is difference frequency generation
(DFQ). It is possible to use combinations of lines from one
comb at its high- and low-frequency wings (their frequencies
can differ by more than twofold), from pairwise chosen
combs using special selectors (stickers) [60], or from two
independent phase-matched comb sequences [65]. At pre-
sent, sources of so-called supercombs are being technically
developed and are available for applications. The mechanism
of their generation includes several nonlinear processes at
once: stimulated Raman scattering, phase self-modulation,
etc. It is realized in optical fibers having a photonic crystal
type (with air channels) [53] or double-cladding structure
with a special longitudinal profile [61]. The fiber length
varies; at present, commercially available sources cover
spectral regions from near UV to mid-IR and the range
Srep ~ 1071—10> MHz, which offers a wide choice for
solving problems of quantitative absorption spectroscopy.
Figure 6 presents examples of supercontinua from an Er fiber
laser ranging from near UV to near IR for two models of
NKT Photonics generators. Along the ordinate axis, the
spectral density of mean power is plotted.

Broadband sources of light based on USP lasers are of
interest for nonequilibrium plasma spectroscopy. Having a
high spectral brightness of radiation, they can be used
practically for all glowing objects.

Although the prospects of such pico- and femtosecond
sources for spectroscopy are obvious, there is still little
experience with combs in plasma absorption diagnostics.
One can, for example, point to papers on the spectroscopy
of laser plasma using the lines of Ar and He [66]. In Ref. [67],
using absorption in the spectrum of a femtosecond comb in
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Figure 6. Supercontinua for two models of commercial USP lasers.

the range of 2.9-4.6 pm, the concentrations of polyatomic
radicals in the afterglow of barrier discharge were measured.
In recent paper [68], using a 0.4-2.4-um supercontinuum of
the NKT Photonics SuperK EXTREME/FIANIUM com-
mercial laser, the concentrations of metastable argon Ar 1s,
and Ar 1s; were measured, and gas temperatures were
determined from Doppler broadening in the glowing dis-
charge.

2.2.4 Frequency-tunable laser sources. To measure the absorp-
tion by small molecular components, laser sources of probe
light are used. In a number of cases, these may be gas lasers
with fixed or discretely switched frequencies. Their applica-
tion provides high sensitivity to the absorption, but the list of
particles is limited. For example, using a CO, laser with the
frequency switched from one line of rotational structure to
another, it is possible to determine the content of small
concentrations of 13CO, isotopes in a discharge in a mixture
of gases exhaled by a human [69]. Examples of using lasers on
rotational transitions of molecules and other sources in the
millimeter and terahertz ranges to measure absorption by
plasma particles are practically absent, although these
sources are successfully applied for measuring the para-
meters of plasma electrons [11]. As a rule, lasers with the
frequency continuously tuned in individual ranges from the
UV to mid-IR regions are used in combination with
frequency conversion methods; such a technique is described
in a number of monographs [11, 35, 36]. In recent years, a
large number of studies have been carried out on LTP
spectroscopy using semiconductor lasers, including tradi-
tional diode (compounds A3B>, A2B®) and quantum cascade
ones (A*B®). This is due to the progress in the technology of
heterostructures, their availability and flexible capabilities of
digital control of operation modes of such lasers, and light
signal processing (see reviews [15, 17, 22] and the results in
Section 6 below).

2.2.5 Optical schemes for increasing the direct absorption
sensitivity. According to law (1), an increase in the concentra-
tion sensitivity at small absorption indices y;, can be achieved
by increasing the length / of the optical path in the medium,
e.g., by placing the object between reflectors. Such White,
Erio, Chernin, and other types of optical cuvettes [70] with an
effective number of passages of ~ 10—300 have been also
used with classical transilluminating light sources, but in
recent times they are oriented at lasers with their directional
radiation. Novel solutions have appeared using light coher-
ence and resonance cuvette properties.

One such solution is intracavity laser spectroscopy (ICLS)
[71-73]. An object is placed inside the cavity of a laser with a
homogeneously broadened gain band, covering the absorp-
tion spectrum to be studied (Fig. 7a).

The plasma introduces frequency-selective losses into the
laser cavity. If the absorption linewidths are small compared
to the gain contour width of the laser, the distribution of
intensity over the modes does not change and the absorption
spectrum will manifest itself in the structure of the oscillation
spectrum. The concentration of particles at the absorbing
energy levels is again determined by Eqns (1)—(4), but the
effective absorption length becomes L = ct, where ¢ is the
lasing duration and

(23)
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Figure 7. ICLS (a) and CRDS (b) methods. (1) Block diagrams. P—
plasma, L —laser, M —mirrors of the laser (a) and the external cavity (b),
S—monochromator, D —detector. (2) Characteristic view of recorded
signal. (3) Fragments of absorption spectra of metastable oxygen
Oy(a'A; —b'T}) () and CH(X*TI(v" = 0) — A?A(v' = 0)) (b).

The quantity 7/1 is found as a ratio of the intensity in the
lasing spectrum at the frequency of the absorption line to the
intensity at a close frequency beyond the absorption line. At
duration 7=300pus and I/l =1/e, the lines with the
absorption index y,, = 1/ct ~ 1077 cm~! are recorded and
att = 3ms, those with y,, ~ 1078 cm~!, which corresponds to
an effective absorbing layer of 1000 km. The ultimate
absorption corresponds to ¢ — oo, but the sensitivity
remains finite and is determined by the spontaneous noise
[72, 73]:

Xlu, min = ﬁ ’ (24)
where y is the reciprocal lifetime of a photon in the cavity, and
(M) is the mean number of photons per mode. At typical
values of y = 3 x 107 s™' and (M) = 3 x 107, we have y;, ~
3x 107" ecm~!. This is reached at ¢t~ (M)/y ~ 1 s, after
which the development of spectral dips stops. Under real
conditions, time ¢ is limited not only by the duration of the
lasing pulse but also by the lifetimes of the laser modes due to
their coupling and Rayleigh scattering. The desired combina-
tion of sensitivity and time resolution in the spectral range of
interest Av is achieved by choosing the laser type [72, 73].

It is also possible to increase the path length of light-
matter interaction in a cell external with respect to the laser
(Fig. 7b). To increase the efficiency of the radiation input, the
resonance properties of an interferometer cell with high
reflection R of the mirrors are used. If a laser with a narrow
generated line operates in the short-pulse mode, then, if a
cuvette roundtrip occurs in a time less than the interval
between the pulses, a small part of the radiation passes
through the mirrors and is fixed by the detector as a damping
sequence of pulses. That is why the method is called cavity
ringdown spectroscopy (CRDS). The presence of absorp-
tion in the medium affects the damping times that
determine the absorption spectrum upon laser frequency
variation. An example of the spectrum is presented in
Fig. 7b. If during one passage through the cell the loss of

pulse energy at the mirrors is 1 — R, the loss due to
absorption is A(1 — exp (—y¢t)), the mirrors are identical,
A < 1,and 1 — R < 1, then the pulse decays exponentially as

).

where 7, = 2L/c is the roundtrip time, L is the cell length, A4 is
the absorption per passage. The decay is determined by the
envelope of a series of pulses from the detector. For an empty
cuvette 4 =0 and decay time 19 = L/(c¢(1 — R)), in the
presence of absorption, t = L/(¢(1 — R+ A)) and the mini-
mal measurable absorption index equals

1—R<‘L’0—‘E>
L 7o min.

The spatial resolution in the direction normal to the cavity
axis is limited by the Gaussian mode waist diameter W,
L | g1g(l —g18)
Wy =— 55
T \/(gl + 82 —2g182)
where g1 o =1— L/r > is the confocal parameter, and ry »
are the curvature radii of the mirrors. At damping times of
1076 —10"7s, getting an accuracy of 1% in their measurement
is not a serious problem, and at ,, ~ 1077 —107? cm~!, the
absorption can be registered at a plasma length of 10-100 cm.

The CRDS method is also used with CW lasers (CW-
CRDS) in cavity-enhanced absorption spectroscopy (CEAS),
also referred to as integrated cavity output spectroscopy
(ICOS). In this case, the radiation of a CW laser with a
tunable frequency sequentially finds itself in resonance with
modes of a cavity with low matching losses and passes
through it many times. To provide a spectral resolution of
ICOS better than the spacing between the longitudinal
modes, the radiation entering into the cavity is shifted from
the optical axis (off-axis ICOS). To involve the transverse
modes and to reduce the spacing between them, techni-
ques of laser-cell feedback and other approaches have
been developed [15, 74, 75]. The stability of diode lasers
allows measuring the absorption at a level of y, ~
10°°—10"" cm~!.

When using the ICOS technique with an external cell with
high-reflection mirrors, a limitation on the spectrum record-
ing rate arises. The time of recording should not be less than
the photon lifetime in the cavity; otherwise, the spectrum will
be distorted. So, in Ref. [76], it was noted that substantial
distortions of the Doppler contour of the line and the integral
absorption by H,O molecules near the region of 1.4 pm in a
cell with mirrors with R =99.98% occur at the rate of
~ 10* cm~! s7! of tuning the diode laser frequency.

2(1 =R+ At

Tr

I(t) = Ipexp <— (25)

(X/u)min = (26)

(27)

3. Absorption measurements by indirect evidence

Direct methods of absorption are based on ratio (1) of light
intensities incident on the object and transmitted through it.
If the optical transition is not saturated and the intrinsic
emission of the object can be ignored, the result of measuring
the population of the lower energy level does not depend on
the equilibrium conditions in the absorbing medium. Another
very important advantage of these methods is that the
absolute values of the density of states can be obtained from
relative measurements.
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Methods in which the absorbed energy of light is
determined from a change in a certain parameter of the
object, the relation between the quantities being provided by
the model and the absolute values by calibration, can serve as
alternatives. Such methods are used to achieve higher
sensitivity and locality if allowed by the nature of the object
and measurement conditions.

One more group of methods is based on the fundamental
relation between absorption and refraction in the structure of
medium permittivity. In spectroscopy, it manifests itself in the
polarization characteristics of radiation at frequencies of
absorbing transitions in the medium when removing the
degeneracy of states in the magnetic quantum number in an
external field.

3.1 Induced fluorescence

When light is absorbed by a particle at transition 1-2,
additional population of the upper energy level 2 occurs,
and the intensity of spontaneous emission at transitions 2—1
(resonance fluorescence) or 2—3, where 3 is a foreign level
(nonresonance fluorescence), grows (Fig. 8). At present,
lasers are used as transilluminating sources, and the analysis
of laser-induced fluorescence (LIF) requires considering
coherent effects and induced transitions [11, 77]. If the laser
light intensity is sufficient to saturate the transition 1—2—1,
then the LIF intensity is proportional to the Einstein
coefficient Iy ~ Ay, which ensures a high sensitivity of
detecting particles in state 1. The physical meaning of such a
result is that, during the detection time determined by the
detector bandwidth, cycles 1 —2—1 repeat many times.

When measuring absorption by LIF spectra, it is
necessary to keep in mind that, besides the excitation of level
2 by the light, other processes also contribute to the balance of
its population. The proportion of the contributions depends
on the conditions. Frequently, collisional quenching pro-
cesses are of importance. For some pairs of particles, the
cross sections of quenching collisions are known from
independent measurements; however, this does not remove
the problem completely because of the complexity of the
plasma chemical composition, especially in the presence of
molecules. Two methods of considering or excluding the
quenching contribution are known. Both are based on
choosing state 2 strongly coupled to the predissociation (D)
or ionization (I) continuous spectrum (see Fig. 8). The time of
a transition from the bound state to that of the continuum, as
arule, is less than the time tqg = O ! of collisional quenching
due to the thermal motion of the particles under a wide
enough range of conditions. The realization of such opportu-

I,D

O | A
Y

Figure 8. Excitation of fluorescence under the conditions of the upper level
coupled to the continuous spectrum (I—ionization, al —autoionisation,
D —dissociation, pD — predissociation).

nity in the case of spontaneous transition from a bound state
to a state of continuous spectrum is studied for the OH
radical, which plays an important role in many plasmochem-
ical reactions [78]. This radical experiences predissociation in
the state OH(A2Z, v’ = 3) because of interaction with the
repulsive state OH(*Z ™). Under typical conditions in a flame
at atmospheric pressure, for excitation at a wavelength of
248 nm, OH(X’TI,v" =0 — A’Z v/ =3) Ay =~ 10° s,
051 ~10° s7!, 0y ~ 10 s~!. Analogous schemes are
applicable to H,O and O, [79]. An alternative possibility of
introducing controlled losses of particles in the excited state 2
is related to exploiting the processes 2 — i,d (photoioniza-
tion, photodissociation). It is possible to use an additional
laser with the frequency of the lighting radiation off
resonance 1 — 2 sufficient to transfer the particles from
state 2 to the continuum. The powers of both lasers are
controlled independently, which allows separating their
contributions to the 2 — i process [80]. Of course, it should
be kept in mind that the cost of this control is a decrease in
LIF intensity.

LIF methods are used to detect a number of heavy atoms
(U, Pb), two- and three-atomic radicals (OH, CN, CH, CF,
NO, C;, CF,), metastable molecules (C,(a’IT), Ny(A’II)),
ion N,f, etc. in plasma (see Section 6 below). The advantages
of LIF are the locality of measurements when observing the
glow at an angle to the laser beam and high sensitivity. To
measure absolute concentrations, calibration is required,
mainly using the direct absorption method.

The limitations of the traditional ‘linear’ LIF are due to
the fact that the absorption spectra of many particles in the
ground electronic states lie in the UV and VUV regions. First
and foremost, this concerns atoms, since for molecules the
methods of absorption and scattering by vibrational-rota-
tional transitions of the ground electronic states can be used.
The capabilities of LIF extend when inducing it by two-
photon absorption (TALIF). The necessary frequency of
transilluminating radiation is chosen, as a rule, by mixing
fixed and tunable frequencies of lasers followed by frequency
doubling. An additional advantage is the possibility of using
the optical actinometry principle, according to which, in this
case, the absolute concentration of the particles of interest X
is found by comparing the fluorescence intensities of two
particles if the concentration of one of them A is known, as
well as the ratio o;! /a/¥ of the two-photon absorption cross
sections. The fluorescence intensities in this case nonlinearly
depend on the intensity /; of the inducing radiation:
Iy~ o‘,i{'AIf. Atoms of inert gases play the role of an
actinometer A4, the plasma-forming gas specifying their
concentrations, and the frequencies of fluorescence excita-
tion are close to the excitation frequencies for particles X. The
ratio of cross sections can be determined in a similar
experiment, but with the object in the equilibrium state,
when the concentrations of X are also known. Such combina-
tions with the participation of hydrogen, deuterium, nitrogen,
krypton, and xenon atoms are shown in Fig. 9 [81-83]. The
ratios of cross sections of fluorescence excitation in actino-
metric pairs are [82, 83]

o P (32D,)

o, (5p'[3/2],)

o, (5p"3/2],)
a,(3p°Py)

o, (7M13/2],)

=0.024.
asP(32Dy)

=0.36;
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Figure 9. Schematic diagrams of two-photon excitation of Kr, H, N, and
Xe atoms. Wavelengths are given in nanometers.
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Figure 10. XRIF spectrum of a halogen lamp.

This technique has been under development, starting with
Refs [27, 81, 82]; examples of measurements are presented in
Section 6.

In principle, sources of hard radiation can be used for
single-photon excitation of fluorescence. Methods of analysis
using X-ray tubes are known in application to the diagnostics
of condensed matter. Using such sources for plasma spectro-
scopy is, however, problematic because of the substantially
smaller density of particles, small intensity of radiation
(especially in combination with collimating optics), and
the presence of intrinsic glow, especially if the detection is
performed using scintillators. In the X-ray range, single-
photon fluorescence (XRIF) may be induced by synchro-
tron radiation (SIF). In its properties, it is close to laser
radiation, has a high intensity, and can be frequency-tuned
and collimated. In Ref. [84], synchrotron radiation with
photon energies of 40-100 keV, a wavelength of 0.3—
0.12 A, a monochromaticity of AJJ) ~ 1073, a divergence
of ~ 1073 rad, and a beam cross section of 1 x 1 mm? was
used. The XRIF spectra excited with such ‘hard’ radiation
correspond to atomic transitions with the participation of
inner electronic shells. The spatial distribution of elements in
a high-brightness halogen lamp plasma was studied
(T ~ 6000 K, pressure P~ 10 atm). Figure 10 shows the
XRIF spectrum [84] in the central zone of a lamp excited by

photons with an energy of 68.9 keV. These are narrow
characteristic lines of iodine, cesium, and dysprosium. The
background is formed by the glow due to the Compton effect
and elastic scattering. Broad Compton lines with the maxima
at47.6 keV, 54.8 keV, and 84.6 keV are in this case due to the
scattering in the lamp shell with its specific geometry and
orientation with respect to the observation direction. The
XRIF technique allows studying the plasma behind shell
walls not transparent in optical schemes. As in the case of
using synchrotron radiation for absorption measurements,
studies of SIF are still scanty; objects of study are placed in
spectroscopic channels of synchrotrons and a specific
measurement technique and intensity calibration are used.

3.2 Changes in the plasma ionization balance

upon light absorption

The absorption of light transfers the particle to a state of
smaller ionization potential as a result of a number of
processes beyond absorption, affecting the charge balance
and conductance of the plasma, which can be used in plasma
spectroscopy.

3.2.1 Optogalvanic effect. The change in the current or
scattered power in an external electric circuit correlated with
the absorption spectrum under the transillumination of
plasma with a tunable-frequency light has been recorded [85,
86]. The plasma itself becomes a detector of light absorbed by
it. For stationary plasma with a low level of electric noises, the
sensitivity to absorption may be higher than in direct
absorption measurements. This is used in the elemental
analysis, when the equilibrium plasma serves as an atomizer,
and, using calibrations, it is possible to measure small
concentrations of particles. Under nonequilibrium condi-
tions, depending on the object, the relationship between the
absorption and the response in the discharge circuit may be
rather complex. Figure 11 shows a comparison of the spectra
of absorption by a discharge in an He— Ne mixture obtained
by measuring the power P of radiation transmitted through
the plasma (A) and using the signal AV from a measuring
resistor in the discharge circuit (B) [85]. In both cases, the
line frequencies coincide, but, while in the optical spectrum
all lines correspond to the absorption of light, in the
optogalvanic (OG) spectrum, AV has different signs for
different lines.

These relationships are best studied in the case of a
positive glow discharge column. At small absorptions, the
current change A/ in the discharge circuit is proportional to
the change in the field strength AE in the positive column,
Ai ~ —AFE, for a normal and abnormal discharge. If in a long
tube the contribution of the near-electrode zones to the
voltage-current characteristic is small, then quantitative
changes are possible. In Ref. [69], the concentrations of CO,
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Q B -
r'- ’ e — c.\
04 - 2
0.2 - —0.1
0 0.6% 0.7% A

Figure 11. Absorption spectra of a discharge in an He—Ne mixture. A —
recording changes in the power of the tuned laser, B— OG detection [85].
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isotopes are measured in the CO,—N, discharge by the
absorption on CO; laser lines; their ratio, 3CO,/ 2CO,, is
determined with an accuracy better than 0.05%, thus
demonstrating an important analytic technique for medical
tests of human exhalation.

Note that quantitative OG measurements in a gas
discharge plasma independent of the optical scheme (linear
and nonlinear absorption, Doppler-free and polarization
spectroscopy, etc. [85, 86]) are not local, since they are based
on the response of the discharge as a whole. The localization is
possible using additional electric probes.

3.2.2 Absorption of light by negative ions. A number of atoms
and molecules can attach free electrons X +e¢ — X~ + hv
(photoattachment) with the emission of a continuum; the
strength of the arising chemical bonds (affinity) of negative
ions X~ is typically 0.5-3.5 eV. Under a wide range of
conditions, thermal motion does not break these bonds, and
the lifetime of X~ ions in the plasma is determined by various
elementary processes [87]. They include the light absorption
X~ + hv — X + e process (photodetachment). Typical values
of photodetachment cross sections 64 ~ 1078 —101% cm? are
observed in the spectral range from near UV to near IR [11].

In addition to the methods of mass spectrometry, the
concentrations of X~ ions can be determined by light
absorption. At their density of ~ 10'© cm~3, comparable to
the density of electrons, the absorption index for bound-free
transitions is y,, ~ 1078 —107% cm~!. This can be achieved by
direct absorption methods using lasers (see Section 2.2.5)
when diagnosing plasma under conditions in the laboratory,
industrial plasma chemical reactors, and ion generators for
injection into the plasma of magnetic traps. Long optical
paths are characteristic of Earth’s ionosphere and extrater-
restrial plasma. For example, studies of conditions in the
solar photosphere with its extension of ~ 3 x 108 cm have
shown that the radiation balance in it is largely determined by
absorption in the continuum of bound-free transitions of H ~
ions [88].

The absorption of light by the X~ ion is accompanied by
the release of an electron and a change in the local balance of
ionization in the plasma. For a known light intensity 7, the
extra concentration of electrons An. can be related to the
concentration of ions as

Ane(t) + X (1) = X, (1), (28)
where X|; is the density of ions unperturbed by the radiation.
For light with frequency v,

Ane(t) = Xy {1 —exp ( - “‘Z—iV)JI(V) dt)} . (29)

A detailed balancing condition relates the cross sections of
photoattachment ¢, and photodetachment o4:
gi k?

Ga =, 200 (30)
where g, and g; are the atom and ion statistical weights,
k =2mv/c is the photon wavenumber, ¢ is the electron
wavenumber, hg/2n = 2mE.)"?, g = 2L~ + 1)(2S~ + 1),
ga= (2L*+1)(25*+ 1), L~ and S~ are the orbital and spin
angular momentum quantum numbers for the X ~ ion, and L?
and S? are those for the atom.
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Figure 12. Ratio of concentration of H™~ ions to the concentration of
electrons 40 ps after terminating a HF discharge, depending on its power
[89].

The averaged values of An, can be measured, for instance,
by the OG method; the local values can be measured with a
Langmuir probe. Figure 12 shows an example of measuring
the ratio of concentration of H ™ ions to that of electrons 7,
in the afterglow of a 13.56-MHz discharge in hydrogen
transilluminated with 680-nm, 40-mJ cm—2, 8-ns laser radia-
tion pulses. The quantities An, and n. were measured by the
probe method.

It should be noted that the spectra of absorption
(photodetachment) cross sections for negative ions have the
form of rather wide bands, and this requires attention with
respect to the selectivity of determining the concentration of
ions of different sorts. Practically, such a method is applied to
those objects in whose plasma the presence of mainly negative
ions of one sort is expected. The use of tunable-frequency
lasers also allows identifying particles by the detachment
thresholds and specific features of the cross section forms.

The good accuracy and sensitivity of methods based on
observing violations of ionization balance are achieved for
conditions under which the plasma is stable and the measured
deviations An. are not masked by the natural fluctuations of
ne. Such conditions are met by a positive column of a glow
discharge, plasma afterglow, and flames, for which models of
optogalvanic effect are being developed [85, 86]. Using the
modulation of transilluminating radiation also facilitates a
considerable increase in sensitivity.

3.2.3 Scattering of microwave radiation during resonance
photoionization. To measure excess electron density upon
absorption of light by neutral particles, the technique of
Thomson scattering can also be used [90]. It is based on the
REMPI laser spectroscopy method, as in the control of LIF
quenching (see Section 3.1), when a particle absorbs light in
an excited state with a transition to the continuum. The
peculiarity is that the same light causes both multiphoton
excitation and ionization (Fig. 13a). If an intermediate virtual
state of the particle coincides with or is close to a real state, the
cross section for the multiphoton absorption from the ground
state and the ionization sharply increases (resonant enhanced
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Figure 13. Diagrams of transitions upon multiphoton ionization (a) and
observations of Radar-REMPI microwave back scattering; phe — region
of photoelectrons (b). LB—laser beam.
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Figure 15. Measurements of polarization rotation and concentrations of
paramagnetic particles. (a) Splitting of dispersion curves of refraction in
magnetic field B. (b) Schematic diagram of measurements. Pl—plasma
inside solenoid Sol and resonator with mirrors M; L — laser; 1/2— plates;
P and A— polarizer and analyzer; D , — detectors; AS —electronics.
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Figure 14. Concentrations of methyl radicals in the space of a burner
flame. Smooth line is a result of calculations under equilibrium conditions.

multiphoton ionization, REMPI). If the ionization is detected
by Thomson scattering, the method is called Radar-REMPI.
To increase the sensitivity, the scattering is observed in the
microwave RF range, usually ~ 10 Hz. Figure 13b
illustrates a setup in which the same horn antenna R is used
both to form the transilluminating radiation and to receive
the backscattered RF radiation.

The advantage of the method, like that of other nonlinear
optical methods, is the locality of the particle concentration
measurements. It is easily achieved by even moderate focusing
of transilluminating laser light of intensity 7, since the
scattered intensity is Irg ~ NI, where m is the number of
photons participating in the excitation-ionization. To meas-
ure the absolute concentrations of particles, the same scheme
can be used as for fluorescence methods; to calibrate the
scattering signal, a suitable actinometric pair consisting of the
particle to be determined and an inert gas atom is chosen (see
Section 3.1, Fig. 9). Using this method, the concentrations of
atoms and molecules O, O,, NO, CO, CHj;, polyatomic
hydrocarbons, and ions are measured. Figure 14 shows an
example of measured concentrations of CH; methyl radicals
in a CHy/air flame at atmospheric pressure at different
distances from the exit section of a burner nozzle [91]. Also

shown is the result of a thermodynamic calculation of the
methyl concentration. Good agreement between the calcula-
tion and measurement results shows that the flame plasma is
close to equilibrium.

3.2.4 Magnetic rotation of the polarization plane. Some
particles in certain states possess intrinsic magnetic
moments. In the ground state, they constitute a rather wide
class of particles with the paramagnetic property, manifesting
itself in the induced anisotropy of the medium in an external
magnetic field. They often possess high reactivity, which
determines the importance of their monitoring.

The application of a field removes the degeneracy with
respect to the magnetic quantum numbers m and splits the
transition. For absorption, this is called the inverse Zeeman
effect [92]. When light propagates along the lines of an
external magnetic field, according to the selection rule
Am = £1, the components have right-hand and left-hand
circular polarizations at frequencies wg & wg, where wy is the
zero-field transition frequency, and wgp is splitting propor-
tional to the magnetic field induction B. The right-hand
polarization corresponds to Am = +1, wr = wy — wp, the
left one, to Am = —1, wp = wy + wp. They have different
refractive indices ng and np (birefringence and, respectively,
different phase incursions during propagation) and absorp-
tion indices y;, (dichroism). The phase difference of waves
with right- and left-hand polarizations is f = 2nAnLg/4,
An = ng — np, Ay = 2nc/wy, where Lp is the length of the
medium in the field. According to the Kramers—Kronig rule,
in dispersive media, the values of refraction n and absorption
%, in the complex refractive index 7i(w) = n(w) — ixy,(w) are
rigidly related, regardless of the dispersion mechanism [93—
95]. A spitting of dispersion dependences occurs (Fig. 15a). If
linearly polarized radiation at the absorption frequency is
directed along the field lines, then, due to adding fields of the
incident wave components with different circulations, ampli-
tudes, and phases, at the medium output the plane of its
polarization is rotated relative to the initial one. This effect is
the Faraday rotation, which grounds the Faraday rotation
spectroscopy (FRS) method. The angle of rotation is
0 = VBLgN, N is the density of particles in a homogeneous
medium, and V' is the Verdet constant for the considered sort
of particles.

In a rarified gas and plasma, the typical values of V" are
~1072-10"1"G~!'cm~! atm~! and the angles 0 are small. To
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measure them, optical systems are used with long optical
paths Lp o, just as for direct measurements of the small
absorptions (e.g., CRDS) discussed in Section 2.2.5, supple-
mented with polarization elements [96]. Figure 15b shows an
FR-CRDS setup, in which the plasma Pl with the applied
magnetic field with induction B in solenoid Sol is placed in an
optical resonator to increase the optical path length Lg. 1/2
plates are used to match the polarization of the pulsed laser
radiation with the polarizer and to equalize the intensities of
the beams with different polarizations at the analyzer output
in the absence of absorption. This allows increasing the
sensitivity to the polarization rotation measurement upon
simultaneous detection of two beams with zero initial
detuning. Decay times 7, and 1, for signals with s and p
polarizations at the analyzer output are measured. The
polarizer and analyzer are turned round by an angle of
n/2 + ¢ with respect to each other, where ¢ < 1.

In a number of papers [97, 98], relationships are derived
between data on the Faraday rotation 6 obtained from the
FR-CRDS measurements and the concentrations of particles
determined from the absorption index &, by means of the
BBL law (1),

L 2 1 1
19:&“/’)(___)7 G31)
2¢ Ts  Tp
/1 1 2
_u:_ - - . 2
= (rp+rs 10) (32)

Here, &, = (i r + K, 1)/2 is the mean value of the absorp-
tion index for waves with right- and left-hand circulation in a
medium with a magnetic field, and 79 = —L/(cIn R) is the
decay time of light in an empty cavity formed by two mirrors
with intensity reflections R. Equations (31) and (32) have a
number of applicability limitations. The magnetic field is
considered small enough so that the Zeeman splitting
wp < Aoy, Awc, i.e., is less than the absorption linewidth of
the particles and the transmission bandwidth of the resona-
tor. This, in turn, imposes a condition on the smallness of the
measured Faraday rotation angles, which provides a reason-
able dynamic range of times sufficient for decay measure-
ments. So, in Ref. [98], when measuring the concentration of
HO; molecules at a transition of 1506 nm in a cavity with
R =0.99998 mirrors at decay times 7y, ~ 150 ps, the
resonator length with the medium being L = 86 cm, the
measured values were 0 < 1079 rad. On the other hand, the
technique is oriented just at the measurement of small
Faraday rotation angles and concentrations of particles.
When using this setup to measure the concentration of HO,
molecules in a plasma jet in humid inert gases expanding into
the atmosphere, the minimum values of the polarization plane
rotation amounted to 0.62 x 10~° rad Hz"/2, and the HO,
concentration, to 6.7 x 107 cm~3. Under these conditions, the
sensitivity of the CRDS method without polarization
measurements amounted to 3.1 x 108 cm™3. Among the
advantages of the method are:

— high sensitivity. The advantage over other methods
using an external optical resonator is due to a number of
factors, first of all, the fact that s- and p-polarized light signals
are recorded simultaneously and their correlation allows
substantial suppression of detection noises;

— possibility of detecting paramagnetic particles without
aloss of sensitivity, when their absorption spectra are masked
by those of diamagnetic particles.

The difficulty lies in the fact that even a weak magnetic
field (~ 107 G) applied to a discharge can affect its properties.
This issue has not yet been studied enough, and, at present,
the method is used to analyze flames and plasma jets outside
their electric discharge sources or in the analysis of plasma
reaction products in samples. Probably, the method will be
useful for objects with an intrinsic magnetic field, for
example, in ion beam injection generators, but the issue has
not been studied in detail.

4. Light scattering

Light scattering in a medium is accompanied by the
appearance of new radiation in the direction at an angle to
the direction of the incident light greater than the diffraction
angle. It can differ from incident radiation in frequency and
polarization.

4.1 Two-wave processes

At least two waves take part in the scattering process: an
incident one and a scattered one. The scattering can be elastic
(not changing the particle internal energy) or inelastic. When
incident radiation with intensity /; and field strength £ acts on
a particle, the polarization P(w) = y(w)E(w) is induced in it,
and new scattered radiation appears, y being the optical
susceptibility. The intensity Is = E2 of the scattered light
can be expressed as Iy = [No, where N is the number of
particles per unit transverse area of beams in the scattering
zone. If the particle is unstructured or the incident light
frequency does not coincide with its eigenfrequencies, the
scattered intensity is proportional to the intensity of the
incident light independent of the focusing conditions, and
the process is linear.

4.1.1 Scattering by a bound electron. If a plane wave of
polarized radiation with frequency wy is incident on a
particle with a bound electron in it, the cross section of
scattering observed at an angle 0 to the incident radiation is
given by the classical relationship

d . 5
d—g =rgsin’0 '

7 33
@ — ) 70 9

where 7y is the decay rate, and wg is the intrinsic frequency of
electron oscillations. At wy > wg, the scattering occurs with
the cross section for a free electron

do .
= ro2 sin? 0,

90 (34)

where rop = 2.8 x 10713 cm is the classical radius of an
electron. For an electron at rest, the cross section is
independent of the frequency. At wy =~ wg, resonance
fluorescence arises with the classical LIF cross section

2
do _ 2gn2g @0
)2

— =rZsin’ 0 (35)
bl

dQ

Far from the resonance, wy < wgr, elastic Rayleigh
scattering takes place with the dependence of the cross
section on the wavelength of ~ 1/4*:

do [ON) 4
JE— — ,2 in2 _
(5 =i(5)

(36)
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Figure 16. Spontaneous scattering by molecules. Upon coincidence of
virtual energy levels with real ones, scattering becomes resonance. DFWM LIPS

Along the field vector of linearly polarized incident
radiation, the scattered radiation is also linearly polarized.
Except for LIF, the scattering is elastic: it does not affect the
internal degrees of freedom of the scattering particles, is not
selective, and is not directly used to measure their concentra-
tion (the free electron concentrations are determined by the
collective scattering). However, it can be used to calibrate the
LIF signal, including that under multiphoton excitation (see
Section 3). The Doppler shift of the scattering line allows
establishing the distribution of plasma flow velocities in
space. The scattering line depolarization testifies to the
presence of dust particles or clusters with a size comparable
to or greater than the wavelength (Mie scattering). The lines
of the narrow Q-branch of the Raman scattering can
contribute to the depolarization and distortion of the
Doppler shift (Cabanne profiles). For details, see, e.g.,
review [99].

4.1.2 Spontaneous Raman scattering. Raman scattering (RS)
is photon % inelastic scattering with a change in both the
frequency and the internal energy of the particle:

M(E) + ho — M(E’) — M(E;) + ho' . (37)
RS is called Stokes if ' = ws < w and anti-Stokes if o' =
w,s > o (Fig. 16). According to the general rules for two-
photon processes [100, 101], the initial and final states must
have the same parity. In particular, these rules are followed by
vibrational (within a fixed electronic state) energy levels vin a
number of diatomic and polyatomic molecules. For example,
for the Stokes component v — v+ 1, the scattered light
intensity is

(38)

EV+I_EV 4
- | IL.
T )L

I ~ Ny(v+ 1) (w

The cross sections of nonresonance RS are small,
o1t ~ 1073% cm? (for LIF ~ 1077 cm?). If the intermediate
virtual state £V = Ej + ho in the scattering cycle coincides
with one of the eigenstates of the particle, then the scattering
intensity (38) increases and the scattering is referred to as
resonance. In present-day RS spectroscopy, lasers are used
for the excitation; in order to increase the sensitivity, multi-
pass cuvettes are sometimes used (see Section 2.2.5). In
studies of stationary or pulse-periodic objects, the accumula-
tion of the scattered signal is applied [102].

4.2 Four-wave processes
Scattering can be initiated by more than one wave, or the
same wave but repeatedly. The waves take part in the

Figure 17. FWM spectroscopic diagrams. Waves with wy are signal waves.
(a) SRS and nonresonance CARS, in the case of CARS, w; = wg and
corresponds to the frequency of a probe laser wave; (b) resonance RE-
CARS; (c) degenerate DFWM; (d) laser-induced polarization LIPS.

common process of frequency mixing, and, in the expansion
of the induced polarization, several terms should be con-
sidered [103—105]:

P(w) = zW(@)Ei(01) + 1 (0) E (01) Ex(02)

+ 1) E1(01) Ex(@2) Es(03) + ..., (39)
where y () are tensor susceptibilities of different orders rapidly
decreasing with the growth of i. Here, three waves with field
strengths and frequencies E1 (1), E>(®;), E3(w3) produce the
fourth scattered wave E4(w = w4), also participating in the
common four-wave process. If the medium is isotropic, then
7® =0 and the nonlinearity of P(w) is determined by the
third term in Eqn (39) with the tensor y @) of the fourth rank.
The conditions of energy and momentum conservation
require the fulfilment of the following relationships for
frequencies w and wave vectors k:

W = w; £ w; £ wy,

ki =k +k+ k.

The contribution of the third term to (39) is particularly
noticeable at high field strengths E,, and in the region of
frequency resonances of y ) (w) with the real intermediate
energy levels of the particles.

Relations (40) and (41) offer various opportunities for
four-wave mixing spectroscopy (FWMS). Some of the setups
used in plasma spectroscopy are shown in Fig. 17. One of the
first observations of FWM is stimulated Raman scattering
(SRS) of a high-power laser radiation with a fixed frequency
(Fig. 17a). As the laser power increases, the intensity of the
Stokes component increases so much that a mechanism
complementary to the RS is launched. The interaction
between the Stokes component and the incident laser
radiation leads to the biharmonic pumping of the upper
vibrational level of the molecule and the appearance of
the anti-Stokes component. The processes are coherent,
and the anti-Stokes radiation has a directional diagram
characteristic of the laser radiation. The direction of
propagation is determined by condition (41). Although
the scattering intensity depends on the concentration of
particles, this relationship is rather complex, which is, first
of all, determined by the threshold character of the effect and
which can be overcome if the amplification of the SRS wave
exceeds the losses in the medium. In this case, a high pump
intensity is required: it is difficult to control the absence of
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medium perturbations and the redistribution of the particles
over the energy levels. To remove this difficulty, a few
versions of FWM schemes have been proposed for spectro-
scopy. Let us consider two of them that are substantially in
demand in plasma spectroscopy.

In the method of coherent anti-Stokes Raman scattering
(CARS), combination (40) is used in the form w4 = w;—
w,+ w; (Fig. 17a). The scheme coincides with the SRS, but,
along with a pump at frequency w;, an external pump wave is
used at the Stokes frequency w, = s from an additional laser
source, which plays the role of Stokes radiation poorly
controlled in SRS. The intensity of the additional radiation
can vary independently of pump w;, without reaching either
the SRS threshold or a strong perturbation of the medium.
With collinear superposition of beams w; and w;, the
intensity of anti-Stokes scattering is expressed as

Oo
g ~ (AN)* 12, 1012 <—> , (42)
1 0Q Jgs

where AN is the difference between the particle concentra-
tions in the initial and final states in the Stokes RS process,
Io1, I, are the wave intensities at w; and w,, and (06/0Q) x4 is
the RS cross section. The quantity /. is the interaction length
of waves @ and w, depending on the focusing conditions and
the dispersion of the medium. At reduced pressures, focusing
of coaxial beams by lenses with a focal length of 10-100 cm
provides local measurements with a transverse dimension of
~ 0.1 mm and a length of ~ 1—10 mm [106]. An additional
limitation of the localization length is achieved by crossing
beams w;, w, at small (~ 0.1 rad) specially chosen angles
without violating condition (41) according to the BOXCARS,
FOLDRD BOXCARS method [103, 107].

The sensitivity of CARS is increased by choosing
frequencies w, w, at which at least one of the intermediate
virtual levels in the scattering diagram coincides with or is
close to a real energy level of the particle in another electronic
state (RE-CARS, Fig. 17b). To make all intermediate levels
real, one more external wave w3 can be used (two-color four-
wave mixing, TC FWM [103]).

The concentration sensitivity of the CARS method
exceeds the sensitivity of RS. Due to the quadratic depen-
dence of the signal on the concentration of particles (42), the
advantage particularly expresses itself at higher pressures.
According to estimates [11, 108], the advantage manifests
itself already at the partial pressure of the scattering particles
P> 107 Torr, and at P =1 Torr the CARS signal is 6-
7 orders of magnitude stronger than the RS one. Since the
1980s, the method has been used in plasma spectroscopy. For
example, measurements of the distribution of nitrogen
molecules over the vibrational levels in a discharge at a
pressure of 2 Torr show a sensitivity of ~ 10 cm™3 for
vibrational states and ~(3—6) x 10! cm™3 in selected
rotational states [109]. For rotational states of hydrogen
molecules, the sensitivity is approximately 3 x 10'' cm™3
[110]. Using the resonance RE-CARS scheme, the behavior
of CH, NO, and OH radicals in a plasma is studied in the
range of 10— 10" cm~3 [111-113]. Note that, in addition to
concentration measurements, the CARS scheme can provide
additional courses of action, for example, measuring the
strength and direction of the electric field in a plasma [114—
117].

Degenerate four-wave mixing (DFWM), an option in
FWM, is illustrated in Fig. 17c. It makes use of combination

LB b

BS

BS ‘BPG’

Figure 18. Propagation of beams in FWM measurements with backward
scattering. LB—1laser beam, BS—beam splitters, Pl—plasma, M —
mirror, D—detector, T—trap for light, P— polarizer, A—analyzer.
(a) DFWM, (b) LIPS-FWM.

(40) in the form w4 = | — 0] + ] = w;. Asin the SRS case,
one laser source with frequency w; is used. The key issue is
that all options of degenerate systems are resonance, and the
separation of pump, probe, and signal waves is achieved at the
expense of their different directions in space. In the case of
DFWM, the laser beam is split into three components (two
pump beams and one probe beam), so that, when summing
them with the signal beam of the scattered light, vector
diagram (41) would hold. In this case, the orientations with
‘forward’ (e; = e, being the unit vectors of the scattered and
probe waves) and ‘backward’ (e, = —e,) scattering are
possible. An example of organizing an optical DFWM
scheme with ‘backward’ scattering is shown in Fig. 18a (see
[103] for details). The scheme with crossing beams has an
advantage over the collinear CARS scheme from the point of
view of reducing the length of coherent wave interaction,
which enhances the measurement locality. The process
theory needed to measure concentration continues to be
refined. The scattering intensity nonlinearly depends not
only on the intensities of the pump and probe beams but
also on the ratio of transverse 7 and longitudinal T,
relaxation times of the medium. The experience of dealing
with the DFWM method shows that acceptable interpreta-
tion is possible using simplified models [103, 118, 119]. A
general factor of importance is that the scattering intensity
quadratically depends on the population difference between
the lower / and upper u energy levels, Ippwm ~ ANﬁ,, and,
in many papers, the method is used to study the
distribution of particles over bound states. In particular,
the distribution of radicals OH, CH, CN, C,, ... over the
rotational levels is used to analyze reactions involving
them and to measure the temperature of the neutral gas
component of plasma [120—122]. The interpretation of
the measurements of spatial distributions of particles is
relatively simple.
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As a rule, absolute DFWM measurements are supple-
mented with test and calibration measurements:

— series of measurements at different saturation condi-
tions, when these factors have different dependences on the
conditions in the object [123, 124];

— comparison with the results of direct absorption
measurements under conditions where the latter possess
sufficient sensitivity [125];

— calibration measurements in the object, where the
concentration of the desired particles can be reliably
determined from other studies and the results can be
repeated using independent methods [126].

One more noncollinear local FWM setup is completely
degenerate polarization spectroscopy PS-FWM (Fig. 17d) with
the same matching condition (40) w4 = w; — W) + W = W
as for the DFWM scheme. One laser beam split into pump
and probe beams is used. The possible paths of the beam are
shown in Fig. 18b.

If the radiation is polarized, then, propagating through an
absorbing isotropic medium, it polarizes the medium, which
affects the probe beam polarization, too. Beyond the
absorption line, the medium is not polarized, and if the
polarizer and analyzer are crossed, the probe beam does not
pass to the detector. At radiation frequencies coincident with
the medium absorption lines, the polarization plane of the
probe beam rotates and part of the light arrives at the
detector, which in this way records the medium absorption
spectrum. In terms of the quantum theory, the polarized light
induces transitions between the magnetic levels with different
orientations of the magnetic moment. Both linear and
circular polarization of the laser beam can be used. For
molecules, according to the selection rules for the magnetic
quantum numbers in the process of scattering, the lines of the
P and R branches will be presented in the case of circular
polarization, and the lines of the Q branch, for linear
polarization. Overall, despite different mechanisms of indu-
cing anisotropy, the situation is like that for the Faraday
rotation of the polarization plane in an external magnetic
field, as described in Section 3.2.4. This generality is a
consequence of the Kramers—Kronig rule for complex
permittivity, in which the real and imaginary parts are
responsible for refraction and absorption and are interre-
lated.

The rigorous concrete quantitative relation between
signal intensity /ps passed through an analyzer at concentra-
tion N of particles in the initial state for the scattering cycle is
rather complex and depends, in particular, on the transition
saturation degree and broadening type. In Ref. [127], based
on an analysis of various proposals and experimental data for
the case of Lorentz broadening, a semiempirical formula is
proposed:

Ips = FN?L (I, + I5*) %, (43)
where /, is the pump radiation intensity, I;a‘ is the saturation
intensity, 7, is the probe radiation intensity, and F is the
fitting coefficient, determined by calibrations. For more
details on the theory and procedures for measuring particle
concentrations by the nonlinear polarization method, see
[103, 128-130].

Polarization nonlinear-optical methods of spectroscopy
are highly sensitive compared to analogous direct absorption
methods, and their development is promising for operating
with radicals and metastable particles.

5. Plasma self-radiation

All methods of quantitative plasma spectroscopy measuring
the intensities of the emitted (at finite optical density),
absorbed, and scattered light provide information on the
differences among the populations of the particle energy
levels, coupled by optical transitions. From this point of
view, as mentioned in the Introduction, none of them is
direct, and substantiated physical models and/or specially
organized additional experiments are required to relate the
intensity to the total concentration of particles in the absence
of equilibrium.

Absorption and scattering methods using light sources
external with respect to plasma are active and, as a matter of
fact, introduce perturbations into the plasma. This statement
is less relevant for classical sources and low-power lasers, but,
when using high-power lasers, it is necessary to consider the
perturbations related to the saturation of the transition. This
is of particular relevance to the discussed issue when, as often
happens, the sensitivity is enhanced by increasing the density
of transilluminating radiation. The advantage of absorption
methods is that, as a rule, an energy level of the ground or
metastable state is chosen as the absorbing one. This
significantly simplifies the problem of calculating the parti-
tion function of the electronic state (5), especially for
determining atomic concentrations. In the case of molecules,
it is necessary to consider the distribution of particles over the
rotational and vibrational energy levels, but, at present, the
kinetics of vibrational and rotational relaxation and the
functional relations of the population N; in Eqn (5) are
being studied quite well. Due to this reason, methods based
on measuring the absorption by particles in ground or
metastable states and introducing no perturbations are often
called direct methods.

Classical emission methods using the self-radiation of
plasma are noninvasive in principle and reflect the natural
state of the object. Until now, they have been basic in the
elemental spectral analysis using equilibrium plasma both for
atomizing the matter and for exciting the glow. Their main
difficulties when applied to nonequilibrium objects arise
because it is required to know the excitation and decay
mechanisms for the radiating states in order to associate the
spectral intensities with the total concentration of particles.
The difficulties increase if the studied plasma has molecular
components, which has been of particular interest recently.
However, we should note that the use and modification of
classical emission methods are expanding, which is confirmed
by the growing number of publications. This is due to a
number of reasons, including the following:

— progress in the physics of nonequilibrium plasma and
the extension of databases on elementary processes offer new
opportunities to analyze the mechanisms of atomic and
molecular spectra formation;

— the combination of emission and new laser methods of
spectroscopy makes them mutually complementary;

— the extension of plasma technologies and their techni-
cal implementations imply choosing adequate means for the
processes diagnostics and monitoring, compatible with the
objects (thermonuclear and plasmochemical reactors, devices
for synthesis of micro- and nanoelectronic elements, equip-
ment for medicine and ecology, rapidly moving objects in a
plasma environment, etc.). The use of fairly technically
simple, distant, and autonomous methods often has had no
alternative yet.
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5.1 Absolute intensities of plasma spontaneous emission
and particle concentration

For optically thin plasma, ignoring the induced transitions,
the relation between the concentration of particles N, at level
u and the intensity of radiation at frequency v, of the
transition ¥ — [ from a volume element dV of plasma has
the form

[uldV: A“;hvu,N“dV. (44)
In the case of absolute intensity measurements, A4,;N, is
determined to the same degree. Formula (5) relates N, to the
total concentration of particles N. The absolute intensities are
measured using etalon calibrated ribbon tungsten incandes-
cent lamps (see Section 2.2.2).
For a homogeneous plasma of length L with the finite
optical density

lll/ = Iz}ILS*(XO,luL) ’ (45)
where 7}, is the line intensity without self-absorption per unit
length (so-called ‘primary’ intensity), the function S*(x, L)
is the same as in Eqns (14), (15).

At a finite optical density, not all photons leave the
plasma, which can be taken into account by introducing the
effective lifetime (effective rate of spontaneous radiative
decay, effective Einstein coefficient)

A = A,0(x), (40)
where @(x) is the probability of a photon leaving the plasma
at point x. For a number of the simplest configurations
(semispace, finite thickness layer, cylinder axis, etc.), the
probabilities ©(x) are expressed analytically [9, 11].

For inhomogeneous media, the spatial profiles of
intensities 7' are reconstructed from a series of measure-
ments along different observation paths using the meth-
ods of plasma optical tomography [131] based on the
radiation transfer equation [132]. For axially symmetric
plasma with local intensity isolines having the form of
circles, when the measurements are executed along the
chords of cross sections normal to the axis [133, 134], the
reconstruction of 7! profiles is performed by means of the
Abel transform.

A magnetic field removes degeneracy with respect to
magnetic quantum numbers. It also affects self-absorption.
In Refs [135, 136], transitions involving resonance and
metastable energy levels of He and Ar were studied. In the
case of Ar, at an induction of ~ 0.3 T, the plasma becomes
more transparent, and self-absorption decreases by 10-50%.

Absolute intensity methods are widely used to measure
small concentrations of particles in radiative states. These can
be both states in which strong dipole transitions occur and
long-lived metastable states, e.g., the important state of
‘active’ oxygen O ('A,), the states of atomic and molecular
ions, etc. In this case, the results of measurements are
independent of the plasma equilibrium conditions. The
situation is more complicated when determining the total
concentration of particles of a given sort or the populations of
their ground states.

The intensity Iy,; of the emission line at the transition u—/
of particles X with the concentration Ny from a unit volume
of optically thin homogeneous plasma, according to relations
(44), (45) and the upper level population, is expressed by the

formula

11
[Xul = CthXulAXul quNX(QXu + TXHI) )

(47)
where Cy are coefficients determined by the optics and the
detector, ky, and 1y, are the excitation rate and the radiation
time of the upper state u, and Qy, is the rate of upper level
decay due to nonradiative processes. Technically, this is one
of the simple methods to determine the concentration of
particles Ny; the main problem is to determine the values of
QOx. and ky,, but, in the absence of equilibrium, it has no
universal solution. Various processes can participate in the
excitation and nonradiative decay of energy levels, and they
should be considered in each particular case.

Such studies are described in multiple papers; there is also
a generalizing analysis, e.g., in reviews and monographs [8,
10-12, 137]. Usually, one of the plasma models is taken as a
base, most frequently, the balance coronal model (CM) or
collisional-radiative model (CRM). Depending on the condi-
tions, they include the processes of interaction between the
charged and neutral particles with their characteristic
manifestations in the emission spectrum.

There are various signs of the presence of parallel
processes of exciting radiative states. For example, if the
excitation occurs by direct electron impact, then, due to the
mass difference, the changes in momentum and angular
momentum of particles are not great, except the lightest
ones (H, H,) at low kinetic temperatures < 100 K in long-
lived ground states with Maxwell velocity distributions and
Boltzmann distribution over the rotational states. The
emission spectra demonstrate normal Doppler broadening,
and, in the case of molecules, a Boltzmann distribution in the
ensemble of rotational levels of the excited states (so-called
copying). This, in particular, underlies the definition of
temperature for the main bulk of neutral gas in a plasma. If,
on the other hand, the excitation occurs with the participation
of heavy partner particles, then, depending on the energy
defect in the reaction elementary event, groups of radiating
particles with other velocity distributions and rotations form.
In this case, singularities appear in the translational motion
and rotation energy distributions, which manifest themselves
in a line contour shape and intensity distributions in the
rotational structure of vibrational bands of the spectrum of
electronic transitions. Additionally manifested are such
effects as alternating intensities in the rotational structure of
diatomic homonuclear molecules, not related to the nuclear
spin of the radiative particles; here, the symmetry of terms of
colliding heavy particles plays a role. The distribution of
molecules over the vibrational levels under electronic shell
excitation by electron impact ‘copies’ that in the ground state
in accordance with the Franck—Condon principle; it can be
violated upon excitation with heavy particles. This should be
taken into account when using the excitation models. Such
specific features mostly manifest themselves in low-pressure
plasma and for radiative states with a short radiative lifetime.
However, they can also be restored at high pressures, when
the lifetime of the radiative state is determined by collisional
quenching with characteristic times less than (or comparable
to) the relaxation time of the radiative states in the transla-
tional, rotational, or vibrational degrees of freedom. By
combining such features, it is possible to separate the
excitation mechanisms, which is of importance for the
interpretation of spectra and diagnostics, including particle
concentration measurements.
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For example, the possibility is known of measuring the
concentration of water molecules in plasma by the spectrum
of hydroxyl radicals [5]. The resonance spectrum of
OH(X2IT « A2X) is excited simultaneously by direct elec-
tron impact e + OH and via the intermediate state of the
initial water molecule HyO(X'A;) + e — HyO(B'A) + ¢ —
OH(A?Z) + H + ¢ — OH(X?I) + &v + H + e. In the second
exothermal process, the OH molecules are created with fast
rotation and, due to the decay statistics of the repulsive
H,O(B'A)) state, a Boltzmann ensemble of rotating radia-
tive radicals is formed, but with a temperature that differs
from the temperature of the ensemble produced by direct
electron excitation. Analyzing the intensities in the rotational
structure of the OH spectrum allows separating the contribu-
tions of mechanisms. If in the absolute intensity measure-
ments only the OH(A?X) molecules with ‘fast’ rotations are
taken into consideration, the H,O concentration can be
determined [138], and the group with ‘slow’ rotations yields
the concentration of OH radicals.

In a number of papers (see, e.g., [139—141]), a method is
developed for measuring the concentrations of hydrogen and
deuterium atoms and molecules by the intensities of o, 3, and
v lines of the Balmer series. The excitation of states with
quantum number n = 2, 3, 4 by electron impact from the
ground state of the atom, the dissociative excitation of
molecules, the recombination of the molecular ion with an
electron, and the self-absorption of radiation at resonance
transitions of Lyman series are taken into account.

5.2 Actinometry

All processes occurring in plasma are initiated in one way or
another by free electrons. Direct electron impact is the most
universal and often the main mechanism giving rise to plasma
emission. It is this universality that grounds the method of
optical actinometry (OA). In the literature on this method,
the term ‘line ratio’ is also used; it is more familiar in
geophysics and meteorology in connection with studies of
solar radiation transformation. In application to plasma
spectroscopy, it was proposed in [142—-144] and until now
continues to be successfully applied and developed. The
method is based on comparing the emission line intensities
for particles X whose concentration is to be determined and
particles 4 (actinometer) whose concentration is known. In
this case, the measurement of absolute intensities becomes
unnecessary. Such a calibration system is analogous to
the one with laser excitation of two particles, discussed in
Section 2.3 (LIF, TALIF). An important difference is that, in
the fully optical version, the choice of the laser frequency
ensures selective excitation of the radiative states, whereas the
intensity of spontaneous emission of plasma is determined by
the form of energy dependences of the excitation cross
sections of these states by electrons.

If we write Eqns (47) for the particle X to be detected and
the actinometer 4 and compose their ratio Nxy/Ny ~ Ix/14,
we can see that it is independent of the concentration of
electrons (which similarly enters the rates ky, and k4,). If the
actinometer is chosen such that the cross sections of
excitation of radiative state of X and A by electrons are close
in both threshold values and form, then the ratio of intensities
Ixu/l4q becomes practically independent of the form of
energy distribution of electrons, too. The differences in the
form of cross sections can be taken into account by
corrections. Particles whose concentrations in plasma are
known from additional measurements [142, 143] or inert gas

atoms [144] are chosen as actinometers. Recommended
actinometer pairs are listed in review [5].

Not long ago, the OA method was modified into multi-
spectral OA [145]. This version allows for the specific features
related to plasma chemical activity, and the concept of
intermediate actinometers is introduced. If the transforma-
tions of the particles of the initial plasma-producing gas are
deep enough, then the problem of taking into account the
collisional quenching of the radiative states arises, since it is
unknown a priori which particles should be considered for
both the detected particles X and the actinometer 4. Due to
this, the system of equations for different actinometric pairs
Nyi/Ny; ~ Ix;/14; is nonlinear because of the presence of
particle concentration values in the expressions for quenching
rates:

Ox,=qx, Y (Nx,+Nu), Qu=qa, ¥ (Nx +Ny). (48)

Ji! Jil

The procedure of analyzing the spectra in such a situation
[145] implies using a number of sequential iterations, each
including two approximations. In the first iteration, the
concentrations of particles are determined, which manifest
themselves in the plasma emission spectrum and for which
only an atom of inert gas in the plasma-forming mixture
satisfies the actinometric pair conditions. These data are used
to solve the nonlinear equation with the quenching rates in the
form (48). In the second iteration, the new-formed particles
with the concentrations measured in the first iteration are
used both to consider the quenching with their participation
and as a new (intermediate, secondary) actinometer. Equa-
tions Ny;/N4; ~ Ix;/14; are supplemented with the condition
of brutto chemical balance with the number of atoms of all
sorts conserved. The iterations are repeated until conver-
gence. As a result, the number of types of particles whose
concentrations are determined increases, the accuracy of
measurements increases, and the possibilities of choosing the
region of the spectrum under the conditions of various objects
of study expand. The procedure has been approved in the
measurements of concentrations of H,O, O, H, and OH in a
hollow-cathode discharge in a humid inert gas [145].

The methods of absolute intensities and actinometry of
spontaneous emission are rather general. Let us present a
more specific example.

5.3 Relative intensities of resonance transition lines

at finite optical density

The considered method of determining concentrations
combines the elements of emission and line absorption
methods, manifesting themselves in the self-absorption
effect. No external source of light is needed to measure the
absorption. The method is applied in spectroscopy to
measure the optical transition probabilities [9] and concentra-
tions of H atoms [139] and was mentioned above in Section
2.2. In Ref. [146], it was used to measure the concentration of
boron atoms in the plasma of the glowing discharge positive
column in a tube [146]. Figure 19 illustrates the appropriate
schematic diagram. The intensities of the 32S; 2—22P1/273/2
doublet resonance lines are measured, with “P being the
ground state. The energy difference dE for ?P3;,—*P )
amounts to 15 cm™! and is small compared to the energy of
thermal atomic motion k7 ~ 300 cm~'. The states can be
considered thermalized with the Boltzmann factor
exp (dE/kT) ~ 1. The radiation from plasma in the region
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Figure 19. Resonance doublet of the boron atom.

near the discharge axis is recorded, and the plasma can be
considered homogeneous. Under such conditions, the inten-
sity of each line can be expressed using Eqns (45), (46);
functions S* depend only on y, ;L and, in correspondence
with (2)—(4), on the population of the absorbing energy level,
which for atoms practically coincides with their total
concentration. The described situation is rather typical, and
the method is worth attention for generalizations in the
quantitative spectroscopy of nonequilibrium objects.

6. Examples and results of studies

We summarize the results of applying the methods of
quantitative spectroscopy to measuring the concentrations
of small gaseous components of nonequilibrium plasma in
Table 2. As planned in the Introduction, it is based on a list of
particles (the first column). The second column indicates the
studied plasmatic forms and its general characteristics. We

restrict ourselves to laboratory and technological subjects,
leaving apart astrophysical studies worth a separate analysis.
The third column presents data on the methods of measure-
ment. The abbreviations for objects and methods introduced
in the previous sections have been clarified and explained
once again. The fourth column contains details of conditions,
aims, and the main results of studies and references to original
papers.

7. Conclusion

The last two decades have been marked by a noticeably
increasing interest in research in the field of the physics and
chemistry of nonequilibrium plasma, combining applied
and fundamental aspects. Most modern experimental
methods are interesting and new ones are being devel-
oped, with the priority of noninvasive methods of optics
and spectroscopy.

Methods of plasma laser spectroscopy, including the use
of semiconductor lasers with tunable frequency, have become
widespread and entered researchers’ toolkits. Some problems
with this technique are due to the fact that, although covering
a wide range of wavelengths from the UV to IR regions,
particular heterostructures suffer from frequency-tuning
limitations and should be chosen based on the aims of studies
of the processes with the participation of concrete particles.
Progress in this area has been outlined in connection with the
use of quantum cascade lasers tunable within ranges of up to
~100 cm~! and operating at room temperature, along with
the traditional laser diodes tunable within 1-10 cm™!.

New methods of nonlinear spectroscopy have successfully
established themselves as techniques that complement
already known laser methods, for example, fluorescence,
and methods and expanding applications of multiphoton
degenerate and nondegenerate scattering schemes with the
possibility of 2D and 3D measurement localization. Let us
note the first studies on the use of methods based on
femtosecond lasers, which provide high temporal and/or
spectral resolution for different schemes of recording spec-
tra. The advent of this new, although not yet universally

Table 2. Conditions, methods and results of studies of small components X in plasma.

Particle Object* Method** Comment, concentrations [X], cm~3
Atoms in ground states
H CVD; 160—300 W, 20 kPa ACT Hp 486 nm, Kr actinometer (427—-455 nm, 557587 nm);
(a) Kr:H,:CO (0.037:1:0.041) — [H] ~ (1.3-2.2) x 10'%;
(b) Kr:H, (1:24) — [H] ~ (1 -1.9) x 10'¢ [147]
ICP, 10-1000 W L-L L, 121.6 nm, MHCD(L) light source, H, (7 Pa)+ Ar (8.8 x 10* Pa); 1.33 Pa,
[H] ~ 2 x 1011 =1 x 1013 [148]
MWD, 2.45 MHz, 250 W WB AOS C,F¢:H;, (1:2); 10—80 Pa; MHCD 121.6 nm; [H] ~ 10'2—-3 x 10 [149]
HFD 13 MHz, 600 W, TALIF Excitation 2 x 205 nm, fluorescence 656 nm; calibration by Kr, excitation
tube 60 cm long, D 8 cm 2 x 204.2 nm, fluorescence 826 nm; saturation broadening [150];
[H] ~ 2 x 1013 [151]
Flame LIPS H, — air; 2000 K; calculated calibration [H] ~ (2—8) x 10" [152]
HFD-ICP, 13.56— 500 MHz, WB AOS, H,, N, —H;, N, —NH; 1.3-100 Pa; MHCD light source;
101000 W L-L H] ~7 x 10'0—4 x 10'2[23, 43]
ICP 50-850 W WB AOS, Ar:H, (1:9); 30— 50 mTorr; MHCD light source 121.56 nm;
L-L [H] ~ (2.1-12.5) x 10" [153]
D HCD 50 cm?, 30— 50 W ACT 0.6 mbar, He: Xe:Ar=99:1:1:H,O (0—-10%) : D2(1-2%) D,, 655.6 nm,
Ar actinometer 751.46 nm; [D] ~ (1—14) x 10'3 [154]
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Table 2. (continued)

(Radar)

Particle Object* Method** Comment, concentrations [X], cm ™
Spherical tokamak HIT-SI3, TALIF Discharge in D,. Measurements 2 ms after injection. Excitation 2 x 205.08,
ne ~ 1012103, 7. 5-20 eV fluorescence 656.27; Kr 2 x 204.3, fluorescence 826.3, at a distance from the
wall: (1) 11 em: [D] ~ 5 x 10°, Tp ~ 0.7 eV; (2) 18 cm: [D] ~ 5 x 10°,
Tp ~ 1.7eV [155]
H,D Plasma outflow from discharge in a tube TALIF 1-10 mTorr Kr + Hj, Dy; excitation 2 x 205 nm, fluorescence H 656 nm,
D 25 mm, CCP, ICP (H, L) modes axial resolution; calibration by Kr. [D, H] ~ (2—6) x 10'2, Tp g ~ 0.08 eV;
100-800 W, 10—16 MHz, 1200 G all other conditions being the same [D] ~ 2[H] [156]
Calibration test in gas, TALIF Calibration with Xe, excitation 2 x 209.3 nm, fluorescence 656.0 nm.
1-100 mTorr TALIF cross-section ratio (¢X¢/gt:P) = 0.024 [81]
ECR 2.4 GHz, 100 W, 500 cm? OES,L-L [He:(H,,Dy)(1:10);2-20Pa; H, p,,, self-absorption [H] ~ (2—20) x 10'%;
[D] ~ (6—20) x 10'?[139]
C ICP: 13.56 MHz, 10— 1000 W WB AOS, 8 Pa CO + 5%Ar; MHCD light source 165.7 nm; [C] ~ 2 x 10" —10'#[149]
L-L
MWD 2.45 MHz, 250 W WB AOS, MHCD 165.7nm; C,F¢:H» (1:2); 10-80 Pa; [C] ~ 5 X 10'2 [149]
L-L
ICP 13.56 MHz, 250 W WB AOS, CF,—H,; 1080 Pa; MHCD light source 165.7 nm [C] ~ 5 x 10'? [43]
LIF
F Flow from ICP 10—500 W ACT SF¢+5%Ar; 20200 mTorr, F (703.8 nm), actinometer Ar (750.4 nm,
811.53 nm); [F] ~ (0.3—1.8) x 10'*[157]
CCD 811 MHz, 90—-110 V ACT 50 mTorr, 150 mTorr, Ar:CF4:CF; (1:1:1); [F] ~ (5—8) x 10'2 [158]
Flow from ICP 13.56 MHz, 0.3-1.5 kW LIF 2 x 1073 Torr C4Fy; distribution of particles over the flow:
[F] ~ (1-20) x 10" [66]
Cr PD vacuum switch D 40 cm, WB AOS Residual pressure 5 x 107 Pa; laser spark as the light source, 425.43 nm,
H 50 cm, Cr electrodes; 427.48 nm, 428.97 nm. Resolution in time and along the discharge axis;
10 ms, 50 Hz, 1 kV, 20 kA [Cr] ~ (1.5—4) x 102 [47]
Br HFD, d = 4 cm, disks D 19.8 cm, WB AOS 0.15-0.30 Torr Bry; Br, — (415 nm, 490 nm); GaAs etching;
0.1-14 MHz, 50— 150 W [Br] ~ (2—5) x 10'5; Br/B, ~ 0.3—0.7 increases with frequency [159]
B MWD 49 x 25 x 35cm?, 2.45 GHz, L-L,DLS 1—8 mbar, Hy:Ar:(3.3%)B,Hg; 250 nm doublet reabsorption;
1.2-3.5kW [B]~1010—4>< 10'! [146]
HFD 13.56 MHz, 60—300 W, ~ 500 cm? L-L,DLS |H;+CHg(0-5%)+ByHg(0—-0.3%), 60—300 mbar; 250 nm doublet
reabsorption; diamond coatings; [B] ~ (2—11) x 102 [160]
UHFD 2.45 GHz, 9-23 W cm ™3 ABS H,:CHy:Ar (97:1:2) + BoHe(0— 100 ppm), 2.5 7.5 kPa; BH(A!TT-X'X)
433 nm; Ar 750.3, 811.5 nm; plasma models;
CVD technology; [H] ~ (3—4) x 10! [161]
(0] Discharge in a 12-mm tube, 3—40 mA ACT 0.5—6 Torr, Oy: Ar (2:98); 844.6 nm, Ar actinometer 811.5 nm;
[0] ~ (0.2—36) x 1015 [162]
(o) APPJ from a capillary L-L 1 atm, Ar+0; (0.2—1.2%); MHCD light source 130 nm; [O] ~ 10'4—10'3;
penicillin deactivation [20]
Flow from ICP 100500 W ACT 20 mTorr, 200 mTorr, O, + 5%Ar; 777 nm, Ar actinometer (845 nm);
[0] ~ (0.3—2.4) x 103 [157]
Flow from PD, 60 Hz L-L 1 atm, Ar+ 1%O0,; light source MHCD 130.217 nm, 130.487 nm,
130.604 nm; [O] ~ 1.5 x 1013 —7.7 x 10'* [163]
Discharge with planar anode and HC, TALIF 1 atm He:O; (15 mbar): NO (0.1 mbar); 2 x 225.65 nm, 844.68 nm;
distance d = 8§ mm Xe calibration 2 x 224.31 nm, 834.91 nm; [O] ~ 102 —10'° [44]
APPIJ from discharge in 12-mm tube; TALIF 1 atm He:air (94:6); O — 2 x 225.586 nm, 844.87 nm;
MWD 2.45 GHz; 18-55W Xe —2 x 224.241 nm, 823.16 nm and 834.68 nm;
[0] ~ (10'5—7 x 10'®) [164]
MWD 2.45 GHz; 16-mm tube CRDS N,O:Ar (19:360); resonator 104 cm; 'Dy —3Ps, 630.03 nm,
[0] ~ (2—16) x 10 [165]
APPJ from DBD and MHCD VUV, L-L | Discharges in He, outflow into atmosphere, MHCD light source with H,,
N, filling. Absorption 130.217 nm, 130.487 nm, 130.604 nm.
[0] ~ (1-9) x 1013 [166]
Small-volume PD REMPI 100 Torr (He+ 1%0,) 3 x 225.6 nm; plasma recombination times [167]
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
APPJ from a capillary (kINPen), TALIF I atm Ar+1%0O;; O — 2 x 225.6 nm, 844.6 nm; Xe calibration;
1.1 MHz, 2-6 kV resolution 0.2 x 0.5 mm?; [O] ~ (1-37) x 10" [168]
PD, modulation 10—100% , carrier OAS, VUV, |1atm He+ 1%(0O,:N; = 1:4); source of light is SOLEIL synchrotron;
frequency 13.56 MHz, 234 V,9 W, FTS, OES Fourier spectroscopy 130 nm; radiation 2* N, 380 nm;
1-50 kHz effect of modulation; [O] ~ (0.18—3.7) x 10'*[50]
HCD 100 x 50 x 10 mm?, 280 mA ACT He:Xe:Ar:H,0 = 99:1:1:33,0.8 mbar; [O] ~ (1-6) x 10'3 [5, 145]
DC 10-70 mA, ACT Air 1 atm; actinometry (3p°P—3s3S) 845 nm,
NaCl electrolyte as cathode, CuCl, actinometer 2* N5 (0-2) 380 nm, [O] ~ 10'5—10'¢ [169]
Na DC 10-70 mA, ABS Air 1 atm; Na (3s2S) 589 nm, collisional radiative model;
NaCl electrolyte as cathode, CuCl, [Na] ~ (3—8) x 1013 [169]
Dy Halogen lamp DLS 300 mbar, Ar/Kr+ Hg + Dyls; 642.19 nm; the role of gravity;
[Dy] ~ 105 —10' cm=3 [170]
Halogen lamp XRIF 1.2 bar; Ar+Hg+ Dyl; + Csl; fluorescence k,, 47.6 keV, kg 54.8 keV;
69.8-keV synchrotron as a source; resolution 1 mm?;
[Dy] ~ (6—20) x 100 [84]
Cu DC 10-70 mA, ABS Air 1 atm, Cu 327 nm, collisional radiative model;
NaCl electrolyte as cathode, CuCl, [Cu] ~ (1-5) x 103 [169]
N DC 4-10 A with electron beam VUV,L-L [N;0.05-0.4Pa+Ar 0.03 Pa; light source N,-MHCD, 119.955 nm,
120 eV; D=15-cm chamber, d = 50 cm 120.022 nm, 120.71 nm; [N] ~ (2—20) x 10" [171]
Flow from ICP 13.56 MHz, 100500 W ACT 20 mTorr, 200 mTorr, N>+ 5%Ar; N — 821.63 nm, actinometer Ar —
811.53 nm; [N] ~ (1.5—9) x 10" [157]
Flow from discharge in a tube, TALIF 440 Pa Ny; 2 x 206.7 nm, fluorescence 742 —747 nm;
length 18.5 cm, D 2 cm; 433 MHz, 300 W Kr calibration 2 x 204.2 nm, 826 nm; [N] ~ (1.5—-3.5) x 1013 [172]

ICP 13.56—500 MHz; injection of atoms WB AOS 10—100 Pa N, —H,, N, —NHj; light source MHCD 120.0 nm;
[N] ~ (102 —1.5 x 10'?) [43]

MWD 2.45 GHz, D =26-mm tube, 600 W [ ACT 65-400 Pa N>+ Ar(2%)+ R, R=He, Ne, Kr, Xe; N, : R=(0-1);
N 742 nm, 744 nm, 746 nm; Ar 811.5 nm; [N] ~ 10> —10'% [173]
PD 10-50 kHz, 10— 100%, carrier VUV, FTS, 1 atm He + 1%(0;:N;, = 1:4); source of light is SOLEIL synchrotron;
frequency 13.56 MHz, 234 V,9 W OES Fourier spectroscopy 130 nm; radiation N> 380 nm: influence of modulation
frequency; [O] ~ (0.2—4.4) x 10'3 [50]
Ti Low-pressure arc, current 50—150 A L-L 103 Torr, vacuum sputtering, optical path 50 cm, 398.2 nm and 318.6 nm;
light source — HC; [Ti] ~ (0.5—2.5) x 10° [174]
Si PD 13.56 MHz,2-20 W CRDS 0.1—3 mbar Ar; Si atoms desorbed from quartz and silicon substrates;
251.4 nm; [Si] ~ 107 — 108 [175]
PD 13.56 MHz, 0.6 W cm ™2 WB AOS 5Pa, SiH4 (5—100%) : Ar (95— 5%); light source is a deuterium lamp;
[Si] ~ 8 x 108—3 x 1010 [23]
Si ECRP, 2.45 GHz, 10—1000 W WB AOS (0.7—3.5) Pa, SiH4: H» (1: 1); light source is deuterium lamp;
[Si] ~ (0.2—2) x 10° [23]
Reactor (LAM 9400) for etching, UVBA HBr/Cl,/O,, HBr/Cl,/O,/CF4, 5 mTorr; 251.43 nm, 250.69 nm, 252.85 nm,
ICP 13.56 MHz, 300 W +90 W (bias) 288.16 nm, 263.1 nm; source is Xe lamp 150 W; [Si] ~ (1—10) x 10'° [176]
S DC, tube /= 10cm,d =1 cm, DLS (1-20) mbar; I. CO,—Ar(He); content of S in CO»; sensitivity
1.5-5W [S]/[CO,] ~ 7 x 1077, 11. Discharge in Ar(He), content of S in CO» upon

desorption from a wall; sensitivity [S]/[CO] ~ 2 x 1077;
Calibration by SF¢, SO, [177]

Kr Flow from ICP (H, L modes), 300—-900 W, | TALIF 1-6 mTorr Kr; 2 x 205 nm, 826 nm, profile along outflow axis;
10-16 MHz, 1200 G; tube D 25 mm cold Kr calibration. [Kr] ~ 3 x 10" =3 x 10'° [156]
Pb ICP 27.12 MHz CRDS, LIF | Elemental analysis; 1 atm, carrier gas Ar; sensitivity:

LIF — 3 x 10'2, CRDS — 10'? [25]

¥y ICP 27.12 MHz CRDS, LIF | Elemental analysis; | atm, carrier gas Ar; sensitivity:
LIF —2.2 x 10", CRDS — 2.1 x 10'*[25]

Excited atoms

H(n=2) [HFD 13.56 MHz, tube D 16 mm, DLS H» 30— 110 mTorr; 656 nm; [H(n = 2)] ~ (0.3—4) x 10'°[72, 178]
1-3kW, 350 G
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
MWD-SWD 2.45 GHz, 150700 W, DLS 1-3 Torr Hy: 02(99: 1); [H(n = 2)] ~ (1-20) x 10'° [179]
2.7 ms, tube D 16 mm
HFD 13.56 MHz, CRDS H; 6 Torr, 60 mm from coil; Hp 486.1 nm [H(n = 2)] ~ 10'°—10'" [180]
22 kW coil flow D 40 mm
C(2'Sp) | Arflow from arc CRDS 0.3 mbar Ar+ C,H; (0—0.06) mbar; 'P; — 'Sy, 247.931 nm;
[C(2'Sg)] ~ (0.5—5) x 10° [181]
Xe (6°P,, | DBD 16 kHz, 3—-4kV, ~ 1 mA DLS Xe 100—-733 Torr; 2— 15 mA; 823.163 nm, (2ps— 1ss);
Iss) [Xe(1ss)] ~ (1—15) x 10'7 [16]
He (23S;) [DC0.3-2A,0.3-3.5kW, WB AOS 1 atm He; 23S, —23Py, 1; incandescent lamp as source;
tube D 20 mm spatial resolution; [He(23S)] ~ (0.5—5) x 1013 [182]
APPIJ from tubes D 2—4 mm, DBD, 5kHz | DLS 1 atm He, flow 3.7—14.8 m s~!; 23S, —23Py.1.» 1083 nm,
[He(23S1)] ~ 10'°—2 x 10'? [183]
APPJ from DBD tube D 2.1 mm DLS 1 atm He, 1083 nm, [He(23S;)] ~ (1—3) x 10'3 [184]
APPJ from DBD tube D 1.6 mm, 940 kHz | DLS 1 atm He, 1083 nm; various propagation media;
[He(23S1)] ~ (1—13) x 10" [185]
APPJ from DBD channel 40 x 1 x 1.8 mm?, | DLS 1 bar He (1-5): Ar(10%), flux 2 m s~'; 1083 nm; spatial resolution;
HFD 13.56 MHz, 30—-80 W [He(23S)] ~ 10°—1.4 x 10' [186]
He (2'Sg) |DC0.3-2A,0.3-3.5kW; WB AOS 1 atm He; 501 nm; spatial resolution; [He(2'Sy)] ~ (1—10) x 10> [182]
tube D 20 mm
Ar (1ss) Tube, D 7.5 mm, 200—-600 W, 2.45 GHz L-L 2 Torr N2 : Ar(0.1—1.0); light source is discharge in Ar.
[Ar(Iss)] ~ 10! —10'3 [187]
APPJ from DBD discharge DLS 1 atm He: Ar(10:(0...1); 1ss—2po 811.531 nm; 1 bar He (1-5): Ar(10%),
40 x 1 x 1.8 mm?, 13.56 MHz; 30—80 W [Ar(1ss)] ~ 10°—1.6 x 10" [186]
APPJ from discharge in tube D 6 mm, DLS 1 atm Ar: N> (0.999:0.001); 811.531 nm; [Ar(1ss)] ~ 10'2—2.5 x 104 [188]
22 kHz
APPJ from DBD, tube D 1.7 mm, 20 kHz, | DLS Flux 1100 cm® s~!, Ar 1 atm, 1s5—2po, 811.531 nm; 5 x 102 —10"3 [189]
230 ns, 6 kV, 15-20 pJ
APPJ from DBD in Ar tube is incident on | DLS 2p7— 184 (810.37 nm), 2po— 1ss (811.53 nm),
glass in air, 6 kV, 224 ns, 20 kHz along the flux [Ar(Iss)] ~ 10! =3 x 10'3;
Ar (1Iss) lifetime 25— 550 ns depending on jet velocity [190]
MWD -MHCD, 1.8 GHz, 0.1-0.5W DLS Ar—He 100730 Torr, 2po—Iss, [Ar(1ss)] ~ 5 x 1012 -2 x 10" [191]
DBD, 6.4 mm, 13.56 MHz, 10 W OES 200—-500 Torr (Ar: He=0.05...1); spatial resolution.
[Ar(1ss)] ~ (0.1-5) x 10'2[192]
Ar SWD 2.45 GHz, tube D 6 mm DLS 0.65—105 mbar Ar; 772.38 nm, 772.42 nm, 811.53 nm;
(1s3,4,5) [1s3, Is4, 1ss] ~ 1019102 [193]
Ar DBD, tube D 100 mm, d = 4 cm, OES, DLS, Ar40-160 Pa, 2p—Is; L—L self-absorption; OES 738 —852 nm;
(Is2.3.4.5) |4kV,30kHz L-L DLS 772.42, 800.62, 801.48, 826.45 nm [Ar(1s)] = 5 x 101°—10'2 [194]
DBD,d =4mm,4kV,30kHz, B=03T |DLS,L-L Ar 100 Pa; 1s—2p, 801.48, 842.47 nm; self-absorption effect on the kinetics
and populations of magnetic sublevels; temporal resolution;
[Ar(1s4)] = (1.8—3.2) x 10", [Ar(Iss)] = (0.6—1.1) x 10'2[136]
DC, region 11000 pm DLS Ar 50 and 400 mbar; 801.699, 800.838, 772.633, and 826.680 nm;
above structured cathode [Ar(Is2345)] ~ (0.8—20) x 10'3 [195]
Overview, various conditions, models OES, DLS Argon concentration in metastable states relative to ground state
i /ng ~ 10741077 ionization degree ne/ng ~ 1071 —1077; rates of
elementary processes [196]
Glowing discharge, tube D 26 mm, 20 mA WB AOS, Ar, 1 Torr, light source is femtosecond laser continuum;
COMB [Ar(1sy)] = 5.5 x 10%; [Ar(Isq)] = 1.1 x 10° [68]
Tonized atoms
H- HFD-PD, carrier frequency 13.56 MHz, AOS 40—63 mTorr Hj; probe measurements of electron concentration during
4-ms pulses, 10 Hz, 3 kW; photodetachment; laser 680 nm, 40 mJ cm~2; [H ] ~ (1-2) x 10! [89]
afterglow; 350 G
PD 1 kHz, 500 ps, (1 -12) A; magnetic field, | AOS, CRDS | H» 0.2—2.4 Pa; lasers 632.8 nm, 532 nm; photodetachment, probe
chamber d = 27 cm, D 16 cm measurements; MPC ~ 22 m; [H™] ~ (1.5—15) x 10° [110, 197, 198]
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
HFD 47 x 57 x 2.4 cm?, 13.56 MHz, 120 W | CRDS 0.075-0.4 Torr; Oz; Ha; 556 nm; [H™] ~ 10°—10' [199]
HFD 13.56 MHz, 20—1200 W, OES, CRDS | CRDS — 1.06 um, optical length 120 cm. Relative intensities Ha/HB/HY;
13.56 MHz, magnetic field 40— 100 G, ion injection into hot plasma [H "] ~ 10'°—10'" [200]
H, L modes
H-,D~ |HFD, 1 MHz, ~70-80 kW, d = 14 cm, OES HFD, 1 MHz, 0.3—0.7 Pa, intensities H, /Hg, D, /Dyg;
D 24 cm; expansion into a chamber [H~] ~ 10'©—10"7; radiative collisional model;
32x59 x 19em’, 6 G injection of ions into hot plasma [201]
MWD 2-5kW, 800 G, CRDS H>, D,0.2-0.5Pa, T, ~ 1.5-2.5eV, n. ~ (1-3) x 10';
helical mode injector of ions into hot plasma; [H "], [D~] ~ (0.5—8) x 10°,
[Hi]/ne ~ 6[D7]/ne [202]
Tit Low-pressure arc, 50— 150 A L-L 10~2—1073 Torr He; optical path 50 cm, 324.2 nm and 318.6 nm;
light source — HCD; [Ti] ~ (2—7) x 10°; optical coatings [174]
(o HFD 13.56 MHz, 120 W 47 x 57 x 2.4cm?® | CRDS 0.075-0.4 Torr; Oa; Ha; 556 nm; [O~] ~ 10'°—10'" [199]
Diatomic molecules
NO PD 5 kHz, corona, pin (nozzle)— plane LIF Air: NO (2 x 107*%); excitation 226.19 nm, fluorescence
d =30 mm 230-320 nm — y—system NO (NO y(0—1) — NO »(0-6));
spatial distribution; air cleaning; [NO] ~ 2 x 10'*—4 x 10'° [203]
PD 100 ms, 0.1 Hz, tube d = 50 cm, DLS 266 Pa N2:NO(99: 1); 1897.35 cm™'; temporal resolution;
D I cm, 35 mA [NOJ] ~ 2 x 103 —5 x 10'4[204]
Flame RECARS 1 atm; H, —air, NO additives; 200 K; sensitivity [NO] ~ 7 x 10'4;
calibration — calculation [205]
APPJ, 13.56 MHz, DC 5-20 W DLS 1 atm Ar +air (< 1%); MPC 100 m; 1906.14, 1906.73, 1912.07 cm~!;
[NOJ ~ (2—38) x 10'2[206, 207]
NH Heated CVD reactor CRDS 20 Torr Hy+ 1%CH4+ 1%NH3; 336 nm (A’TT-X327);
[NH] ~ 10'2-10"3 [208]
OH Flame L-L Combustion of Hj in air; light source is MWD in water vapor;
306318 nm, 8 lines of OH(*TT—2%(0,0), (1, 1)) transitions;
[OH] ~ 5 x 10"~ 2 x 10'° [209]
PD-DBD 50 ns, 0.016—1.6J, 19 cm ™3 L-L 1 atm Ar: H,O (200 ppm) or air; light source — DBD,
11 lines of OH(*TT—2%(0,0)) band; OH afterglow dynamics;
OH destruction by organic molecules; [OH] ~ 10'3 —10'° [210]
PD-DBD 30-200 mA, 1 kHz; WB AOS 1 atm Ar: H,O (7 Torr); light source— LED (10 nm FWHM);
55 x 55 x 0.55 mm? [OH] = (2.65 £ 0.65) x 10'3; LIF method calibration [211]
PD-DBD 10 ms, 0.1 Hz, 44— 50 W; 5.5cm® | WB AOS 780 Torr He—H>0(0.05-0.67)% — O02(0—-2)%;
and 2.45 cm®; 10 ms, 0.1 Hz, 4450 W [OH] = (6—94) x 1013 [212]
OH DC discharge in a 24-mm diameter tube, L-L 0.3 Torr H,0, additives 0—6 Torr N», He, CO», O2;
30 mA [OH] = (0-2) x 10'3 [213]
pin-to-pin PD, d = 2 mm, 170 ns, LIF, WB 1 atm He + 0.84%H-0O; LIF excitation 282.58 nm, fluorescence
afterglow 0— 100 ps OAS, 308 -309 nm; UVBA 307309 nm; LIF calibration by Rayleigh scattering
Rayleigh in No; [OH] = (0.1-2.5) x 1015 [214]
scattering
pin—plane PD, d = 13 mm, LIF 1 atm, N> +2.8%H,0 + 2%O0,; spatiotemporal resolution;
24-32KkV, <12A,0.2pus [OH] = 5 x (10'2—10') [215]
APPJ in air from capillary discharge LIF, LIF excitation 282.58 nm, fluorescence 308 —309 nm;
WB OAS UVBA 307-309 nm; [OH] ~ (0.1-2.5) x 1013
at distance of 1-8.5 mm from plasma source [216]
ICP 27.12 MHz, 200 W, / = 27 mm, CRDS 1 atm Ar, H,O traces; 306—308 nm, [OH] ~ (1.7—8.5) x 10'*[217]
D 16—20 mm
Flame DFWM 1 atm; Hy—air—Ar; T ~ 14002400 K; [OH] ~ (2—20) x 10'%;
no chemical equilibrium in flame [124]
BH UHFD 2.45 GHz, 9-23 W cm > ABS H,:CH4:Ar(97:1:2)+ B,Hg (0—100 ppm), 2.5—-7.5 kPa;
BH(A'TT-X'X) 433 nm; Ar 750.3, 811.5 nm; plasma model;
diamond films; [BH] ~ (7-20) x 10'?[161]
Br, HFD 0.1-14 MHz, 50-150 W, d = 4 cm, OES 0.15-0.30 Torr Bry; Bro — 415 nm, 490 nm; modeling;

disks D 19.8 cm, 0.1-14 MHz, 50— 150 W

[Bry] ~ (5—1.5) x 10" [Br] ~ (2—5) x 10'3; GaAs etching [159]




October 2022 Spectroscopy of small gas components of a nonequilibrium low-temperature plasma 1095
Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
HCI Lam Research 9400SE TCP reactor DLS 10 mTorr. Cl,: HBr (0:100-100:0)+ 5% Ar;v=0 — v =2, 1.79 um.
for Si etching 430 W [HCI] = 10" —10'4; sensitivity 2 x 10! [218]
Hydrocarbon flame in atmosphere FTIR 3.6 um. Conditions of flame suppression using CF3Br [HCI] = 6 x 10'3[192]
Hydrocarbon flame in atmosphere DFWM PS | CH4:05: Ar (x:y:2); 1 atm; 2000 K; sensitivity ~ 10'4;
2D resolution [HCI] ~ (1.5—70) x 10 [219]
HF Hydrocarbon flame in atmosphere FTIR 2.3 um. Conditions of flame suppression using CF3Br — [HF] = 7.5 x 10'*
and C;F7H — [HF] = 3.6 x 10'*[192]
HBr Hydrocarbon flame in atmosphere FTIR 4.1 pm. Conditions of flame suppression using CF3Br — [HBr] = 7.5 x 10'4
[192]
CN DC in a 20-mm diameter tube, L-L CO:N;y:He:0,2-8 Torr, light source is identical discharge;
current 10—40 mA, gas flow 0.2 m s~! quenching of CO lasing levels CO; [CN] ~ 3 x 10°— 6 x 10" [220]
MWD, 2.45 GHz, 1.5-3 kW, DLS 0.3—1.5mbar Np: Ar:Hy: CHg; 19002130 cm™';
121 x 21 x 15 cm? [CN] ~ (1-3) x 10! [221]
APPJ from arc 1.6 kW, 12 A, 140 V LIF 0.7—25 Torr, Ar: Ha: CHy4 (1:0.9:0.005); excitation CN(B —X)
380390 nm, [CN] ~ (1—6) x 1012 [222, 223]
CH Low-pressure plasmotron jet 5.5—6.5 kW CRDS 50 Torr Ar: H>: CHg4 (1.4:1.8:0.06); spatial resolution; 431 nm,
CH(X1, v =0)3 x 1012—1.5 x 1013 [224]
Low-pressure arc jet CRDS 0.3 mbar, Ar: CoH, (100: (0.5—14)); X2I1 (v = 0)— A%A (v = 0); 430 nm;
22-74 A [CH] ~ 5 x 10° =8 x 10'° [225]
Low-pressure arc jet 1.6 kW, 140 V LIF 0.7-25 Torr, Ar: H>: CHy4 (1:0.9:0.005); excitation CH(A — X)
380 -390 nm, fluorescence CH 425438 nm;
[CH(X?IT)] ~ (1—6) x 10'2 [222, 223]
MWD, 2.45 GHz, 1.8 kW, 1200 cm?, RECARS 664 Pa Ar: CH4 (68 :15); CH(A?>A—X?T1); rotational T, and vibrational 7,
afterglow temperatures; calibration by LIF [CH(X?IT)] ~ 1010 —10' [111]
C, Plasmotron jet 5.5—6.5 kW LIF 0.7-25 Torr, Ar: H>: CHy4 (1:0.9:0.005); excitation 380 —390 nm,
fluorescence 425438 nm; [Cy] ~ (0.1—4) x 10'2 [222, 223]
Plasmotron jet 5.5-6.5 kW CRDS 50 Torr Ar:H>: CHy4 (1.4:1.8:0.06); spatial resolution;
515 nm Cy(a’TT) ~ 3 x 1011 —2.2 x 10'3 [224]
0, HFD 13.56 MHz, 160 cm?, 80 W DLS 10— 1000 Pa, CH4: 0 (2:1); 13,098.8 cm™' MPC 2.8 m;
[05] ~ (0.2—2.5) x 10'6 [225]
DC 20 mm, 10—40 mA, afterglow WB AOS 0.2—4 Torr, O+ 5%Ar, source of light is SOLEIL synchrotron,
170 nm, [Oy] ~ 5 x 103 =5 x 10'3 [226]
CO HFD 13.56 MHz, 160 cm?, 80 W DLS 10—1000 Pa, CH4: O3 (2: 1); 2060 cm™' MPC 2.8 m;
[CO] ~ (0.1-2) x 10'6 [227]
ICP, 1 kW DLS SiCOH etching; 7 mTorr CH4(12) : (Ar, O2, C4Fg, Ha, N», CO)(2-8);
[CO] ~ (2—7) x 1012 [228]
HFD 13.56 MHz, 1500 cm?, 15 W DLS, FTIR |13 Pa Ar, He+ C,H», CHy, 2169 cm™!, [CO] ~ (3—20) x 102 [229]
PD, 1kHz,2-10 kW, 1 m* DLS Na: Hz 4+ x CH4(CO»), x < 10%; 2119.68 cm™!; [CO] ~ 103 —2 x 10"3;
using line 2119.68 cm~! sensitivity is ~ 10'% [230]; under close conditions
[231] sensitivity is ~ 2 x 10'! for line 2150.34 cm ™!
CF HFD-ICP 13.56 MHz, afterglow, LIF 2 x 1073 Torr C4Fg; distribution of particles in flow:
0.3-1.5kW, 1 kG, 20-ms pulses, 5 Hz [CF] ~ (1-15) x 1012 [232]
ECRP, 2.45 GHz, 10—-800 W DLS 0.4 Pa; gases: C4Fs— [CF] ~ (4—10) x 10'"; C.Fs— [CF] ~ (1—4) x 10'!;
CF4— [CF] ~ (1—4) x 10'?; CHF3 — [CF] ~ (1—4) x 10'! surface
etching [23]
SiH PD 13.56 MHz, 0.6 W cm ™2 WB OAS 5 Pa, gases SiH4 (5-100%) : Ar (95— 5%); [SiH] ~ (1—5) x 10" surface
etching [23]
S, Flame DFWM 1 atm; C3Hg : air: SO»; 14001700 K; S, (3%, — %;) 308 —310 nm;
2D resolution; [Sy] ~ (5—18) x 10'4; calibration by absorption
in neutral gas [125]
SiX LAM 9400 reactor for etching, WB AOS HBr/Cl,/O,/CF4, 5 mTorr; light source is Xe lamp; HBr/Cl,/O5,
ICP 13.56 MHz, 300 W +90 W (bias), HBr/Cl,/O,/CF4, 5 mTorr; 220340 nm, X = Cl, 280 nm,
D 200 mm [SiCl] ~ (1—15) x 10'%; X =0, 220238 nm, [SiO] ~ (0.5—2) x 10';
X =F, 290 nm, [SiF] ~ (0.1—-2) x 10' [176, 233]
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
NH CVD with heated element ~ 2500 K CRDS 20 Torr Hy + 1%CH4+ xN, + yNH3; (A’ TI—-X'%) 336 nm; profile near
heater T ~ (2100-700) K; [NH] ~ (102 —10'3) [208]
Polyatomic molecules
BCl; PD 50 mHz, 800 K, 3 kW DLS 1.6 Torr Na: Hy: Ar: BCl; (10:65:20:2); 963.46 cm™';
optical path 15 cm; [BCl3] ~ (0.2—3.5) x 10 [234]
B>H¢ HFD 13.56 MHz, 60300 W, ~ 500 cm? DLS H;+ CH4(0—5%) + BaHe(0—0.3%), 60— 300 mbar; 2599.78 cm~!;
MPC 9.6 m; [ByHg] ~ (2—12) x 10" [160]
H,0 DC, tube D 20 mm, 2— 10 mA OES, DLS H>0: He: Xe (148:99: 1), [H,0] ~ (1-2.5) x 10'%, 0.5 mbar [235, 236]
HFD 13.56 MHz, 5 x 10* cm?, DLS 1-10 Pa Ar: N, : (AI(OC3H7)3)x ,(x = 1-7); MPC 15.8 m; 1375.086 cm™};
40-100 W [H20] ~ (0.1—4) x 10"3 [237]
PD, 1kHz,2-10 kW, 1 m? DLS Naz:Hy 4+ xCOs, x < 10%; 3837.87 cm™'; [H,0] ~ 10" [230]
HNO; HFD 13.56 MHz, 5 x 10* cm?®,40-100 W | DLS 1-10 Pa Ar: N, : (AI(OC3H7)3)., (x = 1-7); MPC 15.8 m; 1332.891 cm™!;
[HNO;] ~ (1-5) x 10'3 [237]
HDO DC, tube D 20 mm, 2 mA DLS He:Dy:H>0 (x:y:z), ~ 1 Torr, 7179.79—7180.61 cm™!,
[HDO] ~ (3.5-5.5) x 10'3; sensitivity ~ 10'? [235, 236]
DC, tube D 20 mm, 4 mA DLS 0.5 mbar He(8.5 x 10%)+ H,0(2.1 x 104)+D,(1.8—5.3) x 10'5;
[HDOJ] ~ (3.5-5.5) x 10"3 [139, 140]
Cs Jet from DC arc 1.6 kW, 12 A, 140 V LIF 100 Pa, Ar:H,:CHy4 (1:0.9:0.005); excitation C3(A —X) 380—390 nm,
fluorescence 425438 nm; [C3] ~ (0.5—12) x 102 [222, 223]
CF, DBD (5.4-31.6) cm?, FTIR, 1 atm Ar/9%(CF4, CoFg, CoHFy, C3Fg, c-C4Fg); FTIR 1114 cm™!;
4-96-ms pulses; 3—-18 kV WB OAS UVBA 250-270 nm, source is Xe lamp; [CF,] ~ (0.14—8.12) x 10'* [238]
CCP 81 MHz WB OAS 150 mTorr, Ar/CF4/CF3; 50 mTorr; 250 nm, CFo('B; —'A)),
source is D> lamp; [CF,] ~ 102104 [158]
ICP 13.56 MHz, 1000 W DLS 1.33 Pa CF4; QQL 1106.2 cm™'; density dynamics in the process of etching;
SiCOH, [CF,] ~ 102 —10' [239]
Flow from ICP 13.56 MHz, 0.3—1.5 kW, LIF 2 x 1073 Torr C4Fyg; distribution of particles over flow:
1 kG, 20-ms pulses, 5 Hz [CF,] ~ (1—12) x 10'2[232]
ECRP, 2.45 GHz, 10-800 W DLS 0.4 Pa; gases: C4Fs — [CF,] ~ (4—9) x 10'!;
CoF6— [CF3] ~ (6—10) x 101; CF4 — [CF3] ~ (1—10) x 101;
CHF; — [CF;] ~ (8—11) x 10' 23]
CF>0O Hydrocarbon flame in atmosphere FTIR When suppressing the flame by CF3Br, [CF,0] = 2.7 x 10'* are formed, by
C3F7H — [CF,0] = 1.8 x 10'*[192]
CF3, CF4, | ECRP, 2.45 GHz, 10-800 W DLS 0.4 Pa; gases: C4Fs, CF4, CHF3; [CF3) ~ (1—6) x 10'%;
CHF; [CF4) ~ (1=7) x 10'3; [CHF3] ~ (4—20) x 102 [23]
CO, HFD 13.56 MHz, 160 cm?, 80 W DLS 101000 Pa, CH4: O; 2043 cm~! MPC 2.8 m;
[CO,] ~ (0.2-2.5) x 10'6 [227]
PD, 1 kHz,2—10 kW, 1 m3 DLS Na: Ha + xCH4(CO2), x < 10%; 606.277 cm™!; [CO,] ~ (0.1—1.2) x 1013
[230]
DC discharge, tube d = 60 cm, DLS 1 Torr N2: CO2(1:(1072—5 x 107%)); 2324.976 cm™';
D 2cm, 230 W [CO2] ~ 1.5 x 10 =3 x 10'®; sensitivity 2 x 10'2 [240]
13CO, MWD, 2.4 GHz, 7J cm™! DLS 100 Torr (13CO,/12CO, = 0.011, 13C0O, (2283.48 cm ™!, X'Z
(v3 = 0—v;3 = 1)); path length 9 cm; [3CO,] ~ 3 x 1015 [241]
HVD 1-5W L-L 10.6 pm, 11.2 um; 3 Torr, N2+ 5%CO»; optogalvanic effect;
[3CO,] ~ 10" [69]
CHs;, Planar reactor, DLS, N, + Ar + H; + hydrocarbons, total pressure 0.3—1.5 mbar;
CHa, discharge 121 x 21 x 15 cm?, WB OAS quantum cascade lasers at 16 um; MPCs with the optical path length
C,H», 2.45GHz, 1.5-3 kW 2.4—36 m; in the UV region light source is MHCD 0.216 pm;
C,Ha, concentration of particles in range 10'! — 10,
C>Hg, Data are used to determine energy cost of particle decay in plasma
CH-O0, 10'%—10'6 molecules J~! [221, 242 - 244]
CH-0,,
CH;0H,
CaNa,
NH3,
HCN
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™

CH; HFD 13.56 MHz, 160 cm?, 80 W DLS 10— 1000 Pa, CHy4: O2; 606 cm™! MPC 2.8 m; [CH;3] ~ (1-8) x 10" [227]
SWD 2.45 GHz, 0—50 W cm ™3, DLS H,-CH40.1-4 Torr, 606.12 cm™!, [CH;] ~ (6—20) x 101 [245]
tube D 6 mm
Flame REMPI 1 atm; CHg/air; (2 + 1)-photon scheme; 2D resolution; calibration by Ar

(Radar) using the (4 + 1)-photon scheme; coherent scattering 10 GHz.
[CH3) ~ (0.5—5) x 10'° [246]
Flame DFWM 1 atm CHy/air; 216 nm; 3D resolution; [CH3] ~ (2—28) x 10'4 [247]

C,H, Flame DFWM, 1 atm; CoHy/air; 1660— 1750 K; soot; 2D resolution;

PS calibration — gas; [CoHa] ~ (1.5—40) x 10'5 [130]
CH-O PD-DBD 9 kV, 24 kHz WB AOS 620 Torr, air + H>O (+ H»05); closed gas flow cycle; femtosecond laser
as a light source; MPC 18 m; [CH,0] ~ 1.5 x 1013 [67]

HCN PD, 1kHz,2-10 kW, 1 m* DLS N;:Hj + xCH4(CO»), x < 10%; 3339.88 cm~!; [HCN] ~ 10'#[230]

CCD 13.56 MHz, 40— 100 W DLS Ly = 15/8 m; Ar, Ar: N> + Al(OC3H7),; 1382.5 cm™!;
[HCN] ~ (1—-4) x 103 [237]

CH;0OH ICP 40 MHz, 30200 W; TS Ar:CH3OH (6:1), 0.5—-6 Torr, MPC, path 37 cm; rotational spectrum
D 20-mm tube 100600 GHz. [CH;0H] ~ (1—3) x 106 [248]

CH;OH, | D 17-cm tube; (a) supported by electron FTIR Plasma air cleaning of pollution at a level of 100 ppm.

CCla, beam 125 keV, (b) pulsed corona discharge, Measured concentrations ~ 1013 —2 x 10 [249]

CHzClz, (C) DBD

C,HCl;

O3 APPJ — steady-state and pulsed (bunches) [ WB AOS, Gas mixtures at atmospheric pressure Ar: O,: N> H>O, He: (O2, NO, Xe,
plasma jets, from CW and pulsed discharges | DLS, L—-L | CF,). O3 concentrations varied (10'>—10'¢) depending on plasma source,
at atmospheric pressure — DC, DBD, plasma-forming gas, and distance in the transportation medium. H», D», Xe
streamers, coronas, MHC-based micro- lamps [44, 250, 251], Hg— Ar lamps [252], and KrF excimer lasers [160, 253]
discharges, capillary.... Transport of active are used in absorption measurements in the region of O3 electronic band
particles from plasma to object and result maximum at 250 nm. DL including QCL lasers [254], diffraction [255] and
of impact are studied FTIR spectrometers [256] are used in the IR range of vibrational transitions

at 10 um

O,F APP]J from discharge 0.2 x 5 x 10 cm’; WB AOS latmin He: CF4: 05 (20:04:0.2) discharge; D> lamp light source; 215 nm;
20 Wem™3 major radical [0,F] ~ 3.5 x 10'*—1.3 x 10" [250]

NO, APJ]J from capillary FTIR 1 atm Ar: O, :N;:HO in various proportions; MPC 19.2 m, 100 Torr;

15501650 cm™'; [NO,] ~ (1—8) x 10'%; kinetics [256]
DBD 50 Hz, 56—70 kV, 60 x 50 x 2 cm? WB AOS 1 atm air 5-70% humidity; 250—-257 nm;
afterglow 15-120s; [NO,] ~ (2—20) x 10'¢ [255]
DBD 9 kV, 24 kHz WB AOS, 620 Torr, air + H,O + H>05; gas flow in closed cycle;
COMB femtosecond laser as light source; MPC 18 m;
[N20] ~ 2.5 x 1013 -5 x 10 [67]

NO,, DBD 56—70 kV, 50 Hz, 60 x 50 x 2 cm? WB AOS 1 atm air 5-70% humidity; D, lamp 250—257 nm;

NO;3, afterglow 15—120s; [NO,] ~ (2—20) x 10'%; [NO3] ~ (4—8) x 10'®,

N2Oq, [N204] ~ (1.6—16) x 10'6, [N;0s] ~ (1—16) x 10'¢ [255]

NzOs

N>O PD, tube, 5ms, 1.237J DLS 1.33 mbar air: NO, (1:0.08); QCL set, 2207 cm™';

[N,0] ~ (0.2—3) x 10" [257]
DBD 9kV, 24 kHz WB AOS, 620 Torr, air + H>O + H,05; gas flow in closed cycle;
COMB femtosecond laser as light source; MPC 18 m;
[NO,] ~ 2.5 x 1013 -9 x 10 [67]
NH; DBD, 50 x 50 x 2mm?, 0.11 W cm 2 FTIR 1 atm Ar: NH;3(200 ppm) : SiH4(60 ppm); 930 cm™!, 965 cm~!;
optical path 50 mm; [NH3] ~ (3—5) x 10'3;
sensitivity ~ 103 [258]
MWD 2.45 GHz, 1.5-3 kW, DLS 1.5 mbar; Ar: H>: CHy; Ar: Hy: CHy: CH3OH; MPC 2.4 m; 948.232 cm™!;
121 x 21 x 15 cm? [NH;] ~ 4 x 1012 -2 x 10" [221, 242]
HFD 13.56 MHz, 3— 13 W FTIR 0.3—1 mbar, N>+ (0—5%)Ha; [NH3] ~ (0.5—3) x 10'3 [259]
SiH, DC tube /=80 cm, D 3.6 cm, 20-40 W CRDS, 1 Torr SiHg and SiHg: Ar (1 :20); [SiH,] ~ (7—13) x 10° [260, 261]

ICOS, ICLS
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
SiH,, HFD 13.56 MHz, planar 0.6 W cm—2 ICLS, CRDS | 5 Pa, SiHa(5- 100%) : Ar(95—5%); [SiH,] ~ (2—9) x 10°,
SiH; [SiHs] ~ (2—8) x 10! [23]
SiH; ECRP, 2.45 GHz, 10-1000 W CRDS 0.01-25mTorr SiH4: H> (1:1); [SiH3] ~ (1-2) x 1019 [23]
APPJ jet from arc 45 A DC | atm CRDS Jet 0—20 mbar Ar:H,: SiHy (55:10: x); X?A, 7A2A’1; 215 nm;
at x = (1-23) [SiH3] ~ (3—13) x 102 [262]
SiH,4 DBD, 50 x 50 x 2mm?, 0.11 W cm™2 FTIR 1 atm Ar: NH3(200 ppm) : SiH4(60 ppm); 2186 cm™~!; optical path 50 mm;
[SiHy4] ~ (1—-3) x 10'3; sensitivity ~ 5 x 10'3 [258]
SiCl,, ICP, 13.56 MHz, 300(600) W +90 W (bias), | WB AOS HBr/Cl,/O,/CFy; Si etching on Al,O3 substrate 5—20 mTorr,
SiF,, D 200 mm Xe lamp (200—400) nm; [...] ~ 10'°—6 x 10'2 [176, 233]
x=1,2
SiCIF
SiF4 ICP, 1 kW, CW DLS 7 mTorr CH4(12) : (Ar, Oz, C4Fg, Ha, N, CO)(2—8); SiCOH etching;
[SiF4] ~ (1-3) x 10'3 [228]
DF CCP (2 MHz+ 60 MHz), 2 kW DLS 0.333 mbar Ar: NF; (9: 1); SiO; etching; QCL 1030 cm™!;
[SiH4] ~ (1-8) x 10'3 [263]
SFe DC, tube,d=10cm, D 1cm, 1.5-5W DLS 1-20 mbar CO,— Ar(He); CO: pollutions; SFe is detected using
absorption by metastable S atoms at 921.539 nm; in the range of
[CO,]/[Ar] = (0—3) x 1073 sensitivity [SFs]/[CO2] = (1—15) x 1076 [177]
H,0, APPJ from capillary KinPen ID 1.5 mm, FTIR 1 atm Ar+(0-0.017)%H,0; MPC 19.2 m; 1250— 1330 cm™!;
1 MHz, 2-6 kV [H,0,] ~ (0—12) x 10'3 [215]
DBD 9kV, 24 kHz WB AOS, 620 Torr, air + H>O + H»O»; femtosecond laser as light source;
COMB MPC 18 m; [H,05] ~ 2.5 x 1013 ~10'6 [67]
HO» APPJ from HFD 1 MHz, | W CRDS, 1 atm Ar+H,0(4—-10%), 6638.2 cm™!, [HOy| ~ (1-7) x 1013;
OF-1COS afterglow at 5.33 kPa [HO,] ~ 1.4 x 10';
sensitivity ~ 1010 [264]
APP]J from capillary KinPen D 1.6 mm, CRDS 1 atm Ar +H>0(0.1%); 6638.2 cm™!; [HO,] ~ (0.5—5) x 10'%;
1 MHz sensitivity (6.5—1.5) x 10'° [265]
APPJ from AC discharge at 21.5 kHz FR-CRDS 1 atm Ar:He (20: 1), H,O traces; in the measurement region, pressure
into atmosphere is 30 Torr, induction B = 694 G; 6638.2 cm~! [HO,] ~ 9.3 x 10'7;
sensitivities [HO,] ~ 6.7 x 107 [98]
Molecules in excited electronic states
CN(BZZ) DC tube D 20 mm, 10—40 mA ABS 2—8Torr CO:N>:He:0,(1:2.5:10:x), x = 0-0.06;
cooling 300 K, 77 K; effect of radicals on CO laser operation;
[CN(B%Z)] ~ 4 x 10°—3 x 107 [220]
C,(a’M) | Plasmotron 6.5 kW CRDS 50 Torr Ar:H,: CHy4 (1.4:1.8:0.006);
[Ca(a’TT, v =0)] ~ 6 x 1012—1.5 x 1013 [224]
Jet from arc 1.6 kW, 12 A LIF 100 Pa, Ar:H>:CHy4 (1:0.9:0.005); excitation C»(d—a),
fluorescence 437439 nm; [Cy(a*T1, v = 0)] ~ (1—-6) x 10'° [222]
N,(C3II) | PD in tubes with diameters 1 -5 cm; ABS 0.1 Torr 1 atm air, N,, 27 nitrogen, air system; at P = 4 Torr
Pin—plane PD in ionization wave in range 5-20 ns, concentration is
[N2(C3IT)] ~ (0.02—1) x 10! [266]
N,(C3M1, | Planar PD ABS 50 Torr Np; 17 and 2* systems; population dynamics for 0—350 ps;
v=0-4), afterglow for 350—1000 ps; [N (C3TI)] ~ 10°—108,
Na(BII, [N2(B*TI)] ~ 107 =4 x 10%; [N2(A3Z)] ~ (1-25) x 10" [267]
v=1-4),
Na(A3Z,
v=0-2)
Ny(A3Z, |[HFD 433 MHz, 300 W, ICLS 1" system N, 888 nm, Ti:Sa laser, effective absorption length 1.73 m
v=0) afterglow in tube D 3.8 cm [N2(A3Z)] ~ 10?5 x 10'; sensitivity 10° cm~3 [219, 268, 269]
PD 10ns, 10 kHz, 5-8 kV CRDS 1 atm of heated air or N, 1000 K; N>(A,v=0-B,v =2)
17 system; [N2(A’Z, v = 0)] = 10— 10" [270]
N2(A3E, |PD CO: laser, 8 us ICLS CO;:N»: He; 240 Torr; 575—-610 nm; in 1.6 ps after beginning of pulse
v=2-8) [No(ASS, v =2-8)] ~ (2—0.2) x 101 [24]
Planar PD 100 ns, 0.2—0.3 mJ, CRDS, DLS |22-132 Torr Na, 752—768 nm; afterglow 0.1 -2 ms;
10 kHz [N2(A3Z, v =0-2)] ~ 10" =7 x 10" [271]
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Table 2 (continued)
Particle Object* Method** Comment, concentrations [X], cm ™
Ny(A3Z, |[ICP, 100-300 W 1COS N> 10—-100 mTorr, 760 nm, 784 nm, 662 nm, Ly = 530—900 m,
v=0,1,3, [NQ(A3Z,V =0,1,3,6)] ~ (5—-130) x 10° [272]
6)
0:('A,) HFD 13.56 MHz, 100 W, ICLS 1.9 Torr O, afterglow; 1Ag(O)beZ;(O), 1.908 —1.911 pm;
tube d = 400 mm, D 16 mm [02(TAg)] ~ (2-5) x 101 [24]
MWD 2.37 GHz, 100 W, ICLS 1.9 Torr Oy, afterglow; lAg(O)beZg*(O), 1.908 -1.911 um;
tube d = 400 mm, D 16 mm [02('Ag)] ~ 1.5 x 105 [273]
MCSD with planar anode ABS, 1 atm He + O»(0— 15 mbar) + NO(0—0.2 mbar); emission 1.27 pm; absorp-
WB AOS, tion 125—130 nm, H lamp light source;
TALIF [02(TAp)] ~ (1-15) x 1015 [44, 274]
APPJ from HFD 13.56 MHz, ABS 1 atm He: Ox(< 2%); emission 1.27 pm; [O2(1A,)] ~ (1-3) x 104 [275]
series 1 -20 kHz, 50—400 mW
HFD 13.56 MHz, 270 W, tube d = 0.8 m, | DLS, ICOS |20 Torr O»:He (1:10); Lesr = 972 m, b'X—a'A, 1910 nm,
D 25 mm, afterglow [02("Ag)] ~ 3 x 103 sensitivity 2.5 x 10'3 [276]
APPJ from sources, 0.05—-1 W: ABS, 1 atm He + (0—2)%0O»; emission 1.27 pm, absorption (124—130) nm,
(1) RFD 13.56 MHz, (2) DBD ~ 10* Hz WB AOS H; lamp light source; RFD — [0y (' A)]; ~ 6.2 x 107,
DBD — [0,('Ay)] ~ 3 x 101 [277]
Molecular ions
N;(BZZ) PD (1) in tubes D 1-5 cm; ABS 0.1 Torr—1 atm N, air; 1~ system of N»; spatiotemporal resolution; in N> at
(2) pin—plane P = 4 Torr in ionization wave 5—20 ns [N, (B?Z)] ~ (0.2—2) x 10'° [266]
N;(Xzz) APPJ from DBD in air, 5 kHz, LIF 1 atm He; excitation 391.4 nm, fluorescence 427.8 nm;
tubes D 2—4 mm radial dependences; Penning ionization;
NS/ (X2E)] ~ 2 x 10103 x 10" [183]
PD-HCD d =84 cm, D 2cm; 100—-300 ps, | CRDS 1.1 Torr He: N> (1:0.1); cooling 77 K; Legr = 4.5—21 km;
30 Hz, 400-600 V, 1.7-2.5 A transition XzingZHu (6-0), 19,790 cm™!; [N,F (X2Z)] ~ 10'!;
sensitivity estimate [N, (X2Z)] ~ 10° [278]
Pin-to-pin DC, / = 0.85 cm, CRDS 1 atm N; B2X—X2Z, 391 nm; radial dependences;
52-187 mA [N, (X2Z)] ~ 10" 3.5 x 102 [279]
N; (XZZ) ICP, 400 W 1COS N> 10 mTorr, X2zg+ — AT, (2-0) 785 nm, L.y = 660 m,
INS7(X2Z),v = 0] ~ 2.7 x 10° [272]
ArH* DCtube/=2m,d= 2.1 cm, 60 kW DLS 1-10 Torr; Ar: Hs (30 mTorr); 2525.475 cm™", 2525.414 cm™!;
[ArH*] ~ 10" =5 x 10'2 [280]
H;r DCtube/=2m,d=2.1 cm, 60 kW DLS 0.55—1.15 mTorr Ha, wall cooling 77 K;
radial dependences; 2529.724 cm™'; [H3] ~ 7 x 10'! [280]
NO;y AC discharge if air flow between needle FTIR Air 1 atm, 304 nm, [NO; ] ~ 2 x 10" —1.5 x 10'7;
array and water surface. / = 3.5 mm, 8.8 kV, liquid surface activation by plasma (PWA) [281]
7.6 kHz, 105 W, afterglow
* Objects of study, plasma and light sources.
DC —direct current; PD—pulse discharge; CVD —chemical vapor deposition; MWD —microwave discharge; HFD —high frequency discharge;
HCD — hollow cathode discharge; MHCD —micro hollow cathode discharge; ICP—inductively coupled plasma; ECRP—electron cyclotron
resonance plasma; CCD — charge coupled device; SWD — surface wave discharge, DBD — dielectric barrier discharge; APPJ— atmospheric pressure
plasma jet; TS — terahertz spectroscopy; DF CCP—double frequency capacitively coupled plasma.
** Measurements (methods).
ACT — actinometry; AOS — absorption optical spectroscopy; WB AOS (wideband absorption optical spectroscopy)— absorption in continuum,;
L—L— line absorption; LIF —laser-induced fluorescence; TALIF —two-photon absorption laser induced fluorescence; XRIF — X-ray induced
fluorescence; ABS — absolute intensities; LIPS — laser-induced polarization spectroscopy; OES — optical emission spectroscopy; DLS (diode laser
spectroscopy) — spectroscopy using traditional DLs and quantum cascade lasers (QCLs); COMB—spectrum of a short laser pulse; REMPI—
resonance-enhanced multiphoton ionization; Radar — resonance multiphoton ionization (with microwave scattering); (D)FWM(PS)— (degenerate)
four-wave mixing (polarization) spectroscopy; (RE)CARS — (resonance) coherent anti-Stokes scattering; ICLS —intracavity laser spectroscopy;
ICOS —integrated cavity output spectroscopy; OF ICOS— optical feedback integrated cavity output spectroscopy; FR (Faraday rotation)—
spectroscopy of polarization rotation in a magnetic field.

available, technology to the field of plasma research is in full
accordance with the general trends in spectroscopy, in which
prism optics was gradually replaced by diffraction optics, and
then by broadband Fourier interferometry and crossed
systems. In essence, the technique of combs using lasers with
ultrashort pulses is a promising line of development in

Fourier spectroscopy on a new basis, which takes on the
tasks of analyzing multicomponent plasma.

It is important to ascertain that the emergence of new
experimental methods, the expansion of databases on
elementary processes, and the development of plasma
simulation methods contributed to the fact that the classical
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methods of quantitative spectroscopy have also reached a
qualitatively new level. New light sources for absorption
spectroscopy based on discharges with miniature hollow
cathodes and LEDs are being developed and applied, and
VUV and X-ray plasma spectroscopy using synchrotron
radiation is entering the practice. Hundreds of atoms, two-
and polyatomic particles in ground and excited states, and
their ions have become available for monitoring. Experience
shows that by now the contributions of laser and classical
methods to plasma spectroscopy are quite comparable, and
these groups of methods are mutually complementary.

The author is grateful to A V Bernatsky, I V Kochetov,
and V V Lagunov for their collaboration and participation in
preparing this review. The work was carried out with the aid
of the Russian Science Foundation, project no. 19-12-00310.
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