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In the present paper we analyze the behavior of H line intensity ratios

with electron density and electron temperature in intermediate-density

plasmas. We analyze the influence on the line intensity ratios of (1) the

departures from local thermodynamic equilibrium (LTE) of the level

population ratios, (2) the plasma opacity, and (3) the lowering of the

ionization potential. We look, particularly, at the lines Ha, Hb, Hc, and Hd

and the energy levels involved in the corresponding atomic transitions for

their use as diagnostics in laser-induced breakdown spectroscopy (LIBS)

experiments. One important conclusion is that, for typical values of the

plasma dimension and the electron temperature taking place in LIBS, i.e.,

L¼ 1 mm and Te¼ 10 000 K, respectively, the intensity ratios Hb/Ha, Hc/

Ha, and Hd/Ha depart from the ideal values by less than 10% in the

interval 0.65 3 1014 part/cm3 � NHI � 3.6 3 1017 part/cm3, which means 1

3 1014 part/cm3 � Ne � 1 3 1016 part/cm3 for a gas of pure hydrogen. For

higher densities, the departures from ideal conditions increase very

quickly due to opacity effects.

Index Headings: Laser-induced breakdown spectroscopy; LIBS; Hydro-

gen; Plasma spectroscopy; Plasma diagnostics.

INTRODUCTION

Hydrogen lines in the visible range are useful for plasma
diagnostics, particularly for laser-induced breakdown spectros-
copy (LIBS) experiments. Their intensity ratios provide
information about the electron temperature Te, the line widths
are proportional to the electron density Ne, and the entire
profile gives information about the plasma processes. In
general, studying the spectroscopic properties of a plasma
(both astrophysics and laboratory plasmas), involves at least
the following questions: (1) the population distributions
(departures from local thermodynamic equilibrium (LTE)
conditions), (2) the radiation transport and the opacity effect
(plasma thickness), (3) the lowering of the ionization potential,
(4) the plasma homogeneity (or inhomogeneity), and (5) the
variations in time. In the present work, the main problem to be
addressed can be stated in the following terms: given the
electron temperature and density, how much does the quotient
between the intensities of two lines depart from the simple
formula given for both LTE and a thin source? In the particular
ideal case, the intensity ratio for two emission lines p! o and
v ! u is given by

RI
ideal ¼

Ipo

Ivu
¼ Ipeak

po Cpo

Ipeak
vu Cvu

¼ gpfpox3
po

gvfvux3
vu

expðbvpÞ
Cpo

Cvu
ð1Þ

where g is the level of multiplicity, f is the emission oscillator
strength, x is the emission frequency, C is the line width, and

the exponent bvp is defined as: bvp ¼ (Ev � Ep)/kT. A general
answer for homogeneous plasmas was given in Refs. 1 and 2,
and the following expression was found for the peak intensity
ratio:

RI ¼
Ipeak
po

Ipeak
vu

¼ x3
po

x3
vu

PðCT; xÞGða; bÞ ð2Þ

where P(CT, x) is a function of the absorption coefficients jop

and juv, and G(a, b) is a function of the level populations. The
explicit expressions for P(CT, x) and G(a, b) functions can be
found in the above cited references1,2 and a very brief summary
is given below in the following section.

A quasi-stationary approach for hydrogen is given in the
pioneering works of Bates et al.3,4 New experimental and
numerical works about hydrogen lines were recently pub-
lished.5,6

Since the solution of this problem in all generality presents
physical and mathematical difficulties, it is necessary to make
some simplifications in order to obtain simple criteria that
could be of practical interest to those working in LIBS
diagnostics. The assumptions used in our work to simplify it
refer to:

(1) Homogeneity of the source. Whereas this condition looks
somewhat restrictive, we take into account that when LIBS
techniques are used for the study of traces and pollutants, they
look at the plasma regions where the spectral lines show no
dips. The quantification using lines with dips is practically
impossible. Actually, the plasma is viewed with an adequate
optical system, spatially filtered, and the information is not
collected from the entire volume.7

(2) Steady state. Concerning this point, we must point out
that we refer to plasmas observed with a box-car system, 1–1.5
ls after the plasma ignition and in a temporal gate of 30–50 ns.
In this short interval time all the parameters characterizing the
plasma are almost constant.

(3) Atomic processes. We have considered electron–ion
and photon–ion interactions. We have neglected heavy
particle interactions because we are interested in intermedi-
ate-density plasmas, for which the rates of this kind of process
are much lower than electron–ion ones. Also, we could prove
that, at the lower electron densities considered in this work,
for which the heavy particle interactions would have some
importance, the numerical results depend on the particular
expressions used to calculate the electron collisions. There-
fore, because of the uncertainty about the results at the lower
densities and because we are interested mainly in their general
trends with physical parameters rather than exact values, we
prefer, in this instance, not to introduce more complexity to
the problem.
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(4) Plasma composition. It is frequent to consider an
astrophysical plasma made of pure hydrogen and it is justified
depending on the particular spectral feature in which we are
interested. In this case, the number of free electrons and the
number of neutral H atoms absorbing a given frequency are
closely bound, depending on the temperature of the medium. In
LIBS experiments, we do not deal with a plasma of pure
hydrogen. In real experiments the H is a trace, and the free
electrons come, also, from elements, other than hydrogen. In
this case, the electron density does not necessarily reflect the H
atom concentration. We have built a theoretical model for a gas
of pure hydrogen and we have illustrated the behavior of level
population and intensity line ratios as functions of electron
density, which is the usual physical variable, in the paper. In
the last section we show what it means in terms of H atom
concentration and medium opacity.

With respect to the election of a hydrogen plasma for
discussing LIBS problems, we can cite the work of Colona et
al.,8 in which it is stated that once the gaseous plasma is
formed, its general behavior does not strongly depend on the
chosen system.

Therefore, we deal with a homogeneous gas of pure
hydrogen by adopting for the atomic model a number of
bound levels permitted by the lowering of the ionization
potential and a continuum. We consider a collisional radiative
steady-state (CRSS) model9 and we set the statistical
equilibrium equations taking into account all the electron–ion
and photon–ion processes that actually contribute to the
population and depopulation of the atomic energy levels. We
obtain the general behavior and trends of the level population
and line intensity ratios with varying parameters such as
electron temperature (Te) and electron density (Ne), which are
the standard parameters by which to characterize a laboratory
plasma under general (non-LTE) conditions. We analyze,
separately, the effects on the level population and line intensity
ratios of the medium opacity and the lowering of the ionization
potential.

In particular, we pay attention to the lines Ha, Hb, Hc, and
Hd, which are useful for plasma diagnostics, and to the
populations of the H energy levels with n ¼ 2–6 from which
they arise.

Thus, posing the problem in a very general context, our
results permit the establishment of the physical conditions
under which an ideal (equilibrium and thinness) state could be
assumed within a given percent, compatible with experimental
uncertainties as involved in the measurements of line intensity
ratios.

Because we are interested mainly in LIBS applications, we
work with temperature and density values within generally
accepted limits for these experiments. Consequently, we make
the plasma parameters vary in the intervals 1 3 104 K � Te � 2
3 104 K, and 1 3 1014 part/cm3 , Ne , 1 3 1019 part/cm3.

A BRIEF SUMMARY OF THEORETICAL
EXPRESSIONS

In our model (see Refs. 1 and 2) the departure of the
population ratios from LTE values is described by a parameter
anl. Because other authors (particularly in astrophysics) use, for
the same purposes, a parameter called bnl, which is the inverse
of our anl, in this paper we adhere to this latter custom. For a
two level system n and l, assuming En . El:

Nn

Nl
¼ bnl

Nn

Nl

� ��
¼ bnl

gn

gl

� �
e�bnl

where the factor bnl summarizes the deviation from thermody-
namic limit due, in principle, to radiative processes, inclusively
in a transparent medium. For a multilevel system the general
expression can be found in Ref. 2, although, through numerical
calculations, bnl can be found directly from bnl ¼ (Nn/Nl)/(Nn/
Nl). The superscript ‘‘*’’ identifies quantities in LTE.
Furthermore, opacity and lowering effects modify the physical
significance of bnl as just the influence of the radiative
processes.

To study the influence of optical thickness on the line
intensity ratios, we consider four arbitrary levels, jpi, joi, jvi,
and jui, and two lines, p ! o and v ! u, with intensities
denoted by Ipo and Ivu, respectively. We always assume that Ep

. Eo and Ev . Eu, but there are no restrictions between the
states p and v nor between o and u. For a fixed plasma length,
L, the integrated intensity is given in SI units by the area under
the curve:10

IpoðxÞ ¼ h

8p4c2

x3
po 1� exp½�jopðxÞL�f g

gpNo

goNp
� 1

� � ð3Þ

where No, Np, go, and gp are the populations and the statistical
weights of the o and p levels, respectively, xpo is the
frequency of the line, and jop is the absorption coefficient,
defined by:

jopðxÞ ¼
pe2

2eomc
fopNo 1� goNp

gpNo

� �
}ðxÞ ð4Þ

where }(x) is the line shape and fop is the absorption oscillator
strength; in the peak of the profile }(x) ; 1/C. Writing similar
equations for Ivu(x) and juv, and calling x [ jopL, y [ juvL,
and defining CT [ y/x ¼ juv/jop, the ratio of peak intensities
results in:

RI ¼
Ipeak
po

Ipeak
vu

¼ xpo

xvu

� �3
1� expð�xÞ

1� expð�CTxÞ

� �
expðbvuÞ=bvu � 1

expðbpoÞ=bpo � 1

" #

ð5Þ

Introducing two auxiliary functions, P(CT, x) and G(b,
b) (the first and second square parenthesis), Eq. 5 can be
rewritten as

RI; ¼
Ipeak
po

Ipeak
vu

 !
general

¼ xpo

xvu

� �3

PðCT; xÞGðb; bÞ ð6Þ

Clearly, the departure of the ideal case (in both LTE and
thinness) can be quantified by the quotient

Qðpo; vuÞ ¼
ðIpeak

po =Ipeak
vu Þgeneral

ðIpeak
po =Ipeak

vu Þideal

¼ PðCT; xÞGðb; bÞ
ðgpfpoCvu=gv fvuCpoÞexpðbvpÞ

ð7Þ

Values of Q near unity indicate conditions close to the ideal
ones, whereas departure from one or both of these ideal
conditions are evidenced by Q values differing from unity.
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THE ATOMIC MODEL

The Statistical Equilibrium Equations. Population distri-
butions are studied using the collisional radiative steady state
(CRSS) model.9 This model is valid whenever the plasma
characteristic time tpl is larger than the time scale of atomic
processes (ta), i.e., tpl � ta ¼ 1/nehvri; this condition is valid
for laser-generated plasmas in the nanosecond regime. The
number of excited atoms in each atomic level can be
determined by balancing the processes populating and
depopulating each level. In a partially ionized plasma, the
dominating mechanisms to be taken into account are
spontaneous emission, induced radiative excitation and de-
excitation, electron-impact excitation and de-excitation, radia-
tive recombination, three-body recombination, and electron-
impact ionization. Processes involving heavy particles are not
considered here.

Thus, we can write for atoms excited to the nth level:X
m.n

NmAmn þ
X
m 6¼n

NmBmnJmn þ
X
m 6¼n

NmNeCmn

þ Nþ
nn

Nþ

� ��
RR

cn þ NþN2
e R3b

cn

¼
X
m , n

NnAnm þ
X
m6¼n

NnBnmJnm þ
X
m6¼n

NnNeCnm þ NnNeICol
nc

ð8Þ

where the terms are defined as follows:

Ne: electron number per volume unit in cm�3

Nþ: ion number per volume unit in cm�3

Nn and Nm: number of excited atoms in the nth and mth
level, respectively, in cm�3

Amn: spontaneous emission probability for the m!
n transition in s�1

Bnm and Bmn: induced radiative probability for the n ! m
and m ! n transitions, respectively, in cm2

erg�1 s�1

Cnm and Cmn: rate coefficients in cm3 s�1 for the electron-
impact excitation and de-excitation as indi-
cated by the sub-index

RR
cn: rate coefficients for radiative recombination in

s�1

R3b
cn : rate coefficients for three-body recombination

in cm6 s�1

ICol
nc : rate coefficients for the electron-impact ioni-

zation in cm3 s�1

Jmn: mean intensity of the radiation field for the m
! n transition frequency in erg cm�2

As before, the superscript ‘‘*’’ in (Nn/Nþ)* denotes LTE
values.

We have, in total, nmax equations like Eq. 8 for every bound
level allowed by the lowering of the ionization potential, which
is analyzed in the Lowering the Ionization Potential subsection
below.

Furthermore, the following constraint equation, valid for

steady-state systems, must be added to the above equations:

ðN1Icol
1c þ N2Icol

2c þ � � �ÞNe

¼ ðR3b
c1 þR3b

c2 þ � � �ÞN2
e þ

N1

Nþ

� ��
RR

c1þ
N2

Nþ

� ��
RR

c2þ � � �
" #

Nþ

ð9Þ

which states the equilibrium between ionizations and recom-
binations.

Rate Coefficients. The rate coefficients are taken from the
literature as we explain below.

The spontaneous transition probability from an upper state m
to a lower state n, Amn, is calculated using the formalism of
atomic theory.11 The induced emission probability and the
resonant photo-absorption coefficients, Bnm and Bmn, are
connected to the Einstein A coefficient by means of well-
known expressions.

For the calculation of the electron impact excitation rate
coefficient we start from the general scaled expression:12

Cnm ¼ K
DE

Ry

� �1=2

b3=2e�b

Z ‘

0

rðuÞ
pa2

0

ðuþ 1Þd�budu ð10Þ

where K¼ 2.18 3 108 cm3 s�1, b¼ DE/kT, u¼ (E� DE)/DE,
and a0 is the Bohr radius. By proposing different expressions
for r(u), we can attain different rates. We have tested different
expressions from the literature, taking into account that for the
experimental parameters found in LIBS experiments (relatively
high Ne values and Te ; 1 eV) the results are not strongly
dependent on such formulas. This is not the case for lesser
densities, but this situation is not our concern in the present
work. In short, we have used the expressions proposed by
Vriens and Smeets.13 The rate coefficients for the inverse
process, the electron-impact de-excitation, are obtained by
applying the detailed balance principle.

The number of spontaneous radiative recombinations to the
n level is calculated by using the following expression:14

RR
cn ¼ 4p

Z ‘

m0

aðmÞ
hm

2hm3

c2
exp � hm

kT

� �
dm ð11Þ

where a(m)¼ 2.81 3 1029 g(m)Z4/n5m3 for hydrogenic ions.14,15

The electron-impact ionization rate coefficient is calculated
by means of the Lotz’s formula:16

ICol
nc ¼ 3 3 10�6T�3=2

1

y
E1ðyÞ ð12Þ

where y ¼ I/kT and E1(y) is the exponential integral. This
expression is still widely used because it is very simple and
very good results have been obtained with it.15 The relation
between this process and the inverse process, three-body
recombination, is defined by the detailed balance principle.

The radiation field, J, at the second term of the left and right
sides of Eq. 8, is written as Jm¼Bm(Te)(1� e�sm ), where Bm(Te)
is the Planck function evaluated at the line frequency m and the
electron temperature Te, and sm is the line opacity. In this paper
sm is taken as the optical thickness at the peak of a Lorentzian
profile. Therefore, sm ¼ jmNmL/Dm can be written, where jm is
the absorption coefficient per atom at the m state, Nm is the
lower state population, L is the path length, and Dm is the
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intrinsic half-width of the line profile. Because Nm is unknown
at the beginning, we start the calculations by assuming a
Boltzmann distribution. The Nm values obtained by solving the
system of Eq. 8 together with Eq. 9 are introduced in a next
iterative step until convergence is attained.

The Lowering of the Ionization Potential. Coulomb
interactions give rise to the lowering of the ionization limit,
DI, relative to the theoretical value for an isolated atom.
Diverse criteria have been proposed over the years and several
monographs deal with this subject.15 They use two typical
plasma lengths: the Debye radius qD[m] ¼ (e0kT/e2Ne)

1/2 ’
50fT[K]/N[m�3]g1/2m and the cell radius R0 of the ion-sphere
model, defined by the condition (4p/3)R3

0Ni ¼ 1. Griem15

suggests combining the different criteria into

DI

Ry
¼ z min

2a0

qD

;
3a0

2R0

� �
ð13Þ

where Z is the charge of the resulting ion (Z ¼ 1 in our case)
and a0 is the Bohr radius. Although it is obvious from their
definitions that qD depends on both Ne and Te, R0 depends only
on the ion density.

Because it is not the purpose of this work to select one or the
other criterion, only comparisons using the combined criterion

given by Eq. 13 will be shown. Under the physical conditions
in which we are interested, the lowering of the ionization limit
of the H atom, DE‘, varies in such form that we must use DE‘/
Ry ¼ 2a0/qD.

Therefore, according to the previous paragraph, a maximal
principal quantum number, nmax, for bound states must be
considered, nmax being the largest n below the modified
ionization limit.

The comparison between the population ratios with and
without these corrections will be shown below.

RESULTS

In order to obtain the present results, a homogeneous layer of
pure hydrogen consisting of neutral atoms, protons, and free
electrons, and characterized by Te and Ne, is considered in
every case. In order to solve the system of Eq. 8 for Nn, n¼ 1,
2, . . . , nmax together with Eq. 9, we build an nmax 3 nmax

matrix where the level populations N1, N2, N3 . . . , are the
unknown quantities. The matrix is solved by a standard
elimination method.

Because the level populations are needed to evaluate the
opacity, sm, and then the exponential e�sm in the expression of J,
an iterative method is applied, as we have explained in the

FIG. 1. (a) Coefficients bnl for levels giving the lines Ha, . . . , Hd for a transparent media. bnl is shown as a function of the decimal logarithm of Ne for different Te

values. Solid line: Te¼ 10 000 K, dotted line: Te¼ 15 000 K, dashed line: Te¼ 20 000 K. (b) The same as panel (a) for a medium with plasma dimensions L¼1 mm.
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former section, and the matrix is solved as many times as
needed to reach convergence.

The energy level populations of the H atom are obtained for
the range of values of the physical parameters in which we are
interested, namely, 1 3 104K � Te � 2 3 104K, and 1014 part/
cm3 , Ne , 1 3 1019 part/cm3. Then, the line intensity ratios
are obtained by means of the theoretical expressions already
summarized.

To see the influence on the population and intensity ratios of
the medium opacity and of the lowering of the ionization
potential, we consider, first, each of these effects separately.
Obviously, this ideal case is not an achievable one; indeed, as
the density increases, both opacity and lowering effects become
noticeable together.

The main results reached from our calculations are shown in
Figs. 1–6 and are analyzed in the following sections.

Population Ratios. In Fig. 1a the ratios (N3/N2)/(N3/N2)*,
. . . , (N6/N2)/(N6/N2)* (that is, the coefficients bnl defined
above) are displayed as functions of Ne for different Te values
for a transparent medium. Figure 1a is not very interesting in
itself, because, while the equilibrium is strictly achieved for
high Ne values, departures from LTE for the lowest Ne values
remain less than 15%, i.e., on the order of other experimental
uncertainties. Also, we could prove that, at the lower Ne values,
the numerical results depend on the particular expressions
taken to represent the collisions, even though they show similar
behavior with Te and Ne. However, the population ratios are

shown in order to see the effects of the opacity and the
lowering of the ionization potential on them.

Opacity effects on population ratios are shown in Fig. 1b,
where the same ratios as in Fig. 1a are displayed for an opaque
medium with L¼ 1 mm. We see that the opacity effect on the
population ratios is to reduce them with respect to the
transparent case. For Ne ¼ 1 3 1015 part/cm3 and Te ¼ 20 000
K, for example, N3/N2 departs from the equilibrium value by
nearly 20% for a typical geometrical dimension used in LIBS
experiments, whereas it departs less than 5% for a transparent
medium. Photo-excitations from the ground level, which are
absent in a transparent medium, overpopulate the n ¼ 2 level
and, consequently, the ratios Nn/N2 are reduced. For Ne . 1 3

1016 part/cm3, these effects are no longer observed. For this
relatively high density value, the collisional processes
determine the level populations.

The lowering effects on the population ratios are shown in
Fig. 2. The ratios displayed in this figure are calculated
assuming a transparent medium and taking into account the
lowering of the ionization potential. A noticeable rise in the
population ratios is observed for Ne values for which the
equilibrium would be attained if no lowering was considered,
with a fast decrease later on. A given bound level n, is, little by
little, overpopulated as Ne increases and more and more higher
bound levels become continuum energy levels. The higher the
level n is, the more over-populated it is. Then, population ratios
such as Nn/Nl with n . l increase. This remains the case until

FIG. 2. The same as Fig. 1a, taking into account the lowering of the ionization potential.
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the level n, itself, does not exist any more as a bound level.
Then, a fast decrease of the function bnl occurs.

Line Intensity Ratios. The intensity of a spectral line
depends, on one hand, on the intrinsic characteristics of the
atomic transition (line frequency, oscillator strength, and
statistical weights of the involved levels) and, on the other
hand, on the physical conditions of the medium (Ne, Te, and L),
which determine the atomic level populations and the medium
opacity. In this section we analyze the general behavior of the
line intensity ratios with the physical conditions of the medium
with respect to the same ratios under ideal conditions; ideal
conditions, in this context, refers to LTE conditions and a
transparent medium.

In Figs. 3a and 3b we draw the intensity ratios (Hb/Ha)/(Hb/
Ha)id, (Hc/Ha)/(Hc/Ha)id, and (Hd/Ha)/(Hd/Ha)id (the Q values
defined in the Theoretical Expressions section above) as
functions of Ne for different Te values, without and with
lowering, respectively, for a transparent medium. As we expect
from the theoretical expressions for two lines sharing the lower
energy level, the line intensity ratio with respect to the ideal
ratio equalizes the population ratio of the upper levels of the

lines with respect to the LTE ratio. Therefore, (Hb/Ha)/(Hb/

Ha)id ¼ (N4/N3)/(N4/N3)*, (Hc/Ha)/(Hc/Ha)id ¼ (N5/N3)/(N5/

N3)*, and (Hd/Ha)/(Hd/Ha)id ¼ (N6/N3)/(N6/N3)* for a trans-

parent medium.

In Figs. 4a and 4b we see the same ratios shown in Fig. 3 for

an opaque medium with L¼1 mm. A logarithmic scale must be

used in this case. The influence of the opacity on the line

intensity ratios for Ne . 1 3 1016 part/cm3 is impressive, both

considering or not considering the lowering of the ionization

potential. Actually, very small departures from ideal condi-

tions, undetectable in the scale of Fig. 4 (less than 10%), also

occur for Ne , 1 3 1015 part/cm3. To understand this, let us

analyze the Q dependence on the medium opacity. The Q factor

depends on the opacity in two ways. On one hand, Q depends

explicitly on the opacity in an exponential form (P(CT, x)

function in Eq. 7). It originates the huge departures from the

ideal case at high density values. On the other hand, Q depends

implicitly on the opacity through the population ratios (G(a, b)

function in Eq. 7). It originates small departures from the ideal

case at low density values. We must take into account that at

FIG. 3. (a) Q values for ratios (Hb/Ha)/(Hb/Ha)id, (Hc/Ha)/(Hc/Ha)id, and (Hd/Ha)/(Hd/Ha)id for a transparent media. Q is shown as a function of the decimal
logarithm of Ne, for different Te values, without taking into account the lowering of the ionization potential. Solid line: Te¼ 10 000 K, dotted line: Te¼ 15 000 K,
dashed line: Te ¼ 20 000 K. (b) The same as panel (a), taking into account the lowering of the ionization potential.
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these low density values, population ratios depart from LTE
values even for transparent media (see Figs. 1a and 1b).

In Fig. 5, returning to a linear scale, we see the above-cited
ratios at a fixed T ¼ 104 K for different plasma dimensions.

Regarding the lowering of the ionization potential, the Q
dependence on it is only through the population ratios. Its
effect on the ratios (Hb/Ha)/(Hb/Ha)id, (Hc/Ha)/(Hc/Ha)id, and
(Hd/Ha)/(Hd/Ha)id, which is obviously observed at high density
values, is to reduce them with respect to the values they would
have if no lowering was considered. This fast decrease of Q(op,
vu) observed at high density values when the lowering of the
ionization limit is taken into account (Figs. 3b, 4b, and 5)
reflect the fact that the levels involved in the transitions, are,
little by little, merging into the continuum as Ne increases and
leave off being bound levels.

DISCUSSION AND CONCLUSION

The objective of our work is to establish the influence of all
three effects, (1) the departures from LTE of the energy level
populations, (2) the opacity of the medium, and (3) the
lowering of the ionization potential, on the intensity ratios of H
spectral lines and to compare them with the ratios obtained

under LTE and thin source conditions for their use in the
diagnostics of laser generated plasmas.

Even though the more direct experimental measurements are
intensity ratios, the departures from LTE conditions of the
energy level populations concern us in the measure that they
affect the intensity lines. For that reason, the behavior of the bnl

coefficients and their departures from unity are displayed in
Figs. 1 and 2 and are analyzed in the previous section. We
conclude that the opacity of the medium and the lowering of
the ionization potential affect the ratios bnl¼ Nn/Nl with n . l
in two different Ne ranges and in opposite directions: the
opacity decreases the ratios, with respect to their values for a
transparent medium, at the lower density values, while the
lowering of the ionization potential increases the ratios, with
respect to the ideal case without taking it into account, only at
the higher density values.

Specifically regarding intensity ratios, our more important
results are summarized in Figs. 3, 4, and 5, which are analyzed
in the previous section, We infer that if the media can be
considered nearly transparent (Fig. 3 and L¼ 0.01 mm in Fig.
5), Q values are nearly unity for all Ne values for which the
energy levels involved in the transitions remain as bound
levels, according to the corresponding lowering of the

FIG. 4. (a, b) The same as Figs. 3a and 3b, respectively, for an opaque medium (L¼ 1 mm). Notice that, unlike Fig. 3, a logarithmic scale is used in both axes.
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ionization potential. If L � 0.01 mm, for a typical Te value of
104 K, Q is never departs from unity by more than 5% provided
Ne . 1 3 1014 part/cm3 (Fig. 3).

For an opaque medium, all Q values increase with respect to
the ideal case, and huge departures from the ideal conditions
are observed at high densities (Fig. 4 and Fig. 5). These
deviations from ideal conditions observed at high density for an
opaque medium by no means reflect deviations from LTE
conditions, which are strictly met for high densities and high
opacities. They are a direct consequence of the opacity.

It is worthwhile to clear up the definition of an opaque
medium in terms of atom and electron numbers. The atomic
level populations, on one hand, depend on both the total
number of atoms and the number of free electrons, whether
they are related or not. On the other hand, the optical thickness
of the medium, with a very important physical meaning in the
context of this paper, depends on the density of absorbing
atoms and the plasma dimensions. In order to illustrate how the
different parameters are related to each other and to the
departures from ideal conditions, Q(42, 32) is shown in Fig. 6
as a function of the electron density, Ne, the neutral atoms
density, N(HI), and the optical thickness at the frequency of the
Ha line, s(Ha), for two different temperature values and two
different path length values.

For typical values for the plasma dimension and the electron

temperature for plasmas in air, L ¼ 1 mm and Te ¼ 10 000 K,

respectively, the intensity ratios Hb/Ha, Hc/Ha, and Hd/Ha

depart from the ideal values by less than 10% in the interval

0.65 3 1014 part/cm3 , N(HI) , 3.6 3 1017 part/cm3, which

means 1 3 1014 part/cm3 , Ne , 1 3 1016 part/cm3 for a gas of

pure hydrogen and 0.0045 , s(Ha) , 0.23 (Fig. 6a)). For

higher densities, the departures from ideal conditions increase

due to opacity effects, slowly at the beginning, and very fast

afterwards. For higher values of Te, as those reached when

discharges are produced in partial vacuum, the intervals of

atom number and electron number for which the intensity ratios

depart from ideal values by less than 10% change (Fig. 6b)).

Nevertheless, the condition s(Ha) , 0.23 remains valid. In the

same way, the intensity ratios depart by approximately 50%

from the ideal values when s(Ha) ¼ 1, regardless of what the

other parameters are. Huge departures from ideal conditions are

observed for s(Ha) . 1.

It is clear that this work can be generalized in several

aspects, which we have mentioned in the Introduction as

simplifications. Particularly, we are planning to improve our

results by considering that in LIBS experiments the majority of

the electrons come from the bulk material and the atmosphere,

being Ne different from the proton density. Also, the temporal

evolution due to the plasma expansion will be considered.

FIG. 5. Q values for ratios (Hb/Ha)/(Hb/Ha)id, (Hc/Ha)/(Hc/Ha)id, and (Hd/Ha)/(Hd/Ha)id at a fixed T ¼ 10 000 K using L as the variable parameter.
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