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A B S T R A C T   

Laser-induced breakdown spectroscopy (LIBS) is an in situ method of determining hydrogen (H) content in 
plasma-facing materials in tokamak fusion reactors. Observing radiation from the plasma plume produced by a 
powerful laser pulse during the target exposition characterizes the sample composition. This is typically 
accomplished using the Saha-Boltzmann (SB) plot technique under local thermodynamic equilibrium (LTE) 
conditions. Despite many experimental studies dedicated to applying LIBS to determine H isotope retention in 
fusion reactor materials, the current understanding of this method’s intrinsic accuracy remains inadequate. In 
this report, we use numerical calculations to estimate the relative error of determining H content in a sample 
using LIBS. As an example. we consider LIBS to study a W sample loaded with H in a vacuum. Under typical LIBS 
pulse parameters (109 W/cm2 and 12 ns duration), the error can be quite large, approximately 70%. We 
demonstrate that the error tends to decrease as the laser pulse intensity increases. Various factors contributing to 
the relative error are examined and their dependence on the LIBS plasma parameters is discussed. The SB plot 
remains a straight line even when LTE conditions are violated, making it difficult to anticipate the experimental 
results’ error.   

1. Introduction 

The development of various in situ measurement methods of 
hydrogen isotope accumulation in first wall materials and divertor tar
gets is important for controlling hydrogen isotope retention in compo
nents of future fusion tokamaks including the ITER Project [1,2]. Laser- 
induced breakdown spectroscopy (LIBS) can be used for this task [3–6]. 
In LIBS, a spot on a surface of interest is irradiated by a powerful laser 
pulse. In tokamaks, LIBS is often conducted without the main plasma in 
ultrahigh vacuum conditions, although LIBS can also be used under at
mospheric pressures. The composition of the ablated plasma material is 
then determined spectroscopically, providing information about the 
sample [7]. 

The LIBS plasma density is typically high (>1017 cm− 3) and it is 
supposed that local thermodynamic equilibrium (LTE) in the plume is 
valid [8,9]. Due to strong line broadening, plasma is optically trans
parent in the lines of interest. A Saha-Boltzmann (SB) plot can be used to 
determine the plasma temperature and total number of radiating par
ticles [10–12]. If hydrogen (H) lines are observed, it is straightforward in 
principle to determine the plasma plume’s H content. The SB plot also 

assesses the plume’s total number of radiating particles (H atoms), 
which is necessary for H retention characterization. 

Dedicated experiments showed that this method is suitable for 
analyzing relevant fusion samples [6,13–15]. Several studies compared 
LIBS to other H retention characterization methods. For example, 
deuterium depth profiles in W-Al and Be-W compounds were obtained 
using LIBS measurements in [16–18] and compared to secondary ion 
mass spectroscopy (SIMS) results. Similar measurements were reported 
in [19,20] for lithiated W samples. In general, good qualitative and 
sometimes quantitative agreement between SIMS and LIBS was 
demonstrated, despite typically large scatter of W line intensities in SB 
plots [16–18] that were likely associated with the radiation absorption. 
Paris et al. [21] also used LIBS and SIMS to measure the depth profiles of 
various elements in ASDEX Upgrade tokamak tiles, but their LIBS and 
SIMS D profiles in some cases differed by orders of magnitude. Nuclear 
reaction analysis (NRA), thermal desorption spectroscopy (TDS), and 
LIBS methods were employed in [22] to analyze D retention in W 
samples. Predictably, NRA and TDS showed practically the same D 
retention, while the LIBS results were off by almost 100 times. 
Comparing D retention obtained by TDS and LIBS in WBe co-deposits 
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[23] showed practically the same D concentration, although the SB plot 
contained only one D line and the plume temperature was determined 
from the W and Be line intensities. 

Thus, there is no reliable overall understanding of LIBS accuracy for 
determining H content. However, this factor is very important for ITER, 
in which “order of magnitude” estimates of H isotope content in plasma- 
facing components are not enough and accuracy on the order of 20% in 
measurements is required [24,25]. Therefore, it is necessary to better 
understand the intrinsic accuracy of spectroscopical measurements 
applying LIBS for fusion, in particular the Saha-Boltzmann (SB) plot 
technique. 

In this study, we assess the contribution of various factors to this 
method’s precision. We numerically calculated a plasma plume’s dy
namics during and after laser pulse impact. Then we tried to “restore” 
the plume’s H content at different times using the SB method and 
compared the results with nominal values determined by the calcula
tions. We used tungsten (W) as the sample material since the ITER 
divertor’s targets were made from it. Only LIBS under vacuum condi
tions was considered. 

2. Model setup 

2.1. Plume expansion hydrodynamics 

Plume formation dynamics and expansion in a vacuum were simu
lated using the one-fluid hydrodynamics code 3DLINE [26]. The code 
was previously used to model laser interactions with solids [27–29] and 
demonstrated a good agreement with experiments. Laser absorption in 
the plasma and sample (in our case W) is described using a hybrid model 
that combines the geometrical-optics ray-tracing method with the one- 
dimensional (1D) solution of the Helmholtz wave equation in regions 
where the geometrical optics are inapplicable [30]. Inverse Brems
strahlung absorption is supposed to be the main mechanism of laser 
energy deposition in plasma. Collisional-radiative equations are used to 
determine the W distribution over ionized and excited states [31]. Solid- 
to-plasma transitions are described by an equation of state obtained via 
the FEOS method [32,33] without accounting for metastable states at 
liquid–gas phase transitions. This approximation adequately estimates 
the target’s integral ablated mass [34]. 

Because the 3DLINE model includes only one fluid, it is impossible to 
simulate W and H dynamics separately. Instead, we assume that W and H 
move simultaneously, and the total H density (that is, the sum of the H 
and H+ densities) is a fixed fraction of the total W (both neutral and ion) 
density corresponding to a typical value of retained H in W of 1%, n[H] =

0.01 n[W] [35,36]. Simultaneous movement of the H and W fluids is 
justified by an estimation of the drag force between W+ and H+ ions 
which indicates that there should be no significant separation between 
them. Indeed, at T ~ 1 eV and n[W+] ~ 1017 cm− 3, the momentum 

transfer time scaleτWH =
3(2π)3/2T3/2 ̅̅̅̅̅mH

√

n[W+] e4 lnΛ ~ 3⋅10-12 s. This time is much 
shorter than the characteristic plume expansion time estimated via the 
simulations, which is on the order of 30 ns. Therefore, W-H ion sepa
ration can indeed be neglected. The simulations show that the H and W 
are rapidly ionized during the laser pulse, and the degree of W ionization 
is constantly high. However, the H is slowly neutralized and, in princi
ple, the drag force between neutral H atoms and charged W fluids is 
lower. Nevertheless, at the beginning, since the H ions gain the same 
momentum as the W ions due to strong friction between them, the H 
atoms will keep up with the W atoms due to inertia. 

2.2. Radiation transport model 

After the plume density and temperature are calculated, the radia
tion transport problem is solved using the modified RADTRANSP code 
developed for radiation transport calculations in quasi-1D geometry. 
RADTRANSP was recently benchmarked with a widely used Monte Carlo 

code EIRENE [37]. A detailed description of the code’s equations is 
provided in [38]. The code was modified for this study: recombination 
and ionization processes necessary to describe LTE transitions were 
added. The density of hydrogen atoms nj [cm− 3] in excited state j is 
given by the following equation: 

dnj

dt
≡ − nj

(
∑

k<j
Ajk + ne

∑

k∕=j

Cjk +
∑

k∕=j

Bjk Ĩjk + Sjne

)

+ Rjn2
enion

+
∑

k>j
nk

(

Akj + neCkj + BkjĨkj

)

+
∑

k<j
nk

(

neCkj + BkjĨkj

)

= 0

(1)  

where A and B are the Einstein coefficients, Sj is the electron impact 
ionization rate from level j, Rj is the three-body recombination rate, C is 
the electron impact excitation/deexcitation rate, and ̃Ijk is the radiance 
averaged over a solid angle corresponding to j-k transitions. Dielectronic 
and radiative recombination are not taken into account because in low-T 
and high-density plasmas, the three-body recombination dominates. 

Equation is combined with the spectral radiance equations I(ω,Ω). If 
the total density of radiating particles n = nion +

∑
jnj and electrons ne is 

given, the system of equations can be solved to find the radiation field I, 
the H ion (or proton) density nion ≡ n[H+], and the distribution of atoms 
over excited states nj[H]. Since the first W ionization potential (7 eV) is 
lower than that of H (13.6 eV), and the H density is much lower than that 
of W from the beginning, most of the electrons are provided by W 
ionization, ne >> nH

ion, so we can assume that ne is a given quantity and 
solve our equations to find H densities nj and nH

ion and the radiation 
intensities. 

The RADTRANSP code uses a quasi-1D geometry, meaning that all of 
the densities depend only on one coordinate × , while the radiance is a 
function of × and ray direction Ω. This approximation works for planar 
geometry when the radiation transport is considered in a non-uniform 
plasma slab. Because the plasma plume has an almost spherical shape, 
we restrict the radiation transport direction to a narrow cone around the 
line of sight, basically using a known backward-forward approach for 
radiation transport problems. 

In a non-uniform plasma line profile, the shape variation plays an 
important role as it may lead to preferential radiation transport in 
certain directions. We calculate the line profiles taking into account the 
Doppler and Stark effects [38]. In our case the very high-density Stark 
effect strongly dominates. The Einstein coefficients, collision rate C, and 
ionization rate S of H were taken from ADAS [39]. 

Complete thermodynamic equilibrium is established if the plasma is 
opaque in all radiation. Then the radiance I is given by the Planck black 
body formula, and the terms containing Einstein coefficients A and B in 
Equation are canceled out [40]. The sum of the remaining terms is zero if 
the population of excited states nj follows the Boltzmann distribution 
and Rjn2

e nion = Sjne. The last equivalence can be used to determine the 
three-body recombination rate Rj and is therefore always satisfied. 

Local thermodynamic equilibrium (LTE) conditions can be derived 
directly from Equation . If the plasma is transparent in a line j-k, the 
densities nj,k have equilibrium Boltzmann values if Ajk << Cjkne. Indeed, 
as the line is transparent, Ĩ can be neglected compared to the sponta
neous emission terms, and we again use the same equations as in the 
previous case of complete equilibrium. The criterion ne >> Ajk/Cjk 

therefore follows as demonstrated in [41,42]. 

2.3. Saha-Boltzmann plot 

If the line emission due to a j-k transition is fully transparent, its 
radiance is: 

Ijk =
Ejk

4πAjk

∫

nj ds dΩ (2)  

E.D. Marenkov et al.                                                                                                                                                                                                                           



Nuclear Materials and Energy 28 (2021) 101029

3

where ds denotes integration along a chosen ray and dΩ represents 
integration over all of the rays detected by the spectrometer. Ejk is the 
transition energy. The level abundances nj are given by the Boltzmann 
distribution: 

nj =
nagj

Z(Te)
exp
(

−
Ej

Te

)

(3)  

where Z is the partition function. Equation yields: 

L ≡
4πIjk

AjkEjkgj
=

∫
na

Z(Te)
exp
(

−
Ej

Te

)

ds dΩ (4)  

where na =
∑

nj is the total density of the emitting particles. If Te does 
not depend on s, Equation reduces to: 

lnL = −
Ej

Te
+ ln

Na

Z
(5) 

Therefore, the dependence of lnL on Ej is linear. Intensities Ijk are 
obtained experimentally, then Te and Na =

∫
nads dΩ can be found using 

Equation . This technique is usually called a Saha-Boltzmann plot and is 
used to interpret calibration-free LIBS experiments. If the spectrometer 
registers all of the radiation emitted from the plasma plume, Na is the 
total number of radiation particles in the plasma, for example, H atoms. 
At a sufficiently low Te, the H ionization degree is also low and Na equals 
the total number of H atoms in the ablated spot. 

This approach’s main limitations are as follows. First, it is valid only 
for fully transparent lines as the intensities of opaque lines do not satisfy 
Equation and the corresponding points should not be considered in the 
Saha-Boltzmann plot. Second, if the plume plasma is non-uniform, Te 
depends on s, and integrating Equation cannot be carried out separately 
for na, so the dependence of lnL on Ej will not be linear. Third, the H 
degree of ionization is low at a low Te, but the radiation intensity is also 
lower at a small Te, and thus it may be difficult to register the radiation 
at necessary times. We consider the effect of these factors on the LIBS 
results’ accuracy and estimate the SB method’s corresponding precision. 

The influence of plasma non-homogeneity on the SB plot can be 
better understood if one considers the model situation with na = n1exp 
( − βs) and T = 1/(C − αs), where α, β, and C are the profile’s parame
ters. The partition function for H Z = 1 and does not depend on Te. In this 
case, integration in Equation can be carried out along a line of sight 0 <

s < R to obtain: 

L =
Na

Z
exp
(
− EjC

) exp
( [

Ejα − β
]
R
)
− 1

[
Ejα − β

]
R

(6) 

If 
[
Ejα − β

]
R << 1, the fraction ≈ 1 does not depend on Ej, L pre

serves an exponential dependence on Ej, and SB plot remains a straight 
line. The last condition can be recast in a more general for
m:R Ej

Te

dlnTe
ds << 1+R dlnna

ds (7) 
suggesting that for the SB plot to remain a straight line, the electron 

temperature should be sufficiently slow and/or na must change suffi
ciently fast. 

3. Results and discussion 

3.1. Test RADTRANSP calculations 

We start by testing the radiation transport calculations in a uniform 
plasma slab. The following cases are considered: 1) a fully transparent 
50 μm thick plasma with an electron density ne = 1018, 1017, and 1016 

cm− 3 and 2) a semi-transparent 50 cm thick plasma with ne = 1018 cm− 3. 
The total H density (ions plus neutrals) is 1012 cm− 3 in all of the cases at 
an electron temperature Te = 1 eV. In the semi-transparent case, we need 
the half-meter thickness to ensure radiation trapping because of the low 
total H density. The radiation transport is considered along the slab’s 
thickness. 

The total amount of H atoms N (cm− 2) was “restored” in every case 
using the SB plot. A comparison of the restored and real values of N for 
the transparent plasma is shown in Table 1. The SB plot is a straight line 
in all of the transparent cases with the same slope corresponding to the 
electron temperature 1 eV. Only the intercept values differ at different ne 
values. 

In the highest density case, ne = 1018 cm− 3, a perfect LTE is estab
lished. The 1% relative error reflects the RADTRANSP calculations’ 
accuracy in this case. This error is mostly caused by numerical diffi
culties due to the photons in the Voigt profile wings. Decreasing ne vi
olates LTE conditions, which is reflected by an increased relative error. 
Notice that ne = 1016 cm− 3 is often considered the critical value when 
LTE is applicable for H plasma [41,42]. Our results agree with those 
considerations; however, the relative error caused by violating LTE is 
noticeably large (30%) at ne = 1017 cm− 3. 

As noted in Section 2.2, the ratio A/(neC) << 1 is the quantitative 
criterion for LTE in the transparent case. This ratio is also presented in 
Table 1. Its maximum value corresponds to a 6 to 1 transition and de
fines the error caused by neglecting Ajk terms. The values confirm that 
LTE is established in the 1018 cm− 3 case, but at 1016 cm− 3, this condition 
is violated. 

We now consider an opaque case with ne = 1018 cm− 3 and a 50 cm 
thick slab. As the electron density is very large, LTE is valid for trans
parent plasma. However, due to the large plasma slab thickness, the Ly-α 
line is opaque, with an optical thickness of 2.8, while the other lines 
remain transparent, with an optical thickness < 0.1. (We define the 
optical thickness in a standard way as τ =

∫
κds, where κ is the ab

sorption coefficient and the integral is taken along the ray direction.) It 
turns out that the Ly-α trapping is sufficient to violate LTE. The popu
lation levels become dependent on × ,and the line intensities do not fit 
on a straight line in the SB plot, which is shown in Fig. 1. In this figure, 
the “real” intensities are indicated by the black markers and the in
tensities calculated under LTE assumptions are denoted by the red 
markers connected by the straight line. The lowest levels are affected the 
most by the plasma opacity. The higher energy levels’ populations 
remain close to the Boltzmann distribution due to large collision rates of 
the j-k transitions at j and k ≫ 1. 

3.2. Laser pulse with 109 W/cm2 intensity 

We now discuss the SB plot technique’s precision for LIBS. First, we 
simulate laser interactions with the target and plasma plume dynamics 
using the 3DLINE code. The electron density ne, temperature Te, and 
total (ions plus neutrals) H density along a chosen line of sight are found 
using the calculation results. The reference amount of H is obtained by 
integrating the H density along the line. Then we use the RADTRANSP 
code to solve collisional radiative model (CRM) equations with the ra
diation absorption along the chosen line. The H atom abundances, H 
ionization degree, and H radiation intensities result from the RAD
TRANSP calculations. We plot the H intensities on the SB plot to 
determine the H content along the line of sight. Comparing the total 
amount of H obtained from the SB plot with the reference value, we find 
the SB plot technique’s relative error. 

We modeled interactions of laser radiation with a 1064 nm wave
length with a 10 μm thick W target. The laser beam was directed 
perpendicularly to the target surface. The pulse duration was 8 ns with a 

Table 1 
Relative errors of the SB method in a uniform plasma slab. N is the total number 
of H atoms in the slab.  

ne, 
cm− 3 

N from SB, 
cm− 2 

Exact N, 
cm− 2 

Maximum A/ 
(neC) 

Relative error, 
% 

1018 4.93 107  4.98⋅107 0.08 5 
1017 3.30 107  4.86⋅107 0.8 32 
1016 8.23 106  4.66 107 8 82  
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gradual 2 ns increase and decrease in the power as shown in Fig. 2. The 
pulse energy was 10 mJ, with a radial Gaussian power distribution, a 
peak intensity of 109 W/cm2, and a beam diameter of 0.5 mm. Thus, the 
laser spot size on the target was approximately 0.5 mm. These pulse 
parameters are typically proposed for LIBS for fusion [7]. 

Since only neutral H density can be determined using the SB plot, the 
degree of H ionization affects the accuracy of LIBS. Therefore, it is 
necessary to know the ratio of H+ to H in the cloud to choose an 
appropriate observation time. The temporal dependence of the total 
amount of H and H+ in the plasma plume derived from the 3DLINE code 
calculations is plotted in Fig. 3. As discussed in Section 2.1, the total H 
content (number of H ions plus neutrals in the plume) was calculated as 
1% of the W content. The fraction of H+ ions was determined using the 
Saha-Boltzmann equation assuming LTE. (The slow growth of the total H 
content after 50 ns was due to delayed H release from the surface. We 
did not take into account possible H surface readsorption, which could 
have reduced or completely eliminated the growth.) Neutral H content 
dominated after 50 ns. This timescale corresponded to the experimental 
observations that the H line emission dominated after approximately 
100 ns [22]. Before that, continuum radiation prevailed, indicating a 
large amount of H+ in the plume. 

We used 100, 150, and 200 ns to analyze the SB plot’s accuracy. The 
radiation transport was considered along the r = 20 μm chord as illus
trated in Fig. 4, in which a 2D map of the electron density ne is shown at 

t = 200 ns. This chord went through the densest plasma region. The 
electron temperature and density along the chord are shown in Fig. 5. As 
the plume cooled down, the density distribution and temperature pro
files flattened, but the temperature profiles flattening was much less 
pronounced. 

We now consider the results of RADTRANSP calculations. The H 
density profiles calculated by RADTRANSP using the full CRM equations 
with the radiation absorption are shown in Fig. 6. Recall that neither 
LTE nor radiation transparency were assumed in these calculations. The 
RADTRANSP input parameters were the electron density ne given by the 
W, the total (H plus H+) hydrogen density, and the temperature. The 
resulting neutral H density (dashed black curve) at 100 ns was notice
ably lower than the total H density (solid black curve) as the degree of 
ionization was large due to the high Te. At 200 ns, most of the H was 
neutralized. 

The actual amount of H along the chord was defined by integrating 
the H neutral density and then comparing the value restored from the SB 
plot calculated using RADTRANSP. The results are presented in Table 2. 
The accuracy decreased with the time, and the relative error reached 
70% at 200 ns. This tendency agreed with the calculations of the uni
form plasma slab presented in Section 3.1. ne decreased with the time 
and was closer to the LTE density threshold. The line transparency also 
decreased. The Ly-α optical thickness changed from 0.8 at 100 ns to 1.0 
at 200 ns. This was due to the decreased Stark profile width, which was 
proportional to ne. All the other lines remained fully transparent. 

Both factors tended to violate LTE conditions and decreased the ac
curacy. Interestingly, the non-uniform Te and na profiles did not 
contribute significantly to this error in agreement with Equation , which 
was satisfied mainly due to strong exponential decay of the density 
making the right-hand side very large. 

The SB plot at 200 ns is shown in Fig. 7. SB plot at 200 ns Fig. 7. The 
markers correspond to the calculated intensities, the black solid line is 
the linear fit, and the dashed line is the intensities calculated assuming 
LTE conditions. The slope of both lines is the same, corresponding to 0.8 
eV. The line shift was caused by a deviation from LTE. 

The first point at 10.3 eV corresponding to the Ly-α did not fit on the 
line because of radiation absorption. This point should be discarded 
when a linear fit is performed. Unfortunately, in some studies, this was 
not taken into account and the fit was obtained over all of the observed 
points. Deviations from the straight line were then erroneously inter
preted as experimental errors. We emphasize that this is the wrong way 
to do it. All of the points on the SB plot should not be fit using a single 
line without considering their opacity. It is also important that all of the 
points except the Ly-α fit on the straight line even though there is no 
LTE, meaning that it is impossible to understand whether or not LTE is 

Fig. 1. SB plot of a uniform plasma slab that is opaque at the Ly-α line. The 
black markers correspond to the intensities of the complete collisional radiative 
model with radiation transfer. The red markers demonstrate LTE. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 2. The laser pulse shape.  

Fig. 3. The total number of H and H+ particles in the plasma plume in a 109 W/ 
cm2 plasma pulse derived from the 3DLINE calculations. The degree of ioni
zation was calculated using the Saha-Boltzmann equation. 
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established by simply assessing the SB plot. 

3.3. Laser pulse with 1010 W/cm2 intensity 

We now consider a pulse with a higher intensity of 1010 W/cm2. The 
other parameters and overall consideration are the same as in the pre
vious section. 

The evolution of the H and H+ content in the cloud is shown in Fig. 8. 

Fig. 4. 2D distribution of the (a) electron temperature and (b) density at 200 ns in a 109 W/cm2 pulse calculated using 3DLINE. RADTRANSP calculations were 
performed along the red vertical line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. The electron temperature and density profiles of a 109 W/cm2 laser pulse along the chosen chord (3DLINE results).  

Fig. 6. The H and H+ densities along the chord in a 109 W/cm2 pulse. The 
densities were calculated using RADTRANSP with the full collisional radia
tive model. 

Table 2 
Relative errors of the SB plot of a 109 W/cm2 pulse at various times. “Exact N” is 
the integrated number of H atoms along the chosen chord. This number was 
compared to the number of H atoms along the chord restored from the SB plot. 
The relative error is shown in the last column.  

t, ns Exact N, cm− 2 N from SB, cm− 2 Relative error, % 

100  2.1⋅1014  1.7⋅1014 18 
150  1.0⋅1014  5.0⋅1013 51 
200  5.2⋅1013  1.6⋅1013 70  

Fig. 7. SB plot at 200 ns in a 109 W/cm2 pulse. LTE is shown by the dashed line.  
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We used the same times of 100, 150, and 200 ns for the analysis. The 
ratio of H/H+ was about the same at 200 ns as it was in the previous 
case. 

The electron temperature and density profiles are plotted in Fig. 9 
along the same chord at r = 20 μm. Compared to the previous case of 109 

W/cm2, ne tended to be higher, while Te preserved the same magnitude 
at t > 150 ns. The increase in ne was expected as the more powerful pulse 
ablating more W and Te was large enough to ionize it all. 

The LTE conditions were better satisfied at a higher ne, and the SB 
plot was more accurate in this case as shown Table 3. 

3.4. Pulse intensity of 108 W/cm2 

A lower pulse intensity of 108 W/cm2 was also considered. The 
amount of H and H+ in the plume is plotted in Fig. 10. In contrast to the 
previous two cases, the laser intensity was not sufficient to ionize all of 
the H atoms during the pulse. This may seem favorable for the SB plot 
technique as neutral H always dominates radiation. Unfortunately, the 
relative error in this case (Table 4) was the largest. The reason for this 
was too low ne in the most radiated regions as shown in Fig. 11. We used 
different times in this case compared to the previous times to show that 
the density dynamics fell below the LTE limit. The numerical solution in 
this case was less stable, especially near the target surface which 
accounted for the density spikes in Fig. 11. This happened due to the 
very slow surface ablation caused by the low laser pulse power. 

3.5. Discussion 

Two main factors define the accuracy of LIBS: the LTE conditions and 
H degree of ionization. Increasing the electron density leads to deeper 

LTE. It also decreases the degree of ionization α = n[H+]/(n[H+] + n[H] ). 
Indeed, we have from the Saha-Boltzmann equation α =

1/(1 + K(Te)ne ), where K = Zexp(Eion/Te)T3/2
e /KS and KS is the Saha- 

Boltzmann constant. Therefore, α increases with the temperature but 
decreases as the electron density increases. This is due to the dominating 
role of the three-body recombination, whose rate is proportional to n2

e , 
while the electron impact ionization rate ~ ne. Thus, when ne increases, 
the recombination grows faster and more H ions recombine. To deter
mine the H content in a sample, ne is defined by the ionization of the 
substrate material, in our case W. The electron temperature only weakly 
depends on the laser pulse power, remaining in a 0.5–1 eV range. ne 
increases with the laser power because the amount of ablated W in
creases. The increase in ne means that the LTE conditions are better 

Fig. 8. The total number of H and H+ particles (3DLINE calculations) in the 
plasma plume in a 1010 W/cm2 plasma pulse. The degree of ionization was 
calculated using the Saha-Boltzmann equation. 

Fig. 9. The electron temperature and density profiles of a 1010 W/cm2 laser pulse along the chosen chord calculated using the 3DLINE code.  

Table 3 
The same as in Table 2 but for a 1010 W/cm2 pulse.  

t, ns Exact N, cm− 2 N from SB, cm− 2 Relative error, % 

100 1,1 1015 1,4⋅1015 − 28 
150 8,6 1014 6,0⋅1014 30 
200 6,6⋅1014 4,7⋅1014 28  

Fig. 10. The total number of H and H+ particles in the plasma plume in a 108 

W/cm2 plasma pulse. 

Table 4 
The same as in Table 2 but for a 108 W/cm2 pulse.  

t, ns Exact N, cm− 2 N from SB, cm− 2 Relative error, % 

20  1.0⋅1014 1.9 1013 82 
60  7.8 1012 2.9 1013 52 
100  9.7⋅1012 3.25⋅1010 97  
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satisfied and the degree of ionization is smaller. Both factors have a 
positive impact on the SB plot technique’s accuracy. That is why the 
smallest relative error occurred in the “most powerful” 1010 W/cm2 

case. 
We stopped our calculations at 200 ns in all of the cases. At 1010 W/ 

cm2 and 109 W/cm2, the H degree of ionization was approximately the 
same, around 25%. At longer times, ne decreased and the relative error 
increased. In practice, the exposure time can be relatively high, longer 
than 500 ns [22], meaning that integrated intensity is observed, which 
obviously yields an even higher relative error. Hence, our error estimate 
was optimistic. 

In all of the cases considered, the plasma was optically thick for W 
radiation. Therefore, it was impossible to use the SB plot to obtain the W 
content in the plume or estimate the electron density. 

In our calculations, we only considered the radiation transport along 
a chosen line using the backward-forward approximation. In reality, a 
spectrometer collects emission from the entire plasma plume. However, 
the chosen chord r = 20 μm was in the densest and hottest plasma as 
shown in Fig. 4, where most of the light emission came from. As the 
emission along all possible directions registered by the spectrometer 
integrated, the relative error could not be smaller than that occurring 
along the considered chord. Therefore, our estimates gave a lower 
boundary for possible errors. 

Some studies suggested that the plasma plume was surrounded by a 
colder plasma mantle [43,44], at least for LIBS on air. Our simulations 
demonstrated that at least for LIBS in a vacuum, there is no universal 
Te(x) dependence. Indeed, Te(x) can have a maximum value at the early 
plume expansion stages (Figs. 9 and 11), increasing monotonously 
(Fig. 5) or becoming almost flat later (Fig. 11). In the early stages, the 
maximum value occurs due to laser absorption in a non-uniform plasma 
plume. Further dynamics of the temperature profile are defined by the 
complex interplay between two plasma cooling processes: radiation 
losses depending on the Te and plasma density, and expansion cooling 
proportional to the plasma velocity and density. 

Our calculations suggest that W and H distributions are coupled by 
the drag force between them. Although this assumption seems reason
able as discussed in Section 2.1, it is possible that their slight separation 
could influence the plume’s density and temperature distribution. 
However, we believe that it would not affect our main conclusions but 
could change the optimal pulse parameters, minimizing the relative 
errors. 

4. Conclusions 

We investigated the Saha-Boltzmann (SB) plot’s accuracy at deter
mining the H content in a W sample using LIBS. Laser pulses with a 12 ns 
duration with power densities of 108, 109, and 1010 W/cm2 were 
considered. The material ablation and plasma plume dynamics were 
simulated using the 3DLINE fluid dynamics code. The H radiation was 
calculated using a collisional-radiative model with the radiation 

absorption via the RADTRANSP code. Using the H line emission in
tensities, an SB plot was used to determine the neutral H content in the 
plume at several times. The calculated values were compared with a 
nominal amount of H obtained by integrating the known H density. The 
difference between these numbers demonstrated the relative errors of 
the SB plot technique. 

As a general tendency, we observed that the errors decreased as the 
laser pulse power increased. The higher the power, the greater the 
electron density with almost the same electron temperature. A higher ne 
provided better LTE conditions and a smaller degree of H ionization. The 
error in the most typical LIBS pulse parameter, 109 W/cm2, was esti
mated to be 70% at 200 ns after the pulse and increased over time as the 
electron density decreased. The 108 W/cm2 pulse doubled the over
estimation of the H content in the plasma plume. However, the 1010 W/ 
cm2 pulse had a reasonable error of approximately 30% at 200 ns, which 
is acceptable to practically assess the H content in fusion reactor ma
terials. Nevertheless, a noticeable amount of H (approximately 20%) 
was ionized at 200 ns and could not be seen, so one should wait further 
to determine the total H content as the errors increase over time. 

We emphasize that the line intensities of optically thick transitions 
do not fit on a straight SB line. In our case, the Ly-α line was slightly 
absorbed. The corresponding intensity should be disregarded when 
fitting the experimental data. Even if the LTE conditions are violated, the 
intensities still lie on a straight line in the SB plot, but the intercept 
values do not correspond to the total amount of H in the plume. 

Our estimations seem to be the lower boundary estimate of the 
relative errors due to the nature of our model. The real errors could be 
even higher. 
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