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12 Abstract: Many spectroscopic diagnostics are routinely used as a technique to infer the plasma
13 parameters from line emission spectra but their accuracy depends on the numerical model or code
14 used for the fitting process. However, the validation of a line shape code requires some steps :
15 comparison of the line shape code with other similar codes for some academic (simple) cases and
16 then more complex ones, comparison of the fitting parameters obtained from the best fit of the
17 experimental spectra with those obtained with other diagnostic techniques and/or comparison of
18 the fitting parameters obtained by different codes to fit the same experimental data. Here we
19 compare the profiles of the hydrogen Balmer [ line in a helium plasma computed by six codes for a
20 selected set of plasma parameters and we report on the plasma parameters inferred by each of them
21 from the fitting to a number of experimental spectra measured in a helium corona discharge where
22 the pressure was in the range 1- 5 bar.
23 Keywords: Stark broadening; van der Waals broadening; Line shapes; Helium plasma; Corona
24 discharge; Plasma diagnostics; Code comparison; Neutral broadening; Pressure broadening
25

26 1. Introduction

27 Spectra of lines emitted in gases and plasmas are routinely used as a diagnostic technique to
28  infer the plasma parameters such as the electron density and temperature depending on the emitter
29  environment and the different broadening mechanisms. Obviously the accuracy of the deduced
30  parameters depends on that of the line shape code used to fit the experimental data. It is therefore
31  mandatory to check the validity of any line shape code before using it for diagnostic purposes. The
32 series of international workshops on Spectral Line Shapes in Plasmas [1] is a unique opportunity
33 allowing all line shape code developers to cross check their codes (numerical models and/or
34 simulations). Generally speaking, to validate a line shape code, one has to realize the following tasks
35  or steps: compare the line shape code with other similar codes for some academic (simple) cases and
36  then for more complex ones, fit an experimental emission spectrum and compare the deduced
37  parameters corresponding to the best fit with those obtained with other independent diagnostic
38  techniques if available and/or compare the inferred parameters from the fitting attempts using
39  different codes to fit the same experimental spectrum. During the last edition of this workshop series,
40  i.e., SLSP4 [2], many cases were proposed for line shape code comparison and some of them are the
41  subject of papers published in this issue. In the category of the challenging case consisting to confront
42 the codes to a real situation, it was proposed to analyze two lines emitted in a helium corona
43 discharge where the pressure was increased from 1 to 5 bars. These are the hydrogen Balmer-f (486
44 nm) and He 1492 nm lines measured simultaneously from the same plasma. The participants were
45  asked to fit both lines in order to get consistent plasma parameters. However, as the two lines were
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fitted independently and knowing that the major effort was focused on the Hydrogen Balmer-f3 line
with the contributions of five codes against while only the experimental data for the lowest pressures
were considered for the He 1492 nm by up to four codes, we have decided to limit this paper to the
hydrogen Balmer-f line. The helium He 1492 nm line is a subject of another but shorter paper in this
same issue. Therefore, here we compare the profiles of the H-B line in a helium plasma computed by
five codes for a selected set of plasma parameters and we report on the plasma parameters inferred
by each of them from the fitting to a number of experimental spectra measured in a helium corona
discharge where the pressure was in the range 1- 5 bar.

This paper is divided in two parts. The first part is devoted to the synthetic profiles of the H-3
line emitted by hydrogen atoms perturbed by the electrons and He* ions of a helium plasma. The
second part is focused on comparison with experimental spectra of the same line measured in a
corona discharge in helium. The aim in the first part was to compare the pure Stark-broadened
profiles of this line calculated by the contributing codes for a selected set of plasma parameters. The
latter, assumed to correspond to conditions of a corona discharge in helium, are the following: two
values for the electron density ne=10'% and 10 cm?3, three values for the electron and ion temperatures
assumed to be equal: Te=T=0.1, 0.2 and 0.4 eV. The choice to retain only the Stark broadening is aimed
to highlight the differences between the participating codes and is justified by the fact that other
broadening mechanisms are less important even though not completely negligible. Indeed, as we will
see in the section devoted to the data fitting, Doppler and van der Waals broadenings have to be
included as well as the instrumental function. The van der Waals broadening, which is a due to the
interactions of the hydrogen atoms with neutral helium atoms present in the partially ionized helium
plasma, is roughly comparable to the Doppler broadening unlike resonance broadening which is due
the interactions of neutral emitters with neutrals of the same species.

2. Brief description of the codes

This section describes briefly the different codes contributing to this case study (termed case 14). Five
codes were involved: two simulation methods and three models. The simulation codes are LSNS and
SimU. LSNS involves a numerical integration of the time-dependent Schrodinger equation for the
hydrogen wave function under the influence of a fluctuating electric field obtained from a particle
simulation. More details can be found in [3] and references therein. SimU is well described in [4-5].
The three models are PPP [6], QC_FFM ([7] and the references therein) and ZEST. Since ZEST
(ZEeman-STark) line-shape code has been improved and upgraded to a new version [8], we describe
here the version that has been used for the calculations reported in this paper. ZEST relies on a quasi-
static description of the ions and an impact approximation for the electrons. The Hamiltonian of the
radiator includes Stark effect in the dipole approximation for arbitrary multi-electron ions as well as
Zeeman effect accounting for a static magnetic field. The impact of the magnetic field on the electron
trajectories is not taken into account. The electrons are described by a collision operator calculated
up to the second order of the electron-radiator interaction using the model of R.W. Lee [9]. The
distribution of quasi-static ion fields is evaluated using analytical formulas adjusted on many Monte-
Carlo simulations as a function of the plasma ion coupling parameter and the effective electron-ion
screening parameter [10-11]. At the time of calculations, ZEST neglected the collisional shift due to
the electrons, the interference terms between upper and lower states, the non-diagonal terms of the
collision operator and the frequency dependence of the impact width. Using the unitary
transformation that diagonalizes the radiator Hamiltonian, the resulting profile is then written as a
sum of Lorentzian functions (or Voigt functions when accounting for Doppler effect) weighted by the

strength of the Stark components and by the probability of the quasi-static ion fields. All the time of

d0i:10.20944/preprints201803.0040.v1


http://dx.doi.org/10.20944/preprints201803.0040.v1
http://dx.doi.org/10.3390/atoms6020029

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2018 d0i:10.20944/preprints201803.0040.v1

30f15

92 the calculations presented here, the ZEST code did not include the ion dynamics effects. Now, in
93 the most recent version of ZEST [8], the ion dynamics effects are modeled within the framework of
94  the fast Frequency-Fluctuation Model (fast FFM) [12]. In the next section, we compare the calculated
95  profiles and the widths at half-maximum for the two densities (lower density ne=10'> cm=3) and higher
96  density (ne=106 cm).

97 3. Code comparison through profiles and line widths

98 3.1. H-pline profiles for the lower density

99  The results of the code calculations for the lower density case (ne=1015 cm3) are respectively illustrated
100  for equal ion and electron temperatures of 0.1, 0.2 and 0.4 eV in Figures 1-3. It can be seen that all the
101 codes except PPP are in an overall agreement in terms of widths and line shapes with some
102 differences in the central line dip. The profiles calculated by PPP are broader than all other especially
103 at the lowest temperature of 0.1 eV. This was excepted because this version of the PPP line shape
104 code used for the treatment of the electron broadening the GBK (Griem-Blaha-Kepple) [13] collision
105  operator which does not depend on the frequency. This operator is known to overestimate the
106  broadening in comparison to frequency dependent collision operators in the framework of the impact
107  approximation used for the treatment of the emitter-electron interactions. Note that in ZEST
108  calculations, the electron broadening was treated using Lee’s model in the impact limit. Such an
109  operator is different from the GBK one used in PPP, but does not account for frequency dependence
110 either. Note that LSNS has been applied to the spectrum corresponding to the lowest pressure in a
111 separate study [23]. The calculations of the PPP code tends towards the other code calculations as the
112 temperature increases from 0.1 to 0.4 eV. At 0.4 eV, all the profiles give close widths even though
113 they differ in the filling of the line center dip.
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114

115 Figure 1. Theoretical Stark profiles of the H-f line calculated for hydrogen atoms in a helium plasma
116 with an electron density of 10> cm™ and a temperature of 0.1 eV for both plasma He* ions and electrons.
117 The profiles are centered at 486.1 nm and wavenumber units are used. Solid black: LSNS, red: PPP,

118 green: QC_FFM, blue: SimU, yellow: ZEST.
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120 Figure 2. Same as Figure 1 but for Te=Ti=0.2 eV. Same line styles and code colors as Figure 1.
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122 Figure 3. Same as Figures 1 and 2 with the same line styles and code colors but for Te=T=0.4 eV.
123 3.2. H-Bline profiles for the highest density

124 Similarly, the results of the code calculations for the higher density case (ne=1016 cm?) and the same
125  temperatures as in the previous subsection are respectively illustrated in Figures 4-6. For this density,
126  the expected discrepancy between the calculations carried out by the PPP code using the GBK
127 collision operator and those of the other codes are more pronounced confirming the non-validity of
128  this form of this operator at high densities and low temperatures even though it tends to disappear
129 with increasing temperatures. One can see that for the remaining calculations, SimU agrees well with
130 QC_FFM on the one side and ZEST agrees well with LSNS on the other side. Note that the profiles
131  calculated by LSNS and ZEST are a bit broader than those calculated by SimU and QC_FFM. These
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132 agreements concern the overall profiles, the line widths and wings but not the line center dip for

133 which there are some discrepancies between the various code calculations.

134
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137 Figure 4. Theoretical Stark profiles of the H-f line calculated for hydrogen atoms in a helium plasma
138 with an electron density of 10'® cm™ and a temperature of 0.1 eV for both plasma He*ions and electrons.
139 The profiles are centered at 486.1 nm and wavenumber units are used. Solid red: LSNS, solid blue:
140 ZEST, solid light blue: QC_FFM, olive green: PPP, dot-dashed red: SimU.
141
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143 Figure 5. Same as Figure 4 but for Te=T=0.2 eV. Same line styles and code colors as Figure 4.
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Figure 6. Same as Figures 4 and 5 with the same line styles and code colors but for Te=T=0.4 eV.

3.3. Comparison of the FWHM of the H-fline

The FWHM (Full Widths at Half Maximum) of the H-f line vs the electron temperature (0.1, 0.2
and 0.4 eV) as calculated by the previously mentioned codes are illustrated on Figure 7 for both
electron densities, i.e., ne=10"> and 10 cm. This figure shows the relative dispersion of the FWHM
as deduced from the codes when those of PPP are higher especially at the highest density and lowest
temperature. More details are shown in Table 1.
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Figure 7. The H-B line Full Widths at Half Maximum (FWHM) versus the electron temperature as
deduced from the profiles calculated by the codes. (a) Lower electron density (ne=10'> cm-). (b) Higher
electron density (ne=10'¢ cm).

In Table 1, the FWHM for each subcase corresponding to a couple of ne, T, are presented as well
as the ratio of the highest value of the FWHM to each FWHM value. In addition, the mean value of
the FWHM is calculated using all the values but the highest. For instance for the lowest density, the
mean value <FWHM> of the FWHM varies between 5.75 cm! for 0.1 eV to ~7.7 cm! for 0.4 eV.
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Roughly the FWHM values of the profiles calculated by PPP are about 1.2-1.5 higher than the average
values. For the highest density, the mean value of the FWHM (excluding the highest value) is in the
range 27-36 cm, with the lower value (27 cm?) corresponding to the lowest temperature, i.e., 0.1 eV.
As explained previously, the FWHM calculated by PPP are higher than those of the other codes. It is
about 2.8 times the mean value for 0.1 eV and decreases down to be 1.7 times higher at 0.2 eV to
becomes eventually equal to the mean value at temperatures of 0.4 eV or higher leading to a very
good agreement with the other codes. This means that the calculations done by PPP using the non-
frequency depending collision operator can be safely used for comparisons with the experimental
data provided that the temperatures are not too low and the density too high.

Table 1. FWHM in units of cm as deduced from the profiles calculated by each of the five codes
LSNS, PPP, C_FFM, SimU and ZEST. The FWHM ratio stands for the ratio of the highest value of
the FWHM to each FWHM. The highest value corresponds to the PPP calculations except for n.=101°
cm® and Te=0.4 eV where its corresponds to LSNS calculations.

Plasma Parameters Codes

LSNS PPP QC_FFM SimU ZEST

ne=10"5 cm3, Te=Ti=0.1 eV

FWHM (cm™) 771 1026 5.75 6.29 7.09
FWHM ratio 1.3 1.0 1.8 1.6 14
ne=105 cm3, Te=Ti=0.2 eV
FWHM (cm™) 8.03 9.1 6.62 7.15 7.78
FWHM ratio 1.2 1.0 14 1.3 1.2
ne=10"5 cm3, Te=Ti=0.4 eV
FWHM (cm) 774 9.9 7.17 7.85 8.10
FWHM ratio 1.2 1.0 1.3 1.2 1.1
ne=1016 cm3, Te=Ti=0.1 eV
FWHM (cm) 3224 73.00 21.27 2440 30.00
FWHM ratio 2.3 1.0 34 3.0 24
ne=101 cm-3, Te=Ti=0.2 eV
FWHM (cm™) 38.59 54.67 27.56 29.98 34.60
FWHM ratio 14 1.0 2.0 1.8 1.6
ne=106 cm3, Te=Ti=0.4 eV
FWHM (cm) 40.18 36.00 32.34 34.73  36.82
FWHM ratio! 1.0 1.1 1.2 1.2 1.1

! The highest value of the FWHM for this case corresponds to LSNS. It corresponds to PPP for all other
considered cases.

3.4. Reconsidering the PPP of the H-f3 line

Following the previous discussion on the comparisons of profiles and trying to take
advantage from the detailed comparisons of the H-B line widths presented in Table 1, we
have recalculated the profiles using the PPP code for each of the six subcases by dividing
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the electron density by the corresponding factor mentioned at the end of the previous
subsection. These calculations have been termed PPPm. They are shown on Figures 8 and 9
for the lowest density. In figure 8, a semi-logarithmic scale has been used. It can be seen from
both graphs, the reduction of electron density by the correct factor allows the PPP
calculations termed PPPm to approach closely the other calculations in terms of line widths
and wings but introduces differences in the line center dip which becomes more pronounced
with PPPm. Therefore, this artificial way to reduce the overestimated broadening due to the
GBK collision operator works roughly and therefore, one has to use a frequency-dependent
collision operator especially for low temperatures and high densities.
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Figure 8. Theoretical Stark profiles of the H- line of figures 1 and 2 with the inclusion of modified
PPP calculations (PPPm : thick green solid line) where the electron density was scaled down by the
mean corresponding factor explained at the end of subsection 3.3. The same factor of 1.5 was used for

both subcases (a) Te=Ti=0.1 eV (b) Te=Ti=0.2 eV.
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Figure 9. Theoretical Stark profiles of the H- line of figure 3 (Te=T=0.4 eV) with the inclusion of
modified PPP calculations (PPPm : thick green solid line) where the electron density was scaled down
by the mean corresponding factor explained at the end of subsection 3.3. The factor used here is 1.2
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200 3.5. Electric microfield distributions
201 To be complete in the code comparisons and for a better understanding of the differences
202 between the calculated profiles, we present on Figure 10 for the lowest density ne=10"> cm?
203 the field distribution used by the codes except QC_FFM. One can see no difference between
204 the distributions calculated by LSNS, PPP and ZEST. As SimU simulates both electrons and
205 ions providing the total electric field, it is normal that its field distribution shown is broader
206 and shifted towards higher field values. For the other codes, the field distributions shown
207 here are for ions only.
208
Field distributions
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1200 - %1,2.1.1IPPP
— 14{1.2.1.1I1SimU
- alt.2.1.11ZEST
100.0 — “
80.0 |- ‘ ‘
60.0 |-
40.0 |-
20.0 |-
0 p— |
2.0e-2 4.0e-2 6.0e-2
F (MV/cm)
209
210 Figure 10. Ion electric field distribution as calculated by the different line shape codes except QC_FFM.
211 It corresponds to the lowest electron density of ne=10'> cm™ and Te=T=0.1 eV.
212 4. Comparison with experimental spectra: line shape fitting
213 4.1. Introducing the experimental spectra
214 The experimental spectra proposed as a best-fit challenge for the codes here were measured
215 in a corona discharge in helium performed in an electrical engineering laboratory for the
216 study of the dielectric properties of insulators [14-15]. Spectra of the H-f line were measured
217 at the room temperature for various values of the pressure. Spectra corresponding to six
218 values of the pressure in the range 1-5 bars are shown in Figure 11. The spectra
219 corresponding to the pressure values of 1, 1.5, 2, 3, 4 and 5 bars were respectively labeled
220 14a, 14b, 14c, 14d, 14e and 14f. Before presenting the fitting results of these spectra, it is
221 necessary to give some insights into the broadening mechanisms affecting the H-B line
222 emitted in a helium plasma in which hydrogen atoms represent a small fraction of the
223 environment.
224

225
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226
227 Figure 11. Superposition of six experimental spectra of the H-p 486.1 nm (right peak) and the helium
228 He 1492 nm (left peak) lines measured at the room temperature for pressures varying between 1 bar
229 (bottom : black line) to 5 bars (top: light blue). Red, dark brown, light brown and green lines
230 correspond to pressures of 1.5, 2, 3 and 4 bars respectively. Spectra are labelled 14a (P=1 bar) to 14f
231 (P=5 bars).
232 4.2. Broadening mechanisms of H-f line in a helium plasma
233 The experimental spectral shapes of the H-f line emitted by a corona discharge in helium with

234 hydrogen traces are subject to a competition between several broadening mechanisms. First of all, the
235 natural broadening is intrinsic to each emitter but is very small in comparison to other mechanisms.
236  There is also another unavoidable contribution from the instrumental function mainly due to the
237  spectrometer entrance slit. For the present case, the instrumental function has been estimated from a
238  helium lamp as a Gaussian with a FWHM less than 0.01 nm [15]. Four other broadening mechanisms
239  can potentially contribute to the line profile of the H-B line. Three of these mechanisms depend
240  mainly on the temperature: Doppler broadening, resonance and van der Waals broadenings. The
241  fourth broadening mechanism that depends on the electron density is the Stark broadening.
242 Resonance broadening is due to collisions of hydrogen atoms with other hydrogen atoms, it leads to
243 aLorentzian profile with a FWHM proportional to the ratio (P/T) of the pressure over the temperature
244 of the hydrogen atoms i.e., Ak, & (P/T) with a linear dependence on the fraction of the hydrogen
245  atoms in the helium plasma. van der Waals broadening is attributed to collisions of the hydrogen
246  atoms with other neutrals which are connected to the emitter through a resonant transition. It is the
247  case for the interactions of the hydrogen atoms with helium neutrals. Like resonance broadening, the
248 van der Waals broadening mechanism results in a Lorentzian shape with FWHM Aldy.y
249  proportional to the pressure P and inversely proportional to the power 0.7 of the temperature

250 Qe X (L

T70.7
251  neutral atoms can refer for instance to the following papers [16-21]. In all the fitting presented here,
252 the resonance broadening was estimated to be negligible in comparison to other broadening
253  mechanisms and was therefore ignored and this can be easily justified in particular for low
254 concentrations or fractions of neutral hydrogen atoms. We have estimated the van der Waals
255  broadening FWHM for each of the six experimental spectra. These are tabulated on Table 2 and
256  compared to the corresponding FWHM of the experimental spectra. It can be seen that the van der
257  Waals broadening represents about one third of the total broadening of the H-p line, the remaining
258  broadening being due mainly to Stark effect and to Doppler effect to some extent.

). Readers interested in these kinds of pressure broadening mechanisms between

259
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260 Table 2. Summary of the FWHM of the van der Waals broadening compared with the experimental
261 FWHM of the six experimental spectra of the H- line in a helium plasma considered in this paper.
Pressure (bars) ALy g (nm) Aleyxp (nm) Ay aw /D exp(%)
1 0.051 0.143 35
1.5 0.076 0.206 36
2 0.101 0.335 30
3 0.152 0.510 30
4 0.202 0.604 31
5 0.253 0.819 31
262 4.3. Comparison with experimental data: spectral fitting
263 We have arbitrarily classified the six spectra in three categories: low pressure consisting of the

264  two lower pressure cases 14a and 14b, the intermediate pressure corresponding to pressures of 2 and
265 3 bars (cases 14c and 14d) and high pressure for the highest pressure values 4 and 5 bars (cases 14e
266  and 14f).

267 4.3.1. Cases of low pressure

268 The two spectra of these two low pressure values of 1 and 1.5 bars termed cases 14a and 14b
269  were the most fitted with 6 attempts by 5 codes: LSNS, QC_FFM, ZEST, PPP and PPP_GC. PPP_GC
270 s a fitting procedure based on the Genetic Algorithm interfaced with the PPP code. It is described in
271 [22] where more recent fitting results of the H-3 and He 1492 nm lines in the same conditions as those
272 of this paper was fitted. PPP was used with two contributions numbered n°1 and n°2 differing only
273 by the used parameters for the comparison with the experimental spectra. The fitted spectra are
274  presented in Figure 12.

275
1.04 1L.B
Case 14a.1.1.1.1 Case 14b.1.1.1.1
.8 O Data (1.5 bars)
0.8 i Esa:‘asm bar) 0.8 —LSNS
= PPP (n°1) -=- PPP (n°1)
2 — PPP (n°2) — PPP (n°2)
3 0.6 — PPP_GC 2 — PPP_GC
8 —— QC_FCM @ 0.6+
E — ZEST g
k=
0.4 54
0.2 __ ¢
-.:.;‘:h-”-.‘“” V- i T T 1 0'2 b
20.52 20.54 2056 2058 20.60x10° : : : . l
Wavenumber (cm ') 20.54  20.55 20.56 20._157 20.58x10°
(a) Wavenumber (cm )
(b)
276 Figure 12. Comparison/fitting of the low pressure H-B spectra taking into account the Stark effect, the
g P g P P )
277 other broadening mechanisms like Doppler and van der Waals were not necessarily taken into account
278 by all the codes. (a) P=1 bar (b) P=1.5 bars.
279
280 In figure 12, it can be seen that all the code attempts agree with the experimental data for both

281  pressures except the calculations of ZEST. Deviations of the ZEST attempts increase with increasing
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282 pressure. It is worth noting that the ZEST calculations tried to interpret the hydrogen H-B (486.1 nm)
283  and the He 1492 nm lines at the same time, using the same plasma conditions. The difficulty to find
284 such conditions for both lines may explain the disagreement observed on this particular line. A better
285  agreement would have been obtained probably if the two lines had been fitted independently. More
286  details on the fitting and the deduced parameters will be summarized in Table 3 for the entire set of
287  spectra.

288 4.3.2. Cases of intermediate pressures

289 The two spectra of these two intermediate pressure values of 2 and 3 bars termed cases 14c and
290  14d were fitted by 4 attempts for case 14c and only three attempts for case 14d. For case 14c, three
291  codes were used PPP (2 attempts), PPP_GC and QC_FFM while for case 14d only PPP (2 attempts)
292  and QC_FFM were used. The fitted spectra are presented on Figure 13.

293
1.0+ 1.0
0.9 Case 14c.1.1.1.1 0.9
O Data (2 bars) . Case 14d.1.1.1.1
> 0.8 o sx E:";; > ' O Data (3 bar)
B @ 0.7 — PPP (n°1)
§ 0.7 1 § — PPP (n°2)
£ £ 06
0.6
0.5+
0.5 p
At 0'4 7 S “.»"“".
0.4- “'_"' T T T | T T T T
20.52 20.54 20.56 20.58 50 60x10° 20.52 20.54 20.56  20.58 >0 gox10°
Wavenumber (cm ) Wavenumber (cm'l)
(a) (b)
294 Figure 13. Comparison/fitting of the intermediate pressure H-B spectra. (a) P=2 bars (b) P=3 bars. The
295 contributions are similar to those of Figure 12.
296 It can be seen from Figure 13 (a) that the data are well fitted by the PPP calculations (n°1 and

297  n°2) and QC_FFM, the attempt of PPP_GC does not fit the spectrum. For case 14d illustrated on
298  Figure 13 (b), one can see that both PPP (case n°2) and QC_FFM are able to reproduce the
299  experimental spectrum. As indicated previously, the best parameters will be summarized in Table 3.

300 4.3.3. Cases of high pressures

301 The experimental spectra termed 14e and 14f corresponding to the “high pressure” category
302  were compared to theoretical profiles calculated by only PPP and QC_FFM as shown on Figure 14.
303  These spectra differ from the previous ones by their widths which is much larger and their
304  asymmetry which can be clearly seen. These spectra are difficult to fit since they present some
305  asymmetry in both around the line center and the line wings. If we ignore this and concentrate on the
306  line widths, they are relatively well fitted by both codes QC_FFM and PPP. We will come back to the
307 fitting parameters in the next section in particular in Table 3.
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1.0+ 1.00
Case 14£.1.1.1.1
Case 14e.1.1.1.1
0.9 0.951 O Data (5 bars)
O Data (4 bars) — PPP (n°1)
— PPP (n°1) ] — ’
400 0.90 PPP (n°2)
0.8 — QC_FFM
2 2 0.85-
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064 0.75-
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- - - - 0'65 B T T T T
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(a) (b)
308 Figure 14. Comparison/fitting of the high pressure H-B spectra. (a) P=4 bars (b) P=5 bars. The
309 contributions are similar to those of Figure 13.
310 4.4. Interpretation of the fitting parameters

311  Before summarizing the plasma parameters inferred from the fitting of the experimental spectra
312 of the H-B line as measured in a corona discharge in helium at room temperature but at pressure
313 in the range 1-5 bars, it is necessary to clarify the hypotheses and assumptions considered by
314  each participant in the fitting or comparison with the experimental data. Data fitting with the
315  LSNS code are based on: Stark broadening including dynamics effect, inclusion of the van der
316  Waals broadening but no instrumental function. The temperatures were fixed as follows: equal
317  emitter (Ta) and ion (Ti) temperatures (T.=T:=300 K), electron temperature (1 eV = 11604 K). The
318  only free parameter was the electron density. Profiles calculated with PPP to fit the spectra were
319  based on the following: Stark effect including ion dynamics, no instrumental function, inclusion
320  of van der Waals broadening without (PPP n°1) and with Doppler broadening (PPP n°2). In both
321  cases, the temperatures were fixed and only the electron density was allowed to vary. The fixed
322 temperatures were as follows: T=T=Te=300 K for PPP n°1 calculations and T-=T:=300 K and Te=1
323 eV for PPP n°2 calculations. PPP_GC, Stark broadening was computed with the ion dynamics
324  effect and the inclusion of Doppler and van der Waals broadenings without any instrumental
325  function. The ion and neutral temperatures were assumed to be equal and fixed to 300K while
326  allowing both the electron density and temperature to vary in prescribed domains. In QC_FFM
327  calculations, in addition to the Stark broadening, the instrumental function and the Doppler
328  broadening were added but not the van der Waals broadening. The temperatures were fixed
329  T=T.=0.1eV; Te=1eV. ZEST calculations are based on the Stark broadening without the inclusion
330  of ion dynamics neither the van der Waals broadening. The temperatures were: Ti=Te=0.1 eV.

331 Table 3. Electron densities (in units of 10'> cm™) as inferred from the fit of the experimental H-f8
332 spectra by the contributing codes. P is the pressure in units of bars.

Case P LSNS PPP(n°1) PPP(n°2) PPP_GC QC_FFM ZEST

14a 1 0.5 0.15 0.26 0.18 0.8 1.2
14b 15 11 0.3 0.58 0.38 2.2 27
14c 2 - 0.55 1.0 1.3 4.7 -
14d 3 - 0.9 2.0 - 10.0 -
l4e 4 - 1.3 2.8 - 15.0 -
14f 5 - 1.9 3.8 - 27.0 -
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333 5. Discussion and conclusion

334 Now we can present the results of the comparisons with the experimental data. For
335  completeness, we have chosen to present them as a table in Table 3. The interpretation of these
336  results is very difficult as they were determined using other parameters which have been fixed
337  differently from one code to another. However, this does not prevent drawing some conclusions.
338 For the lowest pressure case, the deduced electron densities are in the range 1.5x10™-1.2x10'5 cm-
339 3, If one looks in more details to the results, it can be seen that PPP n°1 and PPP_GC values are
340  very close even though in PPP n°1 the Doppler broadening was not included and the electron
341  temperature was only 300K while in PPP_GC, the Doppler effect was retained and the electron
342 density was found to be ~1000 K. PPP n°2 calculations retaining Stark, Doppler and van der
343  Waals broadening for an electron temperature of 1 eV gave an electron density of the same order
344 of magnitude, i.e., 2.6x10'* cm?3. For the same temperatures as those of PPP n°2 calculations and
345 by retaining only Stark and van der Waals broadenings, the LSNS calculations gave a density
346  about 2 times higher, i.e., 5x10 cm?3. The electron densities obtained by QC_FFM and ZEST
347  were respectively 8x10™ and 1.2x10%5 cm? for an electron temperature of 1 eV and 0.1 eV
348  respectively. For the 1.5 bar case, similar results were obtained where the electron density values
349  cover the range 3x10™-2.7x10%5 cm3. The lowest densities were obtained by the PPP and PPP_QC
350  followed by LSNS. Again the highest densities were obtained by QC_FFM and ZEST. For the
351  P=2 bars case, PPP n°1 calculations gave the lowest density value followed by PPP n°2 and
352  PPP_QC calculations with comparable values, QC_FFM gave an electron density about 5 times
353 higher. For cases 14d-f, corresponding to P=3, 4, 5 bars, PPP gave electron densities again about
354 5 times lower than those given by QC_FFM. It is clear that these comparisons do not allow to
355  determine the electron density with accuracy as its determination depends on many factors such
356  as the retained broadening mechanisms and the temperatures of the electrons in addition of
357  those of the ions and neutrals. It is clear that for low-temperature dense plasmas, accounting for
358  neutral broadening is essential and any code which ignores it inevitably would overestimate the
359  electron density to compensate for the missing van der Waals broadening in a way that the
360  higher the pressure, the larger the mistake. These are not the only reasons explaining the large
361  dispersion of the deduced electron densities since as we have seen even the pure Stark
362  calculations differ for some unfavorable conditions like high electron densities and low
363  temperatures. Further we concluded to the necessity of carrying out further analyses consisting
364  in preferably fitting/analyzing the H-B line and He 1492 nm. Some papers submitted to this issue
365  have started in this way to improve this spectroscopic diagnostic.
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