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Stark broadening and regularities of prominent spectral lines
of multiply ionized chlorine and fluorine
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Stark widths of six Cl11, eight Cl111, three Cl1v, and two F 111 spectral lines and Stark shifts of six
Cl11 and eight Cl 111 spectral lines have been measured in a linear-pinch discharge plasma and com-
pared with available experimental and theoretical data. The electron density determined by single-
wavelength laser interferometry using the visible 632.8-nm transition of a He-Ne laser was
1.97x 102 m~3. The electron temperature of 27000 K was determined from the Boltzmann slope
of several Cl1I spectral lines and from the intensity ratios of several Cl11 to Cli spectral lines.
Since the majority of Cl11, Cl111, and Cl1v spectral lines investigated originate from 4s-4p transition
arrays, the Stark-width (w) dependence on the upper-level ionization potential (1) of corresponding
lines has been established and discussed both within one stage of ionization of chlorine and within
several stages of ionization of chlorine and fluorine (including neutral chlorine and fluorine). Simul-
taneously, the Stark-width dependence was found on the net charge (z) of the emitter core acting
upon the optical electron undergoing transition. Similarly, Stark-width data obtained for F 111 spec-
tral lines originating from the 3s-3p transition array, together with other authors’ experimental and
theoretical data of F1, F11, and F 111 spectral lines originating from the same transition arrays, were
used to discuss the features of these dependences. The dependences are of the forms w= Al~*°
(within one ionization stage of chlorine or fluorine) and w = Bz*I ~° (among several ionization stages
of chlorine or fluorine), where A, a, B, and b are constants independent of the ionization potential.
The trends obtained were used to predict the Stark width of uninvestigated spectral lines originating
from the given 4s-4p (chlorine) and 3s-3p (fluorine) transitions with an accuracy better than 30%.
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I. INTRODUCTION

Several papers! ~* deal with Stark-width and shift mea-
surements of singly-ionized-chlorine spectral lines. How-
ever, only one’ experimental study of the Stark broaden-
ing of singly-ionized-fluorine and doubly-ionized-chlorine
spectral lines has apparently been published. The pub-
lished experimental data were discussed and compared
with existing theoretical results in the critical reviews,%’
and it was concluded that, in general, the agreement is
very good among different experiments (within +209%).
However, the agreement between any particular experi-
mental (Stark-width measurements) and the correspond-
ing theory®~!! is as follows: with Griem’s theoretical re-
sults,® within +20%; with the modified semiclassical and
the semiempirical theoretical approach,’~!' within
1+60%. There are no published experimental data on the
Stark broadening of FIII and Cl1v spectral lines. The
aim of this work was to provide more Stark-width and
shift experimental data of prominent ClI1, Clii, ClIv,
and F 1II spectral lines and to compare them with the ex-
isting experimental and theoretical data. The emphasis is
on the Stark-width (w) dependence on the upper-level
ionization potential (I) of a particular spectral line origi-
nating from the same transition array (4s-4p and 3s-3p in
chlorine and fluorine, respectively) (i) within one ioniza-
tion stage and (ii) among different ionization stages, in-
cluding the influence of net core charge (z) of the emitter
acting upon the electron undergoing optical transition.
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Recently, interest has grown in the Stark-width depen-
dence on the upper-level ionization potential and also
dependence on the net core charge of the emitter.!>!?
Since the majority of the spectral lines investigated up till
now (experimentally or theoretically) of Cl1 (Refs. 8 and
10), Cl11 (Refs. 1-4), Clul, and Cl1v and FI (Ref. 14),
Fu (Ref. 5), and F1Il originate from 4s-4p and 3s-3p
transition arrays, respectively, it was possible to establish
the above-mentioned dependences in more detail. It has
been found that the dependences are of the form

w=AIl 7, (1
within one stage of ionization, and
w=BzI""?, (2)

among different stages of ionization. The constants 4, B,
a, and b are independent of the upper-level ionization po-
tential 7 and the net core charge of the emitter z. The
general forms of the dependences obtained are similar to
those obtained previously in the case of multiply-ionized-
nitrogen'? and -oxygen'® spectral lines. They were used
to predict Stark-width values for several experimentally
investigated spectral lines for which there are no other
calculations. The overall agreement of such predictions
with experimentally obtained values is within +30%.
This can be regarded as a very good agreement, since the
accuracy of any theoretical Stark-width calculations in
the case of multiply ionized spectral lines is of the same
order.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

The recording of line profiles was done using a plasma
source and spectroscopic setup schematically presented
in Fig. 1 of Ref. 15. The working gas was
dichlorodifluoromethane of 113 Pa pressure. The same
technique and procedure were used also in spectral-line
profile measurements described elsewhere.!>~ !> The only
difference is in the value of the discharge-current max-
imum (I,,, =7.5 kA) and circuit period (T =2.7 us).

Radiation emitted by the linear-pinch discharge in
dichlorodifluoromethane was observed end on and
recorded shot by shot using a photomultiplier (RCA
1P28 or EMI 9789 QB), and grating monochromator
(Zeiss PGS-2, inverse linear dispersion in first order 0.735
nm/mm and in double pass 0.367 nm/mm). The instru-
mental half-width at half maximum was 0.004 and 0.002
nm, respectively. Another monochromator (Zeiss SPM-
1) with photomultiplier (RCA 1P28) was used simultane-
ously to monitor the continuum radiation from the same
part of the plasma to check the reproducibility. Special
care was taken to minimize the influence of self-
absorption on the Stark-width measurements. Optical
depth was checked by measuring line-intensity ratios
within a multiplet and comparing them with the calculat-
ed ones using data taken from Wiese et al.'®!" The
agreement obtained is within +6%.

The measured line profiles were of Voigt type, as a re-
sult of convolution of Lorentzian-Stark, Gaussian-
Doppler, and instrumental profiles. van der Waals and
resonance broadening were found to be negligible. Stan-
dard deconvolution procedure'® was used in order to
separate the Stark component. The Stark shift was deter-
mined using the procedure described elsewhere.*
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The electron temperature of 27 000 K+10% was deter-
mined from (i) the Boltzmann slope of several Cl 11 spec-
tral lines (481.01, 522.13, 434.36, 476.87, and 391.39 nm
with corresponding upper-level energy interval of 5.5 eV)
and (ii) from intensity ratios of several Cl1I to Cl1II spec-
tral lines. The necessary atomic data are taken from
Wiese et al.'” Electron density of 1.97x 10 m—3+7%
was determined by single-wavelength laser interferometry
using the visible (A=632.8 nm) transition of a He-Ne
laser.

III. RESULTS AND DISCUSSION

Experimentally obtained Stark half widths at half max-
imum (HWHM) (w,,) and Stark shifts (d) of the investi-
gated Cl11, Cl111, Cl1v, and F III spectral lines are given
in Tables 1, II, and III, together with other authors’ ex-
perimental and theoretical data, and our predicted data
on the basis of the established trends within one ioniza-
tion stage (w,;) and among several stages of ionization
(wpy). In Tables I, II, and III, corresponding electron
densities and temperatures are also included. Estimated
errors of our experimental data given in Tables I, II, and
III are as follows: electron density, ==7%:; electron tem-
perature, +10%; line HWHM, *£15%, and Stark shift,
+30%. Agreement between Griem’s® semiclassical
theoretical results and our experimental data is very good
(within £20% for Cl1I spectral lines and 25% for Cl1i1
spectral lines). Direct comparison between our and other
authors’ experimental data'~* for Cli1 spectral lines is
not possible due to different electron temperatures at
which the data were recorded. Figure 1 is given as a
demonstration of the very good agreement of the majori-
ty of the experimental data with Griem’s theory.® We

TABLE I. Stark HWHM’s w,, for Cl1I: our experimental results and the results of other authors (Refs. 1-3); and the ratios of
measured w,, to the theoretical results of Griem (Ref. 8). The electron density and temperature, multiplet numbers, and wavelengths

are also given. w,,’s are the predicted values according to Eq. (6).

Emitter  Transition = Multiplet =~ Wavelength T N w,, W)
ion array (No.) (nm) (10* K) (102 m™3) (10~ nm) w,, /wg (107" nm)  Ref.
Cln 3pas— 5S°_5p 481.01 2.70 1.97 0.327 0.81 0.435 :
p3seap (1) 1.33-1.78  2.64-427  0.605-0.855  1.00-0.92 2
1.86 0.68 0.130 0.88 3
1.15 1.0 0.45 1.87 1
3s°-3p 522.13 2.70 1.97 0.383 0.77 0.619 2
(3) 1.86 0.68 0.155 0.83 3
3plas'—~ 3p°-iD 507.82 2.70 1.97 0.497 .
3p32D°4p’  (16) 147-1.78  3.72-427  1.080-1.695 2
1.45-1.86 0.50-0.68 0.14-0.17 3
3pe-3p 434.36 2.70 1.97 0.328 2
(19) 1.45-1.86  0.50-0.68 0.115-0.130 3
3pas’— 3p°_3p 476.87 2.70 1.97 0.308 :
3p32P°4p”  (40) 1.45-1.86  0.50-0.68  0.105-0.120 3
3p4p'— SF-3F° 391.39 2.70 1.97 0.480

3p3D°4ad’ (68) 1.45-1.86 0.50-0.68 0.135-0.175 3

*This work.



v

~

4

.,

-

J. PURIC, A. SRECKOVIC, S. DJENIZE, AND M. PLATISA

4382

“yaom Sy,
) D€, 9T
. SI1°0 L6'1 oLt rsie d,~.d; -,dg,dg
(1) de 4. .4t
. 7600 €1 28! L60 2600 L6'1 oLt 9¢° 1€ dy=d, -sg,dz mq
. LIT°0 L¥'1 STl $6°0 860°0 L6'1 oLt YT8LT d¢—ods
v LETO 9Tl LO1 780 $01°0 L6'1 oLt 1€'90€ dy d, dg
. 8€1°0 171 $0'1 6L0 001°0 L6 oL'T L9°LOE d¢—.d; - spdg AT
(AN11) dy q, . d¢
¢ €€°1 €1 €60 091°0 L61 0Lt 95967 d—d; =, Sp,dg
(€1) Ay @, . d¢
. $9€°0 L61 oLt 7809 A=A, -.pg, dg
. ¥81°0 €070 9¢°1 65°1 11 1€2°0 L61 oLt £6°S7€ 9)
¢ 161°0 1120 95°1 651 18 1€2°0 L6'1 oLt 90°7€€ odz=d;
v £91°0 €81°0 LE1 yE'l L60 181°0 L6'1 0Lt £6°€1€E
S 91'1 o1'1 18°0 8%0°0 86°0 W (€)
. 691°0 681°0 S¥'l Wl 01 7610 L6'1 0Lt yI61¢€ Sy dy
S 'l LO'1 8L°0 8$0°0 86°0 W
. SLT0 861°0 11 Lyl LO'1 €120 L61 0L 86'87¢€
S 48! LO'1 8L°0 8500 850 Wt (4] dydy o 9€
v SLI'0 861°0 1S°1 Lyl LO'1 8170 L6'1 0Lt PE'8T¢ ody=dy -Sp,dg mp
‘o9 (wu | _0[)  (wu _Qf) WOm/ “m WaSm/ “m Sm/"m  (wu  _Q[)  (-wW 00 (3,00 (wru) ('ON) Aeire uot
“m 1m “m N I y18uspaaepm dumpy uotisueI], 0wy
‘K[9A103dsa1 ‘ouriony pue SuLIO[yod 10§ (L) pue (9) "sbg Suisn pajenofes sanfea pajorpaid oy a1e s,.2%n

pue () "bg Suisn paje[nofes sanfea pajorpaid ayy are s,'“m :sanjea pajorpaig -[poyrew [eoundwsrwas payipow sy3 0} uipioooe ‘WISm pue ‘yoeoidde [eoisseorwss payipow 3y 03
Surpioooe ‘WOm {(g *Joy) A103Y) s,waL1D) 03 FuIp1099. 2m] USAIS Ik (] [—6 "SJoY) J1AS[UOI] PuE JIASILIIWICT JO SINSI [BO1}2I0IY) Y] O} PAINseaur Ay} Jo soney ‘udAld are syiusfoaem
pue ‘sraqunu j9[dnnw ‘ainjeradwe) pue AJISUIP UOIIO[S YL "saulf [ex1oads 111 Pue ‘AI[D ‘UI[D Jo S NHMH YI1eIS paje[nofed pue “m pamseaw jo uosuedwo) ‘I ATIVL



37 STARK BROADENING AND REGULARITIES OF PROMINENT . . . 4383

TABLE III. Measured Stark shifts d,, of Cl11 and Cl111 spectral lines of corresponding electron temperatures normalized to the
electron density of N =10 m 3.

Emitter Transition Multiplet Wavelength T d,
ion array (No.) (nm) (10* K) (107! nm) Ref.
Clu 3pi4s— 5§°_5p 481.01 2.70 —0.02 @
3p3iScap (n 1.86 0.00 4
3§°-3p 522.13 2.70 —-0.02 .
(3) 1.86 0.00 4
3pas' - 3D°-3D 507.82 2.70 0.00 s
3p32D°4p’ (16) 1.86 0.00 4
3SD°-*p 434.36 2.70 0.04 #
(19) 1.86 0.12 4
3pids' - 3pe_iD 476.87 2.70 0.00 »
3pi2P°ap” (40) 1.86 0.00 4
3pap'~ SF3F° 391.39 2.70 0.12 s
3p32D°4d’ (68) 1.86 0.21 4
Clin 3pis— p_ipe 328.34 2.70 0.00 a
3p23P4p ) 328.98 2.70 0.01 a
ip-sse 319.14 2.70 0.00 a
(3) 313.93 2.70 0.00 N
p_rpe 332.06 2.70 0.00 4
(6) 325.93 2.70 0.00 a
3p4d’ - ‘F-*D° 460.82 2.70 0.02 4
3p2'D 4p’ (13)
3pas' - 2p-?p° 296.56 2.70 —0.02 @
3p2'D 4p 11Uy
*This work.
—_ 4s—4 _ 1023 -3 found also a very good agreement between our experi-
'_E cn s—ap N=10 m mental data for Cl1II spectral lines and the measurements
'Q | 481.01nm done by Platisa et al.’ Agreement of our Stark-width ex-
2| Mult.No.1 ® This work perimental data with modified semiclassical and sem-
O Ref.1 iempirical calculations’~'! is within £30% and +40%,
A Ref2 respectively, for the majority of investigated chlorine and
a e fluorine spectral lines. Agreement of our Cliil Stark-
04} V' Ret3 width data with those obtained by Platifa er al.’ is
— Ref8 within +15% (after correction for temperature). The
| predicted values w,, (obtained from the trend within one
ionization stage of chlorine or fluorine) and w),, (obtained
0 from the overall trend within several ionization stages of
02~ Ag t chlorine or fluorine) are also given in Tables I and II.
{ They agree with our experimental data within +£30%.
= The agreement of our Stark-shift data with the existing
experimental results* is within the experimental error of
+
, , N +30%.
10 15 20 25 T(103K

IV. REGULARITIES WITHIN ONE

AND SEVERAL STAGES OF IONIZATION
FIG. 1. Stark HWHM’s of Cl11 481.01-nm spectral line vs

electron temperatures at electron density N=102 m~*: @, our
experimental data; J, Bengtson (Ref. 1); A, Konjevi¢ et al.
(Ref. 2); V, Konjevi¢ et al. (Ref. 3); and , Griem (Ref. 8).

The Stark HWHM experimental data that we ob-
tained, and the corresponding experimental and theoreti-
cal data of other authors, were used to prove the validity
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FIG. 2. Stark HWHM (w) vs inverse value of the upper-level
ionization potential (I) for the following transition arrays: (a)
Cli 4s'-4p’; (b) Cl 111 4s-4p; and (c) F1 3p-3p at different temper-
atures for N =102 m~? electron density: @, our experimental
data at 27000 K; A and &, Konjevic et al. (Ref. 2) at 14700 K
and 17 800 K, respectively; V and ¥V, Konjevi¢ et al. (Ref. 3) at
14500 K and 18 600 K, respectively; ¥, Puri¢ et al. (Ref. 14) at
26000 K; +, Griem’s theory (Ref. 8); X, Dimitrijevi¢ and Kon-
jevic¢ (Refs. 9-11), with appropriate best fits.

of Egs. (1) and (2). In the case of the Cl11 4s’-4p’ transi-
tion array, we have found the following relation between
Stark width w and corresponding upper-level ionization
potential I of a particular transition:

w=1.96Xx1021""32 (for14600 K) , (3a)
w=1.62x102I"1%7 (for18200 K) (3b)

[see Fig. 2(a)]. Although the results used in the figure are
given at different temperatures, the agreement with Egs.
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FIG. 3. Reduced HWHM (w /z?) vs inverse value of the
upper-level ionization potential (I) for (a) Cl1, Cl1, Clii1, and
Cl1v, 4s-4p; and (b) F1, F11, and F111 3s-3p transition arrays at
electron temperature 7 =27 000 K and electron density N =10}
m~>: @, our results; @, Plati$a et al. (Ref. 5) (24200 K); v,
Puri¢ er al. (Ref. 14) (26000 K), and +, Griem’s theory (Ref. 8)
(27 000 K), with appropriate best fits.
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(3a) and (3b) is within 20% with the exception of the re-
sults given by Bengtson.! Similar dependence has been
obtained for the Clil 4s-4p transition array using
Griem’s theoretical results.® In this case,

w=2.91x 1027119 (for 27000 K) 4)

[see Fig. 2(b)]. The agreement between our experimental
results and the semiclassical calculation® is within 15%,
which lies within experimental error. The modified semi-
classical and semiempirical calculations done by Dimitri-
jevi¢ and Konjevi¢®~!! follow the trend given by Eq. (4)
within 60%.

For the F1 3s-3p transition array we have used
Griem’s® theoretical results and the experimental data of
Purié et al.' in order to get the corresponding depen-
dence. It was found that, for this case,

w=1.87x102I"%3 (for26000 K) (5

[presented in Fig. 2(c)]. The experimental results follow
Eq. (5) within £30%. In Egs. (3)-(5), the ionization po-
tential I has to be taken in eV in order to get w in rad/s.

The obtained Egs. (4) and (5) are of the same form as
Eq. (1). The corresponding correlation factors are better
than 0.90. These equations were used to predict Stark-
width values (w,,) for the lines uninvestigated so far
(theoretically or experimentally) but belonging to the
same transition array. Such predictions agree with the
measured value within +30%, which can be regarded as
very good, since the experimental errors are up to +15%,
and the uncertainty of the majority of theoretical ap-
proaches is within +30%.

Simultaneous dependence of the Stark HWHM w
(rad/s) on the net charge of the corresponding emitter
core z and the upper-level ionization potential I are

w=1.09x 102221 ~1:5 (6)

for Cl1, Cliu, Cliui, and Cl1v 4s-4p transition arrays
[presented in Fig. 3(a)], and

w=6.63x101z2 14 @)

for F1, F11, and F 111 3s-3p transition arrays [presented in
Fig. 3(b)]. The corresponding correlation factors are
better than 0.98.
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Equations (6) and (7) were used to predict Stark-width
values (w,,) for several spectral lines belonging to the in-
vestigated transition arrays of given ionization stages of
chlorine and fluorine. The predictions obtained agree
with the measured values within =30%. We have calcu-
lated, for instance, the Stark HWHM value for the Clvil
218.98 nm spectral line (4s2S—4p? P° transition) accord-
ing to the modified semiempirical method of Dimitrijevic¢
and Konjevi¢’ !, and found wpy =0.0028 nm. Howev-
er, using the relation given by Eq. (6) for the same ClvII
line, one obtains wp2=0. 0030 nm, which is almost equal
to wpy. Similarly, the prediction obtained for the FVv
245.42-nm spectral line (3s2S-'S3p2P° transition) on
the basis of Eq. (7) is wp2=0.0025 nm; the calculated
value according to the above-mentioned modified
semiempirical method’~!!" is wpy =0.0019 nm, which

agrees with the predicted value within 33%.

V. CONCLUSION

On the basis of the considerations given above, one can
draw the following conclusions.

(a) Good agreement exists between our own and previ-
ous experiments,”~* as well as with Griem’s® semiclassi-
cal theory (within £25%). The agreement with the re-
sults of Platia et al.’ is within +£40%, although the tem-
peratures are slightly different.

(b) The agreement with the modified semiclassical and
semiempirical approaches of Dimitrijevic and Konjev-
i¢°~ ! is within 50% for the majority of the spectral lines
investigated (the theory underestimates HWHM).

(c) Predictions using Egs. (3)-(7) agree with our experi-
mental data within £30%.

It is very encouraging that the general validity of Egs.
(1) and (2) in the case of Stark-width data for the lines
from several ionization stages of chlorine and fluorine is
similar to the result found by us in the case of nitrogen'?
and oxygen'® spectral lines.

One may expect in general that the form of the simul-
taneous dependence of the Stark width on the upper-level
ionization potential of the corresponding spectral line,
and on the net core charge of the emitter core acting on
the electron undergoing transition within a particular
transition array of several ionization stages, is indepen-
dent of the specific emitter cores.
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