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Abstract. Stark shifts of nine doubly charged (Si III) and six triply charged (Si IV) silicon ion spectral lines have been measured
in a linear, low-pressure, pulsed arc operated in O, and SF4 discharges. Si III Stark shift values have been also calculated using
the semiclassical perturbation formalism (SCPF) for electrons, protons and helium ions as perturbers. Transition probabilities
of the spontaneous emission (Einstein’s A values) of nine Si III transitions have been obtained using the relative line intensity
ratio (RLIR) method, not applied before in Si III spectrum, and, also, calculated using the Coulomb approximation method.
The measured Si IV shift and some calculated Si III shift values present the first published data in this field.
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1. Introduction

Atomic data such as Stark shifts (d) and transition probabil-
ities (A) play an important role in the diagnostics and mod-
eling of various cosmic and laboratory plasmas (Griem 1964,
1974; Wiese 1968; Lesage 1995; Zeippen 1995). Silicon ions
are among the most abundant emitters or absorbers in many
kinds of cosmic plasmas. Thus, the knowledge of the dou-
bly (Si III) and triply (Si IV) ionized silicon spectral lines’
Stark parameters and transition probabilities is necessary in
various astrophysical calculations. As an example, the silicon
ionisation balance can be considered as a useful tool for tem-
perature diagnosis in B-Stars. Thus, in a work by Becker &
Butler (1990) spectral lines of Si II, Si IIT and Si IV emitted
by non-LTE plasma have been used for temperature determi-
nation in B-Stars. In a recent publication (Monteverde et al.
2000) the ionization equilibria of Si II/Si III and Si III/Si IV
have been used to observe the silicon abundance in M 33 early
B Supergiants. Interstellar absorption by the young stars in the
Magellanic Clouds was observed in the Si III and Si IV lines
(Lehner et al. 2001). Presence of the Si III and Si IV spectral
lines in the Quasar Q0122+0338 1 spectrum was observed us-
ing the Hubble Space Telescope (Papovich et al. 2000).

In the present work we will present the first Stark shifts
measurements of six Si IV spectral lines and, also, the first
measured Stark shift values of seven Si III spectral lines with
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their first calculated values, performed by us, on the basis of the
semiclassical perturbation formalism (SCPF) (Sahal-Bréchot
1969a,b) for electrons, protons and helium ions as perturbers.
Our work also contains the first experimental Si III transi-
tion probability values for nine Si III transitions obtained in
emission spectra using the relative line intensity ratio (RLIR)
method, already applied in the cases of the Ar IIl, Ar IV
(DjeniZe & Bukvié 2001), O II (Sreckovié et al. 2001a, 2002),
Ne IT (Djenize et al. 2002a) and N III, N IV and N V (DjeniZe
et al. 2002b) spectra. We have also calculated the Si III transi-
tion probabilities using the Coulomb approximation method.

2. Experiment

The linear pulsed arc (Djenize et al. 1992a,b, 2002a,b) was
used as a plasma source. A pulsed discharge was driven in a
Pyrex discharge tube of 5 mm inner diameter and plasma length
of 7.7 cm. Spectroscopic observations of isolated spectral lines
were made along the axis of the discharge tube. Atoms of sili-
con were obtained as impurities by sputtering from a Pyrex dis-
charge tube. As a driving gas, oxygen and SF¢ have been used
at filling pressures of 130 Pa and 70 Pa, respectively. Highly
ionized oxygen, sulfur and fluorine ions facilitate erosion of the
glass walls of the linear part of discharge tube. Furthermore, O,
and SFg, as working gases, left the observed lines of Si Il and
Si IV isolated. The Si III lines were investigated in the oxygen
plasma, while lines of Si IV in O, and SF¢ plasmas. Discharge
of the condenser of 8 uF capacity charged to 4 kV was
selected for maximum efficiency in releasing silicon atoms.
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The reproducibility of the investigated silicon spectral line ra-
diation intensities was 90%, which can be taken as accept-
able considering the method by which the impurity atoms were
introduced.

The line profiles were recorded using a step-by-step tech-
nique described by DjeniZe et al. (2002a). The Si III spectral
line profiles were recorded at the same detection conditions. A
sample of outputs are shown in Figs. 1 and 2.
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Fig. 1. Recorded spectrum with several investigated Si III lines at the
20th us after the beginning of the discharge in oxygen plasma.
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Fig. 2. Temporal evolution of the 314.9 nm Si IV spectral line profiles
in oxygen plasma.

Total line intensity (/) corresponds to the area under the line
profile (within 5%—7% accuracy). The Si III ion concentration
is low because ions are produced as impurities originating from
the Pyrex discharge tube. Therefore, the influence of the self-
absorption on the total line intensity values for Si III lines can
be neglected for the transition probability determination which
is very important.

The plasma parameters were determined using standard di-
agnostic methods (Griem 1964). Thus, in the case of the oxy-
gen plasma the electron temperature (7)) was determined from
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Fig. 3. Temporal evolution of the electron temperature (7") and elec-
tron density (N) during plasma decay. O, values obtained on the basis
of 9 O III line relative intensities; O, on the basis of the O IV/O III
line intensity ratio and A, on the basis of the S III/S II line intensity
ratio.
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the Boltzmann plot of the relative intensities of nine O III spec-
tral lines (375.9 nm, 326.1 nm, 326.5 nm, 326.7 nm, 371.5 nm,
396.1 nm, 369.5 nm, 369.9 nm and 409.1 nm) within an en-
ergy interval of 9.96 eV for corresponding upper levels, and,
also, from the Saha equation applied to the 375.9 nm O III
and 307.1 nm O IV spectral lines with an estimated error
of +13% assuming the existence of local thermodynamic equi-
librium (LTE), according to the criteria from Griem (1974)
and Hey (1976). Here we point out that the nine investigated
Si IIT lines have been also included in the plasma diagnos-
tics. The Boltzmann plot based on their relative line intensi-
ties gives T values (in the oxygen plasma) that agree well with
the values presented in Fig. 3. The temperatures are: 51 700 K
and 51 000 K in the 15th and 20th us after the beginning of the
discharge. These facts indicate that the relevant Si III energy
level populations remain in the LTE needed for the A values
calculation. In the case of the SFg plasma, the electron temper-
ature was determined from the ratio of the relative intensities
(Saha equation) of the 334.6 nm S III to the 481.6 nm S II
spectral line, supposing the existence of LTE with an estimated
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Table 1. Our measured (dcyp in pm) and calculated (dr, in pm) electron Stark shift values at a given electron temperature (7 in 10* K) and

at 10 m™ electron density. Asteriks denote calculated values (electron shift) taken from Dimitrijevi¢ et al. (1991a). A™

rel
exp and AT denote

our experimental and calculated relative transition probability (dimensionless) values. A, Ax and Ak (all in 108 s71) represent our calculated
transition probability values and those from NIST (2002) and Kurucz (2002), respectively. Atomic data (E, in eV), A and transitions are taken
from NIST (2002) and Striganov & Sventickii (1966). Positive shift is toward the red.

Transition A (nm) E, T dexp drn A%, Arl Am  Ax Ax
Si I
3p 'P°, —4p21D2 254,181 15.15 5.3 -1.0+0.8 0.087 + 45% 0.32  0.158
3d °D, —4p 3Pg 309.683 21.73 5.3 -1.7+0.8 0.45 0.696 £25% 0917 1.65 1.403
3d 3D3—4p 3P‘2) 308.624 21.74 53 0.45 0.609 £25% 0.777 1.40 1.178
4p 3Pg—4d 3D, 380.653 2499 53 6.3+£0.8 4.4 1.867 336 34
4p 3PT—SS 38, 323395 2556 53 11.6 £ 0.8 11.1 0.630 £ 12% 0.594 1.07 1.3
4p 31’3—55 35, 324.163 2556 5.3 6.8 +0.8 11.1 1.00 + 6% 1.00 1.80 2.3
4d 'D,-5f ng 471.665 2796 5.3 1.5+0.8 -2.8 0.870 £21% 1.444 2.60 2.8
4f 3Fg—5g 3G, 481.333 2855 52 -128+0.8 -42.1 0913+23% 1244 224 2.910
4f 3FZ—5g 3Gs 482.895 2855 52 -147+0.8 -42.1 0870+23% 1333 240 3.197
3d 3Dg—4p' 3p, 325.866 30.76 52 -25+0.8 0.891 £28% 0.550 0.99
Silv
452S,,-4p 2Py, 408886 27.08 33 -12:08 086
4pP;,-4d°Dy, 314956 3099 52 2008 LIS
4p 213;’/2—4d 2D5/2 316.569 30.99 3.1 1.7+0.8 1.08*
4d 2Ds;,-5p ng/z 376.245 3429 32 1.5+0.8 -0.18*
4d D5, -5p ZP?/Z 377315 3428 32 03=+0.8 -0.18*
5p 2P2/2—5d D5, 670121 36.14 52 7.5+0.8 22.3*

error of +11%. The electron temperature decay is presented in
Fig. 3. Necessary atomic data were taken from NIST (2002).

Electron density (N), in the case of the oxygen plasma,
was measured using the well-known single laser interferom-
etry technique for the 632.8 nm He-Ne laser wavelength with
an estimated error of +6%. In the case of the SF¢ plasma, the
electron density decay was observed by monitoring the Stark
width values of the convenient 375.9 nm O III spectral line
within an estimated error of +8%. Oxygen ions produced as
impurities in SFq discharge, due to their low concentration,
give convenient Stark width values because of the absence of
self-absorption. Corresponding N values, predicted by semi-
classical theory (Griem 1974), were taken from Sreckovic et al.
(2001b). The electron density decay is also presented in Fig. 3.
Taking into account the temporal dependence of 7 and N and
the criteria for the existence of LTE, one can conclude that rele-
vant Si III ion level populations remain in LTE up to the 60th us
after the beginning of the discharge.

3. Stark shift measurements

The Stark shifts were measured relative to the unshifted spec-
tral lines emitted by the same plasma (DjeniZe et al. 2002a,
and references therein). Stark shift data are determined with
+0.8 pm error at a given N and 7. Our measured (dexp) Stark
shifts are presented in Table 1.

4. Transition probability measurements

In the case where plasma remains at LTE, the well-known for-
mula (Griem 1964, 1974; Rompe & Steenbeck 1967; Wiese
1968)

(I1/1)exp = (A1g142/A2g241)exp(AEL [kT) (D

can be used for a comparison between measured relative line
intensity ratios and corresponding calculated values, taking
into account the validity of the Boltzmann distribution for the
population of the excited levels in emitters. In this expression,
I denotes the measured relative intensity, A the wavelength of
the transition, A the transition probability of the spontaneous
emission, E the excitation energy from the ground energy level,
and g the corresponding statistical weight. T is the electron
temperature of the plasma in LTE and k is the Boltzmann
constant. On the basis of the measured relative line intensity
ratio and determined electron temperature, Eq. (1) gives the
possibility to obtain the ratio of the corresponding transition
probabilities or the possibility of the determination of the par-
ticular transition probability value relative to the selected refer-
ence A values. As reference A value the transition probability
corresponding to the Si III 324.163 nm transition was chosen.
This line is the most intense and has the highest reproducibility
among the investigated Si III spectral lines. Our experimental
relative A values (Ag’fp) are presented in Table 1 with estimated
accuracies that contain the uncertainties of the line intensity
and electron temperature determinations and the uncertainties
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Table 2. Electron (a), proton (b) and helium ion (c) Stark shifts (in pm) calculated by using semiclassical perturbation formalism (SCPF)
(Egs. (4)—(6) in DjeniZe et al. 2002a) for the Si III spectral lines at 10?> m~3 perturber density and electron temperatures from 10 000 K to 300
000 K. < 4 > is the mean wavelength in the multiplet. Positive shift is toward the red.

Transition <A>(@mm) T(0*K): 1 2 5 10 15 30

3d 3D—4p *P° 309.07 a: 0.34 0.50 0.44 0.57 0.50 0.48
b: 0.08 0.17 0.31 0.42 0.47 0.56

c:0.14 0.32 0.61 0.85 0.95 1.14

4p 3P°—4d D 380.25 a:4.17 3.74 4.38 3.76 371 3.37
b: 1.33 2.14 3.20 3.85 4.28 4.97

c:2.32 4.00 6.31 7.82 8.61 10.0

4s38—4p 3p° 456.14 a:—-1.74 -231 =211 -234 -218 -2.02
b: -046 -0.86 -146 -1.82 -2.04 -244

c:-081 -1.63 -290 -3.69 -4.12 -492

4p 3pP°-5s 38 323.88 a:21.5 15.7 11.7 9.33 7.98 6.77
b: 1.98 3.03 4.26 5.12 5.52 6.38

c:3.39 5.56 8.31 10.3 11.2 12.8

4d 'D-5f 'F° 471.80 a:-7.4 -4.53 -285 -206 -144 -1.57
b:-9.61 -141 -19.6 -23.1 -253 -283

c: -38.0 -46.7 -50.6 -56.8

4f 3F°-5g 3G 482.35 a:-38.6 -424 -422 -36.6 -38.5 -34.1

of the calibration procedure. Ag?(lp represent averaged values ob-

tained during plasma decay in the time interval for which the
criteria of the existence of the LTE is fulfilled. Our Agf('p val-
ues provide the possibility for future comparison with absolute

data as well as with data presented in relative form.

5. Method of calculation
5.1. Stark shifts

The semiclassical perturbation formalism, as well as the
corresponding computer code (Dimitrijevi¢ & Sahal-Bréchot
1996a,b), has been updated and optimized several times
(Dimitrijevi¢ & Sahal-Bréchot 1996b, 1984; Sahal-Bréchot
1974; Fleurier et al. 1977; Dimitrijevi¢ et al. 1991b). The cal-
culation procedure, with the discussion of updates and va-
lidity criteria, has been briefly reviewed in Dimitrijevi¢ &
Sahal-Bréchot (1996a,b) (see also Djenize et al. 2002a). The
formulae for the ion-impact widths and shifts are analogous
to Egs. (4)—(6) in DjeniZze et al. (2002a), without the reso-
nance contribution to the width. The difference in calculation
of the corresponding transition probabilities and phase shifts
as functions of the impact parameter in Egs. (5), (6) is in the
ion perturber trajectories which are influenced by the repul-
sive Coulomb force instead of an attractive one as for elec-
trons. Atomic energy levels were taken from Martin & Zalubas
(1983). Note that in the Si III spectrum many of the known
terms are affected by configuration interactions and some
needed here are not experimentally determined. Consequently,
the obtained theoretical results might have errors larger than
usual for the semiclassical perturbation method (+30%).

Our calculated electron, proton and helium ion Stark shift val-
ues (dtp) are presented in Tables 1 and 2.

5.2. Transition probabilities

Due to its simplicity, the Coulomb approximation method of
Bates & Damgaard (Bates & Damgaard 1949; Oertel & Shomo
1968) for the calculation of the Einstein A values (oscillator
strengths) is often used in spite of the existence of more sophis-
ticated methods. It is used particularly for complex calculations
of e.g. line broadening parameters or stellar opacity. It is of in-
terest therefore to compare oscillator strengths calculated with
Coulomb approximation, with experimental values, as well as
with theoretical ones obtained with sophisticated methods. This
is particularly interesting for Si III, since many of the known
terms in this spectrum are affected by configuration interac-
tions. We took into account here that 3s4f>F° term has 23% of
3p3d3F° and that 3s5f'F° has a purity of 55%, while 31% are
3pnd 'F° and 14% is not determined. Consequently, the accu-
racy of the oscillator strength of the 471.67 nm line is lower
than the others. Moreover, the composition of the 3s5g°G term
is not determined, so that oscillator strength of the 481.33 nm
and 482.90 nm lines might be affected by the configuration in-
teraction. The same discussion holds for the accuracy of the
Stark shifts of these lines, which are more uncertain than other
results. Our calculated A values (Ay) are presented in Table 1.

6. Results and discussion

The results of the measured Stark shift (dexp) and relative transi-

tion probability (Ag’fp) as well as the calculated transition prob-

ability (Ary) values are shown in Table 1. A™

Th represent our
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calculated relative transition probability values. Our calculated
Stark shift values (dty) are presented in Table 2.

On the basis of Tables 1 and 2 one can conclude that our
measured (dexp) and calculated (dtn) Si III Stark shift values
agree in the case of the lines that belong to the 4p>P°—4d>D and
4p*P°-5s3S transitions within the experimental accuracy and
uncertainties of the calculations. In the case of the 4f3F°—5g3G
transition, the measured and calculated shifts have the same
negative sign, but the calculated ones are about 3 times larger.
This could be explained by the unknown composition of the
355g°G term of these Si III lines and the unknown composition
of ng3G and nh®H° perturbing terms. Experimental d values
for these lines obtained by Gonzélez et al. (2000) also have
a negative sign and lie below our calculated ones. Measured
and calculated d values of the lines 309.683 nm and 471.665 in
the 3d*D—4p’P° and 4d'D-5f'F° transitions, respectively, are
small but have a different sign. This discrepancy can be consid-
ered as tolerable, taking into account the accuracy (+0.8 pm) of
the experimental values and the uncertainties of the theoretical
predictions related to the atomic data necessary for the Stark
shift calculations. Incompleteness of the experimental perturb-
ing energy levels in the case of the Si III 254.181 nm and
325.866 nm spectral lines is such that the semiclassical pertur-
bation calculation results will be of very poor accuracy. On the
basis of the calculated Si III Stark shift values (see Table 2), one
can conclude that at electron temperatures below 30 000 K, the
electron Stark shift is dominant. In the plasmas with electron
temperatures higher than 50 000 K, proton and helium Stark
shifts play an important role. The Stark shift generated by he-
lium ions is about two times higher than the shift generated by
protons. These results can be important in astrophysical plas-
mas where protons and helium ions represent the main plasma
components.

In the case of the Si IV lines our measured Stark shifts and
the calculated ones presented by Dimitrijevi¢ et al. (1991a)
are very small and mutually agree very well within the ex-
perimental accuracy and uncertainties of the calculations. The
only exception is the d value of the higher lying 5p’P°—5d*D
(670.121 nm) transition where the dy, is higher than the mea-
sured ones by about 3 times. It should be pointed out that the
dth values taken from Dimitrijevi¢ et al. (1991a) are also calcu-
lated on the basis of the semiclassical perturbation formalism
(SCPF).

In the case of the transition probability values we can no-
tice reasonable agreement between Ag?(lp and Aﬁ?}l1 values within
the accuracies of the experiment (12—45%) and uncertainties of
the calculations (<40%). The only exception is the 325.866 nm
transition where the experimental A value is about 2 times
higher than the calculated ones. It should be pointed out that
our results for the mentioned transition are the first published
data. Our calculated A values (Aty) on the basis of the Coulomb
approximation method agree with tabulated values in NIST
(2002) and Kurucz (2002) predicted with about 50% uncertain-
ties in NIST values (NIST 2002). Our smaller Ay, values in the
case of the 481.333 nm and 482.895 nm transitions in compar-
ison to the Ax values can be explained taking into account the
cited (in Chap. 5.2) approximations used for our calculations.
It should be pointed out that the ratio of the A Ay, and Ay

exp’
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values related to the 323.395 nm and 324.163 nm transitions in
the Si III 4p>P°—5s3S multiplet are in very good mutual agree-
ment (within 10%). They are: 0.630, 0.594 and 0.565, respec-
tively. This fact confirm validity of our choice of the reference
A value.

7. Conclusion

Generally, we have found satisfying agreement between mea-
sured and theoretical Stark shift values calculated on the basis
of the semiclassical perturbation formalism (SCPF), especially
in the case of the Si IV spectral lines. Difficulties about the
knowledge of the perturbing energy levels increase the uncer-
tainties of some calculated Si III Stark shift values, explaining
the existing disagreement between some measured and calcu-
lated Stark shift values. Taking into account the agreement be-
tween measured and calculated finite d values, we recommend
the 380.653, 323.395 and 324.163 nm Si III spectral lines as
lines with convenient Stark shift values useful in astrophysi-
cal plasma diagnostics. Our experimental and calculated Si III
transition probability values are in tolerable mutual agreement,
within 40% on average.
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