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Stark broadening of spectral lines along the lsoelectronic sequence of Li
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Experimental Stark widths of the 3s S —3p P transitions in the Li-like ions Crv, Nv, Om,
and NevIII are reported. The measurements were performed for a set of plasma parameters so that
the density and temperature behavior of the Stark widths could be observed and compared with
calculations. The experimental results did not show a scaling with Z, where Z is the spectroscopic
charge number, which is expected from theoretical calculations in the electron-impact approximation.
Furthermore, deviations from linear scaling appear for Z = 8.
PACS number(s): 52.70.Kz, 32.70.Jz

I. INTRODUCTION II. THEORETICAL STARK WIDTHS

Investigations of Stark widths of highly charged non-
hydrogenic ions along isoelectronic sequences are of great
interest since cross sections for impact broadening scale
with nuclear charge and therefore systematic trends for
Stark widths are expected. For checking the predictions
of modern theories of Stark broadening reliable measure-
ments are essential, and they would also allow the ex-
trapolation of widths to higher ionization stages.

Up to now most measurements are restricted to a se-
quence of at most three elements (see, e.g. , Refs. [1—3])
and low charges (up to Z = 4). The agreement between
theoretical approaches and available experimental data
is such that no definite answer could be given as to what
the scaling of widths wit, h Z actually is.

The only measurements in well-diagnosed plasmas in-
volving highly ionized atoms (Z ) 4) were recently per-
formed by Bottcher et al. [4]. Their results of the Stark
widths of Li-like 3s Sil2 —3p Pso&2 transitions of Ctv,
N v, and 0 vl indicated a Z i dependence contrary to
the above-mentioned calculations giving nearly a Z de-
pendence.

In an attempt to solve the questions raised, we carried
out new measurements of Stark broadened profiles using
the same gas-liner pinch as Bottcher et al. [4]. After
improving the device, its operation, and the diagnostic
procedures, we recorded the profiles of the same lines of
C iv, N v, and 0 vt as in Ref. [4] but also extended the
observed isoelectronic sequence to higher Z by measuring
the Ne vttt 3s 2S —3p ~P' lines at 282.07 and 286.01 nm.

The experimental results are compared with theoret-
ical widths, which we calculated according to Refs. [5]
and [6], and with recent improved calculations by Hey
[9]

Apart from the scaling of Stark widths with Z an at-
tempt was made to investigate scaling with electron tem-
perature and density for each of the lines under investi-
gation.

It should be mentioned that data for Stark broadening
of highly ionized systems are also required to describe
the radiative transport in stellar interiors (see, e.g. , Ref.

[51)

For the calculation of the Stark widths we choose the
semiclassical impact theory of Ref. [5] and a modified
semiempirical approach as given in Ref. [6]. Apply-
ing Eq. (526) of Ref. [5] Bates-Damgaard factors were
introduced and eA'ective principal quantum numbers were
used. They also were used in Eqs. (7) to (9) of Ref. [6),
whereby the Gaunt factors were interpolated from the
values given in the same reference. The Bates-Damgaard
factors were taken from Ref. [7] and data for energy levels
from Ref. [8].

Calculations of the electron-impact broadening were
also performed by Hey [9], who used the semiclassi-
cal Gaunt-factor approximation. He introduced some
improvements in the calculation of the strong collision
contributions (whereby both the disruptive and higher-
multipole collisions are included) to the broadening along
the lines indicated in Ref. [10],and improved the method
of averaging over the strong collisions. The assumptions
were made that the electron-radiator collisions are the
dominant broadening mechanism, and that the impact
approximation of Baranger [11]remains valid [12] for the
electron densities and temperatures of the present exper-
iment [13].

Although ion broadening through the quadratic Stark
eA'ect is negligible, broadening through quadrupole in-
teractions is typically of the order of 10% of the impact
width [Eq. (218a) of Ref. [5]]. For higher temperatures,
however, its relative contribution becomes larger, since it
is approximately independent of temperature.

III. EXPERIMENT

A. Plasma source

The measurements of the line profiles were carried
out on the gas-liner pinch device developed at Ruhr-
Universitat Bochum [14—16]. It resembles a large aspect
ratio Z pinch where the so-called driver gas (in our case
hydrogen) is injected through a fast-acting electromag-
netic valve with an annular nozzle, forming initially a
hollow gas cylinder near the wall. After preionization (a
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50-nF capacitor charged to 20 k V is discharged through
50 annularly mounted needles) a 1l.l-pF capacitor bank
(25—35 kV) is discharged through the initial plasma shell
resulting in a compressed plasma column 1—2 cm in di-
ameter and 5 cm in length.

Another fast valve independently injects the test gas,
in our case CH~, N2, CO2, or Ne, along the axis of the
discharge tube. If this injection is properly timed, the
ions of the test gas remain concentrated in the central
part of the discharge where the plasma is rather homoge-
neous. In this way cold boundary layers of the gas under
investigation are absent, as has been verified experimen-
tally (see below).

The implosion time of the discharge and the lifetime of
the plasma were about 2.7 and 0.5 ps, respectively. The
maximum current reached was about 380 kA, and the
plasma parameters in the center of the discharge were
between 1.0 ( n, ( 2.9 x 10 cm and 7.0 & kT, &
42.5 eV. For this range of plasma parameters no self-
absorption of investigated lines was detected, as will be
discussed later. Several discharge conditions were used
for the different ionic species.

These features of the plasma source critically depend
on the amount of the test gas and its injection during the
time of plasma generation, and when set properly, make
the gas-liner pinch an important, very suitable source for
line-broadening studies at high electron densities.

B. Plasma spectroscopy

The experimental setup is shown in Ref. [17], and
only a few details are given here. The radiation from the
discharge is observed side-on through a port in the cham-
ber and imaged onto the entrance slit (30 ym wide) of
a 1-m monochromator (Spex model 1704) with 1:I mag-
nification and f/12 collection optics. In the exit plane
of the monochromator an optical multichannel analyzer
(OMA II) detector head was mounted, operating in the
pulse mode with a gate duration of 30 ns. Using a 1200-
lines/mm plane grating blazed at the wavelength of 500
nm, the linear reciprocal dispersion was 0.0201 nm/pixel
in the first order, which was used for recording the CIv
spectral lines.

A higher resolution was needed for the other lines, since
the Stark widths decrease with increasing Z. For the
investigation of the 5 v, Ovl, and NevIII lines we em-
ployed, therefore, a grating with 1200 lines/mm, blazed
at 1000 nm. Using it in second, third, and fourth orders,
the linear reciprocal dispersions were 0.0090, 0.0055, and
0.0043 nm/pixel in the respective wavelength ranges.
Contributions to the line profiles from other orders could
be eliminated by proper filters (GG385, UG5, and glass).

When recording the Ne vries A = 282.07-nm line, it was
not possible to isolate the fourth-order radiation, but for-
tunately, there was no line radiation from the third order,
which could not be removed using filters. The fourth-
order Ne vIII multiplet lines are separated in wavelength
such that the lines could not be recorded simultaneously
with the OMA. In order to check their intensity ratio,
we also measured this doublet in first order employing a

2400-lines/mm plane grating blazed at 240 nm, yielding
a linear reciprocal dispersion of 0.0102 nm/pixel.

The pixel-to-pixel sensitivity calibration of the de-
tection system was obtained for each wavelength range
under investigation using a standard tungsten lamp,
smoothing the averaged recorded spectra by the proce-
dure of adaptive smoothing [18]. The wavelength calibra-
t, ion was done with the aid of He and Ne spectral lamps
and with Fe and Al hollow cathode lamps. The recorded
apparatus profile of the detection system had a full width
at half maximum (FWHM) of 4—5 pixels. Its contribu-
tion to the recorded profile was taken into account, as
will be shown later.

The reproducibility of the discharge was tested by
monitoring the plasma continuum radiation at 520 nm
with a photomultiplier mounted at the exit slit of a 4-
m monochromator. This signal was also used to control
the gating time settings of the OMA and the laser for
different phases of the discharge.

C. Plasma diagnostics

Electron densities and ion temperatures at the center
of the plasma were determined by 90' Thomson scatter-
ing [19]. The evaluation procedure was improved by tak-
ing into account effects on the scattering spectra caused
by the impurity ions [20]; details are discussed by De-
Silva ef al. [21]. This procedure yields the electron den-
sity n, , ion and electron temperatures (T, and T, ), and
t, he temperature and concentration of impurity ions (T~&
and n; &), if the mean charge Z of the impurity ions is

determined independently. We therefore derived Z by
observing lines from successive ionization stages.

The analysis of the Thomson scattering spectra yielded
the following results: T, = T, within the error limits
for all plasma conditions investigated. The impurity ion
temperature T; &

was found to be slightly higher than
the electron temperature T„but still within the error
limits; this can be expected when one compares the time
scale of equilibration between impurity ions and protons
[22] with the plasma implosion time. The impurity ion
concentration n;m& was determined to be about or less
t, han l%%uo of the electron density n,

We could also verify from the shapes of the spectra that
there were no macroscopic plasma turbulences, instabili-
ties, or relative drifts of the ions and electrons occurring
during the times of observation, which had k vectors in
the plaice perpendicular to the discharge axis. Thomson
scattering was performed using a Korad Q-switch-driven
ruby laser (K-lg) giving a 2.5-3, 20-ns pulse. The re-

sulting spectra were recorded with the detection system
described above, using a 1200-lines/mm grating in sec-
ond order (the linear reciprocal dispersion was 0.0063
nm/pixel). This allowed us to resolve the impurity peak
of the scat tering sp ec tra.

IV. RESULTS AND DISCUSSION

Line profiles were obtained for diH'erent combinations
of plasma parameters simply by recording the spectra at
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conditions, and about eight line profiles were averaged
to reduce noise. The profiles were fitted by a Voigt func-
tion employing a least-squares fitting procedure [24]. The
Voigt function was the convolution of the measured ap-
paratus profile, a Doppler profile calculated for the mea-
sured ion temperature, and a Lorentz function with vari-
able width for the Stark broadening. The fitting proce-
dure also included variation of the continuum. Figure
2 shows examples of profiles of recorded spectral lines
along with their fits. It should be noted here that the
contribution of Doppler broadening to the overall width
of the spectral lines under investigation did not exceed
15%, that of the apparatus profile being less than 12%.

The multiplet components were fitted by two indepen-
dent Lorentzian profiles (Fig. 2). For all our profiles
the shape of the continuum in the wavelength range un-
der consideration was assumed to be linear, which was
confirmed by recording respective spectra of discharges
without injection of test gas.

Line-broadening mechanisms other than those men-
tioned above could be neglected for the lines and the
range of plasma parameters under investigation. Despite
the high discharge current, even the eA'ect of Zeeman
splitting was found to be negligible; it was calculated ac-
cording to Ref. [25] for our measured magnetic induction
B. The magnitude of B inside the plasma column was
eight times smaller than outside the plasma; this was
obtained from measurements with magnetic probes [26]
and verified by measuring the discharge current with a
Rogowski coil and estimating B using magnetohydrody-
namic equations.

The recorded spectra (Fig. 2) showed that distortions
of the profiles due to opacity effects (self-absorption) were
absent. For each species, the intensity ratio of the two
multiplet components was found to be 2:1 with fair ac-
curacy; in the case of self-absorption it would have been
smaller. For Ctv, where the doublet components over-

lap due to Stark broadening, we checked the intensity
ratio of the 2s Si/z —2p Ps&& and 2s Si/z —2p Pi'&&

resonance lines in the vacuum ultraviolet, which are less

broadened: it was also 2:1. This assures that the 3s —3p
lines in the visible were indeed optically thin.

Table I gives the experimental Stark widths (FTHM)
and the measured electron density and temperatures.
The errors are estimated rms values from individual spec-
tra. The largest contribution to the error is due to shot-
to-shot irreproducibility, which is rather good for such
experiments (note, the estimated errors are not greater
than 25%). The last three columns contain theoretical
widths, which were calculated after Refs. [5] and [6] or
were made available [9].

The Stark widths from the recorded spectra (Fig. 2)
were the same for both 38 SI/2 —3p P3/2 and 38 +I/2—
3p P&'/2 components within the error limits; however,

the values given in Table I were determined only from the
more intense lines for their better signal-to-noise ratio. In
case of Ne vttt, the Stark widths were taken from spectra
of the 3s zSi~z —3p zPso&z transiton with higher resolution.

In order to compare our experimentally determined
Stark widths with those obtained from theoretical ap-
proaches [5, 6, 9] and from other experiments [4, 27—30],
the widths were plotted as functions of electron temper-
ature and density in Figs. 3 and 4. Since the only avail-
able experimental result for higher ionization stages (Ref.
[4]) is obtained for n, = 1.8 x 10 cm s and kT, = 12.5
eV, our results are scaled to these plasma parameters for
a better comparison. A linear scaling of Stark widths
with electron density was assumed for plotting the data
in Fig. 3, since the linear dependence of Stark widths of
spectral lines of isolated nonhydrogenic ions upon elec-
tron density has been checked and proven in numerous
experiments (see, e.g. , Refs. [3, 5, 31, 32]) .

However, because the temperature in our experiment
had to be increased appreciably (by increasing the dis-

charge voltage) to obtain the desired ionization stage of
the heavier elements, it was essential to st, udy first the
temperature dependence of the Stark widths for each
measured line, in order to compare them to those ob-
tained at lower temperatures.

The assumption of a constant Gaunt factor results in a

TABLE I. Experimental Stark widths m of investigated 3s S&/2 —3p P~&2 transitions in Li-like ions. Experimental
results are compared with theoretical widths wG calculated after Ref. [5], wDK after Ref. [6], and w~ calculated in Ref. [9]

Ion

C Iv

A (nm)

580.13

kT, (eV)

7.0 + 0.7
8.6 + 0.8

n, (10"cm ')
1.5 + 0.3
2.4 + 0.2

w (nm)

0.67 + 0.04
0.97 + 0.05

0.90
0.88

1.19
1.15

1.19
1.14

Nv 460.37 14.9 + 2.3
18.7 + 4.0
21.8 + 5.3
23.9 + 5.6

1.2 + 0.2
1.6 + 0.3
2.0 + 0.4
2.3 + 0.4

0.22 + 0.01
0.27 + 0.01
0.34 + 0.02
0.38 + 0.02

1.18
1.12
1.10
1.12

1.51
1.40
1.39
1.42

1.37
1.29
1.26
1.28

0 VI 381.13 8.3 + 2.3
11.5 + 2.1

15.6 + 3.5
17.5 + 1.9

1.0 + 0.2
1.3 + 0.3
2.1 + 0.4
2.4 + 0.3

0.10 + 0.01
0.14 + 0.01
0.18 + 0.03
0.21 + 0.02

1.21
1.38
1.16
1.26

1.42
1.64
1.37
1.50

1.28
1.44
1.21
1.32

Ne VIII 282.07 29.7 + 7.1
42.5 + 11.4

2.8 + 0.3
3.2 + 0.4

0.12 + 0.01
0.12 + 0.01

2.22
2.07

2.55
2.45

1.83
1.77



8799STARK BROADENING OF SPECTRAL LINES ALONG THE. . .

1/~T, scaling of the impact wid s [,dths ~5 6 33~. For higher

, h the temperature dependence oftemperatures, however, e
t factor itself competes with this scaiing anthe Gaunt ac or i se

~ ~ ~

em eratureact widths become rather insensitive to temp
Fi . 3 the theoreticalvariations. As can be seen from ig. , e

approaches of Re s. ~& anf [5] and [6] show a similar behavior

are systematica y arger.ll l er. The temperature depen ence
its of Ref. [9] is consistent with that mentione

b
'

the temperature range investigate in our e
iment but the values are increasingly hig er
after 6 with hig er . ura ' h' h Z Our experimental results seem

d With the exception of Civ theto support this tren . i

values are systema ica y art' ll larger than the theoretical ones
the redicted behavior of the Stark widths

with temperature. However, at very iiig empera
the scaling certain y s ou1 h ld change due to the increasing

t f ion quadrupole broadening [5].importance o ion
'

ce the a ree-Our result is a very important finding since e g
ment between mos o e et f th experimental dataon the tem-
perature depen ence od d f Stark widths (as reviewed, e.g. ,

d Vv' [3]) and available theoretical re-b Konjevic ann vv iese an
le the Stark widths of the reso-sults is poor. For examp e, e

ental evicenance iines o1' of Ca it measured in one experimen
see Fig. l of Ref. [3]) increase with temperature, in con-

trast to the theoretical expectations.

We now accep et d the temperature dependence o the
rk widths as determined by the choice o e ectiveStar wi s as

Gaunt factors [6], and scaled all our measuredred values to a
of kT = 12.5 eV. These values are plottedtemperature o

F' 4 as function of density together wit eore-in ig. as
ical calculations for this temperature. All experimeimental
data s ow a inear epenh l d pendence on the electron density as
suggested by t eoriesb h

'
t5 6 9] but the values are higher

than the theoretical ones (with exception of C tv), t e
difference increasing with Z.

tark widths andTable I, finally, shows our measured Stark widths an
theoretical ones calculated for pthe s ecific densities and
t,emperatures. The values after Griem [5] and by Hey [9]
match our data slightly better than those obtaine a-

tal ones than those obtained in Ref. [9].men a on
Th riment performed by Bottcher e a.

an a — c an
to differences in the experimental procedures e

ne ma'or di erence
is the improved diagnostics of the plasma introduced in
the present work, where electron density and tempera-
ture were now derived for each discharge condition with
the respective test-gas concentration, also takin into ac-

12

8 10-

o
8

'a
7

6-
5-

~ ~ ~ ~
~ ~ ~

~ ~
~ ~ ~

~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~

5
p

4
C)

2
CO

Ch

4
6 8 10 12 14

Electron Temperature (eV)

16 10 15 20 25

Electron Temperature (eV)

30

(c)2.5-
C

2

~ (&l
0.8

~ 0.6

o
0.4

0.5-

10 15 20
Electron Temperature (eeV

10 20 30 40
Electron Temperature (eV)

50

of electron temperature for an electron density ofS —3 P doublet as a function o e ec ron eFIG. 3. Stark widths of the 3s — p
. The experimental results (excep [ ]) e c
( ) C ', (b) N v, (c) 0 vi, and (d)

— — —,calculations y e .b Ref. [9]. Experimental values: ~, present experiment; +, Ref. 4;, e .
[29]; x, Ref. [30].



8800 S. GLENZER, N. I. UZELAC, AND H.-J. KUNZE 45

count the eKects of the test-gas ions on the scattering
spectra [21).

The neglect of the infiuence of even small amounts of
test-gas ions could lead to underestimated electron den-
sities and hence to Stark widths which are apparently
too high. Another improvement was made in the proce-
dure of fitting Voigt functions to the measured profiles
(compare, e.g. , Figs. 2(a)—2(c) with Fig. l of Ref. [4]).

A comparison of measured and calculated Stark widths
along the investigated isoelectronic sequence is given in
Fig. 5. It should be noted that the error bars in Fig. 5
incorporate not only the error of the Stark-width deter-
mination but also the uncertainty in the electron-density
and temperature measurements.

As can be seen from Fig. 5, the theoretical approaches
of Refs. [5] and [6] show nearly a Z dependence of the
Stark width. The widths calculated by Seaton [34] using
close-coupling theory coincide practically with those of
Ref. [6]. The values calculated in Ref. [9] have roughly
the same trend with somewhat higher values for higher
Z.

Our experimental values for Z & 4 are systematically
higher than the theoretical ones (see Table I), and do
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not support the theoretical scaling. The value for Z = 8
is considerably larger if we extrapolate the widths from
ionization stages Z = 4 to 6 to Z = 8. Calculations by
Hey [9] show a similar tendency.

The scaling of all values to one temperature of 12.5
eV was done for the purpose of comparing the results,
being aware of the facts that there will be no substantial
Ne VIII population for observation at such low tempera-
tures, and that for the temperatures of this experiment
the ion quadrupole contribution, which has a difkrent
scaling, is at least 15%.

When comparing the results of the calculations [5, 6,
9] it should be noted that in Ref. [9], which is based on
methods developed in Refs. [10, 12], some improvements
in the calculation of the strong collision contributions to
the broadening have been made, and that the method of
averaging over the strong collisions was improved. This
gives a strong collision contribution to the linewidth of
about 20—25% for C 1v, 25—30% for N v, 40—50% for
0 vt, and 50—60% for Ne vftt. In Ref. [6] no explicit ex-
pression for the strong collision contribution is given, but
the disruptive collisions and higher multipole interactions
in Ref. [5] were calculated to be between 12% and 14%
of the linewidth for C tv to Ne vttt. The ion quadrupole
broadening is poorly known, and the observed discrepan-
cies will hopefully stimulate detailed calculations.

V. CONCLUSIONS

Measurements of Stark widths for the 3s zS —3p 2P'
transitions along the isoelectronic sequence of Li-like ions

are reported for Ctv, N v, 0vt, and Nevtrt. Calculations
after Refs. [5] and [6] are performed and compared with
the experimental values along with the results supplied
by Ref. [9]. All available experimental data of other
authors are included in the comparison.

Scalings of Stark widths with electron temperature T,
(Fig. 3) and electron density n, (Fig. 4) are investigated,
and reasonable agreement is found with calculations.

The behavior of the Stark widths along the isoelec-
tronic sequence (Fig. 5) was studied. The results favor
no simple scaling law in contradiction to Z ~ as sug-
gested by electron-impact theories (e.g. , Refs. [5, 6]).

For Z ) 4, the theoretical approaches [5, 6, 9, 34] give
systematically smaller values for the Stark widths as com-
pared with our experiment, the discrepancy becoming
larger with increasing ionization stage. This discrepancy
increasing with Z could indicate an increasing relative
contribution of ion quadrupole broadening at higher tem-
peratures which are necessary to produce the respective
ions.
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