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Stark broadening along the berylliumlike sequence
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We report on Stark width measurements 8828-2s3p singlet and triplet transitions along the berylliumlike
sequence performed in a gas-liner pinch discharge. Simultaneously with the spectroscopic measurements we
have diagnosed the plasma with Thomson scattering testing theoretical scalings of the Stark broadening with
density, temperature, and spectroscopic charge nu@bdhe comparison of measured Stark widths with
semiclassical calculations shows that the calculated temperature scaling is consistent with the experiment.
However, a systematic discrepancy of measured Stark widths from theoretically pretiiétsdaling is found
with increasing spectroscopic charge numkefS1063-651X%98)11605-7

PACS numbdps): 52.70.Kz, 32.70.Jz

I. INTRODUCTION agreement for the transitions in the ion of the highest ioniza-
tion state Nevil.

Reliable experimental data to study the dependence of In order to apply plasma spectroscopy in a wide range of
Stark broadening on the charge numtzenof the emitting  Plasma parameters, it is of utmost importance to test theories
ions are important to test theoretical predictions of line-in an intermediate density range where an independent
widths from highly ionized atoms. Their understanding isPlasma diagnostic is available. In fact, at densities of the
crucial for the diagnostics of high density plasriass], and ~ order of 1X10' cm™?, there are discrepancies between ex-
for x-ray lasef{6—8] and opacity studiegadiation transpojt perimental resultf23] and recent quantum-mechanical Stark
[9-17. In earlier investigations of the measured StarkWidth calculationd 24] even for—from a theoretical point of

widths along the isoelectronic lithiumli{a3,14 and boron- view—simple resonance transitions where such calculations

like [15] sequences, deviations are stated from some theoreg_rereeexrﬁzﬁiege?mgznms?r;:po%gras?rlne. I:fr;e?jdgllggg,ct]uerﬁr:s (:':l
ical calculations using the electron-impact approximation gree ; 5 Simp piing
.culations, which show & “ scaling, and the measurements

[16,17. In the case of the boronlike sequence, the Corm)a”éllong the lithiumlike isoelectronic sequenickt,2(. These

son between experimental gnd theoretical data turns out to k%ﬁscrepancies show that there are still open questions regard-
difficult because of close-lying perturber levels. This prob-j, "o stark broadening, especially the contribution of
lem does not exist for energy levels of the lithiumlike ions: g5 collisions and high-order terms. It shows that reliable
measurements of Refl4] clearly show deviations from the ata of line profiles are needed to benchmark the theoretical
Z~© dependence which is predicted by some theories. Thgpproximations. The gas-liner pinch device provides best
authors found that theoretical calculations of Hey and Bregegonditions for Stark width measurements of transitions of
[18] show the best description of the experimental data dugighly ionized species: The ions of spectroscopic interest are
to an improved calculation of the strong collision term. Sinceimbedded in a well defined and propetnd independently
then, further improvements of the semiclassical estimate ofiiagnosed plasma.
strong collisions by Alexiou[19] led to an overall good
agreement between semiclassical calculations and the experi-
ment [20]. In the present study, we have investigated the
scaling of the Stark broadening of the beryllium isoelectronic  The special feature of the gas-liner pinch—which is, in
sequence to verify the generality of this finding: the38  principle, a high-aspect ratip pinch—is a fast electromag-
2s3p singlet and triplet transitions in the berylliumlike ions netic gas inlet system injecting two different kinds of gases
N 1v and Ov. Including results of a former investigation of independently. The outstanding characteristic of the resulting
these transitions in Nei [21], we find a systematic devia- plasma is that the ions of spectroscopic interest are confined
tion from semiclassicdl16] and semiempirical17] theories  in the homogeneous center of a hydrogen plasma column,
with increasing charge numbé@r. Performing semiclassical and no cold boundary layers are present. Therefore, no Abel
nonperturbative calculations and taking into account strongnversion for the data analysis has to be carried out. For the
collisions of electrons more precisd®2] we find reasonable investigation along the berylliumlike sequence, the discharge
voltage was gradually increaséd7—34 kV), driving the
plasma to higher temperature in order to obtain ions of high
*Permanent address: Department of Physics, Quaid-i-Azam Unispectroscopic charge numbers.
versity, Islamabad, Pakistan. Two 1-m Czerny-Turner spectrometers for the visible

Il. EXPERIMENTAL SETUP
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TABLE I. The measured Stark widttFWHM) of the 2s3s-2s3p singlet and triplet §=2-J=1) transitions along the berylliumlike

sequence for the measured electron density and temperature. The errors denote the standard deviation of about ten measurements. /

comparison with calculated valueg;, wpy, andw,g after[16, 17, and 18 respectively, is given.

lon A (nm) Ne(10'® cm™3) kgTe (eV) Wexpt (0.1nm) Wexpt! W Wexpt! Wpk  Wexpr/ Whig
Niv 1S.-1P, 638.08 0.46:0.04 7.0:2.3 1.73:0.13 0.86 1.19 1.10
0.65+0.04 6.2-0.6 2.53-0.14 0.87 1.20 1.13
Niv 3s;,-3P, 347.87 0.5& 0.05 7.0:2.3 0.84-0.08 1.22 1.70 1.58
0.81+0.05 8.3-1.7 1.10-0.10 1.18 1.67 1.52
1.06+0.12 9.0-2.4 1.110.11 0.93 1.31 1.17
1.58+0.06 8.5-0.8 1.46-0.13 0.81 1.14 1.04
1.94+0.09 8.7-0.8 1.72+0.12 0.78 1.10 1.00
ov 15-1P, 511.42 1.080.10 7.8-2.5 1.85-0.42 0.98 1.27 1.14
1.72+0.15 14.4-7.8 2.16-0.19 0.81 1.04 0.90
2.36+0.18 18.7-7.8 2.85-0.35 0.81 1.04 0.89
in 2. order: 1.26-0.07 9.3-1.9 2.010.19 1.00 1.29 1.13
Nevi 'Sy-1P,y 364.36 3.5 0.50 19.0-3.8 1.70-0.26 1.28 1.57 1.15
Nevi 3s;-3P, 198.20 3.060.40 20.5-3.5 0.45-0.07 1.53 1.91 1.29

spectral range were available. The first was used for spectr@atoms are embedded in a homogeneous and resting hydrogen
scopic investigations, and the other employed for simultaplasma column.

neous measurements of density and temperature via Thom- The Thomson scattering measuremef3] were per-

son scattering25,26. For the spectroscopic investigation of formed at various times during the discharge. Each Thomson
the berylliumlike spectral line emission, a grating with 1200scattering spectrum recorded with the ICCD consists of 578
lines/mm blazed at 750 nm, and a grating with 24o00radial channels, and we averaged 20 channels in order to
lines/mm blazed at 240 nm, were employed. They give relmprove the si_gnal-to-no_ise rat_io. This procegjure resulted in
ciprocal linear dispersions of 0.02 and 0.01 nm/channel ir?6 spectra Whlc_h_were fitted with the theoretical form factor
first order, respectively. An optical multichannel analyzerOf Evans(28], giving the plasma parameters at correspond-
(OMA-system II, EG&G model 1456-990Gnounted in the ing radial channel$29]. The shapes of the spectra clearly

exit plane of the spectrometer is gated with a duration of 42532\'5"_ Elr'r?é r']?nhtgrennp;{ atuI;eSsmzrz fﬁ:ﬁ;ﬁzgfﬁrgr}eﬁmngﬁz'
ns, setting the time resolution of the spectroscopic measur ) 9 y b

ments. The full width at half maximufFWHM) of the ap- thermore, analysis of the width of the impurity peak on the

paratus profile is three channels. spectrum indicates that the temperature of the highly ionized

meigtrjggrt]ﬁguslgsr\:\vgh ;rr]smseﬂg?ggscgg;te??nsegf}gcs)gf’r;'é%tpms is also equal to electron temperature. The bulk veloc-
P P y 9 |?y determined from the Doppler shift of the spectra shows

tion of a ruby laser systerfKorad K1 Q-Switch\ = 694.3 o . . .
. the plasma dynamics: During the whole time of the discharge
nm, 1 J. The laser beam passes through the midplane of th e central (<2 mm) part of the plasma is at rest, so that

discharge, and the scattered radiation is collected at an angle_ =" - macroscopic Doppler shift. Consequently, an ad-

of 90°. T_h_e light is focused onto the entrance Sl't. of theditional broadening mechanism of the spectral lines can be
second visible spectrometer equipped with a 1200 lines/mm

; excluded. Only at late timest$¥200 ns after maximum
grating blazed at 1000 nm, and a second OMA system. WEg. N : .
obtain a dispersion of 0.0063 nm/channel when using th inch compressiogndid we observe a decompression velocity

grating in second order. A time resolution of 30 ns for theof 2x10° cm/s of the outer regions of the plasma (6 mm

Thomson scattering measurements was given by the FWHI\fr<1O mm. Therefore, we exc;luded Spectroscopic mea-
of the laser pulse. surements performed at these times. In this way we ensure

Recently, we employed radial resolved Thomson scattert—hat only plasma conditions were analyzed, where muitiply

. = " ionized ions are at rest and are still located on the axis.
ing to measure the distribution of densities, temperatureslfurthermore we kept the amount of impurity ions 169w
concentrations of multiply ionized species, and macroscopi X P punty

i§ 4 .
plasma flow velocities on a single sH@f]. For this purpose 29 of the electron densityand found that the plasma for

we used an intensified charge coupled deviG£D camera mation is reproducible.

with an apparatus profile of 2.5 pixels, giving a radial reso-

lution of 66 um. This s_,etup imprqves earlier ex_perimental IIl. STARK WIDTH MEASUREMENTS

methods[14,15 to verify the radial homogeneity of the

plasma column and the concentration of the multiply ionized The measured Stark widths of various38-2s3p singlet
atoms in the central part of the plasma column. The radiadnd triplet lines along the isoelectronic sequence of the be-
resolved measurements show that for times after maximumylliumlike ions N1v, Ov, and Nevil are compiled in Table
pinch compression until 200 ns later, the highly ionizedl for the measured densities and temperatures from Thomson

Seconds due to high electron-ion collision frequency. Fur-
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100 Y 35 - pe 2 Ov ISP . b) width. An example of the @ singlet line is given in Fig.
A =347.87 nm 800 A=511.42nm 1(b)'

Measurements of the i multiplet lines were also at-
tempted, but suffered under poor intensity; the singlet line
was even undetectable. The triplet line was obtained for one
T density value, and the intensity ratio of the triplet compo-
e e A T =T =5 o nents did not agree with the theoretical ratio. Furthermore, at

A (um) A (am) wavelength positions near to the triplet lines unidentified

lines occurred, so that the deviation from the intensity ratio
- 3 3 1 i ., . .

FIG. 1. Example of spectra of thes2s-2s3p °S-*P triplet line can be explained most probably by underlying transition

of Niv (a) and !S-!P singlet line of Ov (b) along with least- - oo . i
squares fits. The apparatus and the Doppler profile calculated f(i;rnes giving coniributions to the triplet components. There
i

the measured temperatures are taken into account by the fitted Vo pre, we decided to exclude the measurements of the F
profiles. nes.
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IV. RESULTS AND DISCUSSION
scattering. The Nv singlet and triplet lines were measured
in first and third orders, respectively, using optical filters to

suppress contributions of lower orders. An example of th :
P P hree theoretical approaches evaluated at the measured den-

L) along with the bes: fit. Al measured spectalines wereSIlES 21 temperatures of the experiment. The symho)
9 ' P represents the electron-impact width calculated after Eq.

fitted by a least-squares method, with a V(_)igt profile taking(526) from Griem [16], wpy is evaluated after a modified
into account the measured apparatus profile, a Doppler P'Qemiempirical approach of Dimitrijeviand Konjevic[17],
file <_:a|cu|ated_ for the measured temp_era‘_ture, and a _Loren ndw,,s was calculated using a code of Hey and Bredéi.
profile. The width of the Lorentz contribution and the inten- ta data for the energy levels were taken from R8g).
sities of the individual multiplet components were varied in-The theoretical values of Reff18] are also electron-impact
dependently by the fitting procedure. The optical thickness ofyigths, but the calculations allow for more perturbing levels
the triplet lines can be calculated from the experimentathan the other two approximations. In addition, Hey and
spectra by comparing the intensity ratios of the multipletBreger[18] chose other cutoff parameters, thereby consider-
components with theoretical ratia$:3:1) which are ob- ing the contribution of strong collisions more carefully. The
tained assuming.S coupling[30]. In addition, the compari- detailed calculation procedure and some applied improve-
son of the Stark widths within the multiplets is a more sen-ments were discussed in R¢14].
sitive method in order to find spectral line profile distortions  The theoretical values of Refi6] show fairly good
by radiation transpoif31]: The experimental Stark widths of agreement, but overestimate the experimental data for the
the three components are equal, i.e., their ratio is 1.0@bns Niv and Ov by about 15% at higher densities. For the
+0.06, strongly indicating that self-absorption is absent. Inhighly charged ion Ne1, this behavior is reversed, and the
addition, the measured intensity ratio of the two strongestalculation gives widths which are up to 50% too low. The
triplet components[I(J=2-J=1)/I(J=1-J=1)] is (5.1 semiempirical values after Refl17] underestimate the
+0.2):3, e.g., it agrees to within 2% with the theoretical widths for all ions and all densities. The best agreement for
ratio (5:3) over the whole density range. In addition, the all experimental data can be found with calculations using
experimental intensity ratio of the two weaker componentghe code of Ref[18]. Nevertheless, these theoretical values
[(3.0+0.4):1] is equal to the theoretical rati3:1). These of the Niv triplet transition deviate from experimental data
observations clearly show that the density of the impurityat lower densities. These data points are measured at late
ions indeed was chosen to be low enough and, as a consémes after maximum pinch compressidn<(150 ng at tem-
guence, the spectral lines are emitted optically thin. peratures which are lower than those at the highest densities,

The optical thickness of a radiative transition is propor-so that the deviation might be due to an underestimation of
tional to the population of the lower level and the absorptionthe temperature effect of this theofsee Fig. 2. For Nevil
oscillator strength. Since for the other spectral lines investidetailed semiclassical nonperturbative calculations were per-
gated in the present study, the same low amount of test gdsrmed by Ref[19], and show good agreement with experi-
was used, and the population of lower levels in the singlemental data when taking into account electron quadrupole
system can expected to be even lower than in the triplebroadening[21]. Unfortunately, such calculations were not
system, we conclude that for all present spectral lines radiadone for the lower ionized species measured in the present
tion transport effects are negligible. investigation, so that the dependence of Stark width&Zon

In the case of ¢ the triplet lines overlap with several cannot be given for this theory.
O v lines and, therefore, only the singlet line was measured. To investigate scalings of the Stark broadening, we accept
In addition to measurements in first order, we performedhe theoretically predictef33,16], and in a number of ex-
additional measurements in second order to increase thgeriments confirmed, linear density dependence of the Stark
resolution and to decrease the relative contribution of thevidth [34]. We linearly scaled the measured widths to a den-
apparatus profile to the total linewidth. The Stark widthssity of n,=1x10'® cm~3. In Fig. 2, the scaled widths are
agree within the error bars of about 10%. In second order thehown vs temperature together with the theoretical widths.
apparatus profile convoluted with the Doppler profile com-The error bars denote the standard deviation of about ten
puted at respective temperatures amounts to 15% to the totaleasurements. In addition, an experimental value of the N

In Table I, we compare measured Stark widths of the
s3s-2s3p transitions with calculated widths following
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FIG. 2. The temperature dependence of the measured Stark

width (FWHM) linearly scaled to a density af,=1x10'® cm 3 FIG. 3. Experimental Stark widths scaled Te=10 eV using

along with the theoretical calculations of Griefi6], Hey and the temperature scaling of Dimitrijevend Konjevic[17] or Griem

Breger[18], and Dimitrijevicand Konjevic[17]. Within the uncer-  [16]. The experimental values are increasing linearly with density.

tainty of the experiment, the experimental data follow the electronThe linear fits of the Stark widths of N and Ov lines are in good

broadening predictions of theories quite well. agreement with calculations after Hey and BrefE8]. Measure-
ments after Puriet al. [35] for the Niv triplet line also agree with

triplet line measured in Ref35] in a linear-pinch discharge the present results.

plasma using a scanning procedure is given. In that work the — . ,
density—measured by employing single-wavelength lasefonstant ¢=0.2). In the case of the N lines, this upper
interferometry—is one order of magnitude lower than in thelimit is slightly exceeded for the nearest perturber level, and
present investigation. This data point compares well to thd0r ions with higher charge number the Gaunt factor varies
present study, indicating that the linear scaling is a good‘”th temperature especially for daj[a points measured at high-
approximation. est densitiegand consequently higher temperaturedere

From Fig. 2, we find that the present experimental resultd"® 1\ ksT. temperature dependence of the width is mainly

cannot distinguish between the temperature dependenciG@MpPensated for by the Gaunt factor in the term of the sum

predicted by the theoretical approximations of R¢1s,17] c?rresgon:ign& /tct> t?ﬁ r:e?rles; dpt)ﬁrtlurl;):gr lgvﬁl] wg;chkco.réirr:b-
and of Hey and Breg€rl8], because the standard deviation uhes abou ) ,—Ic() € total width. In Ilg. ’ Ie ?r widths
of the experimental values is not small enough and the temz oW & st.rong IykgT. temperature scaling only at low tem-
perature range is limited to a small range. The theoretic eratures; t_he temperature dependence becomes -much
: eaker at higher temperatures. We conclude that the tem-
. ) : ) i g eperature scaling predicted by the three semiclassical approxi-
in comparison to semiclassicel6] or semiempirical theory  asions considered in this study is a reasonable approxima-
[17]. The latter shows nearly the same temperature depefion and describes the experimental behavior quite Virell
dence as Ref.16]. A stronger 1{kgT, scaling of the elec-  particular the case of ©@).
tron impact width is predicted, assuming the Gaunt fagtor In order to compare experimental results independently
to be constant: from temperature, the Stark widths were scaledkid,
=10 eV, employing the theoretical temperature scaling of
E Ref.[17]. These Stark widths are shown in Fig. 3 along with
W=Ng— —| —=| — E R?. 5(— the three mentioned theoretical approaches calculated at cor-
3 m2\ 7keTe) 3|57 M AE;; responding electron densities. In addition, the temperature-
scaled widths were fitted with a linear function that was con-
2 E strained to pass through the origin. Within the error bars we
+Z Rit 9 AE (4.1 find good agreement for both singlet and tripletWlines
f fi and the Qv singlet line with theoretical values of RgfL8].
) ) _ The value of Ref[35] is in good agreement with the fit
(see, e.g., Ref§36] and[17]). In this formula, elastic colli-  through the present experimental data. In Fig. 3, it becomes
sions at low temperatures are taken into account by extrap@pyvious that semiclassical calculations after H&6] over-
Iating the threshold value of the inelastic cross section belOVéstimate experimenta| Stark WIdthS, and Semiempirica| val-
the threshoIdeZ,j is the square of the coordinate operatorues underestimate them.
matrix element summed and averaged over magnetic sub- In order to study th& dependence of the Stark width, the
states of angular momentudi andJ, respectively, and the results of the different ion species are plotted in Fig. 4 vs
sum is over all contributing perturbing energy levels. If thetheir respective charge number. The widths in angular fre-
energy of perturbing electror®= 3kgT, is lower than twice quency units are taken from the fit at a densityngf=1
the energy difference of the perturbing level, the effectivex 10 cm~2 and a temperature ¢ T,=10 eV. In addition,
Gaunt factor proposed in Ref87] and[38] indeed becomes the experimental data of Refg39] and[35], and the theo-

8 ﬁz( 2m )1/2 T
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FIG. 4. The fitted experimental Stark wid¢m frequency unitsin the (a) singlet and(b) triplet system plotted over the spectroscopic
charge numbeZ on a logarithmic scale. The density and temperaturengrel X 10'8 cm ™2 andkgT,=10 eV, respectively. The error bars
of the Stark widths include the experimental errors of electron density and temperature. A systematic discrepancy of experiment and theory
with increasing spectroscopic charge number becomes obvious.

retical data are shown. The calculated data of Réf] and  dence of the Stark width with density and temperature.

[17] suggest & 2 dependence of the Stark width. It is ob-  Semiclassical calculations according to Hé#], and the
vious that neither the theoretical data of REf8] nor the  semiempirical calculations of Rdf17], show the same tem-
experimental data show & 2 dependence and, therefore, perature dependence of the Stark width, while the calcula-
the experimental values deviate systematically from thdions of Hey and Bregefl8] show a slightly weaker tem-
theory of Refs[16] and[17]. Although Ref.[18] deviates perature scaling. In this study we could not distinguish
from the data for the Neul triplet line, this theory gives the between these theoretical predictions. They all show agree-
best overall agreement and follows the experimental trendgnent with the experiment within the error bars. In order to
for higherZ ions. The experimental results clearly show de-compare measured widths independently of temperature, we
viations from aZ~2 dependence with an increasing chargescaled the experimental results kgT.=10 eV using the
number of the ions probably related to strong collision. Thistheoretical temperature scaling. The experimental results are
result confirms earlier findings for the lithiumlike sequenceunderestimated by theoretical values of Héf7], and over-
[14], and show that a generZl ? scaling is not applicable. estimated by theoretical calculations according to REf].

The deviation for atoms of higher charge numieis  These theories suggesZa? scaling of the Stark width. The
most likely due to an inadequacy of the respective theoriesexperimental data show a growing systematic discrepancy
Measurements along the isoelectronic sequence of lithiumwith these theories with increasing spectroscopic charge
like ions made in Ref[14] show the same discrepancy of numberZ. Using more perturber levels and an improved es-
these theories for the ions of the highest ionization stagetimate of the strong collision terifl8], the calculations fol-
Performing nonperturbative calculations, Alexi@2] found  low the trend of experimental Stark width along the isoelec-
good agreement for the lithiumlike sequence. Calculationgronic sequence of berylliumlike ions. The latter theoretical
employing this modern code for Na triplet and singlet values only slightly underestimate the width for the highest
lines also show good agreement, especially when taking intspectroscopic charge number. Nonperturbative calculations
account electron quadrupole broaden(itg]. These nonper- of Ref. [22] are in good agreement with the present data,
turbative calculated values slightly overestimate the widthespecially when taking into account electron quadrupole
and they are plotted in Fig. 4 with and without taking into broadening, but they slightly overestimate the experimental
account the strong collision estimate. widths. It will be interesting to compare the present experi-

When calculating the Stark widths of transition lines of mental data and calculations with results of modern codes
ionized atoms with intermediate charge numbers, semiclasssuch as quantum mechanical close coupling calculations
cal and semiempirical codegsl6—-1g give reliable Stark (which have been done for other transitions in berylliumlike
widths within an accuracy of 30%. More complex calcula-ions[9] and with too few perturbing levelsor to nonpertur-
tions[22] should be applied if ions of a high ionization stage bative semiclassical calculatiofs9] to clarify the contribu-
are investigated, and a higher accuracy is required. tion of strong collisions and higher order terms to the Stark

width.

V. SUMMARY
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