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Experimental Stark widths of Kr 11
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We present Stark width measurements of three strong HKines of the (5°S°—5p°P) quintet. The
measurements are performed in a plasma produced in the gas-liner pinch, which is equipped with a Thomson
scattering system as an independent plasma diagnostic. The investigation shows that the lines are emitted
spatially homogeneous and optically thin, thus an experimental scaling law of the Stark width with electron
density can be presented. Another plasma regime with a density variation alangxisecan be cultivated by
an unusual strong seeding of the hydrogen plasma with krypton ions. This large amount of test gas injection
produces inhomogeneous spectra alongzthgis. The nonuniformity of the emission of the spectral lines is
attributed to an inhomogeneity of the plasma column resulting from instabilities generated in the compression
phase of the plasm§S1063-651X98)06811-1

PACS numbgs): 52.70.Kz, 32.70.Jz

INTRODUCTION inception for such investigatio49—23. One goal of a se-
. . ries of experiments at the gas-liner pinch is to test the theo-
S".]C.e the 1960s, _due to the explosive growth. of new a.n(iiies of Stark broadening so that these can be applied to the
promising technologies, krypton gas has come into ever 'n?iagnostic of high-density plasmas and to opacity calcula-
creasing practical use especially for the manufacturing ofy o Many of the former measurements of ions in lower
particular types of light sources and las¢is2]. Recently  jonization stage§24—29 fit within their error bars to theo-
krypton has gained some attention to generate shorietical profiles predicted by various authd89,31,7,8, but
wavelength lasers as wdlB]. One of the outstanding chal- giscrepancies between theory and experiment have been seen
lenges on the way to a fusion reactor is the problem of enas well. Moreover, different theoretical assumptions predict
ergy exhausf4]. Towards the solution of this problem the line profiles whose Stark widths differ significantly. As an
concept of a cold radiative plasma boundary has been reexample, even within the framework of the semiclassical ap-
viewed quite recentlyf5]. In a fusion machine like ITER proach of electron broadened isolated lines, the estimates of
(International Thermonuclear Experimental Reackoypton  the contribution of strong collisions diff¢8]. A recent im-
may play a practical role for distributing a substantial frac-provement of the semiclassical estimate of the strong colli-
tion of the power on the various parts of the wall of the sion term and the inclusion of higher order terf88] led to
reactor. an overall good agreement between semiclassical calcula-
In order to realize such applications details of atomic datdions and the experimefi83] even for “high” Z ions (Z<8).
have to be known. In the following we present a study of theFor the interpretation of the broadening of the resonance
Stark width of three strong components of IKroriginating  transition of Bill measured at the gas-liner pin3¥4], it has
from the same multiplet. They are in the uv spectral rangebeen suggestefd 6] that some kind of hydrodynamic turbu-
(i) A=335.193 nm, 5§°3°-5p°P, J=2-1, (i) lence might be generated in the pinch plasma resulting in
A=332.575 nm ...{iii) A=334.569 nm ..., 32—3 and pro- increased Doppler broadening, which is erroneously attrib-
vide data for comparison with calculations. At present, onlyuted to Stark broadening. The corresponding quantum me-
calculations by Hey6] are available, which were obtained chanical result is lower than the experimental width by a
using a code according to Refd,8]. One deficiency in this factor of 2, but the experimental width is again consistent
regard is the extremely poor knowledge of the energy levelgvith semiclassical calculatior{¥,8].
especially of levels with high principal quantum numbers.
Although some data in the vuvacuum ultravioleétand near

: . . I. EXPERIMENTAL SETUP AND DIAGNOSTICS
uv region of the spectrum are available, they are inadequate

for the complete knowledge of the energy levéss-15). The gas-liner pinch device shown in Fig. 1 has been de-
Therefore, theoretical Stark width calculations for these transcribed from its first design35—-3§ to the present setup
sitions are not yet available. [18,29,33. Briefly, it resembles a large aspect ratiginch

Measurements of the Stark width and its scaling with denconsisting of two parallel electrodes of diameter 18 cm and 5
sity in multiply ionized atoms have attracted considerablecm apart. Special features of the device are two independent
attention in recent years, especially after discrepancies bégast electromagnetic valve systems providing concentric gas
tween theory and experiment have been folt-18. The  streams, one as a hollow cylindrical shell near the wall called
gas-liner pinch has been employed quite extensively since itthe driver gas. The other valve injects the so-called test gas

along the axis of the discharge through a nozzle in the center

of the upper electrode. High reproducibility of the device is
*Permanent address: Department of Physics, Quaid-i-Azam Uniensured by a pre-ionization system. The amount of test gas
versity, Islamabad, Pakistan. can be varied from a few tenths of a percent to several per-
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cents of the driver gas. The injection time is adjusted in sucltase of a large amount of test gas injectidihomson scat-
a manner that a proper amount of impurity ions persists in &ering gives a hint to incipient instabilities, but it is revealed
homogeneous central part of the plasma and a cold boundatkat the effects of instabilities and turbulence vanish at later
layer of the test gas ions is practically absg3fl]. The de- times of the discharge and the plasma column seems to relax
vice is energized by a 11.A4F main capacitor bank charged macroscopically. For the present Stark profile measurements
up to 20—-45 kV, providing 2.2—-11.2 kJ discharge energy. we used a very small amount of test gas1(% of the driver

A %-m monochromatoflSA, Jobin Yvon is employed to  gag and, in addition, the lines appeared at late times after
monitor the time behavior of the plasma continuum radiatiormaximum pinch compression. These are satisfactory experi-
at a wavelength of 520 nm. The plasma parameters are deaental conditions; for that reason we are certain that for the
termined simultaneously with the spectroscopic observatiostark width measurements presented here there are no addi-
by collective Thomson scattering. The diagnostic systentional Doppler effect contributions caused by macroscopic
consists of a ruby lasefKorad K1-Q, 50 MW having a motion and turbulence that could affect the line profiles.
pulse duration of about 30 ns. The laser beam is focused into It is important to study the inhomogeneity arising with
the geometrical center of the discharge vessel. The scatterémige amounts of test gas. Therefore we created in a second
light from the center is collected at a scattering angle of 90°tep such an inhomogeneous condition. The electron density
and is focused onto the entrance slit of a 1-m spectrograpis axially resolved and determined by the Stark width of the
(Spex model 1704mounted with a 1200-lines/mm grating Kr 1l quintet lines.
blazed at 1000 nm. In the exit plane of the spectrograph an
optical multichannel analyzé OMA Il, EG&G model 1456-
990G is mounted, giving a linear reciprocal dispersion of Il. EXPERIMENTAL RESULTS AND DISCUSSION
6.3 pm/pixel in second order. For the spectroscopic measure-
ments we employed an intensified charge coupled device
(ICCD 578x 384, Princeton Instrumentso detect spectral We measured three components of the quintet°@
lines spatially resolved. The ICCD system is installed at an—5p°P) of Krui ions at wavelengths of\=335.193
other 1-m spectrograptSpex M1000 containing a 1200- nm (J=2-1), A=332575 nm {=2-2), and \
lines/mm grating blazed at 750 nm. The linear reciprocal=324.569 nm {=2-3). It was possible to measure the
dispersion of the spectroscopic system is 18.2, 8.7, and 5lines in first, second, and third order, but due to the high
pm/pixel in first, second, and third order, respectively. Theresolution and the ICCD chip size all three components
dispersion has been determined by employing cold spectrgould not be measured together; in first and second order
lamps. each two neighbored components appeared. We measured

In an effort to answer some of the questions mentioned inhe spectral lines at wavelengths=335.193 nm and\
the Introduction, we performed a detailed analysis of the=332.575 nm together in first and second order. The spec-
plasma dynamics via radially resolved Thomson scatteringral line at wavelengthh =332.575 nm was also measured
measurement$40]. We showed that the plasma column along with the line abh =324.569 nm in first order. Second
formed is homogeneous and free of turbulence when a smafirder measurements of the line at wavelengih
amount of test gas is injected. Moreover, the density is con=324.569 nm and third order measurements of the line at
stant over 1.0 cm around ttzeaxis and the spectral lines are wavelengthh =332.575 nm have also been made.
not affected by self-absorption due to the absence of a cold We performed measurements with a low amount of test
boundary layer. For extreme discharge conditioins., the  gas injection(up to 1% to check if the intensity ratio and

A. Density scaling of the Stark width
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width ratio of the lines under investigation remain the same Iy N, gifg E,—E;
or if they vary with the amount of injected test gas. In this set Ty L &X ) (2.
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of measurements we ensured that the emission was spatially

homogeneously distributed. We found that the intensity ratio o .
and the width ratio of the lines remain invariant with the WNereé\, g, andf are the wavelength, statistical weights,

amount of injection and the ratios are within the error barsand oscillator strength of the levels, respectively. Unfortu-

equal to those predicted by theS coupling scheme as will nately, for the lines gnder investigatibralues are not avail-
be discussed later. able in the literature; however, one may assume that they are

rﬁlqual since for most of the casésloes not change much
- P ithin the same multiplef42]. For such transitions between

in Fig. 2. In th_e ICCD spectra shown in F'g.' 2 the top af‘d levels of high principal quantum number predictionsL8

the bottom portions are black due to the slit height, whichy, \hjing should be valid because the valence electron is far
was nearly 4 mm. The central position was determined by, ay from the parent electrons and the core. Under this as-
placing a lamp at the geometrical center of the dischargesymption the theoretical value of the intensity ratio is
Figure 2b) gives the corresponding line profile obtained by 1:1.7:2.5. If we compare the theoretical value of the intensity
taking the mean of the verticdl.e., axia) channels, where ratios with the experimental value we see that the agreement
the gray line gives the experimental data points and the blacis very good. The widths of the three components are equal
solid line is the best theoretical fit to the data points. Thewithin their error bars, the ratio of the width of the stronger
experimental lines were fitted independently with a Voigtcomponent to that of the weaker component is 8.94%.
profile that consists of a Lorentzian profile accounting forAll together, the intensity and width ratios confirm that the
Stark broadening, which was numerically convoluted withlines are emitted optically thin. The standard deviation of the
the apparatus profile and the Doppler profile. The apparatuspectral shift is of the three components is less than one
profile has a widthfull width at half maximum(FWHM)] of  pixel, which reveals that the plasma is macroscopically sta-
about 3.1 pixel. To estimate the contribution of the Dopplertionary for the whole duration of the measurements. In addi-
part we have determined the ion temperature for the wholéon, the spectral lines have been found at the tabulated
set of measurements by Thomson scattering. For the kryptoffavelength positions of Ref43].

ions the contribution of the Doppler part is practically neg- FOr the absolute width measurements higher order mea-
ligible in the range of our plasma temperature of 3 eysurements are preferable for the following reasons: The re-

¢ flectivity of the grating is higher due to the blaze angle. As

=KeTc=6 eV. From the figures it is evident that the fit o mentioned, the apparatus profile is about 3.1 pixel, it contrib
he th ical profil h i I i . ' : e
the theoretical profile to the experimental data is very gOOdutes up to 44%, 21%, and 16% of the total width in first,

We fitted additional Voigt profiles to lines that are near thesecond, and third order, respectively. For the higher order

wings of the lines of interest. The first and second order easurements we have introduced an optical filter (G5
measurements were used to determine the intensity ratio (i[’]r?uto the optical path, which has about 99% transmission in
the lines. The experimental intensity ratios are (0'94the wavelength rané;e of =300-500 nm. In the wave-
+13%):1.7:(2.64:8%) for Krit J=2-1,3=2-2,J=2  jength range\ =600-650 nm and\ =900-1000 nm its
—3, respectively. o . _ . transmission i0.5-5% and 60%, respectively. Therefore,
To determine the theoretical intensity ratio we estimatedor the second order measurements the filter will completely
the electron collision rate and the radiative decay [48.  cut any first order contribution arising from lines at the
For the plasma parameters in our range the electron collisionger wavelengths. In third order measurements the filter
rate is 500 times higher than the radiative decay rate. Thereill also significantly reduce the effect of first order contri-
fore, the population densities of the two levels are accordingyutions at the longer wavelengths. One of the ICCD spectra
to the Boltzmann distribution, and assumin§ coupling the  recorded in third order is depicted in Fig(c2 The corre-
intensity ratio can be written dg1] sponding line profile averaged over the vertical channels is
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FIG. 3. Stark width vs electron density together with corresponding theoretical val{igs @ shows the data without any temperature
scaling with their best linear fi{b) shows the width scaled to a temperature 5 eV usingy&gll, dependence together with their best fit.
For comparison the fit of the unscaled data is also given.

shown in Fig. 2d). We note that for the higher order mea- Figure 3 also shows the results of a calculation for the
surements an overall fitting of the theoretical profile to thestrongest line (§°S3—5p°P3) of the Kri multiplet [6],
experimental profile is better compared to the first ordewwith strong collision contributions included for both the up-
measurements because the assumption of a linear continuyser and the lower states of the line. This calculation treats
contribution is fulfilled better. only the line broadening by electron perturbers, within the
In Fig. 3(@ the width versus density graph for all the classical path and the impact approximations. In spite of the
components measured in higher orders is given where eachther poorly known term scheme for this ion, a surprisingly
data point represents the mean of about 10 shots. In order tigh degree of completeness of the perturbing levelser
investigate the pure density dependence of the experimentgho was found with the use of existing tabulatidds]. For
Stark width one has to account for the temperature variatiorthe calculations shown, the percentage contributions to the
Theoretically the Stark width is proportional to the productbroadening were approximately as follows: elastic collisions
of 1/\ykgT. and the Gaunt factors summed up over all the(17%), inelastic collisions(50%), strong collisions(33%).
perturbing levels. If the energy of the perturbing electron isTheoretical reasons for the discrepancies between measure-
less than twice the energy difference between the perturbinment and calculation could include any of the following:
levels the Gaunt factors have nearly temperature independengglected contributions to the strong collision tefmmainly
[45]. This holds if the electron temperature is very low, thusmonopolg, the neglect of broadening by ion perturbers, and
giving a 1A/kgT, dependence of the Stark width. In the op- the complexity of such a many-electron atomic system as
posite regime, if the energy of the perturbing electron isKr i, which is treated only very crudely here, and for which
comparable to or even larger than the energy difference ofptically forbidden collision-induced transitioriseglected
the perturbing levels, Gaunt factors are temperature depefiereg may play a significantly more important role than as-
dent. At high temperatures the temperature dependence efimed. On the latter point, the reader may wish to consult a
the Gaunt factors will counteract that of the factogKdT,, discussion of a distorted-wave calculation by Hey and Blaha
thus giving a temperature independent Stark width. For ougf the electron impact broadening of a prominent line in the
case we are in the intermediate regime due to the moderately Il spectrum47].
large principal quantum number and the low temperatures For comparison of the calculated values with experimen-
where the exact dependence on the temperature is ntal Stark widths their ratios are given in Table I. The theo-
known. Therefore, in Fig. ®) we have shown the experi- retical widths systematically underestimate the experimental
mental Stark widths for the two extreme cases. The data
points are scaled to a temperature of 5 eV using th@sﬂe TABLE I. Experimental Stark width6FWHM) of the Kriil ions
dependence, and they are shown together with their best fitor the J=2—1, J=2—-2, andJ=2—3 components originating
The fit of the unscaled data poirfisf Fig. 3(@)] is shown as  from the multiplet (5°S°—5p °P) and comparison with theoreti-
well. There is no significant change between these fits, whichkal values of Hey and Breg¢6]. The experimental values corre-
is obviously due to the small temperature range covered bgpond to measurements in second and third order.
our experiment. Therefore, we present the following electron

density scaling of the Stark width: Density Temperature  Expt. Stark width
Ne (1018 Cmis) kBTe (EV) Wexpt (0-1 nm) Wexpt/WHB
We(nm)=0.146< 10" **n(cm3). (22 053+0.10 3.20-0.48 1.14-0.17 1.76
0.65+0.08 3.7G:0.55 1.15-0.14 1.47
The uncertainty of the linear fit to the experimental data is0.66+0.17 3.671.03 1.22:0.17 1.53
about 15%, which includes also the error arising from den-.71+0.15 3.50-0.68 1.14-0.13 1.32
sity diagnostics. This scaling is recommended for an electron.02+0.10 4.36-0.45 1.4%0.10 1.16
temperature of about 5 eV. The complete experimental data.16+0.12 4.90-1.56 1.810.18 1.33
set of the Stark width§FWHM) for the measurements is 1.39+0.15 5.30-0.67 1.76-0.09 1.09

given in Table I.
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results, which might be attributed to the mentioned deficienaverage spectra around the positier3.3 mm and 4.4 mm
cies, especially the missing of energy levels higher than 6sare plotted. For this discharge condition we found that in
Nevertheless, the agreement is good especially for the dabome spectra the line at the wavelengtthef335.193 nm

points measured at higher densities. is affected by some unidentified lines and it was difficult to
isolate the true Stark width of this line. The stronger compo-
B. Large amount of injection nent(332.575 nmJ=2-2) is not affected, however, it is

The above scaling law was established from a hornoger_1ot possible to state exact intensity ratios. In Figg) 4nd

neous plasma column by injecting a low-to-moderate amoun‘l}(d) the Stark width and_ intensity of thie=2-2 component
of test gas fim;<1% Of n,). The homogeneity could be are shown along the axis of the plasma column. We used the

seen on the spatially resolved spectral lines; for examples s ove der'|ved scaling layEq. (2,'2)] to determmp the elec.-
Figs. 2a) (first orded and Fig. Zc) (third ordej. In former tron' 'den5|ty from the Stark Wldth.. Fo'r the d|ff.erent.aX|si1I
measurements inhomogeneities along thaxis had been positions, the correspondmg densny_ is also given in Fig.
cultivated by injection of large amounts of test gas leading td*©)- Thomson scattering corresponding to the shown spec-
population inversiorf48]. In order to investigate effects of trum yields an electron density of 1.490' cm™*, which
high test gas injection on the plasma homogeneity we iniS not spatially resolved. This density is consistent with the
jected an order of magnitude more test gas resulting in aaxially resolved density determined from the Stark width.
impurity concentration of about 3% of the electron density. It is typical for cases with injection of a large amount of
An example of an ICCD spectrum in second order with antest gas that the density varies by a factor of 1.6 over a
inhomogeneous emission along thaxis is shown in Fig. distance of 2 mm. On the same scale the intensity in Fig.
4(a). The line intensity is, in contrast to Figs(a® and (2c), 4(d) varies by a factor of 3. In some spectra the latter grows
not homogeneously distributed along theaxis but forms even by a factor of 6 while the density variation approxi-
two different plasma regions. In contrast to the homogeneoumately remains the same. Figure&)4and 4d) reveal that
line emission shown in Fig.(d) and Fig. Zc) we now in-  the variation pattern of both intensity and width along the
creased the slit height of the spectrograph. For the homogexis is similar, however, the intensity variation is stronger
neous condition a small slit height is useful in order to supthan that of the width. Without knowledge of the spatially
press stray light in the spectrograph while the large slit sizeesolved electron temperature, two explanations are most
in the inhomogeneous case allows one to cover a larger volikely: first, the comparatively large reduction of the intensity
ume to study the variation of the plasma parameters. may be the result of an increase or a decrease of the tem-
When investigating the spatial structure it is of utmostperature in that region of the plasma column that leads to a
importance to focus a sharp image of the plasma colummeduction of Kni ions compared to other Kr ionization
onto the entrance slit of the 1-m spectrograph. With a 1:Istages. Second, due to a constriction there are simply fewer
magnification and taking into account the resolving limit of 3 Kr ions and fewer plasma particles along the line of sight.
pixel of the ICCD camera a spatial resolution of about 60Both explanations can be attributed to instabilities. Since the
pm along thez axis is achieved. However, each single chan-inhomogeneous emission of the spectral line is connected
nel is too noisy to be fitted reliably with a theoretical profile. with the injection of a large amount of test gas, the variation
Therefore, we took the average of 20 vertical channels irof plasma conditions along the axis can be explained by a
order to improve the signal-to-noise ratio, which resulted inRayleigh-Taylor instability. A large amount of injected test
an average spatial resolution of 4@60m. In Fig. 4b) the  gas will more strongly decelerate the imploding plasma col-
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umn, resulting in an enhanced growth rate of the instabilityence in the plasma. In a second experiment we have shown
[49]. In order to investigate this instability in detail axially that inhomogeneities can be cultivated in the plasma by in-

resolved plasma parameters have to be known. jecting a large amount of test gas. The resulting density
variation along the axis is revealed by applying the above
CONCLUSION density/width relation. This variation can be attributed to an

increased growth rate of the Rayleigh-Taylor instability,

We have presented an experimental scaling law of thgyhich appears when injecting large amounts of test gas.
Stark width of three components of the Y%°—5p°P)

transition in Kriii. This scaling law can be used to determine
the electron density in other applications. A comparison with
theoretical Stark widths gives good agreement, bearing in
mind the incompleteness of atomic energy levels ofiKA The work was supported by the Sonderforschungsbereich
reasonably good linear dependence of the experimental Stafl®1 of the DFG. The authors thank J. D. Hey for the calcu-
width on the electron density supports the absence of Dopations and discussions. One of (IsA.) thanks the DAAD
pler broadening of spectral lines and of hydrodynamic turbufor support.
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