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Stark broadening experiments on a vacuum arc discharge in tin vapor
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Pinched discharge plasmas in tin vapor are candidates for application in future semiconductor lithography
tools. This paper presents time-resolved measurements of Stark broadened linewidths in a pulsed tin discharge.
Stark broadening parameters have been determined for four lines of thes@ectrum in the range from 522
to 538 nm, based on a cross-calibration to aiSine with a previously known Stark width. The influence of
the electron temperature on the Stark widths is discussed. Results for the electron densities in the discharge are
presented and compared to Thomson scattering results.
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I. INTRODUCTION about 4 kV. The cathode, which serves as the bottom elec-

Discharge plasmas as powerful sources of extreme ultrd/0de; is covered with a thin layer of liquid tin and the dis-

violet (euv) radiation have been or are being developed by £harge is ignited by the vaporization of a small amount of the
number of groups in the world; a selection can be found irfi" (igger phase. A current starts to flow once the partially

[1-7]. An important potential application of such sources lieslonized cloud of tin vapor has expanded towards the edge of

in the field of the next generation of semiconductor lithogra-I"€ fing-shaped anode. , o
Due to the low inductance of the electrical circuit, the

phy, which requires radiation in a 2% wavelength band . ) )
around 13.5 nm. Traditionally, in many of these sources, xeSurrent rises very quickly to about 20 képrepinch phasp
The large electric current has two effects. First, it causes

non is applied as the working element, since it not only ex-

hibits a transition array near the desired wavelength, but als¢trond heating of the plasma and multiple ionization of tin up

being a noble gas, it is not easily deposited on or chemicalljP at least SH. The electron temperature can reach values
reacting with the surfaces @multilayer mirrop optics. How-  Up to around 30 eV in this phase. Second, the electric current
ever, because of doubts whether the xenon-based sourcg&ates the “pinch” effect: the Lorentz forces acting on the
will in the end be able to meet the power requirements fronfharged particles in the plasma cause the plasma to collapse
the industry, the center of attention has recently shifted toto a needlelike shape with radius of about %@ on the
wards the use of tin as an alternative working eleni8ht  axis of symmetry of the dischargginch phasg Measure-
Despite the obvious drawbackn is a solid under ambient ments show that the strongest euv radiation is emitted in this
conditiong, it is an interesting element because of the highlyphase.
favorable shape of its spectrum in the euv range. Since the magnetic field confines the plasma only in the
Since early 2003, a triggered vacuum arc in Sn vaporadial direction, the plasma can escape along the discharge
from the Russian Institute of Spectroscap$AN) has been  axis and the pinch dies. Simultaneously, the electric current
in operation in the ASML EUV Iaboratory in Veldhoven, The drops and the p|asma starts to cool down and exmdeday
Netherlands. Several techniques have been applied for thghasg. At the same time, the heat that was deposited into the
characterization of this source, and, more generally, to idengp layer on the cathode by the strong current during the
tify the mechanisms and elementary processes that play inhyepinch and pinch phases causes additional evaporation of
portant roles in this type of discharge. Among these techtin and the creation of a new, much cooler plasma.
niques are time-resolved plasma imaging, euv spectrometry For the recording of Thomson scattered spectra, a spec-
[9], and Thomson scatterifd0]. Since detailed descriptions trometer was used that was optimized for wavelengths near
of the evolution of the plasma are already given[®10,  the second harmonic at 532 nm of a pulsed neodymium-
only the main points will be repeated here. doped yttrium aluminum garneiNd:YAG) laser. The ar-
Before ignition of the discharge, a ring of capacitors thatragngement was such that a horizontal cross section of the
is connected to the electrodes is charged to a potential inscharge could be imaged onto an intensified charge-
coupled devicgiCCD) camera, while the other dimension
was reserved for wavelength information. A schematic image
*Email address: e.r.kieft@tue.nl of the discharge electrodes and the imaged part of the plasma
TCorresponding author. Email address: j.j.a.m.v.d.mullen@tue.nlis shown in Fig. 1.
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cedure for the determination of the electron densities is

given. In Sec. IV, the Stark broadening parameters for four

Snu spectral linegthree in the 527—-538 nm range and one
anode at a lower wavelengyhare presented. Further, electron den-
sity values have been derived for all phases of the discharge
except the pinch phase. These values are presented and com-
pared to the Thomson scattering results for the prepinch
phase. In the same section, the validity and accuracy of the
results are discussed.

cathode

II. STARK WIDTHS

A. Stark broadening parameters of the observed lines
FIG. 1. A schematic cross section of the electrodes of the tin
vapor discharge. The vertical elongated shape in the center repr%-e
sents the position of the pinch plasma. The horizontal rectangle
shows the orientation and the approximate position of the plasma Snu 6d2D3,2—> 6p2P(1’,2 533.39 nm (@),
cross section as it was imaged by the spectrometer onto the iCCD
camera.

The following lines have been detected and identified as
longing to the Sm andi spectra:

Snu 6p°P) — 5d°D; 529.3 nm (b),
During the Thomson scattering experiments, recordings

were also made for the background radiation as emitted by 6p’P) — 5d°D, 535.1nm (c),

the plasma itself, in wavelength ranges including the one of

roughly 527-538 nm. The presence of a few tin emission 6p3P8—> 5c|3Dl 537.1 nm (d),

lines in this range with linewidths that were varying strongly

during the evolution of the plasma led to a closer analysis of 150

this part of the tin spectrum and the major line broadening 6p Py 65150 522.6 nm (e).

mechanisms. In the following, these lines will also be referred to by

It was concluded that under the plasma conditions of théheir labels(a)—(e), as given above. Line@)—(d) are in the
tin discharge, Stark broadening—due to collisions of the ra527—-538 nm wavelength range, and could therefore all be
diating atom with charged particles—is the dominant broad+ecorded together in a single measurement. (@es at a
ening mechanism. In principle, it is possible to derive eleclower wavelength, and could therefore only be recorded to-
tron densities from the Stark widths of broadened lines; thigether with line (b) in a single measurement over the
is a well-established spectroscopic technigi&,12. Thus, 511.7-531.5 nm range.
measurement of the plasma emission would provide an ad- Energy level and wavelength information for ligg) is
ditional method for determination of electron densities inde-given in [13,14. Referenceg13] and [14] also give Stark
pendent of the Thomson scattering technique. Using théroadening values of 0.27+0.04 nm and 0.30+0.04 nm, re-
same setup as the one for Thomson scattering provides tispectively, defined as the Lorentzian half-width at half maxi-
benefits of an accurate wavelength calibration and good timewum (HWHM) of the line at an electron density,
resolution due to the presence of an iCCD camera. =102 m™3. The four Snu lines (b)<e) have been identified

However, we found that the calculation of electron densi-in the present study with the help of energy level information
ties from the widths of the detected lines was not straightforfrom [15].
ward. Of the four tin lines in the 527—-538 nm range, one Apart from these data, the literature information is, in
was identified as a Sn line, while the other three were view of our application, rather limited. For linéa), the
found to be Sni lines. Only for the Sni line was the Stark broadening parameter has only been measured for electron
broadening parameter known from the literat[t8,14, but  temperatures of 1.2610* and 1.0<x 10* K, by Miller and
in certain spectra only the widths of the &rlines could be Martinez, respectively, while the temperatures in the tin dis-
determined with sufficient accuracy. Further, we knew thatcharge under study can get up to tens of eV. Furthermore, for
for certain phases of the discharge, the electron temperatufi@es (b)—(e), to our knowledge no broadening information is
varies strongly, and is much higher than the temperature advailable from the literature at all.
1.0x 10 K and 1.16x 10* K, for which the broadening pa- To solve the latter problem for line@)—(d), we have
rameter was given. made a cross-calibration of their widths to the width of line

In the following section, an approach will be presented for(a), for those spectra for which both could be determined
a cross-calibration of the Stark widths of the ®rines to  with sufficient accuracy. Nearly all of the data points are in
the width of the Sni line. Also, a theoretical justification is the decay phase of the discharge. The widths of libegd)
given for the interpretation of Stark broadening measurewere assumed to be directly proportional to the width of line
ments at higher electron temperatures, and the importance ¢), and for each line, the Stark broadening parameter was
other possible broadening mechanisms is discussed. In Sezalculated from the proportionality constant as derived from
11, a brief description of the setup and the experimental prothe experimental data, and the Stark broadening parameter of
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line (). For the latter, the average of the literature values was 0.3
applied.

Line (e) has not been recorded simultaneously with line
(a) in a single measurement, and therefore only an indirect
cross-calibration of the Stark width using lige) was pos-
sible. A Stark broadening parameter for this line has been
calculated, but the indirect derivation of this value was not
considered to be accurate enough to be useful for the subse-
quent determination of electron densities. 0.14

Although the Stark broadening is mainly determined by
the electron density, in the plasma, the electron tempera-
ture T, also has a certain influence. Before we can do an
interpretation of the results obtained at higher electron tem- 0.0 Y 10 100
peratures, we need to evaluate the temperature dependency £
of the line broadening. ~

The electron impact broadening as presented by Griem FIG. 2. The functiongsd &)/ V¢, with gsd &) as defined inf17].

([

[16] is given by the following expression: The plot shows the very weak dependency of the functiorg.on
Weo= 8(Z>3/2in <E)1/2 B. Other broadening mechanisms
" \3/) mag \«T,

Apart from Stark broadening, several other mechanisms
X[(i[r?]iyged &) + (f|r3fyaed &)1, (1)  can contribute to the broadening of spectral lines that are
emitted by plasmagl1]. These include natural line broaden-
wherei andf denote the initial and final states of the transi-ing, Doppler broadening, and pressure broadening due to
tion, respectivelygi,f=%KTe/|AEi,f| where AE; ; are the en- collisions with neutral atoms. However, given realistic
ergy differences to the nearest perturbing levels for thos®lasma properties, natural line broadening is negligible com-
states,g.dé) is an effective Gaunt factor, andy, is the Pared to all other mechanisms. With an electron temperature
HWHM of the Lorentz profile in frequency units. The other Of about 30 eV or lower, Doppler broadening of tin lines
Symbo's have their usual meanin%eis proportionaJ to the near 532 nm will not exceed about 0.025 nm. Further, since
full width at half maximum(FWHM) line broadeningAx in  the interaction between charged particles is much stronger
wavelength units, through the expressidh=w\?/(7c). than_the interaction with r_1eutrals, and given _thg faqt that the
According to Eq.(1), we, depends on the electron tem- tin discharge has a considerable degree of ionization for all

perature both through an explicit 4T, dependency and reélevant phases, the pressure broadening due to collisions
through the effective Gaunt factors, which hakgin their ~ With neutral atoms will be much smaller than Stark broaden-

arguments. It can be rewritten as ing. The.refore, it can be concluded .that Stark proadening
will dominate over all of the broadening mechanisms men-
0dé)  0dé) tioned above, provided that it is not very small compared to
=A—— +B=——, the width of the apparatus profile, which is about 0.16 nm
Vé V& FWHM, as discussed in Sec. Il

Macroscopic(externa) electric and magnetic fields can
also contribute to line broadening. An external electric field
will cause Stark splitting of the emission lines. For large
fields, the (energy splitting of a level is of the ordeS
=egp’E, where £ represents the magnitude of the electric
ues ofé. _— I field, and the prefactor is a typical electric dipole matrix

Now, the functiongsd&)/V¢ exhibits only a very weak glement with a perturbing level, wheg is the first Bohr
dependency o# for a large range of values @f This point  a4jys andp represents the principal quantum number of the
is illustrated in Fig. 2. Therefore, as long as #hevalues for upper level. However, as long as this value is small com-
both the initial and final states of a measured profile are ”%ared to the distanck to the closest perturbing level, only a
very far from those applicable to the calibration of the samegy,5)| quadratic contribution remairgsimilar to the expres-

line, an estimation of the electron density will be possiblegion derived in[18] for the simplest case of only two
without prior detailed information on the electron tempera‘strongly interacting leve)s

ture in the plasma. Also, Fig. 2 shows thaj, is constant

within a factor 2 as long as botf; stay within a very wide S (eap?)? )

range of roughly ¥ £<200. In the following, we will use AE= A T5 : (2

the literature and calibration values of the Stark broadening

parameters for the calculation of the electron densities, and The magnitude of the electric field in the plasma will

check the validity of the method by evaluating the values ofnever exceed a value of aboutkL0° V/m, which is near

& ¢ both for the calibration and for the electron density mea-the values that we find when we divide the maximum poten-
surements. tial of 4 kV by the typical electrode distances. During the

where the prefactoré. and B do not depend of,. In the
approximation of Van Regemorté¢t7], the effective Gaunt
factorg.d &) for positive ions tends to a constant value of 0.2
for £~0 and behaves roughly #§3/2m)In ¢ for large val-
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t(ns) wavelength range, recorded 120 ns after the pinch. Apart from the
FIG. 3. Example of the discharge currgsblid curve and euv experimental data, also the individual line fit curvés Snu
emission derived from plasma imaging experimefistted curvg ~ 25o-39 "M; b, Snum 529.3 nm; ¢, Snu 535.1 nm; d, Snu

during the discharge. The absolute value of the current is derive_ng?'l nm and thelr_sum have bge_n plotted. In this case, the Gau_ss-
from the electrical circuit parameters, and is only approximate. lan apparatus profile was negligible compared to the Lorentzian
Stark contributions. A flat background contribution was subtracted

from the experimental curve and has not been included in the graph.

discharge, the typical electric fields will be even smaller
since most of the potential drop between the electrodes will . EXPERIMENT
then be concentrated in the plasma sheaths. Now, for all
lines, S is of the order of 2 meV. The lower level of line For all experiments, the triple-grating spectrome&iesS)
(a) has an energy gap of 11 meV to the nearest perturbingvas applied as originally designed and built by Marco van de
level; the other lines all have energy differences0.7 eV~ Sande[19] for application in Thomson scattering experi-
or larger. This results in a line broadening of not more tharments, and slightly modified and used for work on the tin
0.08 nm full width for line(a) and less than 1.2 103 nm  dischargg10]. Depending on the focal length of the last lens
for the other lines. Therefore, only for lin€éa) could in the system, the effective spectral range of the system
the electric field result in a detectable contribution to thecould be selected to be either about 10 nm or 20 nm. The
broadening. stray light reduction properties of the TGS were used only

A similar argument is valid for the motional Stark effect, for simultaneous Thomson scattering measurements.
which results from the electric field that is sensed by a mov- Stark widths have been determined both from the actual
ing charged particle in the presence of a magnetic field. Fospectra that have been recorded as background in the Thom-
the phases of the discharge for which measurements hawen scattering experiments, and from separately recorded
been done, the magnetic field can reach a value of up tplasma emission spectra, mainly for the trigger and decay
about 3.6 T, as is discussed in detail below. For realistiphases of the discharge, in which TS was not feasible. The
plasma velocities of about 4@n/s, the magnitude of the TS spectra are over the wavelength ranges of
“motional electric field,” Epo=|vXB|=4Xx10*V/m, is  511.7-531.5 nm and 532.6—552.9 nm, while the separately
even much smaller than the value of the electric field usedecorded spectra cover the 526.9-537.7 nm range. In both
for the estimations above. cases, only the vertically polarized signal has been consid-

Finally, the magnetic field can contribute to the line ered. In the former case, only one or three of the four lines
broadening directly through the Zeeman effect. Roughly, th€a)—<(d) could be used, respectively, for determination of the
line splitting in terms of energy will be of the ordegB,  electron density. In the latter case, liné®—d) were all
where ug=ef/2m,=9.3x 1024 J/T is theBohr magneton  available.
Of all the phases for which measurements are available, the The camera’s optical gating time was always 5 ns. The
magnetic field will be the strongest in the prepinch phase. Irtamera was synchronized to the ignition of the discharge,
this phase, the current increases from nearly zero to almosind a delay generator was used to vary the timing of the
20 kA between about 90 and 30 ns before the pinch. Armeasurements relative to the evolution of the discharge. The
example of a current plot is shown in Fig. 3. Assuming a flattime resolution of the measurements was about 10 ns, being
spatial current density distribution, and a constant plasmémited both by the optical gating time of the camera and the
radius ofr =0.7 nm before the start of the compression, thepulse-to-pulse jitter in the timing of the discharge evolution,
cross-section averaged magnetic-field strength increaseghich also contributed about 5 ns. Both single-shot and
from zero to about 3.6 T. This can lead to a full width line multiple-shot averaged experiments have been performed.
broadening of up to about 0.06 nmtat-30 ns, which might The width of the apparatus profile of the TGS in the spec-
give a significant contribution to the total broadening of thetral direction has been determined using the widths of the
lines. The effects of the electric and magnetic fields on the&snii lines from the outer regions of the plasma during the
results will be discussed in Sec. IV. decay phase, where the electron densities are very low and
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TABLE |. Full widths at half maximum of linega) to (d) for measurements in the 527—538 nm range.
The last column gives the electron density values derived using the calibration data as described in the text.

t (ng A\, (nm) A\p, (nmM) A\, (Nm) ANy (nmM) Ne (1073 m™3)
=270 0.82 1.5
-240 0.85 1.5
-210 0.69 1.2
-180 0.77 1.4
-150 0.58 1.0
-120 0.48 0.08 0.88
-90 0.60 0.08 0.07 0.04 0.91
-80 0.98 1.7
=70 1.06 1.9
-60 0.25 0.17 0.16 2.7
-50 0.21 0.18 0.16 2.7
-40 0.37 0.26 0.32 4.5
60 6.95 0.90 0.70 0.68 11
70 7.88 1.05 0.94 0.83 14
80 7.00 1.09 0.94 0.76 13
90 6.94 1.00 0.92 0.78 13
100 6.65 0.98 0.89 0.85 13
110 6.72 1.19 0.89 0.95 14
120 6.75 1.30 0.66 0.73 12
150 5.34 1.04 0.58 0.80 11
180 3.82 0.62 0.33 0.38 6.4
210 3.36 0.34 0.24 0.28 4.6
240 2.66 4.8
270 2.24 4.0
300 1.52 2.7
330 1.25 2.2
360 1.06 1.9
390 0.91 1.6
420 0.66 1.2
450 0.60 1.1
480 0.46 0.81
510 0.46 0.82
540 0.31 0.56
570 0.33 0.59
600 0.29 0.52
700 0.23 0.41
800 0.19 0.34
900 0.19 0.34
1100 0.09 0.16
1300 0.12 0.21
1500 0.04 0.073

hence the contribution of the apparatus profile to the totah variable width. The Lorentzian contribution was fully as-

measured widths of the lines could be expected to be domiribed to Stark broadening. The spectra over the

nant. The apparatus profile has been found to have a FWHM27-538 nm range for which the widths of lin€¢a)—(d)

of 0.16 nm. could all be determined with sufficient accuracy were used
Subsequently, the line profiles have been fitted to a Voigfor the determination of Stark broadening parameters, as dis-

profile, with a fixed Gaussian contribution to take the appa-cussed in the previous section.

ratus profile into account, and a Lorentzian contribution with  After this, for every spectrum the electron density was
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TABLE II. Stark broadening parameteds\ for four lines of the AB C
Snu spectrum, given in the form of half-widths at half maximum ] i
of the Lorentzian profiles in wavelength units far=10°* m=2 and 1000 -
T.=1 eV. Also given are the estimated relative errors in these num- 1
bers, as well as theoretical broadening parameferg, derived
using the semiempirical formula by Griefh6].

1u ¥
wil

n, (1 0*'m?)

Line AN (nm)  Rel. error  Alge (NM)

(b) 6p°P}—5d°D, 0.043 30% 0.030 1 = \+/+
(©) 6p°P2— 5d°D, 0.034 30% 0.030 10 :

(d) 6p°P5—5d°D, 0.032 30% 0.030 T s 1o 1800
© 6p'P)— 6s'S, 0.061 50% 0.036 time relative to pinch (ns)

FIG. 5. Electron densities as calculated from Stark broadening.

calculated as a simple average of the electron density valugdie time scale has been subdivided into three parts: A, trigger
derived from the individual lines for which the broadening Plasma; B, prepinch phase; C, decay phase. No Stark broadening
could be determined with sufficient accuracy. data are available for the pinch phag@round 0 ns on the time

In principle, radially resolved spectra of the axisymmetric Scale-
discharge could have been obtained by Abel inversion at
each wavelength of the entire spectrum. However, such a Other possible error sources include the uncertainties in
procedure would have been extremely laborious and therghe literature dat§13,14 on the broadening of linéa), the
fore we have chosen to limit ourselves to fitting of only the spatial gradients in the electron density, and macroscopic
central spectrum from the lateral profile, thereby effectivelyelectric and magnetic fields in the plasma. However, since
obtaining an electron density estimate for the entire crosthe calculation of Stark parameters is based on a comparison
section of the discharge. Since the highest density regions dfetween linewidths, the errors due to the spatial variations in
the plasma will be emitting the strongest radiation and therethe electron density will partially cancel out. Further, electric
fore contribute to the measured spectrum the most, we asnd magnetic fields do not play an important role in the
sume that this effective electron density will be close to thedecay phase of the discharge, as will be discussed below.

peak value of the density profile, to within about 25%. Since more data are available for lings to (d) than for line
(e), and the Stark parameter for line) has been derived
IV. RESULTS AND DISCUSSION only from an indirect measurement, the error estimate for

A le of the ol . in th line (e) is larger than for the other three.
n example of the plasma emission spectrum in the \ynen we compare the experimentally determined Stark

527-538 nm range IS Shown in F.ig. 4. In Table I, FWHM \iqhs in Table 11 with the semiempirical formula of Griem
values are given for the linewidths in the same spectral rang&) using his approximation

for different times in the evolution of the discharge.

The Stark broadening parameters for lirgbs to (d), de- ) p? ) )
rived from cross-calibration to the widths of lii@) for those Hrépx = m[5px +1 -3+ 1]ag, 3
entries in Table | for which all widths are present, are given
in Table II. Also, the Stark parameter for line), derived  wherex represents eithdror f, p, is the effective principal
from comparison of its width with that of lingb), is  quantum numbei, is the orbital quantum number, azds
included. the charge number of the level under consideration, we see

In Sec. Il, some limitations were given for the tempera-that all results match to within a factor 2. A more detailed,
ture ranges of the Stark results. However, the parameters fuantum-mechanical calculation of the Stark broadening pa-
Table Il were determined almost exclusively from measuretrameters was beyond the scope of this work.
ments in the decay phase, which is a recombining plasma In Fig. 5, the electron densities in the plasma, as derived
and therefore necessarily has a low electron temperaturérom the 527-538 nm spectra, have been plotted versus
From the model of Colombant and Ton¢®0], it follows  time. The durations of the trigger plasma, prepinch phase,
that in a stationary plasma the electron temperature must b&nd decay phases of the main discharge are indicated for
between 1 and 3 eV when both 'Sand SR* are abundant. reference. Electron densities from the Stark broadening mea-
For a recombining plasma, the electron temperature will bsurements in the prepinch phase are shown together with
even lower. As a result, the actual temperature will not be faelectron densities and temperatures from Thomson scattering
from those used ifi13,14, and the Stark broadening param- experiments in Fig. 6. Results from multiple measurement
eter of line(a) will be close to the literature values. Similarly, series of Stark broadening, including those from the back-
the Stark broadening parameters in Table Il can be interground spectra of actual Thomson scattering experiments,
preted as being valid for an electron temperature of 1 eV. Wéave been included in this figure to give an impression of the
estimate the errors in the Stark broadening parameters due $pread in the results. The figure shows that there is excellent
uncertainties in the electron temperature to be not more thaagreement in magnitude and trend for both sources of elec-
about £20%. tron density information.
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I B. For the electric field, it was derived there that it could

-

8 i}ﬂgﬁ:ﬁ: :2:: ; o\O/O give an additional broadening to lin@) of not more than
61 —4— X Stark broadening O/ 0.08 nm. As Table | shows, this contribution would be sig-
~ 4] » nificant only aftet=500 ns. However, this is already far into
RE . & the decay phase of the discharge and the capacitors will al-
S 9 *X"; ¥ ready have been drained of their charge almost completely,
c® . ;_.,ff”/ﬁ/ so that no large electric field is present anymore. Comparison
. Pl o of the estimated magnetic-field contributions to the actually
08 | e — measured linewidths for the measurements in the prepinch
08 — phase show that the presence of the magnetic field might
@) -100 =50 0 lead to an overestimation of the electron density by about
40- 20%. In the other phases, the magnetic field is much smaller
T 35 /o and/or the linewidths are much larger, so that the magnetic
§ 30 Oj“ field does not lead to significant additional broadening.
B 25 1° Taking all sources of error into account, it seems reason-
£ 20 2 able to assume an error margin of about £50% for the mea-
215 /0\8/0‘ sured electron densities in the discharge.
S 10 BT
?:5 o V. CONCLUSIONS

e = 5 In this work, measurements of electron densities have
time relative to pinch (ns) been presented using the Stark broadening of emission lines
of singly and doubly ionized tin in a vacuum arc pulsed
FIG. 6. (a) Electron densities as derived from multiple series of discharge. The Stark broadening parameter was known from
Stark broadening data, and maximum fitted electron densities pehe literature for only one line in the part of the spectrum
profile from Thomson scattering, plotted as a function of time be-under study. From our measurements, we have been able to
fore the pinch(b) Profile-averaged electron temperatures from Th-derive Stark broadening parameters for four newiSines
omson scattering, weighted by the electron density. with up to +30% accuracy. Since a part of the measurements
was done simultaneously with Thomson scattering experi-
Again, the temperature limitations as discussed in Sec. linents, the results from both techniques could be compared.
should be checked. From energy level dat§lis], it follows Even when taking into account that a certain part of the tin
that for line (a), AE;; are rather small with values of only line broadening in the prepinch phase is caused by the pres-
about 0.1 and 0.01 eV, respectively. This leads to large valence of a magnetic field, a good agreement both in the abso-
ues of¢ for the temperatures that can typically be found inlute values and in the trend of the data is found. The agree-
the tin discharge plasma. However, the width of ljlagwas ment in the absolute values can be considered as a
used almost exclusively for measurements in the trigger andonfirmation of the validity of the cross-calibration of the
decay phases, which are both recombining plasmas. FollowStark broadening parameters.
ing the discussion above, we can conclude that the electron The measurements show that the electron density in the
temperatures in those phases will not be far from 1 eV, s@repinch phase, which is of the order?dén—2 before the
that the Stark broadening parameters from the literature castart of the discharge current, increases to several times its
be applied. earlier value in only about 50 ns time, thereby confirming the
On the other hand, ling®), (c), and(d) also play arole in  trend in the Thomson scattering results. Also, a decrease of
the determination of the electron densities in the ionizingthe density from about 26m= to below 182m= in a
prepinch plasma. For these measurements, the electron tetanger time span of about 1,8s during the decay of the
perature has values up to 16 eV, as can be derived from Figlasma has been shown.
6. For these lines, the tables [ih5] give values forAE; ¢ of In the discharge under study, the electron temperature var-
0.7 and 2.0 eV, respectively, and hence the energy differied over a large range, and in some cases was far from the
ences to the nearest perturbing levels are much larger tharalues for which the Stark broadening parameter of the Sn
for line (a). Now, & ; vary from 2 and 0.75, respectively, in line was known from the literature. Despite these unfavor-
the decay phas@ssumingl.=~1 eV) to up to 34 and 12 in able circumstances, we have shown both in theory and in
the prepinch phase for the initial and final states, respectivelgxperiment that the Stark broadening technique can provide
(with T,=16 eV). For this range of values, Fig. 2 shows fairly accurate electron density information in the Sn euv
that gd &) /1€ is only a very weak function of temperature, discharge over a range of more than two decades. This is due
and hence also for the Sinlines the condition derived in to the fact that the Sm lines are about an order of magni-
Sec. Il is met. tude narrower than that of the $nline. Stark broadening
Finally, the possible contributions of the electric and mag-can therefore be a useful additional tool for characterization
netic fields to the line broadening were mentioned in Secof this type of plasma.
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