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Time-resolved pinhole camera imaging and extreme ultraviolet spectrometry
on a hollow cathode discharge in xenon

E. R. Kieft, J. J. A. M. van der Mullefi,and G. M. W. Kroesen
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

V. Banine
ASML Netherlands B.V., De Run 6501, 5504 DR Veldhoven, The Netherlands
(Received 16 June 2003; published 20 November 2003

A pinhole camera, an extreme ultraviol@UV) spectrometer, a fast gatable multichannel plate EUV de-
tector, and a digital camera have been installed on the ASML EUV laboratory setup to perform time-resolved
pinhole imaging and EUV spectroscopy on a copy of the Philips EUV hollow cathode discharge plasma source.
The main properties of the setup have been characterized. Time-resolved measurements within the plasma
pulse in the EUV have been performed on this source. Specific features of the plasma, such as a ring shape in
the initiation phase and a propagating sphere during the pinch phase, have either been discovered or confirmed
experimentally. Relative populations of various ionization stages in the pinch plasma have been estimated on
the basis of line intensities and calculated transition probabilities. The changes in relative line intensities of a
single ionization stage can be explained by a combination of temperature and excitation/deexcitation balance
effects. Experiments with argon dilution on a newer version of the source show considerable effect on the
shape of the xenon EUV spectrum.

DOI: 10.1103/PhysReVvE.68.056403 PACS nuner52.25.0s, 52.70.La, 52.86s

[. INTRODUCTION a change in the electrical parameters towards a higher ca-

pacitance of 674 nF and lower working voltage of 3 kV at

maximum. All experiments described here, except for those
Various concepts of discharge plasmas are currently undejoncerning dilution of the working gas with argon, have been

development by a number of groups worldwide as candidatperformed on the “basic” version of the source.

sources of extreme ultravioldEUV) radiation for applica-

tion in future lithography toolgfor a recent overview, see, C. This work

e.g., Refs[1,2]). Common properties of these plasmas are

that they have small spatial dimensidygpically less than 1

A. Background

In the framework of a joint research project between

. ASML and TU/e, involving both theoretical and modeling

mm) and occur in short pulsesf the order of 100 NS—LS  gftorts and experimental investigations, fast EUV imaging

duration rather than as steady-state discharges. and fast spectroscopy on this source have been combined to
To gain insight in the characteristics of such discharges, it rther the knowledge on the dynamics of the EUV plasma

is necessary to develop and apply diagnostics that not onliy,|se. The combination of time-resolved EUV imaging and

show the required spatial resolving power but also operate ogpectroscopy has led to better understanding of the dynamics
time scales shorter than the typical pulse duration.

B. Basic description of the Philips source

In the ASML EUV laboratory in Veldhoven, The Nether- N
lands, an early state-of-development version copy of the \
Philips EUV hollow cathode discharge plasma source was
installed in an experimental setup in the end of 2001. The
concept of this EUV source was described first in Refs.
[3-5]. See Fig. 1 for a schematic representation of the
source. Initially, the total capacitance of the electrical circuit
for this specific source was 48 nF. The source was operate:
with voltages up to 15 kV. This version was used as a source
of photons for testing purposésspecially of mirror lifetime k
during exposure to the plasinand as a study object for the

initial characterization of the pinch plasma. FIG. 1. A schematic cross-section representation of the hollow
~The source received intermediate updates from the SURsthode EUV source, reproduced from R&il. The anode is at the
plier, including an adjustment of the electrode geometry angop and the hollow cathode at the bottom. The pinched plasma is
represented by the bright spot in the center. The source is cylinder
symmetrical; EUV radiation is normally collected through the hole
*Corresponding author. Email address: j.j.a.m.v.d.mullen@tue.nlin the anode.
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which intensifies the signal and converts the EUV radiation
into visible light. The MCP was gated by a fast 6.25-kV-
high-voltage pulse over the plate and the adjacent gap to the
phosphorus screen. The typical duration of the pulse was 10
ns. However, variation of the pulse duration showed that the
effective exposure time was only 5 ns, a fact that is probably
caused by capacitive properties of the current circuit. The

150 nm Nb filter .~
source  50/100 pm

pinhole /

phosphorous
screen

\ 225° +6.22 KV phosphorus screen also served as a vacuum-to-air interface,
raing and the intensified image was finally recorded by a high-
sensitivity commercial digital camera.
Faraday cup Depending on the distance between the plasma and the
pinhole, and pinhole diameter, the spatial resolution in the
FIG. 2. A schematic view of the pinhole camera setup. plasma that could be achieved was in the order ofu70

The two main contributors to this resolution are a geometri-

of the pinch plasma in the Philips EUV source. Owing to cal contribution and diffraction from the pinhole at the EUV
good reproducibility in timing of both the plasma pulse andwavelengths. Serious blurring of the image due to diffraction
the trigger signal, a time resolution of 10 ns or better couldat larger wavelengths was prevented by the niobium/silicon
be achieved while integrating light from several pulses, makfilter and the drop of sensitivity of the MCP above 100 nm
ing it possible to resolve the different phases of the plasmé&8].
during the discharge pulse. Abel inversion was applied to The distance from the pinhole to the MCP surface was
space-resolved EUV spectrometry to plot the EUV line in-fixed at 770 mm; the distance from the source to the pinhole
tensities during a ring-shaped phase of the discharge. Calcwas 140 mm for the off-axis position and 130 mm for the
lations based on theowan computer cod¢6] were used to  On-axis position, resulting in magnification factors from
derive rough estimates of the relative populations of differensource to MCP of 5.5 and 5.9, respectively.
ionization stages of xenon in the plasma.

B. EUV/VUV spectrometer

IIl. EXPERIMENT For the EUV spectrometer, partly the same arrangement

For typical experiments as described here, the source wdéaS used as for the pinhole camera. A 100 slit was
operated in a repetitive mode at 100 Hz repetition frequencynounted at the position of the MCP camera. A 1200 I/mm
The dead time of the high-voltage supply for the mu|tichan_gra2|ng-|nC|dence reflective grating was used as the dispers-
nel plate (MCP) camera limited the recordings of pinhole INg €lement to record the EUV spectrum from roughly 9 to
images or EUV spectra to just one pulse per second. Severaf NM- A different grating with 300 I/mm could be fitted to
pulses(typically 10 or 30 were integrated for each image to cOVver the VUV range from roughly 30 to 90 nm. However,

gather sufficient intensity and reduce the effect of short timeince the higher ionization stages of xer(@® and above
scale variations in the plasma characteristics. all radiate in the EUV, and interpretation of the EUV part of

the spectrum turned out to be relatively simple, only spectra
recorded with the 1200 I/mm grating are discussed in the
present work.

A pinhole camera, consisting of a pinhole, a filter, a MCP A valve with a bypass tube was used to prevent degrada-
image intensifier from the ISAN institute in Troitsk, Russia tion of the optical elements during operation of the source
[7], and a commercial-type digital camera, was applied tavithout using the spectrometer, while keeping the spectrom-
record time-resolved images of the discharge plasma in theter at vacuum pressure. Again, the MCP and digital camera
EUV wavelength range. For low power applications, the syswere used for intensification, conversion, and recording of
tem provides a simple and cost-efficient imaging alternativahe spectrum. The MCP was mounted in an off-Rowland
to mirror projection systems. Images were recorded with theircle configuration for simplification of alignment and
camera in two different positions: one on the axis of symmemounting.
try of the source and one at an angle of 22.5° with respect to Both gratings of the spectrometer have 1000 mm radius of
that axis. A schematic representation of the setup is shown iourvature. The grazing angle of incidence is 4° and the cen-
Fig. 2. ter of the MCP is located at a grazing angle of 10° from the

Just behind delectrical spark or mechanically drillg80-  grating. The slit is on the Rowland circle of the grating. The
or 100um-diameter pinhole, a 150-nm-thick niobium/ MCP is mounted onto a holder with adjustable distance to
silicon filter was positioned. It has a transparency of abouthe grating, so that the wavelength for which it is “focused”
50% to EUV light with a wavelength between roughly 10 onto the Rowland circle can be adjusted. A spectral resolu-
and 17 nm, but it blocks over 99% of any vacuum ultraviolettion of AN=0.1 nm or better can be achieved with this
(VUV) light emitted by the source at larger wavelengths. Thesetup.
supporting mesh of the filter has 0.5-mm spacing and is vis- The background pressure of xenon gas along the path be-
ible in some of the pinhole images. The pinhole image istween the pinhole position and the MCP was kept below 0.1
projected onto the surface of a MCP with phosphorus screerRa to minimize reabsorption of the EUV radiation. For this

A. Pinhole camera

056403-2
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Fig. 3. The identifications are supported by literati@e 11]

i¥5:%8 & & s & and/or calculations based on tbewan computer cod¢6].
I¥IRIF ¥ 03 T 3 Some difficulty arises with the lines around and below 11
S ek oS nm, since many lines from stag@ and higher tend to over-
6 \ ‘ lap here. The contribution from stagel was derived from a
= 5] o~ distinctly different behavior of the intensity at 10.8 nm com-
T pared to that of larger wavelengths, during variation of the
s '] plasma parameters. Since the contribution had to come from
< 34 one or more stages higher tham, and stagegiv and higher
5, ] are unlikely to be populated under the given plasma settings,
£ ~ it was ascribed to Xeiil .
RN oy For evidence of the presence of different ionization stages
o4+——+——1—1 at a certain place or time in the plasma, thteZp transition
o1zl 18 16 T a8 features have been used wherever possible because of the
% (nm) fact that they are well separated for the different stages.

However, in the initiation phase of the discharge, the inten-
sities of these features are very low, and the stronged #
transitions had to be applied for identification of the stages.
For an overview of the EUV lines used for identification of

L : the ionization stages, see Table I.
pressure, the absorption in Xe in the EUV range over 1 m g

path length is 6% at most. A 3000 I/s turbo pump was used to
pump off the xenon flow of about 8 SCC{dubic centimeter
per minute at STPthat was required to run the discharge. In  As stated above, fast and reproducible gating of the im-
the experiments with argon dilution, an argon gas buffer wasiging system was achieved by applying short high-voltage
applied in combination with a downstream flow restriction pulses to the MCP camera. Given the unavoidable delays
(not obstructing the view to the pinhole camera or EUVcaused by the application of the high-voltage pulse generator,
spectrometer In this case, the total gas flow was much a Stanford DG535 delay generator, and some lengths of co-
larger; however, due to the much lower absorption cross se@xial cables, a sufficiently strong and low-jitter trigger signal
tion for argon, the contribution of argon to the absorption ofwas needed to be available at least 160 ns before the onset of
EUV radiation is negligible. any EUV radiation from the discharge. Since the source op-
To obtain spatially resolved spectra from the on-axis poerated in a “self-breakdown” mode, no such signal was
sition, an additional slit was inserted at the pinhole positionavailable from the control electronics of the source.
and orientated perpendicular to the spectrometer entrance However, it is a common characteristic of hollow cathode
slit. The spatial resolution of the spectra is comparable talischarges, known both from experiments and modeling
that of the pinhole images. Since the source electrodes hayeee, e.g., Refd.12,13), that they emit an electron beam
cylindrical symmetry, Abel inversion has been applied to ob-before the discharge in the main electrode gap. Such an elec-
tain line intensities in the plasma as a function of the distancéron beam produces a negative voltage on a Faraday-cup-
to the symmetry axis. type collector that is placed close to the axis behind the an-
An example of the EUV spectrum of xenon in this ode hole. A sufficiently strong signal with a jitter of no more
plasma, with classification of its main features, is shown inthan~2 ns could be picked up on-axis at least 300 ns before

FIG. 3. Sample EUV spectrum recorded using a 1200 I/mm
grazing-incidence grating spectrograph with MCP.

C. Triggering and other metrology

TABLE I. An overview of the EUV lines in the spectrum of the discharge used for ion identification. The
listed intensities refer to typical maximum measured intensities of the line during the discharge, and serve
only for relative comparison within one part of the spectrum. ForXX¢éhe weighted transition probability
(gA) values are those of the strongest transition at the given wavelength.

Nobs (NM) Stage Lower level Upper level gA (1Y) I (counts Reference
17.77 Vil 4d%%s 4d°5s5p 2000 [10]
12.01 IX 4910 1s, 4d%f 1p,; 4554 6500 [9]
16.53 IX 4910 1s, 4d%p P, 241 6000 [9]
11.49 X 4d° 4d84f 14400 5500 [9]
14.80 X 4d° 4d85p 321 5500 [9]
11.15 XI 448 4d74f 5000 [11]
13.52 XI 448 4d75p 3500 [6,11]
10.96 XIl 4d’ 4d%4¢ 2500 [11]
12.39 XIl 4d’ 4d%5p 3500 [6]
10.80 Xl 4d° 4d54f [6]
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the main discharge. In the present setup, the cup was placed
at a slightly off-axis position to allow space for the pinhole
camera. Still, a sufficiently strong signal was picked up in
time for recording even the earliest phases of EUV emission
in the discharge.

The same Faraday cup signal can also be used to detect
the arrival of ions from the discharge plasma expansion.
From the time delays between the plasma pinch and the ar-
rival at the Faraday cup, the ion velocity distribution can be
derived.

A copy of the so-called “Flying Circus” too[14], con-
sisting of a set of photodiodes behind near-normal incidence
multilayer mirrors, was used to measure the absolute in-band
EUV output of the source to have a simple measure of the
proper operation of the source, and its stability.

D. Derivation of relative ionization stage populations

Relative population densities of the different xenon ion-
ization stages have been estimated by comparison of the
measured EUV spectra with theoretical calculations of the FiG. 4. Pinhole images of the discharge viewed from an on-axis
positions and transition probabilities of xenon lines in theposition. First 12 images were taken with 5-ns time steps; for the
EUV. The theoretical data were provided by calculations ustemaining images time steps of 10 ns were applied. The first four
ing thecowaN computer cod¢6]. The spectral resolution of and the last images were digitally intensified 3.2 times compared to
the spectrometer was about 0.1 nm; therefore, lines within &e other ones.
range of 0.1 nm in total were taken to contribute to the mea-
sured intensity at a certain wavelength. . RESULTS

Furthermore, local thermodynamic equilibriUTE) and ) ) ) ) )

a fixed electron temperatuf®,= 35 eV have been assumed Inspection of the combined .results. of pinhole imaging and
to relate line intensities to the ground state population denEUV spectroscopy for the basic version of the source has led
sities. In short, the relative population densities were calcul® the qualitative identification of three different phases in

lated as th_e main discharge, being an initiation of the pinch with a
“ring-shaped” plasma, the pinch itself, and a decay phase
n. with a propagating spherelike plasma “bulb.” Quantitative
z
ny= , results for each of the phases could subsequently be ob-
> tained. Details of the measurement results for each of the

phases are described below.

with A. “Ring” shape before the pinch

The first evidence of a ring-shaped plasma before the
main pinch was provided by on-axis pinhole images. These
n,= Imeas exp( — AE/KT,), (1) are presented in a matrix form in Fig. 4. Each image corre-
2 A sponds to an area t_)f 2><4l3 r_nn“_l2 in the source. The ex-
n’inm posed area of each image is limited by the edge of the MCP
zone(to the bottom and a grid line of the filter suppofto
the top righi.
where the first summation is over all considered ionization The images are shown in chronological order during the
stages and is carried out for normalization purposes. Thplasma pulse, with time increasing from left to right and
second summation goes over the relevant transition linegom top to bottom. The time step between consecutive im-
from the computer code output as discussed above. ages was 5 ns for the first 12 pictures and 10 ns for the
The assumption of LTE is necessary for this derivation.remaining ones. Since the source was operated in self-
However, since all the applied lines are related to similatbreakdown mode, the definition of an absolute “zero” on the
transitions and lie relatively close together in terms of wavetime scale is not straightforward. If the time of maximum
length and energy levels, it is likely that any deviations frompinching—that is, minimal effective radius of the EUV
LTE will affect the intensities of the different lines in similar emission—is taken as the zefbetween the seventh and
ways. Therefore, these calculated relative population denskighth image in the serigsthen the time range between
ties may also serve as rough estimates of the densities in the35 and+85 ns is covered.
non-LTE conditions that are encountered in different phases The source was operated at a discharge voltage of 13.9
of the discharge. KV, resulting in a pulse energy of 4.6 J. A 0n pinhole
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was used and for every image, 30 exposuregetiectively)  were recorded using the 100m pinhole while varying the
5 ns each were integrated, and a dark image from the charggelay time in steps of 10 ns. The width and height of each
coupled device was subtracted. The first four pictures and thsicture correspond to an area of 185.85 mnt in the
last one were finally intensified by a factor of 3.2 with re- source.
spect to the other ones to make the weakest features better |n this figure, the first five or six images correspond to the
visible. Darkest regions correspond to the highest EUV inirst two phases of the discharge, the ring and the compres-
tensities. sion to the pinch. In these two phases, not much EUV radia-
The ring phase can be recognized in the second to fourttion is visible from the off-axis position because of shielding
images, the pinch itself in the subsequent four, and thef the plasma by the edge of the anode. However, in the
plasma decay in the remaining images. Note that the limitgubsequent pictures, an apparently nearly spherical “ball” of
between the phases, as defined here, are somewhat arbitrgslasma appears that travels in the vertical direction away
From these images it can be derived that the initial phasgom the cathode. Because of the axial symmetry of the
is relatively short(only about 15 nscompared to the total source, the plasma must in reality be traveling along the
duration of the dischargeover 100 ng The radiation inten-  symmetry axis. From this assumption, a propagation velocity
sity from this phase of the discharge is weak compared to thean be derived of 3810 ms L. Given that the sonic ve-
pinch radiation. From the images, the inner diameter of theocity will be in the order of < 10* ms™* at most(for tem-
ring at the time of its first appearance in the EUV can beperatures in the 50-eV rangéhis means that the compres-
derived to be 1.2 mm; the half-maximum thickness of thesjon must be supersonic. The propagation velocity compares
ring is about 0.5 mm. The maximum compression velocity iSye|| in order of magnitude to the average velocity found for

—1
evaluated to be 810'm S __ the fast ions emitted by the source, as measured by the Far-
To identify the EUV lines, and hence the ionization aday cup device.

stages, that are responsible for the emission during the ini-
tiation phase, spatially resolved spectroscopy was applied to
this part of the discharge. As stated already in Sec. Il B, the
most intense spectral features in this phase are those that are 1. Relative ionization stage populations
ascribed to the d-4f transitions. The relative intensities of
the strongest lines for the ionization stages 8p to 11+

have been plotted as a function of distance to the axis
symmetry in 5-ns time steps, covering the ring phase and th
subsequent compression to the pinch, from &0 to 0 ns

time marks. The plots are shown in Fig¢ak-S(f) together In Fig. 9, line intensitiegin arbitrary unit$ for different

with the corresponding pmhgle Images from Fig. 4. NOtestages are plotted against time during the discharge. On the
that, since the spectra and pinhole images were recorded B - . i

; : ime scalef=0 ns corresponds to the maximum EUV inten-
separate experiments, the correspondence is not perfect, an

. . . ﬁly from the plasma. For the EUV spectra, for all ionization
Lhreen[gghole Images should only be regarded as a quick refztages 4-5p lines have been selected for best comparability.

For each time step, the relative populations of the diﬁer_However, in the case of Xgul, next to the(presumesi 5p

ent ionization stages were estimated using E. Any pos- line at 12.39 nm, also thefdline at 10.96 nm is shown for

sible populations of higher or lower stages than those concomparson. The line intensity for Xail was calculated by

sidered here were simply ignored, and would have led tocorrect.ing the intepsity at 19'80 nm for'the presence of Xe
only a small correction of the relative populations. The result™" radiation: 0.4 times the signal Intensity at .10'96 nm was
is plotted in Fig. 6. In Fig. 7, the effective average Chargesubtracted from the gross value. This ratio of intensities was
derived from these results is plotted versus time, togethefPhund by a parameter study of the spectrum from the dis-
with the total intensity of the lines under consideration in© aNrgf. that the Xedi line arrav at 12.39 nm coincides with
arbitrary units. Note that the integrated intensity of the con- vote that tne €array at 1c. concides
sidered 41-4f lines was already decreasing while the pinChradlatlon from Xevii. The intensity was not corrected for

had not yet reached its minimum radius. This point will bet>h'§0 contnlz]unorl[,h altt;rc])ug.htlt 'ch[. pr?babl¥h d‘;‘m'r?a”tt. at.
discussed in Sec. IV C. =80 ns, where the other intensities from the highest ioniza-

tion stages have nearly dropped to zero.

From the on-axis intensities in Fig. 9, it can be derived
that the various ionization stages, ranging from’Xeo

The third phase of the discharge, the decay after the maiXe''*, get populated during a relatively short time interval
pinch, is characterized by a considerable drop of the radiasf about 20 ns. Despite the short time, it can be seen that the
tion intensity below the maximum of the discharge and byionization stages get populated in order of increasing charge
expansion of the plasma. The expansion appears to haveramber. The time interval appears to coincide with the ring
preferential direction; this can be derived from the off-axisand compression phases observed in the pinhole camera im-
pinhole images as shown in Fig. 8. The source settings werages. Depopulation of all but the highest ionization stages
similar to those of the on-axis pictures in Fig. 4. A number ofhappens on a much longer time scale. Radiation in the EUV
20-pulse integrated images with 5 ns effective exposure timean be observed for about 100 ns after the moment of maxi-

C. Comparison between phases

After the above discussion on qualitative characterization
0(1;f the different phases during the main discharge, line inten-
Sity information from time-resolved spectroscopy can now
be studied, giving information on the relative populations of
the different ionization stages.

B. Propagating plasma after the pinch
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FIG. 5. Measured space-resolved, Abel-inverted relative line intensitie$-dfl4ransitions belonging to different ionization stages of
xenon. Different spectra were produced in steps of 5 ns during the ring phase of the discharge, integrating ten shots for each image. For
comparison, on-axis pinhole images are shown in the top right corner of each graph. These are from a different set of experiments, so the
correspondence is not perfect.

mum intensities, but in the VUV part of the spectrum be- 2. Relative line strengths within one ionization stage

tween 30 and 90 nninot shown, line radiation can be ob- Multiple line intensities from one and the same ionization
served for as long as 300 ns after the maximum intensity wastage do not always show similar time behavior. The clearest
reached. case of such dissimilarities in behavior is found for theiXe
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FIG. 6. Estimated relative populations of different ionization
stages of xenon as a function of time, in the ring phase of the
plasma, and during compression to the moment of minimum pinch-
ing radius.

. . . FIG. 8. Shape of the plasma pinch in the EUV as a function of
system,. and is shown_ in Fig. 10. Whe_n compareq to th(ﬁme during the discharge. The MCP gating time was 10 ns; 20
4d-5p lines, the 4-4f line shows a relatively larger inten- s exposures were integrated per image. The time step between
sity in the initiation and compression phases of the discharggonsecutive images is 10 ns. The actual size of each image is
The same dissimilarity can be observed in the Xepec- 1.85¢1.85 mni.

trum, and, albeit less clearly, in thal andXxI spectra.

The results are presented in Fig. 11. The figure shows that
the relative populations of the different stages vary relatively
slowly with input energy. On the contrary, the total EUV

Due to the self-breakdown operating mode of the sourcegmission shows a sharp, faster than linear increase with pulse
the only way to change the discharge voltage and the pulsenergy. The combined effect of a slightly increasing relative
energy was to change the gas flow to the electrodes. As th@opulation of the 18 ionization stage and the behavior of
hollow cathode discharge is operated on the left-hand side ghe absolute EUV emission causes a strong increase of the
Paschen’s curve, an increase of the gas flamd thereby the conversion efficiency with pulse energy within the probed
background pressurdeads to a decrease of the dischargeregime, up to 4.7 J input energy.
voltage. In time-resolved measuremensot shown hergit was

EUV spectra have been recorded at different pulse enefound that the dynamics of the pinch are also influenced by
gies. For each ionization stage that has lines in the EUV, théhe pulse energy. With increasing energy, the time between
strongest intensity of the (b transitions was selected for the trigger signal and the beginning of the main discharge as
analysis, except for Xgi (12+), of which the % transition ~ well as the time between the appearance of the ring and the
is overshadowed by other lines, and the top of tiieafay = moment of minimal pinch radius decreased.
was selected instead. The same procedure as described in Eq.

(1) and used in Sec. lll Awas applied to estimate relative ion E. Dilution with argon gas
stage population densities.

D. Variation of the discharge voltage

As mentioned in the Introduction, during an upgrade of
the source, the capacitance of the capacitor bank was in-

1.0 ‘_7 creased from 48 nF to 674 nF, and an adjustment of the
oS- - de electrodes geometry was made including a larger anode hole,
1054 O o.. s 5 enabling a larger collection angle of the EUV radiation from
. 15 5 ) .
o e 178 the pinch. In the adjusted setup, a small flow of xenon be-
. 3
L] n 14 g‘
10.0 pu—— e 1 = 74 —&—Xe VIl 17.77 nm
./ J3 » = XelX 1653nm
|l o ./ | 3— 64 /o —e—XeX 14.80nm
/ Js e 2 5 erXI 13:52nm
954 = —mz 1" 2 <. T e 1090
O total EUV intensity {1 = £, ¥ Xe Xl 10.80 nm
9.0 T T T T T T T T T T T 0 g 1
25 20 -15 10 5 0 1
0l

S S
t(ns) o e o

FIG. 7. Total intensity of the consideredl4f EUV lines and

effective average charge number as a function of time in the ring FIG. 9. EUV line intensities vs time measured on-axis at a dis-
phase of the discharge. charge voltage of 13.9 kV.
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FIG. 10. Different time dependencies op &nd 4f lines from
Xe 1x measured on axis.
14 4 (b)
tween the electrodes was combined with a much larger flow 12 B
of argon, introduced between the anode and a downstream - 2 E E
flow restriction. The application of argon introduced an ad- Z 10 S E S S
ditional free parameter for adjustment of the plasma proper- > g e 8 3E 2
ties. = 7] < 5 =g 2
It was found that the conversion efficiency decreased T 6 S 3 15 &
sharply when the xenon flow was reduced from the “stan- ‘é 1 2 > ;5 @
dard” value of 8.6 SCCM to a low value of 1.4 SCCM, while g 47 ’ < %> =
at the same time the argon flow was increased from 193 < , | * g
SCCM to 226 SCCM to maintain a constant discharge volt- 1
age. The spectra, integrated in time over the discharge pulse, 0+

are shown in Figs. 12) and 12b), for high and low xenon
flows, respectively.

When both spectra are compared qualitatively, the follow-
ing appear to be the main differences:

(1) At the higher xenon flow, no Ar lines are visible. At
low xenon flow, Arviii lines appear in emission.

(2) At low xenon flow, the xenon lines belonging tol44 f
transitions are relatively intense compared to tha5p
lines.

9

10 11 12 13 14 15 16 17 18 19 20
A (nm)

FIG. 12. Time-integrated EUV spectra for pulses with high

and low (b) xenon flow into the discharge region. In spectr(oi

EUV lines from argon appear in emissididentification according

to Ref.[15)).

(3) From high to low xenon flow, there is a relative in-

crease of the intensity of the Xel 5p unresolved transition

array(UTA) relative to the intensity of the Xel 5p UTA. A

—&—7+ —A—10+

0.60 4 W8+ v 11+ 125
1 - -9+ %12+ J =
0.50 4 . i a0 8
s 1 o A A “a m
£ 040+ | B L4 S

© |

5 ] ° ey 1.5 =
S 030 o ] T
o a ' ** lioa
o : 410 2
2 0204 o - = =
k) . o
€ ool AN R {os &
] ' *—e3 | 3
0.00 ——shpeest e t {00 &

3
Pulse energy (J)

4

similar increase is visible in the Xel 4f intensity relative

to that of XexI. Also, the intensity at 10.80 nitientatively

attributed to Xexi, since higher stages are unlikely to be
present in large quantitiggrows relative to that of Xexil
at10.96 nm. In all cases, radiation from higher ionization
stages is favored when the xenon flow is decreased.

IV. DISCUSSION
A. Origins of the ring shape

The start of the discharge plasma in the main gap in a ring
shape was an unexpected effect observed by pinhole imag-
ing. In case the pulse would start as a diffuse discharge with
a flat current distribution, the Lorentz force on a moving

FIG. 11. Effective relative populations of different ionization charged particle would scale linearly with the distance form
stages as a function of pulse energy, as derived from line intensitidée axis of symmetry. From this, it can be derived that the
integrated over the duration of the discharge pulse. For explanatiourrent distribution within the compressing plasma would
of the procedure and used wavelengths, see the main text. The tot&@main flat(within a decreasing radiiisHowever, any initial
EUV intensity measured by integrating the intensity of the pulseinhomogeneity in the distribution could grow due to a corre-

over the spectrum is also shown.

sponding deviation in the Lorentz force.

056403-8



TIME-RESOLVED PINHOLE CAMERA IMAGING AND . .. PHYSICAL REVIEW E68, 056403 (2003

Now, the question is what could be the cause of the initialess dense plasma will have relatively stronger radiation at
inhomogeneity in the current distribution. One factor is thelarger wavelengths compared to a more dense one.
cathode geometry: The generation of secondary electrons by During the ring phase of the plasma, thkidtensities are
ions on the cathode surface during the high-current phaselatively high, in spite of the necessarily low density of the
will take place mainly on the cathode edges, which have glasma in this phase. This is an indication of a high electron
ring shape, causing also a ring-shaped distribution of théemperature in this phase.
current in the plasma phase. During compression of the ring to the actual pinch, the

Second, the skin eﬁeCt, i.e., the exclusion of the fast'4f_|ine intensities remain h|gh and that of th@ %ines in-
varying current from the center of the plasma, might alsocregse. The increase of the intensity of thelfies can eas-
cause the current to run mainly along the edges of the plasrr]@, be explained by an increase of the density of the plasma
at the start of the high-current phase. (and resulting shift to a balance that is closer to LTEhe

o _ fact that the total intensity of thefdlines does not increase
B. Preferential direction of plasma expansion correspondingly shows that the electron temperature must

In the pinhole images of Fig. 8, it was seen that the pinchalready be dropping at this time. This assumption is sup-
plasma does not decay simply isotropically, but it has a prefported by the slight decrease of average ionization stage
erential direction along the axis. In the present results, onlghown by detailed EUV spectroscopy in the ring phésg.
expansion in the forward direction is visible. However, the7).
most likely explanation of the anisotropy is the anisotropy in  Admittedly, similar trends would be observed if, in this
the Lorentz force. While the pinch plasma is confined in thephase, the plasma would become optically thick to some of
radial direction by the Lorentz force, it is free to expand inthe 4f lines. However, neither the details of the experimen-
the axial direction. Therefore, a similar expansion in the in-tally determined EUV spectra, nor comparison with the
ward direction(i.e., towards the cathode holis expected. A Planck limit derived from calculated transition probabilities
second contribution may come from the “zipper effect,” in and the above plasma parameters point in this direction.
which the plasma is accelerated in an axial direction due to During the decay of the pinch, thef 4ntensity decreases

an axial component in the Lorentz force. quickly, while in the case of Xe&x the 5p line intensity stays
almost constant for some tin{@bout 40 ng The relatively
C. Causes of spectral changes over time fast decrease of thefdline intensity can be explained by

cooling of the plasma and a shift of the population balance

In this section the main differences between the xeno . A
EUV spectra from different phases of the discharge will béback towards Corona. For theSines, the cooling is com

discussed. In the discussion, the focus will be on the relativgens"’ﬂGd by repopulation of the Keionization stage by

lati f the diff t st df diation f ecombination from higher stages.
populations of the ditferent stages, and for radiation Irom a gy with a low electron temperature, the relatively low
single stage, mainly on the lines emitted by e since

these linegand their transition probabiliti¢sre well estab- intensity of the 4 line is remarkable. Also, it may be noted
lished in literature, and also resolvable individualiystead that aftert=60 ns, both p intensities become nearly equal,

of only in line arrays The intensities of the main Xe while there was a clear difference in the intensities earlier in

; . i ; . the discharge. As the upper energy levels for both lines are
EiLévllé)nes versus time during the discharge were plotted Ir\/ery close together, such a change cannot be explained by a
S . o " . change in the plasma parameters alone. A possible cause for
_ All of the |dent|f|e_d transitions in the EUV are resonant, the change is a “capture radiative cascade” effect, where
i.e., the lower level igvery close t9 the ground state of the

ion. This means that the wavelength of the line is a direc{ecomblnatlon into an excited level of Xe and subsequent

measure of the energy of the upper level. Therefore, the inr_adlatlve decay to lower levels leads to a spectrum that is

tensity of the lower wavelength lindthe 4d-4f transitiong different from either normal LTE or corona balance.

! : . Summarizing, it is stated that in the initigling) phase,
rela_mvg to that of the larger wavelengthd4p) lines, is an the excitation/deexcitation balance is between pure LTE and
indication of the electron temperature of the plasma, assu

ing a given excitation/deexcitation balance MEorona balances, and the electron temperature is high; during
. . : he pinchi h ity i h itati |
From rough estimates of the ion densityp to 16 m~3). the pinching, the density increases and the excitation balance

average ionization stage-(L0), and electron temperature moves closer to LTE, but electron temperature drops; and
) NN . during the plasma decay, temperature drops further and the
(up to ~35 eV) in the pinching plasma, it can be deduced g b Y P b

that th itation/d itation bal k t oh fthbalance moves back towards corona. In the latter phase, spe-
at tne excitation/deexcitation balance in most phases ol g ecompination effects might have an influence on the

plasma will be neither pure corona nor pure LTE, but rather,

! . .~ shape of the spectrum.

in between the two. In case of LTE, and an optically thin

plasma, the intensities of the individual lines will be propor-

tional to their transition probabilities. On the other hand, the

intensities have an extra IVE)® dependency in pure corona

balance compared to LTE, since in this case the intensity of When the source was operated with the argon buffer gas

the radiation is proportional not to the optical transition prob-at low xenon flow, some argon lines became visible. All

ability but to the electronic excitation rate from the groundthese can be identified as belonging to thevAr spectrum

state. This means that with similar electron temperature, 15]. However, comparison of ionization energies of the most

D. Absence of Arix lines and changes in the Xe spectrum
at low Xe flow
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abundant xenon ion€l80 eV, 205 eV, 231 eV, and 258 eV flow, the 4f transitions are less optically dense than at high
for 8+ up to 1%+ [6]) with those of AF™ and AB* (143 eV xenon flow. Hence they might be enhanced compared to the
and 422 e\[16]) shows that in the pinch, almost exclusively, 5p transitions of the same stages.
eight times ionized argon should be present*Ahas such
low ionization energy that it should be completely ionized V. CONCLUSIONS
through to the next stage, whereas that of Ais so high
that A°* will not be populated considerably. Also, it is  The experimental results presented in this paper may
known that AP™ has some lines in the EUV range of 8—20 serve as proof of the good applicability of the cost-efficient
nm [15]. However, the upper states responsible for theseombination of fast-triggerable MCP and photocamera diag-
lines all have energies in excess of 300 eV above the groundostics for characterization of EUV sources by pinhole im-
state of this ion, and therefore will hardly be populated in theaging and EUV spectroscopy.
pinch plasma with a temperature of “only” about 35 eV. This  The described experiments have led to improved under-
explains their absence in the relatively cool pinch plasma. standing of the pinch dynamics of the Philips hollow cathode
The difficulty to either further ionize or excite the %r  discharge. A plasma was observed inside the cathode, it was
ions present in the plasma may be responsible for an increasiown that high ionization stages are present already before
of the electron temperature compared to the discharge witthe main pinch occurs, and it was observed that the initiation
larger xenon flow. The electrons simply cannot lose theirof the main discharge occurs as a ring-shaped plasma.
energy easily in either excitation or ionization. The increase In the EUV band from 9 to 18 nm, contributions from
in electron temperature is the most likely cause of the shiftnany ionization stages of xengranging from 7 to 12+)
towards higher ionization stages observed in the xenon corean be distinguished, and their relative populations during
tribution to the spectrum. It may also be a large contributorthe plasma pulse can in principle, be monitored.
to the shift towards relatively more intense radiation from the  The behavior of individual line intensities, especially for
short-wavelength #iradiation compared to theghtransitions  the Xeix spectrum, can give further insight in the character-
in xenon. istics of the plasma. Already, they provide indications of
It should be noted that there might be a second contributoshifts in temperature and the excitation/deexcitation balance
to this shift, which is the optical density of the plasma. Evenduring the discharge. It was argued that they indicate a rela-
though there are no indications in the present experimentdively high electron temperature and a balance between LTE
results that the radiation from the plasma is optically thick atand corona during the ring phase of the discharge, and lower
any time during the discharge, it could play a role: it is electron temperature and the possible presence of radiative
possible due to the dilution with argon that at low xenoncascade processes during the decay of the plasma.
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