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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 Mullen,* and G. M. W. Kroesen
Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherland

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 ultraviolet~EUV! 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 Experiments with argon dilution on a newer version of the source show considerable effect on the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/PhysRevE.68.056403 PACS number~s!: 52.25.Os, 52.70.La, 52.80.2s
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I. INTRODUCTION

A. Background

Various concepts of discharge plasmas are currently un
development by a number of groups worldwide as candid
sources of extreme ultraviolet~EUV! radiation for applica-
tion in future lithography tools~for a recent overview, see
e.g., Refs.@1,2#!. Common properties of these plasmas a
that they have small spatial dimensions~typically less than 1
mm! and occur in short pulses~of the order of 100 ns–1ms
duration! rather than as steady-state discharges.

To gain insight in the characteristics of such discharge
is necessary to develop and apply diagnostics that not
show the required spatial resolving power but also operate
time scales shorter than the typical pulse duration.

B. Basic description of the Philips source

In the ASML EUV laboratory in Veldhoven, The Nethe
lands, an early state-of-development version copy of
Philips EUV hollow cathode discharge plasma source w
installed in an experimental setup in the end of 2001. T
concept of this EUV source was described first in Re
@3–5#. See Fig. 1 for a schematic representation of
source. Initially, the total capacitance of the electrical circ
for this specific source was 48 nF. The source was oper
with voltages up to 15 kV. This version was used as a sou
of photons for testing purposes~especially of mirror lifetime
during exposure to the plasma! and as a study object for th
initial characterization of the pinch plasma.

The source received intermediate updates from the s
plier, including an adjustment of the electrode geometry a
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a change in the electrical parameters towards a higher
pacitance of 674 nF and lower working voltage of 3 kV
maximum. All experiments described here, except for th
concerning dilution of the working gas with argon, have be
performed on the ‘‘basic’’ version of the source.

C. This work

In the framework of a joint research project betwe
ASML and TU/e, involving both theoretical and modelin
efforts and experimental investigations, fast EUV imagi
and fast spectroscopy on this source have been combine
further the knowledge on the dynamics of the EUV plas
pulse. The combination of time-resolved EUV imaging a
spectroscopy has led to better understanding of the dyna

l

FIG. 1. A schematic cross-section representation of the hol
cathode EUV source, reproduced from Ref.@3#. The anode is at the
top and the hollow cathode at the bottom. The pinched plasm
represented by the bright spot in the center. The source is cylin
symmetrical; EUV radiation is normally collected through the ho
in the anode.
©2003 The American Physical Society03-1



to
nd
ul
ak
m
t

in
lc

en

w
c
n

le
e

to
m

P
ia
t
th

ys
tiv
th
e
t
n

/
ou
0
le
h

vi
i
e

ion
V-
the
10

the
bly
he

face,
h-

the
the

tri-
V
ion
on
m

as
ole

he
m

ent

m
ers-
to
o
r,

of
tra
the

da-
rce
m-
era
of

nd
d

s of
en-
he
he

to
d’’
lu-

is

be-
0.1
is

KIEFT et al. PHYSICAL REVIEW E 68, 056403 ~2003!
of the pinch plasma in the Philips EUV source. Owing
good reproducibility in timing of both the plasma pulse a
the trigger signal, a time resolution of 10 ns or better co
be achieved while integrating light from several pulses, m
ing it possible to resolve the different phases of the plas
during the discharge pulse. Abel inversion was applied
space-resolved EUV spectrometry to plot the EUV line
tensities during a ring-shaped phase of the discharge. Ca
lations based on theCOWAN computer code@6# were used to
derive rough estimates of the relative populations of differ
ionization stages of xenon in the plasma.

II. EXPERIMENT

For typical experiments as described here, the source
operated in a repetitive mode at 100 Hz repetition frequen
The dead time of the high-voltage supply for the multicha
nel plate ~MCP! camera limited the recordings of pinho
images or EUV spectra to just one pulse per second. Sev
pulses~typically 10 or 30! were integrated for each image
gather sufficient intensity and reduce the effect of short ti
scale variations in the plasma characteristics.

A. Pinhole camera

A pinhole camera, consisting of a pinhole, a filter, a MC
image intensifier from the ISAN institute in Troitsk, Russ
@7#, and a commercial-type digital camera, was applied
record time-resolved images of the discharge plasma in
EUV wavelength range. For low power applications, the s
tem provides a simple and cost-efficient imaging alterna
to mirror projection systems. Images were recorded with
camera in two different positions: one on the axis of symm
try of the source and one at an angle of 22.5° with respec
that axis. A schematic representation of the setup is show
Fig. 2.

Just behind a~electrical spark or mechanically drilled! 50-
or 100-mm-diameter pinhole, a 150-nm-thick niobium
silicon filter was positioned. It has a transparency of ab
50% to EUV light with a wavelength between roughly 1
and 17 nm, but it blocks over 99% of any vacuum ultravio
~VUV ! light emitted by the source at larger wavelengths. T
supporting mesh of the filter has 0.5-mm spacing and is
ible in some of the pinhole images. The pinhole image
projected onto the surface of a MCP with phosphorus scre

FIG. 2. A schematic view of the pinhole camera setup.
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which intensifies the signal and converts the EUV radiat
into visible light. The MCP was gated by a fast 6.25-k
high-voltage pulse over the plate and the adjacent gap to
phosphorus screen. The typical duration of the pulse was
ns. However, variation of the pulse duration showed that
effective exposure time was only 5 ns, a fact that is proba
caused by capacitive properties of the current circuit. T
phosphorus screen also served as a vacuum-to-air inter
and the intensified image was finally recorded by a hig
sensitivity commercial digital camera.

Depending on the distance between the plasma and
pinhole, and pinhole diameter, the spatial resolution in
plasma that could be achieved was in the order of 70mm.
The two main contributors to this resolution are a geome
cal contribution and diffraction from the pinhole at the EU
wavelengths. Serious blurring of the image due to diffract
at larger wavelengths was prevented by the niobium/silic
filter and the drop of sensitivity of the MCP above 100 n
@8#.

The distance from the pinhole to the MCP surface w
fixed at 770 mm; the distance from the source to the pinh
was 140 mm for the off-axis position and 130 mm for t
on-axis position, resulting in magnification factors fro
source to MCP of 5.5 and 5.9, respectively.

B. EUVÕVUV spectrometer

For the EUV spectrometer, partly the same arrangem
was used as for the pinhole camera. A 100-mm slit was
mounted at the position of the MCP camera. A 1200 l/m
grazing-incidence reflective grating was used as the disp
ing element to record the EUV spectrum from roughly 9
18 nm. A different grating with 300 l/mm could be fitted t
cover the VUV range from roughly 30 to 90 nm. Howeve
since the higher ionization stages of xenon~71 and above!
all radiate in the EUV, and interpretation of the EUV part
the spectrum turned out to be relatively simple, only spec
recorded with the 1200 l/mm grating are discussed in
present work.

A valve with a bypass tube was used to prevent degra
tion of the optical elements during operation of the sou
without using the spectrometer, while keeping the spectro
eter at vacuum pressure. Again, the MCP and digital cam
were used for intensification, conversion, and recording
the spectrum. The MCP was mounted in an off-Rowla
circle configuration for simplification of alignment an
mounting.

Both gratings of the spectrometer have 1000 mm radiu
curvature. The grazing angle of incidence is 4° and the c
ter of the MCP is located at a grazing angle of 10° from t
grating. The slit is on the Rowland circle of the grating. T
MCP is mounted onto a holder with adjustable distance
the grating, so that the wavelength for which it is ‘‘focuse
onto the Rowland circle can be adjusted. A spectral reso
tion of Dl50.1 nm or better can be achieved with th
setup.

The background pressure of xenon gas along the path
tween the pinhole position and the MCP was kept below
Pa to minimize reabsorption of the EUV radiation. For th
3-2
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pressure, the absorption in Xe in the EUV range over 1
path length is 6% at most. A 3000 l/s turbo pump was use
pump off the xenon flow of about 8 SCCM~cubic centimeter
per minute at STP! that was required to run the discharge.
the experiments with argon dilution, an argon gas buffer w
applied in combination with a downstream flow restricti
~not obstructing the view to the pinhole camera or EU
spectrometer!. In this case, the total gas flow was mu
larger; however, due to the much lower absorption cross
tion for argon, the contribution of argon to the absorption
EUV radiation is negligible.

To obtain spatially resolved spectra from the on-axis
sition, an additional slit was inserted at the pinhole posit
and orientated perpendicular to the spectrometer entra
slit. The spatial resolution of the spectra is comparable
that of the pinhole images. Since the source electrodes h
cylindrical symmetry, Abel inversion has been applied to o
tain line intensities in the plasma as a function of the dista
to the symmetry axis.

An example of the EUV spectrum of xenon in th
plasma, with classification of its main features, is shown

FIG. 3. Sample EUV spectrum recorded using a 1200 l/m
grazing-incidence grating spectrograph with MCP.
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Fig. 3. The identifications are supported by literature@9–11#
and/or calculations based on theCOWAN computer code@6#.
Some difficulty arises with the lines around and below
nm, since many lines from stageXII and higher tend to over
lap here. The contribution from stageXIII was derived from a
distinctly different behavior of the intensity at 10.8 nm com
pared to that of larger wavelengths, during variation of t
plasma parameters. Since the contribution had to come f
one or more stages higher thanXII , and stagesXIV and higher
are unlikely to be populated under the given plasma settin
it was ascribed to XeXIII .

For evidence of the presence of different ionization sta
at a certain place or time in the plasma, the 4d-5p transition
features have been used wherever possible because o
fact that they are well separated for the different stag
However, in the initiation phase of the discharge, the int
sities of these features are very low, and the stronger 4d-4 f
transitions had to be applied for identification of the stag
For an overview of the EUV lines used for identification
the ionization stages, see Table I.

C. Triggering and other metrology

As stated above, fast and reproducible gating of the
aging system was achieved by applying short high-volta
pulses to the MCP camera. Given the unavoidable de
caused by the application of the high-voltage pulse genera
a Stanford DG535 delay generator, and some lengths of
axial cables, a sufficiently strong and low-jitter trigger sign
was needed to be available at least 160 ns before the ons
any EUV radiation from the discharge. Since the source
erated in a ‘‘self-breakdown’’ mode, no such signal w
available from the control electronics of the source.

However, it is a common characteristic of hollow catho
discharges, known both from experiments and model
~see, e.g., Refs.@12,13#!, that they emit an electron beam
before the discharge in the main electrode gap. Such an e
tron beam produces a negative voltage on a Faraday-
type collector that is placed close to the axis behind the
ode hole. A sufficiently strong signal with a jitter of no mo
than;2 ns could be picked up on-axis at least 300 ns bef
The
serve
TABLE I. An overview of the EUV lines in the spectrum of the discharge used for ion identification.
listed intensities refer to typical maximum measured intensities of the line during the discharge, and
only for relative comparison within one part of the spectrum. For XeX, the weighted transition probability
~gA! values are those of the strongest transition at the given wavelength.

lobs ~nm! Stage Lower level Upper level gA (109 s21) I ~counts! Reference

17.77 VIII 4d105s 4d95s5p 2000 @10#

12.01 IX 4d10 1S0 4d94 f 1P1 4554 6500 @9#

16.53 IX 4d10 1S0 4d95p 1P1 241 6000 @9#

11.49 X 4d9 4d84 f 14400 5500 @9#

14.80 X 4d9 4d85p 321 5500 @9#

11.15 XI 4d8 4d74 f 5000 @11#

13.52 XI 4d8 4d75p 3500 @6,11#
10.96 XII 4d7 4d64 f 2500 @11#

12.39 XII 4d7 4d65p 3500 @6#

10.80 XIII 4d6 4d54 f @6#
3-3
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the main discharge. In the present setup, the cup was pl
at a slightly off-axis position to allow space for the pinho
camera. Still, a sufficiently strong signal was picked up
time for recording even the earliest phases of EUV emiss
in the discharge.

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

A copy of the so-called ‘‘Flying Circus’’ tool@14#, con-
sisting of a set of photodiodes behind near-normal incide
multilayer mirrors, was used to measure the absolute in-b
EUV output of the source to have a simple measure of
proper operation of the source, and its stability.

D. Derivation of relative ionization stage populations

Relative population densities of the different xenon io
ization stages have been estimated by comparison of
measured EUV spectra with theoretical calculations of
positions and transition probabilities of xenon lines in t
EUV. The theoretical data were provided by calculations
ing theCOWAN computer code@6#. The spectral resolution o
the spectrometer was about 0.1 nm; therefore, lines with
range of 0.1 nm in total were taken to contribute to the m
sured intensity at a certain wavelength.

Furthermore, local thermodynamic equilibrium~LTE! and
a fixed electron temperatureTe535 eV have been assume
to relate line intensities to the ground state population d
sities. In short, the relative population densities were ca
lated as

nZ5
nZ8

( ni8

,

with

nZ85
I meas

( gnAnm

exp~2DE/kTe!, ~1!

where the first summation is over all considered ionizat
stages and is carried out for normalization purposes.
second summation goes over the relevant transition l
from the computer code output as discussed above.

The assumption of LTE is necessary for this derivatio
However, since all the applied lines are related to sim
transitions and lie relatively close together in terms of wa
length and energy levels, it is likely that any deviations fro
LTE will affect the intensities of the different lines in simila
ways. Therefore, these calculated relative population de
ties may also serve as rough estimates of the densities in
non-LTE conditions that are encountered in different pha
of the discharge.
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III. RESULTS

Inspection of the combined results of pinhole imaging a
EUV spectroscopy for the basic version of the source has
to the qualitative identification of three different phases
the main discharge, being an initiation of the pinch with
‘‘ring-shaped’’ plasma, the pinch itself, and a decay pha
with a propagating spherelike plasma ‘‘bulb.’’ Quantitativ
results for each of the phases could subsequently be
tained. Details of the measurement results for each of
phases are described below.

A. ‘‘Ring’’ shape before the pinch

The first evidence of a ring-shaped plasma before
main pinch was provided by on-axis pinhole images. Th
are presented in a matrix form in Fig. 4. Each image cor
sponds to an area of 2.431.3 mm2 in the source. The ex-
posed area of each image is limited by the edge of the M
zone~to the bottom! and a grid line of the filter support~to
the top right!.

The images are shown in chronological order during
plasma pulse, with time increasing from left to right an
from top to bottom. The time step between consecutive
ages was 5 ns for the first 12 pictures and 10 ns for
remaining ones. Since the source was operated in s
breakdown mode, the definition of an absolute ‘‘zero’’ on t
time scale is not straightforward. If the time of maximu
pinching—that is, minimal effective radius of the EU
emission—is taken as the zero~between the seventh an
eighth image in the series!, then the time range between
235 and185 ns is covered.

The source was operated at a discharge voltage of 1
kV, resulting in a pulse energy of 4.6 J. A 50-mm pinhole

FIG. 4. Pinhole images of the discharge viewed from an on-a
position. First 12 images were taken with 5-ns time steps; for
remaining images time steps of 10 ns were applied. The first f
and the last images were digitally intensified 3.2 times compare
the other ones.
3-4
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was used and for every image, 30 exposures of~effectively!
5 ns each were integrated, and a dark image from the cha
coupled device was subtracted. The first four pictures and
last one were finally intensified by a factor of 3.2 with r
spect to the other ones to make the weakest features b
visible. Darkest regions correspond to the highest EUV
tensities.

The ring phase can be recognized in the second to fo
images, the pinch itself in the subsequent four, and
plasma decay in the remaining images. Note that the lim
between the phases, as defined here, are somewhat arb

From these images it can be derived that the initial ph
is relatively short~only about 15 ns! compared to the tota
duration of the discharge~over 100 ns!. The radiation inten-
sity from this phase of the discharge is weak compared to
pinch radiation. From the images, the inner diameter of
ring at the time of its first appearance in the EUV can
derived to be 1.2 mm; the half-maximum thickness of t
ring is about 0.5 mm. The maximum compression velocity
evaluated to be 83104 m s21.

To identify the EUV lines, and hence the ionizatio
stages, that are responsible for the emission during the
tiation phase, spatially resolved spectroscopy was applie
this part of the discharge. As stated already in Sec. II B,
most intense spectral features in this phase are those tha
ascribed to the 4d-4 f transitions. The relative intensities o
the strongest lines for the ionization stages 81 up to 111
have been plotted as a function of distance to the axis
symmetry in 5-ns time steps, covering the ring phase and
subsequent compression to the pinch, from the230 to 0 ns
time marks. The plots are shown in Figs. 5~a!–5~f! together
with the corresponding pinhole images from Fig. 4. No
that, since the spectra and pinhole images were recorde
separate experiments, the correspondence is not perfect
the pinhole images should only be regarded as a quick
erence.

For each time step, the relative populations of the diff
ent ionization stages were estimated using Eq.~1!. Any pos-
sible populations of higher or lower stages than those c
sidered here were simply ignored, and would have led
only a small correction of the relative populations. The res
is plotted in Fig. 6. In Fig. 7, the effective average char
derived from these results is plotted versus time, toge
with the total intensity of the lines under consideration
arbitrary units. Note that the integrated intensity of the co
sidered 4d-4 f lines was already decreasing while the pin
had not yet reached its minimum radius. This point will
discussed in Sec. IV C.

B. Propagating plasma after the pinch

The third phase of the discharge, the decay after the m
pinch, is characterized by a considerable drop of the ra
tion intensity below the maximum of the discharge and
expansion of the plasma. The expansion appears to ha
preferential direction; this can be derived from the off-a
pinhole images as shown in Fig. 8. The source settings w
similar to those of the on-axis pictures in Fig. 4. A number
20-pulse integrated images with 5 ns effective exposure t
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were recorded using the 100-mm pinhole while varying the
delay time in steps of 10 ns. The width and height of ea
picture correspond to an area of 1.8531.85 mm2 in the
source.

In this figure, the first five or six images correspond to t
first two phases of the discharge, the ring and the comp
sion to the pinch. In these two phases, not much EUV rad
tion is visible from the off-axis position because of shieldi
of the plasma by the edge of the anode. However, in
subsequent pictures, an apparently nearly spherical ‘‘ball’
plasma appears that travels in the vertical direction aw
from the cathode. Because of the axial symmetry of
source, the plasma must in reality be traveling along
symmetry axis. From this assumption, a propagation velo
can be derived of 3.63104 m s21. Given that the sonic ve-
locity will be in the order of 13104 m s21 at most~for tem-
peratures in the 50-eV range! this means that the compres
sion must be supersonic. The propagation velocity compa
well in order of magnitude to the average velocity found f
the fast ions emitted by the source, as measured by the
aday cup device.

C. Comparison between phases

1. Relative ionization stage populations

After the above discussion on qualitative characterizat
of the different phases during the main discharge, line int
sity information from time-resolved spectroscopy can n
be studied, giving information on the relative populations
the different ionization stages.

In Fig. 9, line intensities~in arbitrary units! for different
stages are plotted against time during the discharge. On
time scale,t50 ns corresponds to the maximum EUV inte
sity from the plasma. For the EUV spectra, for all ionizati
stages 4d-5p lines have been selected for best comparabil
However, in the case of XeXII , next to the~presumed! 5p
line at 12.39 nm, also the 4f line at 10.96 nm is shown for
comparison. The line intensity for XeXIII was calculated by
correcting the intensity at 10.80 nm for the presence of
XII radiation: 0.4 times the signal intensity at 10.96 nm w
subtracted from the gross value. This ratio of intensities w
found by a parameter study of the spectrum from the d
charge.

Note that the XeXII line array at 12.39 nm coincides wit
radiation from XeVIII . The intensity was not corrected fo
this contribution, although it is probably dominant att
>80 ns, where the other intensities from the highest ioni
tion stages have nearly dropped to zero.

From the on-axis intensities in Fig. 9, it can be deriv
that the various ionization stages, ranging from Xe71 to
Xe111, get populated during a relatively short time interv
of about 20 ns. Despite the short time, it can be seen tha
ionization stages get populated in order of increasing cha
number. The time interval appears to coincide with the r
and compression phases observed in the pinhole camera
ages. Depopulation of all but the highest ionization sta
happens on a much longer time scale. Radiation in the E
can be observed for about 100 ns after the moment of m
3-5
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FIG. 5. Measured space-resolved, Abel-inverted relative line intensities of 4f -4d transitions belonging to different ionization stages
xenon. Different spectra were produced in steps of 5 ns during the ring phase of the discharge, integrating ten shots for each i
comparison, on-axis pinhole images are shown in the top right corner of each graph. These are from a different set of experimen
correspondence is not perfect.
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rest
mum intensities, but in the VUV part of the spectrum b
tween 30 and 90 nm~not shown!, line radiation can be ob
served for as long as 300 ns after the maximum intensity
reached.
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2. Relative line strengths within one ionization stage

Multiple line intensities from one and the same ionizati
stage do not always show similar time behavior. The clea
case of such dissimilarities in behavior is found for the XeIX
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system, and is shown in Fig. 10. When compared to
4d-5p lines, the 4d-4 f line shows a relatively larger inten
sity in the initiation and compression phases of the discha
The same dissimilarity can be observed in the XeX spec-
trum, and, albeit less clearly, in theVIII andXI spectra.

D. Variation of the discharge voltage

Due to the self-breakdown operating mode of the sou
the only way to change the discharge voltage and the p
energy was to change the gas flow to the electrodes. As
hollow cathode discharge is operated on the left-hand sid
Paschen’s curve, an increase of the gas flow~and thereby the
background pressure! leads to a decrease of the dischar
voltage.

EUV spectra have been recorded at different pulse e
gies. For each ionization stage that has lines in the EUV,
strongest intensity of the 5p transitions was selected fo
analysis, except for XeXIII ~121!, of which the 5p transition
is overshadowed by other lines, and the top of the 4f array
was selected instead. The same procedure as described
~1! and used in Sec. III A was applied to estimate relative
stage population densities.
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FIG. 6. Estimated relative populations of different ionizati
stages of xenon as a function of time, in the ring phase of
plasma, and during compression to the moment of minimum pin
ing radius.

FIG. 7. Total intensity of the considered 4d-4 f EUV lines and
effective average charge number as a function of time in the
phase of the discharge.
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The results are presented in Fig. 11. The figure shows
the relative populations of the different stages vary relativ
slowly with input energy. On the contrary, the total EU
emission shows a sharp, faster than linear increase with p
energy. The combined effect of a slightly increasing relat
population of the 101 ionization stage and the behavior o
the absolute EUV emission causes a strong increase o
conversion efficiency with pulse energy within the prob
regime, up to 4.7 J input energy.

In time-resolved measurements~not shown here! it was
found that the dynamics of the pinch are also influenced
the pulse energy. With increasing energy, the time betw
the trigger signal and the beginning of the main discharge
well as the time between the appearance of the ring and
moment of minimal pinch radius decreased.

E. Dilution with argon gas

As mentioned in the Introduction, during an upgrade
the source, the capacitance of the capacitor bank was
creased from 48 nF to 674 nF, and an adjustment of
electrodes geometry was made including a larger anode h
enabling a larger collection angle of the EUV radiation fro
the pinch. In the adjusted setup, a small flow of xenon

e
-

g

FIG. 8. Shape of the plasma pinch in the EUV as a function
time during the discharge. The MCP gating time was 10 ns;
pulse exposures were integrated per image. The time step bet
consecutive images is 10 ns. The actual size of each imag
1.8531.85 mm2.

FIG. 9. EUV line intensities vs time measured on-axis at a d
charge voltage of 13.9 kV.
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tween the electrodes was combined with a much larger fl
of argon, introduced between the anode and a downstr
flow restriction. The application of argon introduced an a
ditional free parameter for adjustment of the plasma prop
ties.

It was found that the conversion efficiency decreas
sharply when the xenon flow was reduced from the ‘‘sta
dard’’ value of 8.6 SCCM to a low value of 1.4 SCCM, whi
at the same time the argon flow was increased from
SCCM to 226 SCCM to maintain a constant discharge v
age. The spectra, integrated in time over the discharge p
are shown in Figs. 12~a! and 12~b!, for high and low xenon
flows, respectively.

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

~1! At the higher xenon flow, no Ar lines are visible. A
low xenon flow, ArVIII lines appear in emission.

~2! At low xenon flow, the xenon lines belonging to 4d-4 f
transitions are relatively intense compared to the 4d-5p
lines.

FIG. 10. Different time dependencies of 5p and 4f lines from
Xe IX measured on axis.

FIG. 11. Effective relative populations of different ionizatio
stages as a function of pulse energy, as derived from line intens
integrated over the duration of the discharge pulse. For explana
of the procedure and used wavelengths, see the main text. The
EUV intensity measured by integrating the intensity of the pu
over the spectrum is also shown.
05640
w
m

-
r-

d
-

3
t-
se,

-

~3! From high to low xenon flow, there is a relative in
crease of the intensity of the XeXII 5p unresolved transition
array~UTA! relative to the intensity of the XeXI 5p UTA. A
similar increase is visible in the XeXII 4 f intensity relative
to that of XeXI. Also, the intensity at 10.80 nm~tentatively
attributed to XeXIII , since higher stages are unlikely to b
present in large quantities! grows relative to that of XeXII

at10.96 nm. In all cases, radiation from higher ionizati
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 r
shape was an unexpected effect observed by pinhole im
ing. In case the pulse would start as a diffuse discharge w
a flat current distribution, the Lorentz force on a movin
charged particle would scale linearly with the distance fo
the axis of symmetry. From this, it can be derived that
current distribution within the compressing plasma wou
remain flat~within a decreasing radius!. However, any initial
inhomogeneity in the distribution could grow due to a cor
sponding deviation in the Lorentz force.
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FIG. 12. Time-integrated EUV spectra for pulses with high~a!
and low ~b! xenon flow into the discharge region. In spectrum~b!,
EUV lines from argon appear in emission~identification according
to Ref. @15#!.
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Now, the question is what could be the cause of the ini
inhomogeneity in the current distribution. One factor is t
cathode geometry: The generation of secondary electron
ions on the cathode surface during the high-current ph
will take place mainly on the cathode edges, which hav
ring shape, causing also a ring-shaped distribution of
current in the plasma phase.

Second, the skin effect, i.e., the exclusion of the fa
varying current from the center of the plasma, might a
cause the current to run mainly along the edges of the pla
at the start of the high-current phase.

B. Preferential direction of plasma expansion

In the pinhole images of Fig. 8, it was seen that the pin
plasma does not decay simply isotropically, but it has a p
erential direction along the axis. In the present results, o
expansion in the forward direction is visible. However, t
most likely explanation of the anisotropy is the anisotropy
the Lorentz force. While the pinch plasma is confined in
radial direction by the Lorentz force, it is free to expand
the axial direction. Therefore, a similar expansion in the
ward direction~i.e., towards the cathode hole! is expected. A
second contribution may come from the ‘‘zipper effect,’’
which the plasma is accelerated in an axial direction due
an axial component in the Lorentz force.

C. Causes of spectral changes over time

In this section the main differences between the xen
EUV spectra from different phases of the discharge will
discussed. In the discussion, the focus will be on the rela
populations of the different stages, and for radiation from
single stage, mainly on the lines emitted by XeIX, since
these lines~and their transition probabilities! are well estab-
lished in literature, and also resolvable individually~instead
of only in line arrays!. The intensities of the main XeIX
EUV lines versus time during the discharge were plotted
Fig. 10.

All of the identified transitions in the EUV are resonan
i.e., the lower level is~very close to! the ground state of the
ion. This means that the wavelength of the line is a dir
measure of the energy of the upper level. Therefore, the
tensity of the lower wavelength lines~the 4d-4 f transitions!
relative to that of the larger wavelength (4d-5p) lines, is an
indication of the electron temperature of the plasma, ass
ing a given excitation/deexcitation balance.

From rough estimates of the ion density~up to 1024 m23),
average ionization stage (;10), and electron temperatur
~up to ;35 eV) in the pinching plasma, it can be deduc
that the excitation/deexcitation balance in most phases o
plasma will be neither pure corona nor pure LTE, but rat
in between the two. In case of LTE, and an optically th
plasma, the intensities of the individual lines will be propo
tional to their transition probabilities. On the other hand,
intensities have an extra 1/(DE)3 dependency in pure coron
balance compared to LTE, since in this case the intensit
the radiation is proportional not to the optical transition pro
ability but to the electronic excitation rate from the grou
state. This means that with similar electron temperature
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less dense plasma will have relatively stronger radiation
larger wavelengths compared to a more dense one.

During the ring phase of the plasma, the 4f intensities are
relatively high, in spite of the necessarily low density of t
plasma in this phase. This is an indication of a high elect
temperature in this phase.

During compression of the ring to the actual pinch, t
4 f -line intensities remain high and that of the 5p lines in-
crease. The increase of the intensity of the 5p lines can eas-
ily be explained by an increase of the density of the plas
~and resulting shift to a balance that is closer to LTE!. The
fact that the total intensity of the 4f lines does not increas
correspondingly shows that the electron temperature m
already be dropping at this time. This assumption is s
ported by the slight decrease of average ionization st
shown by detailed EUV spectroscopy in the ring phase~Fig.
7!.

Admittedly, similar trends would be observed if, in th
phase, the plasma would become optically thick to some
the 4f lines. However, neither the details of the experime
tally determined EUV spectra, nor comparison with t
Planck limit derived from calculated transition probabilitie
and the above plasma parameters point in this direction.

During the decay of the pinch, the 4f intensity decreases
quickly, while in the case of XeIX the 5p line intensity stays
almost constant for some time~about 40 ns!. The relatively
fast decrease of the 4f line intensity can be explained b
cooling of the plasma and a shift of the population balan
back towards Corona. For the 5p lines, the cooling is com-
pensated by repopulation of the Xe81 ionization stage by
recombination from higher stages.

Even with a low electron temperature, the relatively lo
intensity of the 4f line is remarkable. Also, it may be note
that aftert560 ns, both 5p intensities become nearly equa
while there was a clear difference in the intensities earlie
the discharge. As the upper energy levels for both lines
very close together, such a change cannot be explained
change in the plasma parameters alone. A possible caus
the change is a ‘‘capture radiative cascade’’ effect, wh
recombination into an excited level of Xe81 and subsequen
radiative decay to lower levels leads to a spectrum tha
different from either normal LTE or corona balance.

Summarizing, it is stated that in the initial~ring! phase,
the excitation/deexcitation balance is between pure LTE
corona balances, and the electron temperature is high; du
the pinching, the density increases and the excitation bala
moves closer to LTE, but electron temperature drops;
during the plasma decay, temperature drops further and
balance moves back towards corona. In the latter phase,
cific recombination effects might have an influence on
shape of the spectrum.

D. Absence of Ar IX lines and changes in the Xe spectrum
at low Xe flow

When the source was operated with the argon buffer
at low xenon flow, some argon lines became visible.
these can be identified as belonging to the ArVIII spectrum
@15#. However, comparison of ionization energies of the m
3-9
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abundant xenon ions~180 eV, 205 eV, 231 eV, and 258 e
for 81 up to 111 @6#! with those of Ar71 and Ar81 ~143 eV
and 422 eV@16#! shows that in the pinch, almost exclusive
eight times ionized argon should be present: Ar71 has such
low ionization energy that it should be completely ioniz
through to the next stage, whereas that of Ar81 is so high
that Ar91 will not be populated considerably. Also, it i
known that Ar81 has some lines in the EUV range of 8–2
nm @15#. However, the upper states responsible for th
lines all have energies in excess of 300 eV above the gro
state of this ion, and therefore will hardly be populated in
pinch plasma with a temperature of ‘‘only’’ about 35 eV. Th
explains their absence in the relatively cool pinch plasma

The difficulty to either further ionize or excite the Ar81

ions present in the plasma may be responsible for an incr
of the electron temperature compared to the discharge
larger xenon flow. The electrons simply cannot lose th
energy easily in either excitation or ionization. The increa
in electron temperature is the most likely cause of the s
towards higher ionization stages observed in the xenon c
tribution to the spectrum. It may also be a large contribu
to the shift towards relatively more intense radiation from
short-wavelength 4f radiation compared to the 5p transitions
in xenon.

It should be noted that there might be a second contrib
to this shift, which is the optical density of the plasma. Ev
though there are no indications in the present experime
results that the radiation from the plasma is optically thick
any time during the discharge, it could play a role: it
possible due to the dilution with argon that at low xen
.
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flow, the 4f transitions are less optically dense than at h
xenon flow. Hence they might be enhanced compared to
5p transitions of the same stages.

V. CONCLUSIONS

The experimental results presented in this paper m
serve as proof of the good applicability of the cost-efficie
combination of fast-triggerable MCP and photocamera di
nostics for characterization of EUV sources by pinhole i
aging and EUV spectroscopy.

The described experiments have led to improved und
standing of the pinch dynamics of the Philips hollow catho
discharge. A plasma was observed inside the cathode, it
shown that high ionization stages are present already be
the main pinch occurs, and it was observed that the initiat
of the main discharge occurs as a ring-shaped plasma.

In the EUV band from 9 to 18 nm, contributions from
many ionization stages of xenon~ranging from 71 to 121!
can be distinguished, and their relative populations dur
the plasma pulse can in principle, be monitored.

The behavior of individual line intensities, especially f
the XeIX spectrum, can give further insight in the charact
istics of the plasma. Already, they provide indications
shifts in temperature and the excitation/deexcitation bala
during the discharge. It was argued that they indicate a r
tively high electron temperature and a balance between
and corona during the ring phase of the discharge, and lo
electron temperature and the possible presence of radia
cascade processes during the decay of the plasma.
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