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Liquid-jet target for laser-plasma soft x-ray generation

L. Malmqvist,? L. Rymell, M. Berglund, and H. M. Hertz
Department of Physics, Lund Institute of Technology, P.O. Box 118, S-221 00 Lund, Sweden

(Received 2 August 1996; accepted for publication 13 Septembern 1996

We describe a new liquid-target system for low-debris laser-plasma soft x-ray sources. The system
is based on a microscopic liquid jet and is experimentally evaluated for 0.7—1 keV proximity
lithography and water-window x-ray microscopy applications. Compared to an existing
liquid-droplet target, this target system has the same low debris emission, high x-ray photon flux,
and narrow spectral bandwidth. The advantages of the liquid-jet target include improved x-ray flux
stability, increased range of suitable target liquids, and elimination of the need for temporal
synchronization, thereby allowing less complex laser systems to be used99® American
Institute of Physicg.S0034-67486)03412-0

I. INTRODUCTION lary nozzle into a~ 10~ mbar vacuum tank. The nozzle
roduces a~10-um-diam liquid jet which spontaneously
(greaks up into droplets at a drop-formation point at a dis-
tanceL from the nozzle orifice. Laser plasmas are produced

tional bulk targets, the applicability of laser plasmas is re—by focusingh =532 nm, 70 mJ, 100 ps pulses from a 10 Hz

stricted due to the emission of debris, which may damag ode;locl;ed Nd:Y'fTG Iasr:ar(wrth f%)ts TJ};\:I:'%SS'dn'mt
sensitive components positioned close to the plasma x-ra@repu se for x-ray flux enhancementonto the fiquid je

source. With liquid or frozen microscopic droplets as tafget, Xetween .th? nc_)zthe c1>r|f;_)ce and thle drt(r)]p-formanon point,
the debris problem has been shown to be neglifilole “ray emission In th€ 1—5 1M wavelengtn range requires an

eliminated® These x-ray sources also feature high flux andInterISIty on the_ order of 10 V\/_/cmz, correspo_ndmg o a
brightness, allow long-term operation without interruption,focal'SIOOt full width at half maximuniFWHM) dlamgter of
provide excellent geometric access, emit narrow—bandwidtﬁp._lsﬂm frqm t-hese compact lasefghus, the §p_aﬂal sta-
radiation appropriate for zone-plate optics, and provide fresltl)IIIty of_the jetis of great importance fqr efficient x-ray
target drops at high rates to match high-repetition-rate lasergeneration with low pulse-to-pulse fluctuations. The continu-
Furthermore, spectrally tailored emission for a specific appli—ous liquid jet method used in the present paper is particularly

. : C .. suited for such high requirements of stability.
cation can be produced by selecting a target liquid with The arrangement for droplet target laser-plasma x-ray

proper elemental contents. For example, x-ray emission suit- D g g0
able for microscopd.proximity lithography!® and projection generatiofi*?is similar to the above method. However, then

lithography* have been generated with ammonium hydrox-the dglass notzzblie 'f plez?electrlﬁally V'bratfgﬂ MHz to
ide, fluorocarbon, and water droplets, respectively. produce a stable train of equally siz¢t—-15 um) micro-

Until now, stable generation of microscopic droplets scopic droplets having a speed 660 m/s. In order to en-

with a continuous-liquid-jet method has been a prerequisit§"' that eaqh laser pglse_ n the focused beam. hits a single
for efficient liquid-target laser-plasma operation? In the droplet, the piezoelectric vibration frequency, which controls

present paper we extend the applicability of this method tc}he spatial position of the droplets, is electronically synchro-

liquids which do not have suitable hydrodynamic propertiesnlzed with theQ switch of the laser to<=30 ns. Thus, in

to form stable drops by utilizing a microscopic liquid jet as addition to the spatial stability requirement of the liquid-jet

target. This also eliminates the need for laser-droplet tempor-nethOd above, the droplet method requires accurate temporal

ral synchronization, resulting in significantly relaxed require_synchronlzanon between the laser pulse and the droplet.

ments on the laser and improved long-term stability while,. _To_ understand the advantages and limitations of the
liquid-jet target compared to the droplet target, the hydrody-

still maintaining the advantages of microscopic liquid targets X . L T T . .
discussed in the first paragraph. namics of goqt|nuous liquid jets is bnefly_dlsc.ussed.. Forcing
a viscous liquid through a nozzle results in a jet which spon-
taneously breaks up in a train of droplets according to Fig. 1.
The drop formation is basically due to the liquid’s tendency
to minimize the surface energy and is theoretically described
The key issue of the present paper is that the x-rayin Ref. 13 and summarized in Ref. 11. The distahd® the

emitting laser plasma is generated in a microscopic liquid jespontaneous drop formation point is
instead of in a microscopic droplet. The experimental ar- 3
[p-d® 3nd
_+_
o (o

rangement is schematically illustrated in Fig. 1. The liquid- | —12.,,
jet target is produced by forcing the liquid at a pressure of

approximately 50 bar through &10-um-diam glass capil- \yhered and v are the diameter and velocity of the liquid jet,
respectively. The liquid is characterized by its dengitgur-

dElectronic mail: Lars.Malmgqvist@fysik.Ith.se face tensiono, and viscosityz. For ourd~10 um jets the

The laser-produced plasma is an attractive compa
x-ray sourc&? suitable for applications in, e.g.
microscopy* and lithography:® However, with conven-

Il. THEORETICAL AND EXPERIMENTAL
BACKGROUND

; @
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FIG. 1. Experimental arrangement for liquid-jet laser-plasma x-ray genera-
tion.

distancel is typically a few mi”imeters_for_ common quUid_s FIG. 2. X-ray pinhole camera images for liquid-jet target without prepulse
such as water or ethanol. For these liquids a stable train af) and with prepulséb).

droplets is produced by applying a controlled piezoelectric

vibration to the nozzle. Due to conservation of mass, the

diameter of the droplets is typically 1.5—2 times larger thartid no difference in x-ray flux was observed between the
the diameter of the liquid jet. Thus, the target diameter of thelroplets and the jet, resulting ia 3 X 10'*ph/sr pulse line at
liquid jet is significantly smaller than that of a droplet. the C VIA=3.37 nm line.

It is clear from Eq(1) that liquids with very low surface Spectra for both liquids were recorded kv 1 mgraz-
tension are not suitable for droplet formation since then iNg incidence monochromatdMinuteman 301-G"*° The
grows to infinity. However, there are a significant number ofA<1.7 nm fluorocarbon and water-window ethanol spectra
liquids with reasonable hydrodynamic data which still do notwere dominated by line emission from F VIII/F VIl and
provide stable drops. Many of these have somewhat low su€ VI/CV, respectively. For ethanol, no difference in the
face tension, resulting in spontaneous drop formation fapPectrum was observed between the droplets and the jet
away (typically centimetersfrom the nozzle tip. However, while for the fluorocarbon a slightly higher degree of ioniza-
further away from the tip, the stability of the drops decreasestion in the liquid-jet measurements was detected. The deter-
This is not acceptable since the laser-plasma production rénination of line width for ethanol resulted K/AX>300 for
quires very h|gh accuracy in the drop positibna feWMm) both the droplets and the |IQUId ]et In both cases this deter-
to ensure stable x-ray generation. From the above it is cledpination is limited by the resolution of the monochromator.
that for liquids with unstable droplet formation, the liquid-jet ~ For many imaging applications the x-ray source bright-
target is better suited than the droplet target for laser-plasm@ess(ph/sr um? pulse) is more important than the total pho-
operation. Still, it should be noted, that liquids with very low ton flux. For this purpose the size of the x-ray-emitting
viscosity are not suitable for any of the two target methodg?lasma was measured with a pinhole camera. Here am8

since turbulence in the nozzle prohibits the formation of amovable pinhole was positioned10 mm from the fluoro-
liquid jet!* carbon plasma and the image was recorded with 8224

pm pixel thinned back-illuminated x-ray sensitive charge

coupled devicéCCD) detector'? Figure 2 shows the plasma
IIl. EXPERIMENTS AND DISCUSSION emission ath<<1.7 nm for the fluorocarbon liquid jet with no

prepulse(a) and with 3 mJ UV prepulséb). The ~10X15

In the experiments described below we compare theum elongated structure in Fig(&@ has its major axis along
liquid-jet and droplet target laser-plasma x-ray sources wittlthe direction of the liquid jet, illustrating the influence of
respect to x-ray flux, brightness, debris, and stability. Thearget dimension on plasma size. Similar images of droplet
experiments were performed using liquid fluorocarbon andglasmas show a circular image withl0 um FWHM diam-
ethanol as target liquids since these two liquids have beeeter. Thus, for small plasmas, the emitting area of the liquid
extensively characterized for droplet-target proximity x-rayjet is somewhat larger than that of the droplets, resulting in a
lithography® and water-window microscopy? applications. ~ slightly smaller brightness. However, in a recent pa(ief.
While ethanol is perfectly suitable for stable droplet generai12) we have shown that the application of a UV prepulse
tion for a broad range of piezoelectric vibration frequenciesgnhances both the brightness and flux. Due to the plasma
the fluorocarbon droplet generation is sensitive to small disexpansion between the prepulse and the main pulse, the dif-
turbances, making liquid-jet operation favorable. ference in target type does not noticeably influence the
The x-ray photon flux from the fluorocarbon plasma wasplasma size in this case. This is shown in Fi¢y)2vhere a

measured at a 45° angle to the incident laser beam with atlose to circular plasma emission area is shown despite the
x-ray diode (Hamamatsu G-1127-02covered by a free- elongated liquid-jet target. Recordings with the same
standing sandwiched 2m/260 nm Al/Cu filter'® With this  prepulse condition and droplets as target show very similar
filter combination the x-ray signal is dominated by thex-ray emission images.
A<1.7 nm F VIl and F VIX emission, which is suitable for The debris emission from liquid jet and droplet targets
proximity lithography. For both the droplet and liquid-jet were compared using the methods described in Ref. 8. To
target, the x-ray photon flux was 2 X 10*?ph/sr pulse. The determine the total debris depositiions, atoms, and larger
CV and C VI water-window emission from ethanol was fragments$, carefully cleaned glass plates were positioned 20
measured with a 160/100 nm Ag/Al filtérAlso for this lig-  mm from the fluorocarbon plasma source. Afteh of 10 Hz
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operation in either the droplet or liquid jet mode, the thick-
ness of the deposited debris layer was determined by optical
opacity measurements. From these measurements we con-
clude that the debris emission from droplet target and the
liquid-jet target are equal, within th€20% relative error of

the measurement method. The quantitative debris emission
has been determined to typically 70 pg/sr pulse in Ref. 10.
Measurements on ethanol show the same similarity between
the two target types, although the quantitative numbers are
approximately an order of magnitude less. Thus, compared
to conventional targets both the liquid-jet and droplet target
systems reduce debris by several orders of magnftude.

The emission of larger debris fragments is particularly
harmeI since SUCh_ prOjeCtI|eS may damage fraglle x-ray ODT:IG. 3. Stability of x-ray emission from an unattended fluorocarbon liquid-
tics or masks positioned close to the plasma source. Thgt-target laser plasma.
emission of such larger fragments was examined by position-
ing a 100-nm-thick freestanding Al foil 20 mm from the ;s .6 {o a long-term reduction in the laser intensity. The
liquid-jet plasma and exposing it to debris for 60 min. The gt tarm pulse-to-pulse fluctuations without prepulse are
foil was then checked for pinholes in a CCD-cameratypic(,my <10%, which is lower than with droplets

equipped optical microscope. No new pinholes could be ob(<15%_12 These fluctuations are assumed to be primarily
served, indicating the absence of larger debris fragments. e to laser pulse-to-pulse intensity fluctuations.

Compared to conventional low-debris targets such as the
thin film tape target, the liquid-jet target shows the same
reduction of debris as the droplet target does, while stilll V. CONCLUSIONS
maintaining the same high x-ray flux. This may seem sur- |t js clear from the discussion above that the liquid-jet
prising since the negligible debris production of the dropletiarget has several advantages compared to the droplet target.
target has been attributed to the fact that all target material iBrimarily it allows stable liquid-target laser-plasma operation
positioned in the central high-intensity region of the focusedor Jiquids which are not suitable for stable droplet genera-
beam and no target material is present in the cooler zones gbn due to, e.g., low surface tension. We thereby extend the
the lower-intensity radial wing$.Thus, the production of number of liquids suitable for laser-plasma x-ray generation
large-fragment debris is assumed to be eliminated and thegnificantly. Furthermore, the method requires no synchro-
full target mass is efficiently heated and highly ionized, re-pjzation between droplets and laser. Thus, lasers with intrin-
sulting in ionic and atomic debris. The similarity in the de- gjc high trig jitter, e.g., passive mode-locked systems, may
bris production of the two methods is probably due to thepe used and synchronization electronics are eliminated. In
fact that approximately the same target mass is within theddition, the relaxed synchronization requirements result in
focal volume. This is because the droplet diameter is signifiincreased stability by avoiding drifts in droplet position due
cantly larger than the jet diametéf. Sec. 1). Furthermore,  to thermal and pressure changes, making uninterrupted stable
even when using the droplet method, all target material is nogperation possible over significant time periods. The x-ray
in the center of the focused beam due to uncertainty in thlux, brightness, and debris emission are similar for the
laser-droplet temporal synchronization. Thus, also for droptiquid-jet and droplet methods.
lets, some target material may occasionally be present in the Naturally, the liquid-jet target cannot be operated with
cooler wings of the beam, making the similarity of the two liquids having high surface tension since then the distance to
methods significant. Finally, it should be noted that thethe droplet formation point is short, requiring a short dis-
slightly higher degree of ionization observed for the fluoro-tance between the plasma and the nozzle orifice. Operating at
carbon jet may be explained by the better stability of the jeta short distance may result in physical damage to the nozzle.
in the laser-beam focus. Furthermore, at such distances we have occasionally ob-
An important issue of practical concern is the long-termserved plasma-induced instabilities of the jet that we at-
x-ray photon flux stability. With droplets as target, small tribute to the charging of the nozzle tip by the plasma. By
changes in the target liquid pressure or temperature may regounding the nozzle, the problem is reduced but not always
sult in a slow drift in the droplet position. Thus, the temporal eliminated. Thus, for such liquids the droplet target is favor-
synchronization of the laser pulse must be adjusted. Thiable.
problem is distinct for the fluorocarbon but less pronounced
for, e.g., ethanol. Naturally, a feedback loop amomatica”yACKNOWLEDGMENTS
controlling the laser-droplet synchronization may be con-
structed. However, with the microscopic liquid jet as target,  The authors gratefully acknowledge Terje Rye, Siemens-
the stability is inherent in the system. Figure 3 shows theElema, and the financial support from the Swedish Natural
x-ray flux from a fluorocarbon target for 30 min of uninter- Science Research Council, the Swedish Research Council for
rupted 10 Hz operation. Each data point represents an avengineering Sciences, the Swedish Board for Industrial and
age of 30 pulses. The slow decrease in the detected x-ray fluikechnical Development, and the Wallenberg Foundation.
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