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Stability of droplet-target laser-plasma soft x-ray sources
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The spatial stability of microscopic target droplets used for laser-plasma soft x-ray generation in
vacuum is investigated. A long-term drift in drop position is characterized with an ultrafast
laser-diode imaging system. The drift is experimentally and theoretically shown to be due to a
temperature-induced increase in target-liquid viscosity as a result of evaporation. Finally, the drift
is compensated for and stable, long-term unattended operation of the source is demonstrated with an
automatic phase-delay drop-to-laser synchronizing system. This is important for future compact
lithography and microscopy systems. ZD00 American Institute of Physics.
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I. INTRODUCTION ticle analyzes the drop stability in vacuum and actual

droplet-based laser-plasma stability. Previous experimental
Laser-produced plasmdsPP) are attractive soft x-ray work has concentrated on jet stabilty'* and ink-jet

and extreme ultraviolet (EUV) sources suitable for application$®®operating at atmospheric pressure with little

microscopy and lithography. Droplet-target laser-plasma regard to longitudinal stability. Work has also been per-

sources are particularly interesting since they have beeformed on the stable production of larger cryogenic gas pel-

shown to reduce the debris production associated with tradiets for fusion and high-energy physics experiméhté.

tional, bulk-target sources to ah_’qost negl!g|ble levels. How—“_ BACKGROUND

ever, droplet sources are sensitive to drift problems due to

the necessity of accurate drop-to-laser synchronization. In '€ droplet-target laser-plasma x-ray soﬁﬁ&has been

this article we investigate the cause of this drift and the drofi€Scribed previously and is briefly summarized below. The

stability in general. Furthermore, the drift is successfully®XPerimental arrangement is shown in Fig. 1. Room-
compensated for by a new automatic control system. temperature liquid ethanol at a pressure~e45 bar (con-

The debris created from LPPs consists of both ions andf©!léd by a standard gas governor attached to a 20 1, 200 bar

large atomic clustersThere are several different methods to t&nK is injected into a vacuum chamber through a small, 10
mitigate the effects of produced debris, including fast#M diameter, glass capillary nozzle piezoelectrically vi-

shutters! gas shield$, foil traps, and rotating targefsA ~ brated at~1 MHz (Siemans-Elena, Stockhojmgiving

more fundamental approach is to limit the amount of debris~ 10°drops/s traveling at~50 m/s. A turbodrag pump,
acked by a rotary-vane pump, is used to keep the vacuum

produced. Much work has been performed on different gasb e
target arrangements. Using a size-optimized target we have Pressure at-10>mbar. To reduce the needed pump capac-

previously shown negligible debris production using "quidlty a liquid-nitrogen cold trap is used to freeze excess etha-
jef® and liquid drof~! targets while still retaining a high- N°!- A 100 Hz frequency-doubled Nd:YAG las&Coherent
density target. Furthermore, the droplet target and the liquidlMfinity) with 3 ns long pulses of-100 mJ is used for plasma
jet sources are suitable for high-repetition-rate operation foformation of the drops. The emission of laser pulses is syn-
high-average power, and grant nearly fully dteradian, geo- chronized to _the plezoele_ctrlc drop-shr_nulatmg signal and a
metric access. manually variable delay is used to adjust the phase so that
The liquid-droplet laser-plasma x-ray source does, how€ach aser pulse hits a single drop. Since the drops-dfe
ever, suffer from a long-term drift, i.e., the drops move out#M diameter and the laser focus only slightly larger, a laser
of the laser focus in the direction of the drop path, whichf0cus and droplet overlap accuracy of a few microns is nec-

reduces the x-ray flux and may increase debris. This is §Ss&%y- _ ,
problem since unattended long-term operation is crucial for A liquid jetis inherently unstable anédﬂ)wnl break up in a
many applications. For liquids with certain hydrodynamic@ndom manner due to the surface tensioA.small distur-

properties, including cryogenic liquids, this problem can beP@nce, random or applied, at the nozzle exit grows exponen-

avoided using the liquid-jet target technidielowever, for tia!ly until drqps are_for_me_zd. T_he theoretical analysis_ of the
conventional liquids, like water and ethanol, the high surfacé_'“'dOmeChém'CS of liquid jets is more complex for viscous
tension results in a drop-formation point close to the nozzIdets” than for nonviscous jetd but the results are similar.

orifice, making it necessary to target individual drops sincel "€ time to breakup is longer for viscous jets but indepen-

targeting the jet may result in nozzle damage. It is therefordent of jet spee.(i4ir115both cases. The distabceo the drop
important to stabilize the observed long-term drift. This ar-formation point is™
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T ! whereuv is the jet exit speed andy, is the orifice diameter,
Sync. & Delay and the integration is over the lengthpf the capillary. This
T equation may be solved to give the speed of the jet as a
p——— function of the pressure and the temperature, given a model
et =— for the viscosity’'s dependence of temperature. For ethanol,
1 in the present temperature interval, the viscosity is modeled
oOo-0 o *®
Piazo Nozzle ¢ n= A+ B/(C*T), (6)

FIG. 1. Experimental arrangement of the droplet-target laser-plasma x-rawhere A, B, andC are experimentally determined constants
source. andT is the temperatur® Due to thed*(l) term the solution

is, however, very sensitive to the geometric modeling of the
nozzle tip. By adjusting the model, excellent agreement with
tension, is the viscosity, and is the jet diameter. The drop expen!”nental data can be achieved, as shown in Sgc. lll. The
diameter, is~1.9 times the jet diameter which is10% speed’s dependence of pressure and temperature is, however,

smaller than the nozzle orifice. The average spontaneod.Qder’ender,1t of the geometric model of the nozzle. From Egs.
drop formation frequency 14 (5) and (6) it can be shown that roughly,

wherev is the jet speedp is the density,o is the surface

v v vocy/p+ constant 7)
f; :)\_m = 457" 2) and
where\ ,, is the drop separation distance. Since the sponta- v«T+ constant (8

neous drop formation is stochastic, an external vibration i?or any realistic model of the nozzle geometry in our region
applied to simulate stable drop formation. For efficient dropOf operation

stimulation the frequency of the applied vibration should be
close tof,. Furthermore, the flow must be laminar in order

to form a stable jet. For conventional liquids this correspondé”' EXPERIMENT AND DISCUSSION

to a maximum Reynolds numb&, of ~1000, given by? In this section we experimentally measure and theoreti-
pvd cally explain drop stability in vacuum in the absence of
Re=—". (3) laser-plasma formation. This requires an imaging system

7 yielding drop position with an accuracy of approximately 1

For stable drop formation the right combination of all um.
relevant parameters must be used. This has been thoroughly There are several different methods to study drop stabil-
investigated by the ink-jet community and the stimulatingity. The most common is to use a synchronized stroboscopic
frequency and amplitude found to be crucfaFor the re- light source. Since the resulting image is then made up of a
mainder of this article a highly stable region of operation islarge number of superimposed images, it is unsuitable for
assumed, i.e., small changes in parameters effect the drafetailed drop stability analysis. Another method is to use a
formation but not the stability as such. low-power continuous laser, crossing the drop path, and a
There are two types of instabilities that are of concernphotodiode to record the residual lighitThis is unfortu-
First there are the microscopic drop-to-drop variations innately not suitable for long-term analysis nor can it be used
size, speed, and direction. These will not be treated in detaito analyze stability in the directions perpendicular to the drop
as Sec. Il will show that they are sufficiently small for stable path. A better method is to have an ultrafast imaging system.
operation of the source. This article is instead focused on thBue to the size and speed of the drops, an exposure time of
slow, long-term drift. less than 20 ns is required for clear imagé®% motion
Since the drops are targetedl0 mm away from the blur). There are several different gated, image intensified
nozzle, a large variation in droplet positi¢at a specific time  Systems capable of this, but they are often complex, expen-
relative the stimulating frequengis most likely caused by a sive and usually suffer from image quality problems.
variation in drop velocity. The jet speed is determined by the  Instead of a short shutter time, an equally short laser
conversion of potential energy, given by the pressure, intgulse can be used as the single light source. The actual shut-
kinetic energy in the capillary system. The pressure drop in &er time is then unimportant and standard CCD cameras may
capillary system can be written as be used provided that the laser power is sufficient to allow
single-shot exposures. The viability of this method has pre-
APror=APiint APuisct APsur ™ APross: “) viously been demonstrated using a high-power Nd:YAG
i.e., the total pressure drop can be divided into a kinetic termiaser'® Figure 2 shows the system developed for the drop
a viscous term, a surface tension term, and a term due tstability measurements in this article. It is based on a 20
entrance and exit losses. Using the Hagen—Poiséludtua- mW, A~635nm laser diode emitting 20 ns pulses, a stan-
tion this can be written as dard CCD equipped microscope and an image acquisition
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FIG. 2. Schematic view of the imaging system used for drop stability 0 50 100 150 200
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FIG. 4. Relative position of one droplet starting 8.5 mm from the nozzle tip.
board. Laser-diode illumination is advantageous compared tghe drift fiS Péfa"e(j' to the drop path ﬁ"‘Tthf(‘jOWrS1 % large di'rf]fe“?”cﬁ in ti”:e f
high-power laser illumination since it is more flexible in ;ﬂgztggtlgglaé;ﬁi|a‘t’$f1“g;"ﬂ:’£3rr?t'°n € dashed curve shows the result o
terms of pulse width, repetition rate, wavelength, and price.

Because the CCD exposure time~sl0® times longer than

the laser illumination it is important to have 100% modula-

tion of the laser diode to avoid integration of backgroundsmall, abrupt change in position shown in Fig(after ap-
light. In order to avoid split images due to the interlacing of proximately 40 minis believed to be due to either a pressure
standard CCDs, the laser pulse must first be synchronized f&lated effect or a mode change in the drop formation due to
the camera. For frame-to-frame position analysis the lasehe change in viscosity.

pulse must also be synchronized to the drop-stimulating sig- The long-term drift was assumed to be due to a change
nal. The system is inexpensive compared to other solution pressure or in temperature. The pressure was quickly ruled
and has proven to be very useful. out for a number of reasons. According to K@) the pres-

The imaging system was used to record drop stabilitysure change must be very large in order to produce the ob-
data~10 mm from the nozzle orifice. This distance corre-served drift. Furthermore, a change in pressure does not ac-
sponds to the typical distance between the laser plasma a§@unt for the difference between vacuum and air operation.
the orifice during normal x-ray operation. A typical 20 ns To confirm this, the gas governor was exchanged for a 20 1
single-shot exposure is shown in Fig. 3. The drop positiorfank (40 baj providing very stable pressure, but this did not
was determined with an accuracy of ubh by image analy-  influence the observed drift or stability.
sis performed in MatLab. An edge detection filter used to  In order to determine if a change in temperature could be
define the perimeter of the drops and circles were then fittethe cause of the drift, the temperature of the capillary was
to this edge data in order to determine the center positionsmeasured during operatiofiour-wire measurement with a

All measurements were performed both in vacuum andhin film Pt-100 sensgr The temperature was measured on
in air at atmospheric pressure. First, the imaging system wa&e edge of a thin metal tube which protects the glass capil-
operated at 25 Hz for 60 s, resulting in 1500 images fodary. When operating in air, the temperature initially fell a
short-term stability analysis. Then the system recorded datt@w degrees and then stabilized. In vacuum, on the contrary,
at 1 Hz for 1-3.5 h giving 3600—12 600 images for long-the change was significant as illustrated in Fig. 5.
term drift analysis. Short-term position stability was better
for air operation but on the order of the measurement accu-
racy for both air and vacuum operation, both in the direction 20
parallel and perpendicular to the drop path. During long-term
operation the position stability perpendicular to the drop path
did not change much and was better thamrh. However,
the long-term position drift parallel to the drop path was
large, as shown in Fig. 4. In air the drift stabilizes after a few
minutes while in vacuum the drift continues for hours. The
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FIG. 5. Temperature of the nozzle as a function of time during vacuum
FIG. 3. Typical single-shot20 ng image of the drop train in midflight. operation.
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The temperature curve of Fig. 5 is strikingly similar to
the vacuum drift curve in Fig. 4. This agrees well with Eq.
(8), stating that the speed is a linear function of the tempera-
ture in our region of operation. A quantitative calculation can
be performed using a geometric model of the capillary
nozzle and the full expression, given in EqS) and (6). z
Given the measured temperature data this results in the me:.
sured position as shown by the dashed line in Fig. 4, indicat-£
ing good agreement between experiments and theory. Phys
cally, the temperature decrease raises the viscosity of th ®  coopmel oo -
liquid and therefore the speed also decreases, resulting in the
observed position drift. FIG_. 6. Typical plasma images and intensity distributions used by the auto-

L . . matic phase-control system.

In order to positively identify the temperature as the
cause of the drift, a small resistive heating device was at-
tached to a capillary. When driving a current through the  thg feedback signal is derived from visible-wavelength
resistor a current-dependent velocity drift was induced. Fro”i‘mages of the laser plasma recorded asynchronously by a
this experiment and the drifttemperature similarities, thegiangard cCD camera attached to a microscope and an image
temperature is identified as the major cause of the drift.  5.qyisition board. Scattered green light is eliminated with a

When the liquid leaves the orifice it immediately starts fier (0G590. To reduce interlace problems several images
to evaporate. The evaporation causes a net cooling effect At ayeraged. Figure 6 shows three representative images for
the capillary and the liquid. The difference between the atynen the laser pulse is fired somewhat too egift-hand
mospheric case and the vacuum case is the rate of evapoidga  correct(mid), or somewhat too latéright-hand sidg
tion and the heat transfer. In vacuum, the net rate of evapQyging the fact that the intensity distribution should be sym-
ration is higher, producing more cooling power. When megic and centered when correctly targeting an individual
operating at atmospheric pressure the air surrounding thgo the system is able to maintain spatial and temporal
capillary acts as a heat conductor, quickly stabilizing thesynchronization of the laser and the drop target by continu-
system. When operating in vacuum, heat transfer is limiteq,,,qy adjusting the phase delay of the control electronics
to radiation, and to conduction through the nozzle encapsijegcribed in the next paragraph. Simply monitoring the x-ray
lations and fittings. This results in less heat conduction, reg,x from the source is not sufficient since it does not give
sulting in the much longer thermal time constant of the SySintormation on whether to increase or decrease the phase
tem. delay.

A schematic of the new automatic control electronics is
shown in Fig. 7. It does not use a delay but rather a phase
shift to synchronize the laser and the drops. The signal gen-

In this section the described longitudinal drop drift in the erator used for drop formatiofSRS DS345 is now also
droplet-target laser-plasma source is compensated for by @sed as a reference to phase lock an additional signal gen-
feedback system, making long-term unattended stable x-ragrator(AD9830 with the same frequency as the drop gen-
generation possible. The original experimental arrangemerdrator. When the laser is ready to fire, the system now waits
was described in Sec. Il. Here a 100 Hz frequency-doubledor the signal from the second generator before sending the
Nd:YAG laser(Coherent Infinity with 3 ns long pulses of trig signal to theQ-switch. Since the phase of the second
~100 mJ is synchronized to thel MHz piezoelectric drop-
stimulating frequency. When the laser is ready to fire, the

Intensity [au]
Intensity [au]

o
o

IV. STABILIZATION

synchronization electronics waits for the drop clock and then NAYAG Lasor

sends a signal to the las@rswitch, triggering the laser pulse : 1004z -
emission. A manually variable delay, in the signal path, is : L T

used to adjust the laser pulse emission time so that a singl' ™ | | sync. & Phase-Detay |« Comper wih mage

drop is hit. Although simple and straightforward, this method <—"’ 7
is sensitive to changes in drop position and the delay systen p——
ignal Generator

must be supervised and manually tuned to compensate fq | ~1MHz
the evaporation-induced drift in drop position. Initial at-?%. T

|

tempts were made to stabilize the temperature of the nozzl — O -0 O
and thus remove the drift. This was not very successful since Piezo  Nozzle SIS
it requires very accurate temperature control of the liquid )
inside the nozzle. Therefore an automatic control system Ty v—

based on feedback from the laser plasma was designed. Th 25 Hz
approach has the advantage that it compensates for any mi-

nor causes of Change in the drop pOSitiOI‘l, in addition to thé:IG. 7. _Schematlc view of the new_automatlc control system and trl_g_ger
électronics. The CCD camera monitors plasma symmetry in the visible

major evaporation-induced temperature and viscosity driffyayelength region and the computer controls the phase shift, compen-
discussed above. sate for any drift.
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= 1k " " ! ' y ] the droplets, i.e., only compensates for drift parallel with the
s drop direction. With the nozzles used in this experiment we
& 05l (a)_ have noticed minute directional instabilities not previously
g observed. This directional instability, which occurs only in
< . . . . . the presence of laser-plasma operation, is not yet fully un-
0 10 200 _s0_ 400 00 00 derstood.
Time [s]

= 1 ) V. SUMMARY

§ (b) The spatial and temporal stability of a droplet-target
L os} ; laser-plasma soft x-ray source has been investigated, with
i emphasis on long-term behavior. The short-term drop-to-
x 0 drop position variation was experimentally determined to be

0 100 200 _ 300 400 500 600 small enough for stable operation of the source. A long-term
Time [s] e - . . -
drift in the longitudinal drop position has been found to be
FIG. 8. X-ray flux as a function of time, witfe) and without(b) theau-  primarily due a temperature-induced change in the viscosity
tomatic control system active. due to evaporation cooling of the nozzle. A new automatic
control system monitoring plasma symmetry compensates
for this and other long-term drifts. With this system the

generator is digitally programmablél2 bit), the relative Source may be operated unattended for long periods, which

phase ¢(0—27), between the laser and drop train can nowis crucial in many applications.
be controlled in a very accurate manner. This phase-dela
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