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Simple model for laser-produced, mass-limited water-droplet plasmas
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Plasmas, produced by a neodymium yttrium aluminum garnet~Nd:YAG! laser pulse focused on a small
water droplet and used for the generation of extreme ultraviolet light, can be described by a relatively simple
model due to the fact that thermodynamic equilibrium can be assumed for the most important phase. Only three
time-dependent variables—radius, expansion speed, and internal energy—are needed to describe the physics of
the plasma. Nevertheless, it predicts quantities such as the size and the spectrum rather well. It is expected that
the theory and the model presented here can also be applied to other laser-produced plasmas.
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I. INTRODUCTION

Laser-produced plasmas are promising sources for
generation of extreme ultraviolet~EUV! and soft x rays in
important future applications, for instance EUV lithograp
@1–3#, where multilayer mirrors are used to focus radiati
of 11.5 or 13.4 nm wavelength, and water window micro
copy @2,4#, where wavelengths between 2.3 and 4.4 nm
used. A high peak power laser is being used to creat
plasma in a gas, a liquid or in solid-state material. In the p
solid-state targets were widely used, since high convers
efficiencies from laser light to~soft! x rays can be achieve
@5#. Unfortunately, these targets also suffer from relativ
high emission of material, leading to contamination of t
condenser optics and thus limiting its lifetime@6,7#. The so-
called mass-limited targets seem to avoid this proble
which leads to the proposals of using condensed or clust
noble gases by Kubiaket al. @8# or liquid droplets by Hertz
and co-workers@9#. With these new targets conversion ef
ciencies up to several percents have been obtained in
water window@10–12# and up to a percent in the EUV re
gion @6,8,13,14#.

At Philips Research an EUV source based on water dr
lets has been operational since the beginning of 1999@7,15#.
The principle of operation of the source is very similar to t
droplet-based sources described elsewhere@8,10,16#. In our
case a frequency doubled neodymium yttrium aluminum g
net ~Nd:YAG! laser with up to 0.45 J in a 10-ns FWHM~full
width at half maximum! pulse is being focused on a wat
droplet with approximately 20mm diameter. There is one
important constructional difference from other setups: on
setup, a differential pumping scheme is applied for tho
droplets that are not being used for the EUV product
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@7,15#. Compared to the more commonly used cryoge
cooling this feature has the advantage that it allows conti
ous operation. The source has been characterized intens
@15# and recently it has been used successfully for the ch
acterization of EUV optics@17#.

A model has been developed to improve the understa
ing of the processes taking place inside the plasma an
support the experimental efforts to improve the performa
of the source. It appears that important approximations
be made as a consequence of the mass-limited nature of
a plasma. This results in a relatively simple and eleg
model. But in spite of the simplicity of the model, goo
agreement with the experimental results has been found

II. MODEL

The main assumptions of the model are explained in
following five sections. With these assumptions the plas
can be described using three coupled time-dependent di
ential equations, see Sec. II F. Section II G deals with
initial conditions.

A. Homogeneous sphere

The plasma is assumed to be a homogeneous sphere.
may be a crude simplification since the absorption of
laser energy can be a local process. However, due to the
heat conduction of the plasma and the fact that the abs
tion coefficient is low at the beginning, it is to be expect
that thermal gradients in the plasma are small. Treating
plasma as a homogeneous sphere is supported by pin
pictures@7,15# which show~1! that the plasma has a spher
cal shape,~2! that the EUV emission is a function of th
radial position only, i.e., there is no difference in EUV alon
or perpendicular to the laser beam, and~3! that the emission
from the plasma is isotropic.
©2002 The American Physical Society03-1
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The fact that good agreement between the modeled and
experimental results is found~see Sec. III! may also support
this assumption.

B. Expansion velocity

As soon as the plasma is created the density and the
perature are high, so that the resulting pressure is of the o
of 109 Pa, which is many orders of magnitude higher th
that of the surrounding vacuum (1022– 101 Pa). Therefore
the plasma starts to explode. During this process ther
energy is converted into directed kinetic energy, similar to
adiabatic expansion. Note that in this case the expansio
not adiabatic, since at the same time the plasma is still he
by the laser.

From the assumption that the plasma is a homogene
sphere it follows that the directed velocity is proportional
the radial position. It can easily be shown that the total
netic energy related to the expansion equals

Eexp5E
V

1

2
%S vexp

r

RD 2

d3r 5
3

10
Mvexp

2 , ~1!

in which M is the total mass of the water droplet,% is the
mass density,R andV are the time-dependent radius and t
volume of the plasma, respectively, andvexp5v(R) is the
velocity of the plasma-vacuum boundary. The power dis
pated in the expansion processPexp is given by

Pexp5p
]

]t
V5nkBT4pR2vexp, ~2!

in which n and p are the total density and pressure of t
plasma, respectively. The temperature of the electrons an
the heavy particles is assumed to be equal to the pla
temperatureT, which is discussed in Sec. II C 1.

Combining these two expressions results in a differen
equation for the acceleration of the expansion

]

]t
vexp55adiss~11a ion!

kBT

mH2OR
, ~3!

with

a ion5
ne

nH1nO
~4!

being the ionization ratio,ne the electron number density
andnH andnO the sums of the number densities of hydrog
and oxygen atoms and ions, respectively. The dissocia
ratio adiss equals three, since the model starts after the w
is completely dissociated and some electrons have been
duced by the laser. Note that the mass of a single w
moleculemH2O appears in this formula. The acceleration
the expansion depends on the ratio of the number of
ticles, determining the pressure that is the driving force
the expansion, and their total mass, determining the ine
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This equation is valid as long as the pressure in the plasm
much higher than that of the surroundings so that no sh
occurs.

C. Local thermodynamic equilibrium

In this section criteria for the validity of local thermody
namic equilibrium~LTE! are derived.

LTE has two important aspects:~1! thermal equilibrium
i.e., the electron temperatureTe equals that of the heavy
particlesTh so that the plasma can be described by one te
peratureT and~2! Saha-Boltzmann equilibrium, i.e., the rela
tive densities of the excited states and the various ioniza
stages are given by Saha-Boltzmann relations.

The derived criteria depend on plasma quantities such
the electron density and temperature, which are tim
dependent quantities. These can only be verified for the
tial conditions; the validity of LTE when the plasma evolv
is verified in Sec. III B, where these quantities are presen
as results of the model. It is found that the plasma can c
sidered to be in LTE for at least the most important first p
of the time evolution when the laser power is coupled in a
the EUV radiation is produced.

1. Thermal equilibrium

In thermal equilibrium the electron energy distributio
function can be correctly described by a Maxwellian dist
bution with one-electron temperatureTe ; similarly the heavy
particles can be assigned a temperatureTh that equalsTe .

Many laboratory plasmas are not in thermal equilibriu
since the heat transfer of the electrons to the heavy parti
is not very efficient~due to the large mass ratio! whereas the
heavy particles can lose their energy towards the surrou
ings relatively efficiently. However, at high electron densiti
the low energy transfer in one-electron–heavy-particle co
sion is compensated by the large frequency of those c
sions, so that thermal equilibrium may be established. To
whether thermal equilibrium holds in our case, we take
look at the heat balance of the heavy particles~with the num-
ber densitynh), which can be approximately written in th
following form:

nh

3

2
kB

d

dt
Th5neh

Thnh

3

2
kB~Te2Th!2nexp

Th nh

3

2
kBTh , ~5!

i.e., the change in the heavy-particle thermal energy eq
the net heating by elastic collisions with the free electro
and the cooling by the expansion, the first and the last term
the right hand side, respectively. Note that the ene
changes due to radiation and power incoupling is not
cluded in this equation, as it does not affect the kinetic
ergy of the heavy particles directly.

Introducing the transient frequency for the heating of t
heavy particles,

n tr
Th[

1

kBTh

dkBTh

dt
, ~6!

Eq. ~5! can also be written as
3-2
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Teneh
Th5Th~neh

Th1nexp
Th 1n tr

Th! ~7!

or as an expression for the deviation from thermal equi
rium:

Te5ThS 11
nexp

Th

neh
Th

1
n tr

Th

neh
ThD . ~8!

This last equation~8! states that thermal equilibrium hold
when the cooling frequencies of the heavy particles due
the expansion and the transient frequency are much sm
than the kinetic energy transfer from the heavy particles
the electrons. This is generalized in the concept of ‘‘d
turbed bilateral relations’’@18#, which states that equilibrium
holds when the equilibrium disturbing frequencies are mu
smaller that the equilibrium restoring frequencies.

As is shown in the preceding section, the cooling of t
heavy particles due to the expansion of the plasma is g
by

Pexp
h 5ph

]

]t
V5nhkBTh4pR2vexp. ~9!

The total thermal energy of the heavy particles equals

Eth
h 5nhV

3

2
kBTh5nhkBTh2pR3, ~10!

so that the cooling frequency of the heavy particles due
the expansion becomes

nexp
Th [

Pexp
h

Eth
h 5

2vexp

R
. ~11!

The frequency for kinetic energy exchange between
electrons and the heavy particles~and vice versa! equals

neh
Th5(

i

2me

mi
nei5(

i

2me

mi
ni^sei

mve&, ~12!

where nei is the collision frequency for momentum ex
change. The cross section for momentum transfer avera
over the Maxwellian energy distribution is given by Mitch
ner and Kruger@19#:

^sei
mve&'

4A2p

3 S e2

4pe0me
D 2S me

kBTe
D 3/2

Zi
2 ln~A11h2L i

2!,

~13!

in which the Coulomb logarithm can be written as

ln~A11h2L i
2!' ln L i for L i>1, ~14!

L i5
3kBTe4pe0

Zie
2 Ae0kBTe

e2ne
, ~15!

andh being a factor close to unity.
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The transient frequency cannot be expressed in pla
quantities only, as the change rate of the heavy-particle t
peratureTh is not known in advance. Actual comparison
the different frequencies~and thus the validation of therma
equilibrium! is therefore made in Sec. III B, where the resu
of the model are presented.

2. Saha-Boltzmann equilibrium

In case the Saha balance of ionization and recombina

Xp
~Z21!11e↔

Saha

XZ11e1e ~16!

is in equilibrium, the relative densities of two subseque
ionization stages are given by the Saha equation. Combin
it with the Boltzmann distribution of the atomic state den
ties yields

n~Z21,p!

g~Z21,p!
5

ne

2

n~Z!

Q~Z! S h

A2pmekBT
D 3

expS I ~Z21,p!

kBT D ,

~17!

in which the partition functionQ(Z) is defined as

Q~Z![ (
pPall levels

g~Z,p!expS 2
E~Z,p!

kBT D . ~18!

Here g(Z,p) and E(Z,p) represent the statistical weigh
and the excitation energy of levelp, respectively, andI (Z
21,p) denotes the ionization energy needed to remove
electron at levelp from its atom or ion with chargeZ21.

Note that the partition sum as given by Eq.~18! is not
well defined since there are in principle infinite excited sta
with a finite excitation energy. However, the highly excite
states are only weakly bound to the ion. In a plasma th
states may not be bound at all due to the microelectric fie
due to charge fluctuations within the Debye sphere. This
fect leads to a lowering of the ionization energy as given
@20#,

DI Z5~Z11!
e2

4pe0lDebye
~19!

with the Debye length being defined as

lDebye5Ae0kBT

e2ne
. ~20!

In many low pressure plasmas the Saha balance is
turbed by the outward diffusion of charged particles. In o
case deviations from Saha may occur due to the expansio
the plasma and/or transient effects. Using the concep
‘‘disturbed bilateral relations’’@18#, it can be easily shown
that Saha equilibrium between ionization stageZ21 andZ
holds when

unexp
1 ~Z!1n tr

1~Z!u!n rec
1 ~Z!, ~21!

in which the transient frequency is defined as
3-3
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n tr
1~Z![

1

n~Z!

dn~Z!

dt
. ~22!

For the three particle recombination frequency the Tho
son approximation@21# is used,

n rec
1 ~Z!52.6310239

Z3

T̂4.5
ne

2, ~23!

in which the plasma temperatureT̂ is expressed in eV andne

in m23, yielding n rec
1 (Z) in s21. Due to the expansion of th

plasma the density of all species drops, so that the S
balance~16! shifts to the right. The density of every ioniza
tion stage drops, but the ratio of two subsequent ioniza
stages and thus Saha equilibrium is only affected by the
crease of electron density. Therefore the disturbance
quency due to expansion is given by

nexp
1 ~Z!5

1

n~Z!

]n~Z!

]t U
exp

5
1

n~Z!

]n~Z!

]ne

]ne

]t U
exp

. ~24!

From the Saha equation~17! it can be deduced that

1

n~Z!

]n~Z!

]ne
52

1

ne
1S 3

2T
1

I ~Z21!

T2 D ]T

]ne
, ~25!

in which the last term at the right-hand side may be
glected, due to the weak dependence of the temperatur
the electron density. The decay rate of the electron den
due to the expansion of the plasma equals

]ne

]t U
exp

52
ne

V

]V

]t
52

3vexp

R
ne , ~26!

so that the expansion disturbance frequency becomes

nexp
1 ~Z!5

3vexp

R
. ~27!

Note that although the densities decrease due to the
pansion, the sign of the disturbance frequency is posi
since a decrease in electron density shifts the Saha balan
the right, so that the density of the higher ionization sta
increases.

In Sec. III B the different frequencies are compared.

D. Absorption of the laser light

The model describes the development of the plasma
time after the first free electrons have been created by m
tiphoton ionization. The relevant physics of this last proc
is included in the initial conditions of the model, which a
discussed in Sec. II G. The amount of laser light which
absorbed depends on three quantities:~1! the absorption co-
efficient of the laser light,~2! the reflection of the laser ligh
on the vacuum-plasma interface, and~3! the spatial overlap
between the plasma and the laser focus.

In case the electron density is high enough the inve
Bremsstrahlungis the dominant mechanism for absorption
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the laser power. The absorption coefficient is given
@22,23#

k1B5
vpl

2

ñ~v laser!c

nei

v laser
2 1nei

2 , ~28!

in which v laserrepresents the laser angular frequency,vpl the
plasma frequency, andn̄ the refractive index. The electron
ion collision frequency formomentumtransfernei as given
in Sec. II C is used, since the quivering speed of the electr
in the laser field is much smaller than the thermal veloc
The refractive indexñ equals@22#

ñ~v!5
1

&
S ~12z!1A~12z!21S z

nei

v D 2D 1/2

, ~29!

z~v![
vpl

2

nei
2 1v2 . ~30!

At the interface between vacuum and plasma there
jump in refractive index and absorption coefficient, so tha
part r of the light gets reflected. For the sake of simplici
only perpendicular incidence is assumed, see Eq.~1.21! in
Ref. @22# and Eq.~4.83! in Ref. @24#,

r5

@ ñ~v laser!21#21
~l laserx1B!2

~4p!2

@n~v laser!11#21
~l laserk1B!2

~4p!

. ~31!

As the reflection is higher for gracing incidence, the a
sumption of perpendicular incidence results in a slight ov
estimation of the absorption at the initial phase, when
droplets size is comparable to the laser focus. This is m
gated by the fact that in reality the laser focus is not unifo
as assumed below~32!, but more resembles a Gaussia
shape.

The laser light that manages to cross the boundary
tween vacuum and plasma gets partially absorbed and
tially transmitted. Possible multiple reflections of the las
light are not taken into account. The fraction of absorb
light needs to be corrected for the fact that the plasma m
be smaller than the laser focusRf , so the effective fraction
of laser lightx that gets absorbed is

x5~12r!@12exp~22k1BR!#minFR2

Ri
2,1G . ~32!

For reasons of simplicity all the laser light is assumed
pass through the center of the plasma, which introduce
small error in the absorption length if the size of the plas
is smaller than or in the same order as the laser focus.

In Fig. 1 the relative absorption is given as a function
the electron density for given plasma radius, ionization ra
and temperature~assumingR5Rf). It can be seen that the
relative fraction of the laser power absorbed by the plas
reaches its maximum below the critical electron densityne

crit ,
3-4
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i.e., the electron density at which the plasma freque
equals the frequency of the laser light,

ne
crit5

mee0v laser
2

e2 '431027 m23. ~33!

For electron densities closer to the critical density the ste
the absorption coefficient at the vacuum-plasma interface
comes too large and most of the laser power is reflected
seen from Fig. 1. This effect slows down the increase in
electron densityne , as the heating by the laser becomes l
efficient again, once a certainne has been reached. This e
fectively leads to a stabilization of the plasma parame
below the critical density.

E. Radiation

For most plasmas it is difficult to model~a part of! the
spectrum since besides emission absorption also has t
taken into account. For the present case this is largely s
plified since it is assumed that the plasma is a homogene
sphere in thermal equilibrium, so that the local emission a
absorption coefficient are constant throughout the plas
This means that the spectrum can be divided into three
ferent regions, depending on the optical deptht~l!, which is
the product of absorption coefficientk~l! and the plasma
radiusR: ~1! optically thick, t(l)@1, in these parts of the
spectrum the plasma acts as a surface radiator with the b
body intensity distribution,~2! optically thin, t(l)!1, so
that no absorption has to be taken into account at all, and~3!
intermediate optical thickness,t~l! in the order of unity, so
that absorption has to be explicitly dealt with in the mode

Roughly, it can be stated that visible and longer wa
lengths are optically thick and the EUV region is optica
thin. These parts of the spectrum can thus be easily ca

FIG. 1. The absorption, transmission, and reflection of an a
ficial plasma as functions of the electron density for constant t
perature, plasma radius, and ionization ratio of oxygenaO and hy-
drogen aH : T515 eV, R540mm, aO55, and aH51,
respectively.@See Eq.~46! for the definition of the ionization ra-
tios.# Most of these combinations of plasma quantities may not
realized in reality, but this graph is purely for illustrating the depe
dence of the absorption on the electron density.
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lated. In the UV region in between the optical depth is in t
order of unity and the observed emission may be calcula
integrating the local emission of the plasma multiplied by
effective escape over the plasma volume. For nonhomo
neous parameters, radiation transport methods, such as
tracing or Monte Carlo methods would need to be used.

However, for reasons of simplicity it is assumed that t
spectrum at a given wavelength is either optically thick
thin. The wavelengthl thick above which the plasma is opt
cally thick is obtained from comparing the intensity of th
continuum emission to that of a black body~Planck limit!,

I BB~l,T!5
8phc2

l5FexpS hc

lkBTD21G ~34!

with the same temperatureT:

4p

3
R3 j cont~l thick ,T,ne!54pR2I BB~l thick ,T!. ~35!

The plasma is considered optically open for all radiati
below l thick . For the continuum emission the expression
electron-ionBremsstrahlunggiven by Brussaard and van d
Hulst @Ref. @25#, Eq. ~22!# or by Hughes@Ref. @22#, Eq.
~2.68!# ~multiplied with full solid angle 4p and two polariza-
tions and the Cillie factor! is used:

j cont~l,T,ne!5ñ
64p

3 S e2

4pe0
D 3A me

2pkBT

ne

me
2c2l2

3expS 2
hc

lkBTD p

)
(
Z

n~Z!Z2@Gff~l,T!

1Gfb,Z~l,T!#. ~36!

For the Gaunt factor the free-free~Bremsstrahlung! radiation
holds @22#:

Gff~l,T!5
)

p
expS hc

2lkBTDK0S hc

2lkBTD

'H )p AplkBT

hc
if kBT,hc/l,

)

p
lnS 4lkBT

gghc D if kBT.hc/l,

~37!

with K0(x) being the modified Bessel function of the seco
kind ~also referred to as Macdonald or Basset function! and
gg'1.781 being the exponent of the Euler’s constant.

For the free-bound~recombination! radiation, we calcu-
late the effective Gaunt factorGfb by summing over the lev-
els recombined into

Gfb,Z~l,T!5
I Z21

kBT (
p

p25gP expS I Z212Ep

kBT D g̃p~l!.

~38!

i-
-

e
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The sum is carried out over all the excited levelsp of the
ionization stageZ21. I Z21 denotes the ionization energ
from stageZ21 to Z, p denotes the principal quantum num
ber of the level,gp it’s degeneracy, andEp it’s energy with
respect to the ground state of ion stageZ21. g̃p(l) is the
Gaunt factor for the transition in question and is calcula
by implementing the hypergeometric functions used by R
@26#, Eq. ~1.21! and reproduced in Ref.@25#, Fig. 8.
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summing over the electron energy distribution functi
~EEDF! and reflects our assumption of a Maxwellian EED
The exponent in the Gaunt factor for free-bound transitio
corrects for the fact, that only a part of the energy com
from the free electrons. For the high densities present in
plasma studied here, the collision times between electr
are in the order of 10214 s, which justifies the assumption o
a Maxwellian EEDF.

The intensity of a spectral line is obtained from
J@l~Z,p,q!#5H n~Z!

Q~Z!
expS 2

E~Z,p!

kBT Dg~Z,p!A~Z,p,q!
hc

l~Z,p,q!
if l~z,p,q!,l thick ,

0 if l~Z,p,q!.l thick .

~39!
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The transition probabilitiesA(Z,p,q), the statistical
weightsg(Z,p) as well as the excitation and ionization e
ergiesE(Z,p) have been obtained from theAMODS @27# and
the Kurucz@28# databases and written to text files that a
read by the model upon initialization.

Below thel thick limit, we have lines that could still ex
ceed the Planck limit. Therefore, the line broadening is c
culated and lines are cut off to not exceed Planck limit.

The most strong broadening mechanism is electron
pact broadening that yields a Lorentz profile with a li
width Dv of @Ref. @29#, Eq. ~7.5.24!#,

Dv'
nep

3C2
2

^ve&
F0.9232 lnS pC2

rmax̂ ve&
D G , ~40!

C25a0

Ze2

\
. ~41!

For the cutoff radiusrmax, the Debye length has been ch
sen, and the average electron velocity^ve& has been evalu
ated toA2kBT/me. The Doppler broadening~see e.g. Refs
@30# or @31#! with its Gaussian profile does turn out to be le
strong than electron impact broadening and has thus b
neglected.

F. Equations and solver

Using the assumptions given above the whole plasm
described by three variables: expansion velocityvexp, tem-
perature and heavy particle density. However, because o
merical reasons the combinationvexp, plasma radiusR, and
internal energyU int ~which here is defined as the sum of th
energies stored by ionization and excitation and the ther
energy 3/2nkBT) is taken. The plasma radius gives, togeth
with the initial size of the water droplet, the total densities
oxygen and of hydrogen. The combination of these dens
with U int gives a unique temperatureT and electron density
ne , which is obtained by solving a set of Saha equatio
~one for each two subsequent ionization stages! and charge
neutrality. Some iterations are needed to find those val
l-

-

en

is

u-

al
r
f
s

s

s:

From a given temperatureT, the densities of the ionsn(Z)
and electronsne can be calculated; however, as the Sa
equation ~17! needs the electron densityne , the newly
countedne,new is used to correct the old one~relaxation fac-
tor 0.5! and the calculation is repeated until convergen
The calculated self-consistent combination ofT andne then
is used to calculate the total energyU int , and a solver
~Newton-Raphson! is used to determine the correct value f
T.

This quasi-steady-state solution of the plasma tempera
and densities is correct, since transient effects are sma
the beginning of the plasma evolution, the most interest
phase, where most of the radiation is produced.

The evolution of the plasma is obtained from solving a
of three coupled differential equations:

]

]t
R5vexp, ~42!

]

]t
vexp515~11a!

kBT

mH2OR
, ~43!

]

]t
U int5xPlaser2Pexp2Prad. ~44!

The first differential equation is straightforward, the se
ond is discussed in Sec. II B and the third one is just
power balance~first law of thermodynamics! of the plasma.
Pexp is given by Eq.~2! andPrad represents radiation losse
see Sec. II E.

Note that a different choice of variables could be ma
e.g., the electron densityne be used instead of the interna
energyU int and linked to the power balance by introducing
heat capacity. However, care has to be taken to correct
the fact that the electron density lowers due to the expan
as well, which in LTE corresponds to a lower temperatureT
and thus a lower energy. This effect needs to be accou
3-6
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for correctly, which would result in a need to introduce
nontrivial definition of the heat capacity for an expandi
plasma.

The set of differential equations is solved numerically u
ing the fourth-order Adams-Bashforth-Moulton~ABM ! algo-
rithm @32,33#. This predictor-corrector technique has a fix
time step but requires only two evaluations of the partit
sums, the Saha relations and the radiation loss calcula
per time step compared to four for the more conventio
Runge-Kutta algorithm@32#. This appears to be more signifi
cant for the total amount of time required for one compl
calculation than the advantage of flexible time steps wh
Runge-Kutta offers. Note that the ABM algorithm needs t
results of the three previous time steps@32#. Therefore the
first three steps are evaluated using the Runge-Kutta a
rithm.

G. Initial conditions

InverseBremsstrahlungis the only absorption mechanism
taken into account, so that this model is not able to calcu
the early stage of the plasma, in which the first free electr
are created by multiphoton ionization~MPI!. Also the pres-
ence of molecules and of two aggregation stages would m
the model much more complicated. Therefore the calcula
starts with a fully dissociated plasma in which inver
Bremsstrahlungis dominant. The point in timet0 when this
occurs depends on two facts:~1! the irradiance of the lase
has to exceed a certain thresholdI MPI ~around 4.5
31011 W cm22 at 532 nm@34#! in order to create the firs
electrons by MPI and~2! a certain amount of absorbed e
ergyE0 is necessary to evaporate and to dissociate the w
molecules, and to bring the electron density to a signific
value (.1025 m23), so that inverseBremsstrahlungincou-
pling can be effective.

Above the mentioned density inverseBremsstrahlungis
the dominant absorption mechanism, see Sec. II D. At
start of the calculation the plasma radius is assumed to
equal to the initial droplet radius~10 mm! and the initial
expansion velocity is assumed to be zero.

The minimum energy per water molecule necessary
bring the plasma in the condition as described above is

E0.Eevap1Edisso1Eion1Eth1Eexp'Eevap1Edisso1U int,0

'10 eV1U int,0 . ~45!

After the MPI threshold has been reached, the mo
waits until E051.63(Eevap1Edisso)'16 eV has been ab
sorbed per molecule, before it starts the real calculatio
During this initial phase an absorption of 25% of the las
light hitting the droplet is assumed. The energy exceed
the dissociation and evaporation energy, i.e.,'6 eV per mol-
ecule, is assumed to be in the plasma as initial internal
ergy U int,0 , which for the above numbers lead toT
51.26 eV andne51.131026 m23.

The influence of those initial conditions on the results
discussed in Sec. III B.
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III. RESULTS AND DISCUSSION

The program has been coded in C11 and can be run on
any Un* x workstation or on a PC runningLINUX or
WIND* ws. Care has been taken to write reusable code. T
parameters~geometry, laser settings, material, atomic pro
erties! are read from a hierarchically organized input file a
parsed by thePLASIMO parser code@35#. For user’s conve-
nience, the most important parameters can be overridde
command line options or automatic~one-dimensional! opti-
mization runs can be carried out.

On an Athlon-700 PC runningLINUX , a run with the stan-
dard parameter set takes about half an hour, calcula
'460 time steps of 25 ps each. Plasma parameters, radia
etc. are written to log files for every time step and in the e
some integrated values, such as energies~e.g., absorbed la-
ser! are output.

By far the most time~around 99%! is spent in the calcu-
lation of the radiation, as a complete spectrum has to
produced every time step, to yield a correct integrated sp
trum in the end and to correctly account for the radiative lo
term in the energy equation. Some techniques have been
plied to speed this up, such as creating a sorted list of
free-bound edges and use interpolation for the values in
tween. This has been verified not to yield any error exce
ing a per mille in the radiation calculations.

A. Results of the model

The modeled results for the same conditions as in
experiment~see Sec. I! are given in Figs. 2 and 3. It is
assumed that the temporal profile of the laser intensity ha
parabolic shape with a length of 10-ns FWHM and cente
around the timet50 and thus starts attstart527.07 ns. After
430 ps the MPI threshold is reached and another 620 ps
the required energyE0 has been absorbed. The 1.431014

water molecules in the droplet are dissociated by then.
The laser is now coupled into the plasma rather efficien

and the electron densityne and the plasma temperatureT
increase at a high rate. The heating leads to a sharp incr
in the pressurep5nekBT, which in turn causes the expan
sion vexp of the plasma to accelerate and thus slowing do
the increase in electron density.

Half a nanosecond later (t'25.45 ns), the electron den
sity reaches its highest value (1.2731028 m23). It is now
high enough, that half~47%! of the laser power is reflected a
the interface between the vacuum and the plasma. The ra
of the plasma has 14mm, and half of the oxygen atoms ar
ionized at a plasma temperature of 6.0 eV.

After 1.25 ns~at t'24.2 ns), the emission between 7 an
16 nm wavelength~subsequently referred to as EUV emi
sion! reaches it maximum ofPEUV,max51.2 MW. The
plasma has a temperature of 17.7 eV and the oxygenic
ization ratio

aO5
(ZZnO~Z!

(ZnO~Z!
~46!

is at 4.84 and is quickly approaching the ideal value of ab
5. This value is considered ideal because the line around
3-7
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nm is produced by the 4d→2p transition in O51. The maxi-
mum in the radiation from this line occurs a bit later att'
24.05 ns and the oxygenic ionization ratio is already at 5
then. The higher temperature of 19.3 eV seems to comp
sate that slight ‘‘overheating’’ andP13 nm,max50.17 MW of
13 nm ~12.8–13.3 nm! radiation is produced. The plasm
absorbs almost 100% of the laser power at that moment
has expanded by a factor of 10 in radius~factor 1000 in
volume!. The electron density is only 2% of its maximu
value. The plasma radius increases withvexp5105 km/s.
About half of the oxygen atoms are five times ionized, wh
corresponds 7.331013 atoms and a densitynO51'1.75
31025 m23 of O51.

The oxygenic ionization ratioaO continues to increase a
does the plasma temperature. The temperatureT reaches its
maximum of 27.3 eV another 475 ps later, followed by t
maximum in the oxygenic ionization ratio of 5.98 after 12
more ps. The EUV radiation has dropped to a third of
maximum value. Only a third of the laser power can still
absorbed due to the fallen electron density.

The oxygenic ionization ratio starts to drop and a
proaches a value of 5 again. This slows down the decrea
EUV output a little bit. However, when it reaches 5 arou

FIG. 2. The time evolution of the plasma quantities as calcula
by the model for a 10-mm-radius water droplet irradiated by
0.45-J laser pulse with 10-ns FWHM parabolic shape focused
focal radius of 20mm. First picture: electron densityne , plasma
temperatureT, and the ionization ratioaO of oxygen; second pic-
ture: expansion velocityvexp and radiusR of the droplet.
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t521.55 ns, the temperature with 11.0 eV is much low
than 2.6 ns earlier due to the decreased density that shifts
Saha balance~17! to the right. Thus, far less radiation i
produced, as the distribution of excited states inside the io
systems is just determined by the temperatureT according to
the Boltzmann distribution.

The decrease of the electron densityne has another effect
The absorption of the laser dropped to almost zero;
plasma is almost transparent for the laser light. The ma
mum of the laser pulse has not yet been reached, but the
does not have much interaction with the plasma any mo

The expansion velocityvexp has now almost reached it
maximum value of about 183 km s21 ~corresponding to a
kinetic energy of 2.8 keV for oxygen atoms!. It is still in-
creasing very slowly due to the conversion of internal ene
~excitation, ionization! into kinetic energy. It should be note
that the plasma is not well described by the model a
longer, as due to the fallen density, the equilibrium relatio
do not hold any longer. This will be discussed in the follow
ing section.

It is remarkable that only are small part of the laser ene
(Elaser5450 mJ) gets absorbed by the plasma:Eabs
553.9 mJ, which corresponds to 12.0%. A small fraction

d

a

FIG. 3. The time evolution of radiation quantities for the sam
parameters as above~Fig. 2! as predicted by the model. First pic
ture: EUV ~12.8–13.3 nm! yield PEUV total radiation Prad of
plasma, laser power inputPlaser, and absorptionPabs; second pic-
ture: coefficients for absorptionx, reflectionr, and transmissionb
of the laser.
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reflected~1.9%! and the largest fraction~86%! is transmitted.
When the model stops running, about 3 mJ are still

thermal and internal energy. However, the largest part of
absorbed energy went into the expansion: 42.3 mJ co
sponding to 78.5%. Only 12.5 mJ~15.0% of the absorbed
energy! went into radiation and only a small part of it is i
the interesting wavelength region 12.8–13.3 nm: 0.39 m

This yields an overall conversion efficiency~CE! of laser
energy into 13-nm EUV output of 0.9‰. The spectrum of t
emission is also output by the model and presented in Fi
in comparison to experimental data.

Line radiation accounts for 82% of the total emission~all
wavelengths!, 17% comes from recombination radiation, a
the rest~1.2%! is from Bremsstrahlung.

B. Validity of thermal equilibrium and sensitivity
to parameter changes

In Sec. II C the question whether transient effects wo
significantly disturb the plasma’s thermodynamic equil
rium could not be answered, as the rates of equilibrium
storing processes have to be compared to the change ra
plasma parameters. This check can be performed now
the results.

Figures 4 and 5 show a comparison of the frequenc
related to the equilibrium conditions. The equilibrium a
proximations are valid fort,22.5 ns. This limitation is less
serious than it sounds: All the interesting processes, suc
absorption of the laser and emission of EUV happen be
this, so the model should give reasonable predictions ne
theless. The maximum expansion velocity is almost reac
by that time, so this result of the model should not
strongly affected either.

According to the model results, aftert522.5 ns, the re-
combination rate is too low to preserve the Saha equilibriu
this will most likely lead to an overpopulation of higher ion
ization states compared to the equilibrium situation. T
cooling by expansion lowers the kinetic~thermal! energy of

FIG. 4. Frequencies related to the thermal equilibrium as a fu
tion of time t using the results of the calculation. The equilibriu
restoring frequencyneh is larger than the disturbing frequencies f
t,22.5 ns.
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the heavy particles and free electrons.
The atomic state distribution function will be affected b

the too low electron-ion collision frequencyneh . Highly ex-
cited states will stay a bit longer in partial Saha equilibriu
i.e., be in Saha equilibrium with the ground state of ne
ionization stage; less highly excited states, however, will
largely affected by radiative transitions. This might lead
conditions where overpopulation of some states with resp
to lower states can be found, the conditions needed for
ing.

Normally time steps of 25 ps are being used in the mod
This choice has been determined by running the model w
different time steps; significantly larger time steps do sh
slightly different results, indicating loss of accuracy due
too large time steps. Smaller time steps, on the other ha
did not show any changes.

The dependence of the results on other input parame
and initial conditions have been investigated in order to t
for the sensitivity on the~slightly arbitrary! choice of initial
conditions on one hand, and to see the results of chan
experimental parameters on the other.

The focal radius of the laser does hardly change the
sults. Doubling the focal radius from 10 to 20mm leads to a
slightly hotter plasma~35 eV!, whereas the total EUV outpu
increases by just 2%. The weak dependence of the fo
radius is not surprising, taken that the droplet radius v
quickly expands to exceed the size of the laser focus.

The initial conditionsvexp,0, U int,0 do not have any sig-
nificant influence on the results. Taking the initial expans
velocity to be equal to the ion acoustic velocity, e.g., do
lead to identical results, as the expansion due to the h
generated pressure is much larger anyway. However, w
choosing E0 @cf. Eq. ~45!#, it needs to be chosen larg
enough to produce a not too small electron density, so
the equilibrium assumptions hold. Varying it from 15 eV
20 eV also did not show any noticeable changes in the
sults. This is to be expected, as the most important quan
in physics, the energy, is being preserved, regardless.

c- FIG. 5. Frequencies related to the Saha equilibrium as a func
of time using the results of the model. Note that the effects of
expansion and the transient partially cancel each other, which
be seen by looking atun tr

11nexp
1 u. This is fortunate as the Sah

equilibrium can be maintained tillt522.5 s.
3-9
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KURT GARLOFF et al. PHYSICAL REVIEW E 66, 036403 ~2002!
MPI threshold may not be varied too much; with the lo
laser pulse of the experimental conditions investigated h
with consequently bad absorption as the expansion is
quickly lowering the density, a higher threshold resulting in
later start of the model leads to more absorbed power
thus a hotter plasma.

Changing the laser pulse shape from parabolic to Ga
ian ~keeping the same FWHM and energy! leads to a slight
decrease in conversion efficiency. For a FWHM510-ns
Gaussian laser pulse, the plasma gets less hot~26.2 eV in-
stead of 27.4 eV!, 3.5% less laser power is absorbed and
conversion efficiency raises a tiny bit from 0.896‰
0.900‰.

The changing the energy of the laser pulse shows s
significant influence. The maximum plasma temperat
shows some more or less linear dependence on the lase
ergy. For lower energies, the less strong overheating lead
a better conversion efficiency, but the absolute EUV out
drops. When going to rather high energies, the s
stabilizing effect of reflection, ifne gets too high~see Sec.
II D !, limits the heating.

The most sensitive parameters are the initial droplet s
and laser pulse length~FWHM!. Using larger droplets lead
to colder plasmas, of course. If the laser energy is corre
for this, one can see, that the larger mass~inertia! of the
droplet leads to a bit slower expansion. The electron den
thus drops less fast and more power is being coupled
Consequently, a larger fraction of the energy goes into em
sion instead of expansion. Using shorter pulses also lead
a strong increase in EUV output, as more of the laser ene
is coupled in when the plasma still has a high electron d
sity and thus high absorption. For example 2 using a 8
FWHM parabolic laser pulse of 450 mJ leads to higher fr
tion of the laser energy being coupled in~14% instead of
12%!, a maximum temperature of 37 eV instead of 28 e
but only yields about the same amount of EUV as the ov
heating gets worse. If compensated with larger droplets
lower laser energies, significantly better conversion effici
cies can be reached, see Sec. III D.

C. Comparison with measurements

Only few time-resolved data could be found for lase
produced water droplet sources. Constantinescuet al. @7,15#
measured the EUV output for different angles as a funct
of time. ~Take care when comparing Fig. 9 of that article
Fig. 3 of this article: The laser has been offset to the
there.! The EUV emission is reported to be close to isotro
there and the duration of the emission (FWHM'5 ns) is
much shorter than the laser pulse, which is also predicted
the model. The temporal behavior also is slightly asymme
with a rise time being shorter than the fall time. However,
EUV pulse length is significantly larger than the model
one (FWHM'2 ns). This may be explained by the fact, th
the EUV diodes used in the measurement are sensitive f
7–17 nm and an average over 10 shots was taken, thu
lowing small variations to broaden the time profiles. A
counting for 7–17 nm in the model results in a EUV pul
length ~FWHM! of '3.5 ns. Given that the measuremen
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are averaged over several pulses, a small jitter may be
reason for the slightly longer EUV pulse length observed

The measured isotropic distribution of the emission is
agreement with the assumption of homogeneity~Sec. II A!
more exactly it implies spherical symmetry or an optica
open plasma.

In Fig. 6 the calculated, time-integrated spectrum is co
pared to the measured one~see Ref.@15#!. The quantitative
agreement is rather good. In the calculation a total EUV fl
at 13 nm of 2.0131012 photons/shot sr is found, which
matches the measured intensity@15# up to a few percent. It
should be noted that the measured intensity has a high
certainty, due to uncertainties with respect to the transm
sion of the grating used.

When comparing the shape of the spectrum, one can
that the line spectrum matches rather well. For the positi
of the lines, this is not giving much information about th
accuracy of the model, as these are defined by the ato
data used. The relative intensities, however, give an ind
tion whether the temperature as calculated in the model
the distribution of states as a consequence of the equilibr
assumptions are valid. The agreement is reasonable. The
widths visible in this figure stem from the spectrometer p
file mainly; the line broadening is weaker.

However, the region below 9 nm, where the recombin
tion ~free-bound! radiation dominates, the experiment yield
clearly more radiation. The absolute magnitude of the reco
bination radiation is not easy to get very exact, because
needs to sum over many levels and always has Gaunt fac
that may not be very exact, as they have been calculated
hydrogen originally.

More important, the slope of the free-bound feature
different, which is an indication of too low temperature

FIG. 6. Spectrum as measured in comparison with the mod
spectrum. The distribution of the intensities of the modeled sp
trum matches the measured distribution quite well. For compari
the lines of the calculated spectrum are broadened with the app
tus profile of the spectrometer. Below 9 nm, which correspond
138 eV, the ionization energy from O51 to O61, the free-bound
emission can be recognized in both the model and the measurem
The measured spectrum has been scaled to match the intensi
ported by Ref.@15#. The measured spectrum has been corrected
the transmission of the zirconium filter, Ref.@36#.
3-10
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the model, as the slope mainly depends on the tempera
~and weakly on the Gaunt factors!. This part of the spectrum
matches rather well—both slope and magnitude—with
plasma that is considerably hotter, around 65 eV. As
maximum temperature is very sensitive to the pulse len
this could be an explanation. However, one needs to
pulse lengths below 4 ns to get to such high temperature
the model, so this does not explain the discrepancy.

A more likely explanation is that the assumption of h
mogenous temperature distribution of the plasma is
crude. While the line spectrum is not so much affected
this, the recombination radiation is rather sensitive to
temperature. A hot spot can emit a large amount of recom
nation radiation, while the cooler part is the main contribu
to the line spectrum.

The first picture of Fig. 3 shows that according to t
model most of the EUV intensity is emitted in a relative
short interval betweent524.5 ns andt522.5 ns. The cal-
culated plasma radius varies between 60mm and 300mm in
this time, which can be compared to the measured pla
size of 135mm. ~See Fig. 7.!

Pinhole pictures~Fig. 7! of the plasma have been take
with photodiodes, which were protected by a zirconium
ter, yielding a time-integrated image of the emission betw
7 and 16 nm. The size of the imaged emission can be rel
to the size of the plasma when EUV radiation is strong
and thus gives information about the relation between
time the plasma needs to build up and the time it takes
expand. The model predicts this very well.

Ion speed measurements have been carried out by m
suring the time difference between the start of the laser p
and the detection of ions by a probe located at a cer
distance from the plasma similar as in e.g., Refs.@37,38#.
Figure 8 shows the results of those measurements for di

FIG. 7. The shape of the modeled EUV~7–16 nm! intensity
distribution as a function of lateral position resembles the meas
one quite well. The rough structure in the measured distributio
due to the support structure of the Zr filter that is used to block
visible light and placed in between the plasma and the pinh
camera. Both measured and calculated intensities are line-of-
integrated values. No Abel inversion has been performed.
model data have been scaled to match the measurement as no
bration for absolute intensities had been performed in the meas
ment.
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ent laser energies in comparison with the modeled resu
The modeled results should—expect for fluctuations that
ist in reality but not in the model—be close to the speed
the fastest ions, and certainly be above the bulk of io
However, the modeled speed is closer to the measured
speed than to the measured top speed. Also here, the sim
fication of using a homogeneous sphere may be respons
We neglect variations in the temperature that would caus
spread in velocities. It should also be noted that the veloci
as result of the model depend rather sensitively on the la
pulse length, which was not very exactly determined in t
experiment. Still, overall agreement on ion speeds can
considered satisfactory in the scope of this compara
simple model.

D. Optimization of the plasma

The results show that only 12% of the laser pulse is
sorbed. This is due to the low density after some expans
has been taken place, which means that the second half o
laser pulse is just wasted. Furthermore, from this absor
energy, the main fraction~.75%! goes into expansion, only
the rest can be radiated. And only a part of this can be fo
in the interesting spectral range. Overall conversion e
ciency~defined here as total emitted EUV between 12.8 a
13.3 nm divided by laser energy! is only 0.09%.

Optimization strives to increase this efficiency~or the ab-
solute output!. Furthermore, the high kinetic energy of 2
keV of the oxygen ions from the expanding plasma do
pose a serious debris problem@7#, as those ions are likely to
sputter the mirrors. Reducing the energy that goes into
expansion will help here and fortunately does not contrad
with increasing the energy that is radiated.

From these observations, it becomes clear how to o
mize the plasma. First, the pulse needs to be shorter or
expansion needs to be slowed down by, e.g., increasing
mass of the droplets in order to couple more energy into
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FIG. 8. Ion velocity vs laser pulse energy. The time between
start of the laser pulse and the arrival of the first~denoted as ‘‘Fast-
est’’! and the main part~‘‘Bulk’’ ! has been measured. Errors are d
to the uncertainty in the exact distance between detector and so
Parameters used: 10-ns parabolic 532-nm laser pulse, focuse
10-mm water droplets with 20-mm focal radius.
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KURT GARLOFF et al. PHYSICAL REVIEW E 66, 036403 ~2002!
plasma. It should be avoided to overheat the plasma
strongly, i.e., ionize a significant amount of oxygen mo
than five times.

The moderate run time of the model allows to check w
a variety of parameters. A number of calculations have b
performed to find optimal parameters. Good results h
been found for water droplets of 19mm radius, irradiated by
a 4-ns FWHM 0.45-J laser pulse~where more than 75% o
the laser power is absorbed!, a CE of 0.66% can be reache
and the energy of the emerging oxygen ions is slightly
creased to 2.5 keV.

Experiments carried out at Philips Research Laborato
in Eindhoven have confirmed that larger droplets lead to
increase in conversion efficiency. Shorter laser pulses co
unfortunately not be tested.

However, shorter pulses are also predicted to yield be
efficiency by Jin and co-workers@39#, Fig. 5~c!. The x-ray
output does stay constant at decreasing pulse length
constant laser intensity, i.e., decreasing laser energy, w
means that the conversion efficiency improves.

The model has also been used to do numerical exp
ments with prepulses; however, in the investigated param
range, applying a prepulse leads to worse results. Cons
ing that the fast expansion process does limit the laser en
coupled in, it is not surprising that starting the expans
earlier does not improve the situation. If much shorter pul
were to be used, prepulses might achieve improvements

The total amount of radiation that comes out of the wa
droplet plasma probably can still be increased somewha
is still far below the Planck limit, so this will not limit tries
to improve EUV output. On the other hand, oxygen m
ecules are rather light elements and are easily acceler
therefore a large fraction of energy will always be found
kinetic energy. And the part that is radiated is spread ove
range of wavelengths depending on the electronic struc
of the ions involved.

IV. CONCLUSIONS AND OUTLOOK

In conclusion, we can state that the special conditions
these mass-limited targets allow for a significant simplific
tion of the model. The resulting relatively simple mod
gives a reasonable agreement with the present experim
results.

The assumption of a homogeneous sphere in the mod
the most critical one; it incurs a much simpler description
the plasma, but is probably also responsible for some of
deviations found when comparing to the experimental
sults; the recombination radiation features in the spect
c
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expose the fact that higher temperatures are present in
plasma. The overall conversion efficiency and overall ene
balance~as can be estimated from kinetic energy of the io!
on the other hand do not seem to be affected very stron
so the model can be used to study the physics of the pla
and predict trends concerning the influence of different
rameters on conversion efficiency and ion speeds.

The model exposes the fact that only the first part of
laser pulse is absorbed well as the expansion takes place
fast. The model predicts that by using shorter laser pu
and larger droplets an increase in conversion efficiency
EUV can be achieved. For the droplet size, this has b
confirmed by own experiments, whereas results confirm
the increased efficiency could be found in literature@39#.

However, the conversion efficiency of laser energy in
the wanted radiation around 13 nm is still poor; the inves
gation of other ~mass-limited! targets for laser-produce
plasmas will be done in the future. It is expected that
model presented here can be adapted to and subsequ
applied to those plasmas as well. For lower densities a n
equilibrium model will be needed. The work should be a
plicable to plasmas with similar temperatures and densi
as well and some investigations on plasma channels for l
plasma wakefield acceleration@40–42# are being looked
into.

The calculation of the radiation has been paid special
tention to as it constitutes the application of the plasma
EUV source; more work on this is planned and will be su
mitted for publication in a subsequent article.
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