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Laser discharge in a high-pressure jet of heavy noble gas: Expansion of emitting
volume promises an efficient source of EUV light for lithography
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A discharge with multiply charged ions of a noble gas supported by a powerful infrared laser in a high-
pressure jet is considered as a source of extreme ultraviolet (EUV) light radiation in particular narrow
bands demanded by next-generation lithography. In a proof-of-principle experiment in krypton, the EUV-
emitting region is visualized using a dedicated EUV microscope. Measurements support a basic model of
underlying physics that involves expansion of the emitting plasma outside the laser focus. In simulations,
we show that using the xenon jet, more optimal for EUV emission, may provide an efficiency competitive
to the best commercial EUV sources for lithography.
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I. INTRODUCTION

Line radiation of multiply charged ions of xenon near
11-nm wavelength, where the spectra of these ions have
a 4d-4f unresolved transition array (UTA) [1], has been
recently proposed as a source of extreme ultraviolet (EUV)
light for chip-production lithography [2]. Compared to
early studies of xenon targets for EUV generation [3–6],
there is major progress in the focusing of a narrow-band
radiation at 11 nm based on multilayer Bragg structures,
such as Ru/Be mirrors, which reflect over 70% of radia-
tion at 11.2 ± 1% nm [7]. This defines a possible operation
band for EUV light sources at 11.2 ± 1% nm; this band fits
well the UTA emission peak of xenon located at 10–12 nm
[8]. Recently, experiments on a laser discharge in high-
pressure xenon jets demonstrated a high, up to 4%, con-
version efficiency of the laser energy power to EUV light
at 11.2 ± 1% nm [9–12], which is comparable to com-
mercial EUV sources operating at 13.5 ± 1% nm [13–15].
Accompanying theoretical interpretation of these experi-
ments reveals a crucial role of the discharge propagation
outside the laser focus that increases the EUV emissivity
[16]. Experimental data fit well to the model in which the
EUV-emitting region expands due to fast photoionization
of a surrounding gas and consecutive electron heating by a
conductive thermal flux from a hot plasma spot inside the
laser focus. This produces multiply charged and excited
Xe10+–Xe12+ ions that emit efficiently at 11.2 ± 1% nm.
Although it has not been observed yet, the simulations
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suggest that the EUV-emitting region must be several
times larger compared to the laser focal spot of where the
discharge is initiated.

In this paper, we present explicit experimental evidence
of this phenomenon. The emitting region is visualized in
space using a unique EUV microscope developed pur-
posely for the present study. Measured EUV images val-
idate our theoretical concept. Based on these results, we
discuss the limiting parameters of the possible EUV light
source for lithography based on a xenon jet. Here we refer
to the Alpha-Machine, a cooperative project of the Institute
for Physics of Microstructures of the Russian Academy of
Sciences (IPM RAS) and A. V. Gaponov-Grekhov Institute
of Applied Physics of the Russian Academy of Sciences
(IAP RAS) aimed at the demonstration of an EUV lithog-
rapher operating at less than 13.5-nm wavelength [17].
This prototype machine is based on a discharge in xenon
that, after optimization, has a potential to provide the
conversion efficiency from laser to EUV light exceeding
the record value reached in the available equipment for
high-volume chip manufacturing.

II. EXPERIMENTAL SETUP

Despite xenon ions having much better emissivity in the
target EUV band, krypton is used for the first proof-of-
principle experiment. It is more preferable for diagnostics
of the emitting area as it allows for avoiding strong absorp-
tion of 11.2 ± 1% nm photons due to photoionization of a
residual gas, the case typical for xenon [18]. In this band,
krypton has a much smaller photoionization cross section
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compared to xenon—for gas densities used in our experi-
ment, the mean free path of the 11.25-nm photon is 40 µm
in xenon and 600 µm in krypton. The latter is compara-
ble to a gas-jet radius, thus the target EUV radiation of
krypton plasma reaches the detector without severe dis-
tortion, which facilitates the imaging of the EUV-emitting
zone at that particular band. However, most of the radiation
power of krypton ions falls in a wavelength range near the
local maximum of the photoionization cross section at 6–8
nm [19]. In this band, the photoionization is 3 times more
intense than at 11.2 ± 1% nm. The photon mean free path
characterizing the overall emission of multiply charged
krypton ions is about 200 µm, the value smaller than the
gas-jet radius. Thus, the expansion of the emitting zone in
krypton is driven by out-of-band EUV photons with 6–8-
nm wavelengths while in-band 11.2 ± 1%-nm photons are
poorly absorbed.

A schematic of the experiment is shown in Fig. 1.
Neutral krypton enters the vacuum chamber trough the 5-
mm-long conical supersonic nozzle with a critical diameter
of 500 µm, a solution angle of 11◦, and a pressure of
2–15 bar. The nozzle forms a slowly divergent axisym-
metric gas jet with a radius of 550 µm in the emitting
zone. To prevent overexposure of the detector, the exper-
imental series is limited to the nozzle pressure from 2 to
6 bar. The initial neutral gas density in the emitting zone
varies approximately proportional to the nozzle pressure
from 0.5 to 1.6 × 1019 cm−3. The discharge is supported
by the Nd:YAG laser with 1.064-µm wavelength, 0.2-J
energy per pulse, 10-ns pulse duration, and 2-Hz pulse
repetition. Laser radiation is focused on a gas target by
a short-focus lens with a focal length of 45 mm. Diame-
ter of the focal waist is 66 µm, and the Rayleigh length
is 300 µm. The whole focusing tract, including lens,
input window, prism, and dividing plate, transmits 80%
of input laser power, thus 0.16 J of the pulse energy
reach the focal area. The laser beam is focused at the
jet axis x at 0.5 mm from the nozzle output and prop-
agates along axis y, as shown in Fig. 1. At the focal
spot, the laser radiation causes gas breakdown and forma-
tion of plasma with multiply charged ions emitting EUV
light.

EUV radiation is collected with a microscope, see Fig. 1.
This diagnostic tool is made possible with Mo/Be multi-
layer optics developed by the authors particularly for the
present study. The radiation passes through a multilayer
thin-film filter based on the Mo/Be structure suppressing
long-wave radiation with λ > 20 nm [20]. Then the radi-
ation is focused with Schwarzschild’s dual reflector con-
sisting of concave and convex Mo/Be multilayer mirrors
with near 70% peak reflectivity at 11.25 nm [21]. Thus,
the reflector forms a beam of EUV light of 11.25 ± 0.08
nm wavelength band determined as a half-maximum of the
total transmission of the two-mirror system. Passing the
second Mo/Be thin-film filter that cut remaining long-wave
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FIG. 1. Schematic of the experiment: 1, supersonic conical
nozzle; 2, gas jet; 3, laser beam; 4, EUV-emitting plasma; 5
and 8, Mo/Be thin-film filters; 6, concave Mo/Be mirror; 7, con-
vex Mo/Be mirror; 9, matrix detector. The jet radius (Rjet) and
the radius of the focal waist (Rlas) are indicated. Inset: sample
image of the EUV-emitting region in krypton jet at 6-bar nozzle
pressure.

noise, the EUV light comes to a two-coordinate back-
side illuminated matrix detector GSENSE2020/BSI/PulSar
(Gpixel) operating on CMOS technology. The PulSar tech-
nology allows elimination the antireflective coating on
the sensor surface, significantly increasing sensitivity to
EUV light [22]. The matrix has a sensitive zone of 13.3 ×
13.3 mm2 and a pixel array of 2048 × 2048. The pixel
size is 6.5 × 6.5 µm2, which, taking into account a five-
fold magnification of the Schwarzschild’s dual reflector,
corresponds to 1.3 µm being projected to the discharge
plane. Spatial resolution of an EUV microscope defined
by reflector aberrations is approximately 3 pixels giving
3.9 µm in the discharge plane. A signal is accumulated
in time during a single laser pulse. A sample raw image
obtained with the microscope is shown in the inset of
Fig. 1.
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TABLE I. Width of the EUV region across the laser beam
compared to its focal waist for different nozzle pressures.

Nozzle pressure, bar 2 3 4 6

EUV x size (D4σ ), µm 162 161 162 174
EUV x size (FWHM), µm 98 98 101 106
Laser waist (D4σ/FWHM), µm 66/39
Theoretical estimate DEUV, µm 101 102 100 95

III. EXPERIMENTAL RESULTS

Figure 2 presents the results of postprocessing of the
measured intensity maps of EUV emission in the 11.25 ±
0.08-nm band. Two-dimensional maps give the intensity
distribution in the (x, y) plane orthogonal to the micro-
scope viewline, see Fig. 1. One-dimensional plots show
distributions along the gas jet (x axis) and the laser beam
(y axis). The most significant feature is an expansion of the
EUV-emitting plasma transverse to the laser beam, which
corresponds to the widening in x direction. To make this
statement quantitative, in Table I we list the x sizes of
the EUV-emitting region (at the focal waist) derived from
the measured EUV maps as a quadruple root-mean-square
(D4σ ), i.e., a full-width at the 1/e2 level for an equivalent
Gaussian distribution, and a FWHM. One can see that the
emitting zone is considerably wider than the laser-beam
waist and depends weakly on the gas pressure.

Note that at 6 bar, the detector matrix is close to
saturation between the intensity peaks. This may result
in increased dispersion of the EUV-intensity distribution
along the x axis due to an underestimated maximum in
comparison to wings. At lower pressures, such an effect
is absent.

IV. BASIC PHYSICS

To proceed further, we need to recall the expanding
discharge mechanism proposed in our early work [16].

Initially, the region of hot plasma occurs in the laser
focal spot. After the breakdown, the electron tempera-
ture rapidly increases reaching 50–100 eV due to col-
lisional absorption of the laser energy. Electron-impact
step ionization causes the formation of highly charged
ions with extremely high rates of spontaneous EUV emis-
sion, including but not limited to, the target band. After
this, most of the absorbed power is spent on EUV radi-
ation while the electron temperature drops to values well
below 50 eV. The timescale of all these processes is
approximately 100 ps.

Propagating outside the focal spot, the radiation of the
highly charged ions creates a layer of secondary plasma
due to photoionization of a gas surrounding the focal spot.
This also happens on a fast timescale approximately 10
ps at which the ion motion is negligible. The “secondary”
electrons gain energy due to thermal heat flux from the hot

core (Spitzer conductivity); the temperature equilibration
time is approximately 100 ps. The hot electrons produce
and excite highly charged ions that emit EUV light just
like the primary ions in the focal spot.

This process may be interpreted as an increase of the
EUV emitting volume—the radial boundary of this vol-
ume moves with the velocity up to 100 µm/ns. At the end
of the 10-ns laser pulse, the EUV-emitting plasma may be
essentially larger than the initial volume constrained within
the laser focus. Plasma expansion evolves at constant
deposited laser power since the absorption takes place only
inside the focus. Hence, the discharge slow evolution is
accompanied by a decrease of the electron temperature and
consequent variation of the ion-charge state distribution.

As the emission of EUV light in the target bands is
strongly dependent on a particular composition of ion
species, we show that this mechanism of plasma expan-
sion plays a crucial role in its performance as an EUV light
source [16].

V. MULTIFLUID MODEL

To simulate the expanding discharge, we consider a
model that consists of energy- and particle-balance equa-
tions describing the time evolution of the electron temper-
ature Te, the ion temperature Ti, the densities of unexcited
nj and excited n∗

j ion species, and equations for the charac-
teristic linear dimensions of the hot-emitting plasma core,
Rpl, and of the whole discharge, R∗

pl, including the outer
layer of photoionized secondary plasma with the thickness
�R = R∗

pl − Rpl. The evolution of the linear dimension Rpl
determines the evolution of the hot-plasma volume Vpl(t),
over which the values Te, Ti, nj , and n∗

j are averaged.
The equations of energy and particle balance in the hot-

plasma core are formulated as

dnj

dt
=

8∑

s=1

bsj ,
dn∗

j

dt
=

8∑

s=1

b∗
sj , (1)

d
dt

(VplneTe) =
8∑

s=1

as, n
d
dt

(VplTi) = −a2. (2)

Here j = 1 . . . jmax enumerates the ion-charge states, ne
and n are the electron and total ion densities satisfying the
quasineutrality condition,

ne =
jmax∑

j =1

Zj (nj + n∗
j ), n =

jmax∑

j =1

(nj + n∗
j ). (3)

The terms as, bsj , b∗
sj in the right-hand side of Eqs.

(1)–(2) represent different channels defined in Table II and
explained hereafter.
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FIG. 2. Measured intensity of EUV emission at 11.25 ± 0.08 nm from krypton jet for the different nozzle pressures: contour plots of
JEUV(x, y) (a), one-dimensional distributions along the gas jet, JEUV(x, 0) (b), and along the laser beam, JEUV(0, y) (c). Pink shadows
show corresponding distributions of the laser intensity. Cuts for the one-dimensional distributions are indicated by arrows of the same
color in the two-dimensional contour plots.

The term a1 describes the absorption of the laser radia-
tion, which depends on the net rate of electron collisions,
νe, defined further, and the electron oscillatory energy

Eosc = 8πe2Elas/(mecω2tlasπR2
las). (4)

The rate νe defines what part of the energy Eosc is converted
to the electron temperature. Here Elas is the energy of the
laser-radiation pulse reaching the focal area, tlas is the pulse
duration, ω is the cyclic frequency of the laser radiation,
Rlas is the radius of the focal waist, e is the elementary

charge, me is the electron mass, and c is the speed of light
in vacuum.

Factor η defines the attenuation of the laser intensity due
to refraction of the laser beam,

η = 1 + αR∗
pl

2�y
Ei

(
− 2(R∗

pl/Rlas)
2

cosh2(�y/αR∗
pl)

)
, η ∈ [0, 1],

(5)

where �y is a discharge length along the laser beam,
and Ei is the exponential integral function. This formula

TABLE II. Terms in balance Eqs. (1) and (2). Notations: �m = 2me/mi is the electron-ion energy exchange coefficient, Ij are
ionization energies of unexcited ions, I∗

j = Ij − Eej are ionization energies of excited ions, δij is the Kronecker symbol.

s as bsj b∗
sj

1 Laser absorption [23] η min[EoscneV0 νeω
2/(ω2 + ν2

e ), Elas/tlas] 0 0
2 Elastic collisions [23] −�m

∑jmax
j =1 kcj (nj + n∗

j )ne (Te − Ti)Vpl 0 0
3 Ionization [24,25] −∑jmax

j =1 (Ij kij nj + I∗
j k∗

ij n∗
j )neVpl (kij −1nj −1 − kij nj )ne (k∗

ij −1n∗
j −1 − k∗

ij n∗
j )ne

4 Recombination [26]
∑jmax

j =2 (I∗
j −1nj + (I∗

j −1 + Eej )n∗
j )αrj n2

e Vpl −αrj nj n2
e (αrj +1(nj +1 + n∗

j +1) − αrj n∗
j )n

2
e

5 Line excitation [27–32]
∑jmax

j =1 Eej (kdj n∗
j − kej nj )neVpl (kdj n∗

j − kej nj )ne −(kdj n∗
j − kej nj )ne

6 Line emission [27–33] 0 Aj θj n∗
j −Aj θj n∗

j
7 Convective losses −neTecaSpl −nj caSpl/Vpl −n∗

j caSpl/Vpl

8 Discharge expansion 0 νexp(δjZ∗n0−nj ) −νexpn∗
j
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corresponds to refraction of geometric rays

r = r0 cosh

(
y

αR∗
pl

)
, α =

√
ncr/ne − 1 (6)

in a “parabolic” medium with the electron-density varia-
tion across the laser beam ne(r) = ne(0) [1 − (r/R∗

pl)
2]; ncr

is the cutoff plasma density for laser radiation.
The terms with numbers s = 2 · · · 5 describe elementary

processes associated with the electron impact. Each term
is proportional to a process-specific coefficient: kcj for the
elastic collisions, kij and k∗

ij for the ionization of unexcited
and excited ions, αrj for the three-particle recombination,
kej and kdj for the excitation and deexcitation of ions,
respectively. The coefficients are obtained by averaging
of the cross sections of the corresponding process over
Maxwell distribution assuming the essentially collisional
plasma. Related sources of atomic data are listed in Table
II. The net rate of electron collisions is then defined as
follows:

νe =
jmax∑

j =1

((kcj + kij + kej + αrj ne)nj +

+ (kcj + k∗
ij + kdj + αrj ne)n∗

j ). (7)

The terms with s = 6 describe the line emission. Here
we use the results of our previous research [16,32]. Only
transitions from the ground state to excited electron config-
urations of an ion (and backward) are taken into account;
almost all of the emission power is described in this
way. For highly charged ions, these transitions have dis-
tinguished peaks in narrow bands of transition energies.
Therefore, we combine all transitions of the j th ion in one
with effective energy Eej and net emission rate Aj defined
as

Eej =
lmax∑

l=1

αjlAjlEejl/Aj , Aj =
lmax∑

l=1

αjlAjl. (8)

Here l = 1 · · · lmax enumerates the allowed transitions, Ajl
is the spontaneous emission rate of the lth transition of the
j th ion, Eejl is the energy of this transition, αjl is the ratio
of statistical weight of the ground level of this transition to
total statistical weight of the ground electron configuration;
see Ref. [32], Sec. III for further details.

Spontaneous emission rates in Table II are corrected
with the probability θj (d) of the photon escaping, i.e., the
probability to pass a distance of about d = Vpl/Spl towards
the plasma boundary without reabsorption [33]. Here Spl is
the surface of core plasma volume Vpl. In this way, we take
into account the opacity of the inner plasma, which may
significantly affect the performance of EUV light sources

[34,35]. Typically, the probability θj (d) is about 5–10% for
strong EUV lines for the case of interest.

The terms with s = 7 represent the convective losses
associated with the escape of ion-electron pairs from the
quasineutral core plasma volume with ion-acoustic veloc-
ity,

ca =
√

〈Z〉Te/mi, 〈Z〉 = ne/n, (9)

where 〈Z〉 is the average charge, mi is the ion mass, and
〈Z〉Te � Ti is assumed.

The terms with s = 8 describe an additional source of
cold particles due to the expansion of hot plasma volume
with the rate νexp = (V−1

pl dVpl/dt)R=Rpl .
To close the model we need to define the size of the hot-

plasma core Rpl, and the outer size of the discharge R∗
pl.

The plasma core radius Rpl is defined from the following
equation:

dRpl

dt
= 2κ

3ne max(�R, Lmfp)
. (10)

Here �R = R∗
pl − Rpl is the thickness of the layer of the

secondary photoionized plasma, Lmfp is the mean free path
(mfp) of the photons with the energy Eph = Eej defined
from Eq. (8) with j = Z, where number Z corresponds to
the charge state of the ions that are dominating in the hot
plasma and calculated as a floor function of the average
charge, Eq. (9). Factor κ is the Spitzer-Braginskii coeffi-
cient of electron thermal conductivity in the heat-transfer
equation for the electron temperature in completely ionized
isotropic plasma [36,37]:

3
2

ne
∂Te

∂t
= div (κ∇Te) , κ = 3γZT5/2

e

4
√

2πmee4�〈Z〉 . (11)

Here � is the Coulomb logarithm, γZ is the kinetic cor-
rection accounting for ion charge [38], γZ ∼ 10 for cases
with 〈Z〉 ∼ 10 considered hereafter. Equation (10) follows
from the estimate dRpl/dt = L

κ
/t

κ
where the spatial scale

is an electron-temperature inhomogeneity scale assumed
as L

κ
= max(�R, Lmfp) and the temporal scale is taken Eq.

(11) replacing the derivatives with 1/t
κ

and 1/L2
κ

. Note
that the total line-radiation power from core plasma may be
so high that the photon mean free path Lmfp is essentially
shorter than the spatial scale L

κ
.

The time evolution of the outer discharge size R∗
pl is

defined from the energy balance assuming that the neutral
gas is ionized up to the maximum charge state j = Z∗ lim-
ited by the effective energy Eph related to the photon mean
free path in Eq. (10). The resulting equation is

dR∗
pl

dt
= Prad �/4π

n0
∑Z∗−1

j =0 Ij

(
dVpl

dR

)−1

R=R∗
pl

. (12)
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Here Prad is the power of plasma radiation into 4π solid
angle, � is the solid angle occupied by the neutral gas, n0
is the neutral gas density in the focal waist vicinity, the
sum represents the total energy cost of the Z∗th ion, Ij is
the ionization energy of the j th ion, Z∗ is the minimal j
satisfying condition Ij > Eph.

The dependence of the plasma volume on the linear size
Vpl(R) is determined by the mutual location of the laser
beam and the gas jet. Here we consider the plasma volume
as an intersection of a cylinder jet with fixed radius Rjet
and a cylinder coaxial to the laser beam but with evolving
radius, Rpl for the hot plasma or R∗

pl for the cold plasma,
and length. Ends of the latter cylinder expand with the
same velocity as its radius.

Differential Eqs. (1), (2), (10), and (12) form a closed
set. These equations are solved numerically. Initial con-
ditions are as follows: completely ionized plasma is
assumed, plasma density equals the density of neutral gas
n0, the electron temperature is of 3–5 eV (typical for a
breakdown), the ion temperature is room temperature, and
the core and outer plasma volumes coincide with the laser
focal spot, Rpl(0) = R∗

pl(0) = Rlas.
Based on the simulation results, we calculate the power

and the energy of the absorbed laser radiation as

Pabs = a1neVpl, Eabs =
∫

Pabsdt, (13)

the power and the energy of plasma radiation as

Prad =
jmax∑

j =1

b6j Eej Vpl, Erad = 1
2

∫
Praddt, (14)

where a factor of 1/2 stands for the radiation into 2π

solid angle. Target EUV emission is characterized by sim-
ilar quantities—the power and the energy of this EUV
radiation are defined as

PEUV =
jmax∑

j =1

A∗
j θj n∗

j E∗
ej Vpl, EEUV = 1

2

∫
PEUVdt, (15)

where

E∗
ej =

∑

l∈{EUV}
αjlAjlEejl/A∗

j , A∗
j =

∑

l∈{EUV}
αjlAjl (16)

are the same sums as in Eq. (8) but are taken only over
the lines from the target EUV band. In the present paper,
the target band is 11.25 ± 0.08 nm in Sec. VI where
the comparison to krypton experiments is considered, and
11.2 ± 0.1 nm (±1%) in Sec. VII where the EUV light
source based on xenon discharge is discussed.

These parameters allow us to calculate key characteris-
tics of the discharge as a source of EUV radiation such as
the absorption efficiency (AE) of the laser radiation,

ηAE = Eabs/Elas, (17)

the conversion efficiency (CE) of the laser radiation into
the target EUV light

ηCE = EEUV/Elas, (18)

and the cumulative diameter of the region occupied by the
plasma-emitting target EUV radiation,

DEUV =
∫

2RplPEUV dt∫
PEUV dt

. (19)

The latter quantity characterize the EUV source dimension
that may be compared to our experiment in which the dis-
charge is so fast that no time-resolved measurements are
possible.

VI. VALIDATION OF THE MODEL WITH
EXPERIMENTAL DATA

Particular values of the cumulative diameter DEUV cal-
culated for the actual parameters of the reported experi-
ments are listed in the last line in Table I. Calculated data
demonstrate a fairly good agreement with the measured
values. It should be noted here that the agreement has been
obtained with a physical model that has almost no free
parameters for adjustment. The only possible “degree of
freedom,” that enters the model but not measured in the
experiment, is the neutral gas density before the discharge.
We retrieve this value from independent calculations of gas
density distribution in a jet flowing from a conical nozzle
using the model [39]. The result is a simple link between
the initial gas density n0 and the nozzle pressure pnzl—the
value of n0/pnzl is approximately constant for the reported
conditions,

n0/pnzl ≈ 2.7 × 1018 cm−3 bar−1. (20)

Another neat feature of the discharge that argues in favor
of the proposed theory is the transition of the EUV maps
from a single maximum distribution at lower pressures to a
double maximum distribution at higher pressures, see Fig.
2(c). Such bifurcation occurs at the nozzle pressure about
3 bar. The effect may be related to the initial neutral gas
inhomogeneity along the laser beam represented by the y
direction.

To illustrate this, we calculate the energy of EUV light
within the 11.25 ± 0.08-nm wavelength band versus the
gas density, see Fig. 3. We see a maximum at n∗

0 =
8 × 1018 cm−3, which corresponds to the nozzle pressure
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3 bar

2 bar

4 bar

6 bar

FIG. 3. EUV energy emitted at 11.25 ± 0.08 nm by the kryp-
ton discharge during one laser pulse as a function of the initial jet
density. Points mark the nozzle pressures used in the experiment
and presented in Fig. 2.

of 3 bar. The model suggests a physical reason of such
maximum. When n0 > n∗

0, the laser energy Eabs absorbed
in the discharge increases slower than n0, it even satu-
rates at large densities, so the energy per particle Eabs/n0
decreases. That leads to less krypton ions capable of emit-
ting in the 11.25 ± 0.08 nm band (Kr11+ and higher).
Figure 3 corresponds to the total energy emitted in 4π

while n0 represents the central (maximal) density on the
jet axis. However, a similar dependence must character-
ize a relation between the local value of the initial gas
density n0(y) at point y and the EUV signal JEUV(y) col-
lected by the microscope from the same point. The reason
is that the laser intensity has a relatively flat distribu-
tion along y and, except electron-temperature equalizing,
there is no mass and energy transport between neighbor-
ing y positions during a short laser pulse. Therefore, when
max n0(y) < n∗

0 at pressures below 3 bar, JEUV(y) has a
maximum at y = 0; otherwise, y = 0 corresponds to a
local minimum of JEUV(y) and there are two maximums
located at n0(y) = n∗

0. Some asymmetry in the double max-
imum regimes observed in the experiment, is related to the
longitudinal inhomogeneity of the laser beam due to its
absorption.

Thus, the expansion model explains well a spatial
structure of the EUV-emitting discharge measured in
a dedicated experiment. Similar experiments have been
performed in xenon, which also confirms the expansion
concept of the EUV-emitting zone. However, due to strong
reabsorption of the EUV line radiation in xenon, quantita-
tive interpretation of the measured EUV images is not so
clear and straightforward as for the krypton discharge, so
we are going to present these results in a separate paper.

As shown earlier [16], the model is able to reproduce
key absolute characteristics of the discharge such as EUV
light energy values up to 5 mJ at 11.16 ± 0.13 nm mea-
sured in xenon experiment [12], or absorbed energies of
laser beam up to 600 mJ measured in xenon experiments

[11]. Dependencies of these characteristics on the gas pres-
sure and laser focus are also in good agreement with the
experimental data. Comparison to the experiments gives
credit to applying the verified physical model for seek-
ing an optimal regime for a possible high-performance
pointlike EUV light source for lithography.

VII. OPTIMIZED EUV LIGHT SOURCE

To meet common requirements, the EUV light source
for high-volume chip manufacturing should have an aver-
age power over 100 W and linear dimensions less than
500 µm [40].

As discussed already, xenon is more preferable for the
generation of EUV light than krypton because its better
EUV emissivity and more optimal band that fits the char-
acteristic of the available multilayer EUV mirrors. As a
good candidate for the discharge driver, we consider the
Yb:YAG laser as its radiation (1.030 µm) may propagate
in a dense plasma needed for efficient EUV light gener-
ation. The critical electron density is ncr ≈ 1021 cm−3 at
a wavelength of 1 µm, while the required electron den-
sity is about 1020 cm−3 (corresponding to plasma at the
atmospheric pressure with an average charge state 10). The
collisional absorption length for such plasma is 100 µm;
that is sufficient to support a compact discharge.

Our strategy is to find a maximal CE of a single laser
pulse into EUV light in the target band; the average power
is then determined by a pulse repetition rate. To increase
CE, the pulse duration should be as short as possible to
reduce the convective energy losses but long enough to
ionize plasma to high charge states required for EUV emis-
sion. The focal region should be located at the jet edge
so that the EUV light may exit with minimal possible
absorption into one of hemispheres, where the collecting
mirror is located. The radiation propagating into the sec-
ond hemisphere and being absorbed inside the jet is spent
on expansion of the emitting region. To satisfy the demand
of a pointlike source, the focal depth of the laser beam and
the radius of the xenon jet are adjusted such that discharge
size along the laser beam is close to 500 µm.

With these constrains, there are three quantities to be
tuned: the laser pulse duration, the size of the focal waist,
and the nozzle pressure that defines the initial neutral gas
density. To find the optimal set, we iterate the expanding
discharge model with the goal to maximize CE. Physi-
cally this optimum occurs for a particular ion-charge state
distribution (from Xe10+ to Xe12+) corresponding to the
maximum EUV emissivity at 11.2 ± 1% nm.

An example of such optimization is presented in Table
III and Fig. 4. Here we fix the parameters proposed for
the Alpha-Machine, a project aimed at demonstration of a
lithographer based on xenon EUV light source and optics
at shorter than 13.5-nm wavelength [17], being currently
developed at IPM/IAP RAS. In this machine, a thin-rod
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FIG. 4. Maximal EUV conversion efficiency at 11.2 ± 1% nm
in xenon as a function of the initial jet density. Thin lines show
CE for particular laser beam waists (D4σ ).

Yb:YAG laser [41,42] generating 60 mJ/few-ns pulses will
be focused on a xenon jet with radius up to 1000 µm
limited by the ability to pump out of a vacuum cham-
ber. The maximum expected conversion efficiency is 7.5%
related to the laser energy delivered to the focal spot—this
exceeds a well-known result of CE about 6% reached in
the commercial ASML scanners of NXE series based on
the Sn-droplet evaporation technology [13].

A good performance of the xenon EUV source may be
obtained in a rather broad pressure range, see Fig. 4. This
range is limited by poor absorption of laser radiation at
low gas densities and its refraction at high densities. EUV
light will be collected and transported to an intermediate
focus by a single Ru/Be mirror system with 72% reflec-
tivity in the 11.2 ± 1%-nm band [7]. With the planned
pulse repetition rate of 1.5 kHz, the average EUV power
would be 5 W, which is still below the required level for
a mass-production lithographer but suitable for a demo
machine. This technical limitation may be overcome by

TABLE III. Optimization of the xenon EUV light source.

Input parameters:
Laser pulse energy/duration 60 mJ/1.2 ns
Laser focal distance (2 × Rayleigh len.) 500 µm
Laser focal waist (D4σ ) 110 µm
Radius of xenon jet 600 µm
On-axis jet gas density 1.0 × 1019 cm−3

Calculated discharge characteristics:
Average ion densitya 0.7 × 1019 cm−3

Average electron density 7.1 × 1019 cm−3

Average electron temperature 40 eV
Energy balance (% of laser energy per pulse):
Absorbed laser energy 80%
Total radiation losses 72%
EUV radiation at 11.2 ± 1% nm into 2π 7.5%

(conversion efficiency)

aComposed of 40% Xe9+, 33% Xe10+, 23% Xe11+, 2% Xe12+.

increasing the pulse repetition rate up to 30 kHz, which
seems feasible.

VIII. CONCLUSIONS

The EUV light source based on a laser discharge in a
high-pressure xenon jet has a number of advantages over
existing sources based on the laser evaporation of a tin
droplet. Dense xenon plasma is formed in the jet that emits
EUV light with comparable or even higher power than tin
plasma, but the wavelength is shorter, and the focusing
optics is not contaminated by the remains of evaporated
tin. It is possible to provide a sharp plasma and vacuum
boundary using a jet flowing from a conical supersonic
nozzle that allows EUV light to pass with minimal absorp-
tion in one of the hemispheres while radiation to another
hemisphere is used to expand the EUV-emitting region.
Besides, Ru/Be optics is characterized by better reflectivity
at 11.2 ± 1% nm than Mo/Si optics at 13.5 ± 1% nm. An
obvious drawback of the presented concept is related to the
necessity of using a continuous gas jet for a high-average-
power source. In this case, considerably more particles
enter the vacuum chamber per unit time compared to the
discrete tin droplets used in the usual scheme, which leads
to increased requirements for pumping out.

The Alpha-Machine project is proposed as a further
development of the concept. At this step, all systems of
the 11.2-nm lithographer will be tested, including Ru/Be
optics and the xenon EUV light source. The results will
provide a basis for an industrial prototype.
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