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Abstract

The semiconductor industry growth is driven to a large extent by steady advancements in microlithography.
According to the newly updated industry road map, the 70 nm generation is anticipated to be available in the year 2008.

However, the path to get there is not clear. The problem of construction of extreme ultraviolet (EUV) quantum lasers
for lithography is still unsolved: progress in this field is rather moderate and we cannot expect a significant
breakthrough in the near future. Nevertheless, there is clear path for optical lithography to take us to sub-100 nm

dimensions. Theoretical and experimental work in Self-Amplified Spontaneous Emission (SASE) Free Electron Lasers
(FEL) physics and the physics of superconducting linear accelerators over the last 10 years has pointed to the possibility
of the generation of high-power optical beams with laser-like characteristics in the EUV spectral range. Recently, there

have been important advances in demonstrating a high-gain SASE FEL at 100 nm wavelength (J. Andruszkov, et al.,
Phys. Rev. Lett. 85 (2000) 3821). The SASE FEL concept eliminates the need for an optical cavity. As a result, there are
no apparent limitations which would prevent operating at very short wavelength range and increasing the average output
power of this device up to 10-kW level. The use of super conducting energy-recovery linac could produce a major, cost-

efficient facility with wall plug power to output optical power efficiency of about 1%. A 10-kW scale transversely
coherent radiation source with narrow bandwidth (0.5%) and variable wavelength could be excellent tool for
manufacturing computer chips with the minimum feature size below 100 nm. All components of the proposed SASE FEL

equipment (injector, driver accelerator structure, energy recovery system, undulator, etc.) have been demonstrated in
practice. This is guaranteed success in the time-schedule requirement. r 2001 Elsevier Science B.V. All rights reserved.

PACS: 41.60.Cr; 52.75.M; 42.62.Cf
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1. Introduction

As the free electron laser (FEL) [1] has several
excellent features, such as high efficiency, high

power and wavelength tunability, a very wide
range of industrial applications contemplated [2].
The most useful and pertinent frequency ranges
for industrial-use FELs are in the UV and VUV.
Recently, an industrial UV FEL project has been
launched by a consortium of industrial firms
including DuPont, Xerox, and IBM [3]. In the
near future, one can predict that FELs will be
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widely introduced into high-technology industries.
In particular, in the next decade lithography will
be highly supported by short-wavelength FELs.
Moore’s law, postulated in 1965, predicted the
exponential increase in the number of devices per
chip which has driven the decrease of lithography
dimensions. The exponential decrease in the
minimum feature size sustained by optical litho-
graphy over the past several decades has enabled
exponential increase in memory chips (from 1-kb
chips for 10 mm linewidth dimension to 1-Gb for
0.18 mm) [4]. Critical dimensions for use in high
volume manufacturing are anticipated to decrease
from 180 nm in the year 1999 to 100 nm in the year
2006 and to 50 nm in the year 2012 [4,5]. Never-
theless, now there is no clear path for optical
lithography to take us to sub-100 nm dimensions.
Uncertainty regarding the extendibility of optical
lithography casts doubt on the ability of the
semiconductor industry to continue exponential
rate of progress.

In principle, optical lithography can cover the
dimension range from 100 to 10 nm. Potential
candidate technology for high volume manufac-
turing beyond the use of 193 nm wavelength ArF
lasers is extreme ultraviolet lithography (EUVL)
(see Ref. [5]). Based on multilayer coated reflective
optics, it makes a jump in wavelength to the sub-
100 nm region while maintaining the evolution of
optical techniques and the industry investment
therein. Fig. 1 shows schematically the basic
elements of EUV lithography (see Ref. [5]).
Transversely coherent radiation illuminates a
multilayer-coated reflective mask that is over-

coated with an absorber pattern. Multilayer-
coated reduction optics are then used to replicate
the pattern at nominal 4 : 1 reduction on a
photoresist-coated wafer. In order to correct for
aberrations across the relatively large field, and
being limited to a few optical surfaces, one must
turn to aspheric optics. The reduction optics must
be highly corrected so as to print near diffraction-
limited patterns at the wafer. This is a new
challenge for mirrors and multilayers. It is also
necessary to develop the new materials needed for
photoresists and photomask.

The new short wavelength light sources must be
developed for the EUV lithographic process.
Significant efforts of scientists and engineers
working in the field of conventional quantum
lasers are directed towards the construction of
powerful EUV laser for lithography. Nevertheless,
this problem is still unsolved: progress in this field
is rather moderate and we cannot expect a
significant breakthrough in the near future. Un-
certainty regarding the extendibility of convenient
quantum lasers to EUV wavelength region casts
doubt on the ability of the optical lithography to
continue to dominate in the next decade.

In this paper we describe the approach being
taken to extend the capability of light sources for
lithography up to EUV region. Our approach is
based on the idea to use SASE FEL for delivering
extremely brilliant, coherent light with wavelength
in the EUV range. Compared to the state-of-the-
art EUV plasma lasers, one expects full transverse
coherence, and up to 9–10 order of magnitude
larger average brilliance. Since the wavelength of
an SASE FEL is adjustable, selection of new
materials needed for photoresists and photomask
may be much easier than for the case of fixed-
wavelength lasers. Recently there have been
important advances in demonstrating a high-gain
SASE FEL at 100 nm wavelength [1]. The experi-
mental results presented in Ref. [1] have been
achieved at the TESLA Test Facility (TTF) FEL
at DESY. The goal of the TTF FEL is to
demonstrate SASE FEL emission in the VUV
and, in the second phase, to build a VUV- soft
X-ray user facility [6].

We show that it is feasible to construct a 10-kW
scale SASE FEL. The technical approach adoptedFig. 1. The basic concept of EUV lithography.
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in our design makes use of superconducting RF
linear accelerator (SRF accelerator). With SRF
linac, a SASE FEL would acquire high average
power, thanks to the input beam continuous-wave
(CW) nature. The energy recovery of most of the
driver electron beam energy would further increase
the power efficiency. The stringent electron beam
qualities required for EUV SASE FEL operation
can be met with a conservative injector design
(using a conventional thermionic DC gun and
subharmonic bunchers) and the beam compression
and linear accelerator technology, recently devel-
oped in connection with high-energy linear collider
and X-ray FEL programs [7,10].

2. Facility description

Fig. 2 shows the general scheme of the 10 kW-
scale EUV SASE FEL driven by a 1300-MHz
superconducting linear accelerator. In the accel-
eration sections, the superconducting cavities are
designed to operate with nominal acceleration
gradients of 10MV/m. The electron beam origi-
nates in a 300-kV DC gun with a gridded
thermionic cathode. The injector, which is practi-
cally identical to that designed at LBL for the CW-
mode operation infrared FEL [8], includes two

subharmonic, room-temperature buncher cavities
and 500-MHz accelerator buncher cavity. The
injector produces 6.5MeV electron pulses with a
duration 33 ps (FWHM), at an average current of
12.2mA (2 nC of charge, 6.1MHz repetition rate).
A 500-MHz single-cavity cryounit follows the
injector which increases the beam energy to
12MeV. The optimized beam parameters at the
exit of the cryounit are: bunch charge 2 nC, bunch
length 4.2mm rms, normalized transverse emit-
tance 8pmmmrad, and longitudinal rms emittance
300 pkeVmm. Accelerator buncher cavity and
first accelerating cavity operating without energy
recovery, will require about 170 kW RF power.
The klystrons are two 75-kW TH2133 tubes,
combined through a magic tee to provide the
120-kW of RF at the input coupler to each
cryounit. Results of stability analysis of the
injector are presented in Ref. [8]. The charge
stability o2%, bunch length stability o2% and
bunch timing stability o3 ps are well within RF
control system capability. The 12MeV energy
electron beam then enters the SRF linac for
further accelerating up to an energy of
1000MeV. The electron beam enters the undula-
tor, yields EUV coherent radiation, and finally
decelerates through an energy recovery pass in the
SRF driver linac before its remaining energy is

Fig. 2. Basic scheme of the high-power EUV SASE FEL.
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absorbed in the beam dump at a final energy of
about 10MeV. In the present design the beam
dump energy is below the photon–neutron pro-
duction threshold, so the problem of radio-nuclide
production in the dump does not exist.1

The SASE FEL provides a continuous train of
0.5 ps micropulses, with 2mJ of optical energy per
micropulse at a repetition rate 6.1MHz. The
average radiation output power can exceed
10 kW. The radiation from SASE FEL is spatially
(or transversely) coherent. The temporal (or long-
itudinal) coherence, however, is poor due to the
start-up from noise. The bandwidth of the output
radiation would be about 0.5% (FWHM). A
characteristic feature of multilayer mirrors is their
rather small bandwidth of the reflected radiation.
It is interesting to note that the radiation
bandwidth of SASE FEL is close to the typical
bandwidth of the multilayer mirror reflectivity.

A driver linac design requires considerable
manipulation of the longitudinal and transverse
beam dynamics in order to provide, on the one
hand, the bunch parameters for effective genera-
tion of the SASE radiation, and on the other hand,
to make effective energy recovery feasible. For the
driver accelerator design we assume to use a three-
stage compressor design. The compression per-
forms in three steps: at 36MeV (from 4.2 to
1.6mm rms), 150MeV (from 1.6 to 0.6mm rms)
and 550MeV (from 0.6 to 0.16mm rms). Between
the first and second bunch compressors the
curvature of the accelerating field would impose
an intolerable nonlinear correlated energy distri-
bution along the bunch. Thus, the use of third
harmonic deceleration structure is foreseen in
order to reduce the nonlinear energy spread. First
(BC1) and second (BC2) bunch compressors are
simple chicanes formed of four rectangular dipole
magnets. The third (BC3) compressor is a
sequence of two magnetic chicanes. The shorter
bunch and higher energy allow for a much longer
and more complicated design than BC2 and the
complexity of a double chicane is required [7]. The

last part of the driver linac accelerates the bunch
with an on-crest phase up 1000MeV.

In our conceptual design we assume the use of
an energy recovery system. Only about 0.1% of
the electron energy is converted to light. The
remainder undergoes energy recovery, being re-
turned to the SRF cavities, where most of it is
converted back into RF power at the cavities’
resonant frequency. An off-crest deceleration
phase should be tuned in order to minimize the
RF power consumption by the accelerator. The
decelerated beam is then dumped. The SRF
linac must decelerate the bunches from an energy
of about 999MeV to about 10MeV in the
beam dump. The energy spread of the electron
beam after leaving the undulator is pretty
large, about DEC76MeV. An important feature
of our design is that a very short electron bunch
(of about 0.16mm rms) is used for the generation
of the EUV radiation. Thus, the use of energy
bunching is foreseen in order to reduce the energy
spread.

Energy bunching is appropriate for the situation
in which particles are bunched tightly in phase but
have a large energy spread. The transformations
are in the reverse order from those used for phase
bunching. A relation is first established between
phase and energy, creating a skew ‘‘ellipse’’ in
longitudinal phase space. This is followed by a RF
lens that reduces the energy spread by applying a
reverse voltage that returns the ‘‘ellipse’’ to axis.
Phase separation (i.e. linear correlation energy and
longitudinal position) can be obtained in our case
by the first, 1801 bend of the recovery loop. A
correlated energy spread in the bunch is canceled
by passing a RF accelerator structure at 901
crossing phase(01 corresponding to running on-
crest). We select 1300-MHz structure for the RF
lens, based on SRF cavities operating with
gradient 10MV/m. For the chosen parameters of
the EUV SASE FEL we get induced energy spread
6MeV. Voltage which is sufficient to cancel the
6MeV energy spread is equal to 200MV. The
transformed energy spread is about 1MeV. It
should be noted that energy bunching, in our case
can be treated by single particle dynamic theory.
This situation is in marked contrast to phase
bunching, in which the space charge and wake field

1Recently Jefferson Laboratory energy-recovery SRF linac

achieved 48MeV of beam energy with 4mA of average beam

current [9].
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effects determine the effective phase-space area
occupied by the particles.

The wall plug power to output optical power
efficiency of SASE FEL for industrial applications
is an important criterion. For the present design
we fixed on a rather conservative value of the ratio
of the energy in the radiation pulse to the energy in
the electron pulse of about 0.1%. Energy recovery
of most of the driver electron beam energy would
increase the power efficiency and we can reach RF
power to radiation beam power efficiency of about
7%. Assuming the efficiency of the klystron
modulator 80%, and electronic efficiency of the
klystron 60%, we obtain that the AC wall plug
power to output radiation power efficiency is
about 3%. The present design requires cooling of
about 25 cryomodules. To do this, we need a He
refrigerator with net power consumption about
1MW. As a result we obtain total efficiency of the
proposed SASE FEL to about 1%.

A complete description of the SASE FEL can
be performed only with three-dimensional (3-D)
time-dependent numerical simulation code. With
the design and construction of VUV and X-ray
SASE FELs, many 3-D time-dependent codes
have been developed over the years in order
to describe FEL amplifier start-up from shot
noise. Optimization of the parameters of the
EUV SASE FEL in our case has been performed
with the code FAST [11].

The optimized parameters of the EUV SASE
FEL are presented in Table 1. Averaging over 100
simulation runs with statistically independent shot
noise in the electron beam gives the radiation pulse
shape, which is plotted in Fig. 3. The obtained
duration of the radiation pulse and pulse energy
are about 0.5 ps and 2mJ, respectively. At the next
step of calculation we find the spectral distribution
of the radiation power for each angle in the far
zone, and after integrating over all angles we
obtain 0.5% (FWHM) as the integral spectrum
width. An important characteristic of the radiation
source is the degree of transverse coherence.
Correspondings definitions for the degree of
coherence in the high-gain linear regime of the
SASE FEL can be found in Ref. [12]. Our
simulations show that the degree of coherence in
our case is close to unity (zC0:9).

Analysis of parameters of a high-power EUV
SASE FEL shows that its radiation wave-length
range is clearly limited by the quality of the
electron beam achievable with injector. For

Table 1

Performance characteristics of the EUV SASE FEL

Electron beam

Energy (MeV) 1000

rms energy spread (%) 0.18

Normalized emittance (p mmmrad) 8

Bunch charge (nC) 2

rms bunch length (mm) 0.16

Repetition rate (MHz) 6.1

Undulator

Type Planar

Period (cm) 4.5

Gap (mm) 11

Maximum peak field (kG) 11

External beta-function (cm) 100

Number of undulator periods 700

Output radiation

Wavelength (nm) 70

Micropulse duration (ps) (FWHM) 0.5

Spectrum width (%) (FWHM) 0.5

Micropulse energy (mJ) 2

Peak power (GW) 3

Average power (kW) 10

Fig. 3. Temporal structure of the radiation pulse at the

undulator length of 34m. The smooth curve is the radiation

pulse profile averaged over large number of statistically

independent runs. The dashed line presents the longitudinal

profile of the electron beam current.
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10 kW-scale EUV SASE FEL operating in 10–
20 nm wavelength range, a new approach for the
injector has to be considered. In this context the
R&D work on SRF photoinjector [13] looks very
promising.
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