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Abstract

We are building an Extreme Ultra Violet (EUV) light
source based on a 1.75 mm period RF undulator. We will
use a thermionic X-Band injector which utilizes RF bunch
compression. The beam is accelerated using an X-Band
traveling wave accelerating structure followed by a high
shunt impedance standing wave accelerating structure up
to 129 MeV. The beam then goes through a 91.392 GHz
RF undulator with a period of 1.75 mm, producing EUV
radiation around 13.5nm. The RF undulator is powered
by a 91.392 GHz decelerating structure, which extracts the
RF power from the spent electron beam. The length of
the entire beam line from the cathode to the beam dump is
approximately 6 m. We describe the design and projected
operating parameters for this EUV light source.

INTRODUCTION

EUYV and Soft X-ray radiation has several important appli-
cations in semiconductor manufacturing, material science,
and biology. Light of 13.5 nm wavelength is required for ac-
tinic mask inspection of EUV photomasks [1-4]. Currently
EUV mask inspection tools use a beamline of synchrotron
light sources because they require high brilliance, on the
order of 100 W mm™ sr™! [5]. Soft X-ray radiation is used
to study magnetic materials [6]. Radiation in the water win-
dow — 2.33nm to 4.36nm — is used to image biological
structures [7]. Soft X-ray microscopy enables visualization
of protein structures with resolution down to 30 nm [8, 9].
Soft X-ray tomography generates 3-D views of cells with
60 nm resolution [10]. Most of these experiments are per-
formed in synchrotron light sources because of the high
source brilliance required.

We are developing a 13.5nm EUV light source based on
an RF undulator operating at 91.392 GHz [11, 12]. Figure 1
shows an overview of this light source. For this source
we will reuse most of the existing infrastructure of the
SLAC X-Band test accelerator [13]. We will replace the
existing RF photo-gun with a new injector, consisting of a
11.424 GHz thermionic RF gun, an accelerating structure,
and a quadrupole-free TMy; mode launcher, which feeds
both the gun and the accelerating structure [14]. The elec-
tron bunches will be accelerated in a 11.424 GHz booster
linac downstream of the injector, and 91.392 GHz RF power
will be extracted from the bunches in a decelerating structure.
This extracted RF power will feed the RF undulator. EUV
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light around 13.5 nm is generated from the interaction of the
electron beam with the RF fields inside the RF undulator.

The RF undulator cavity has a loaded quality factor of
approximately 12,700 [11] and a filling time of 22 ns. To
reach steady state fields inside the undulator, an input RF
pulse length that is several times the filling time of the un-
dulator is required. A decelerating structure at 91.392 GHz
has a loaded quality factor of only 1,700 and a filling time of
approximately 3 ns. Therefore, to generate sufficient pulse
length to fill the RF undulator we will use a 11.424 GHz
multi-bunch beam. To generate this multi-bunch beam we
developed a thermionic RF injector. We need bunches with
a small 6-D emittance because we will compress them to a
small fraction of the wavelength at 91.392 GHz and focus
them transversely into the small aperture of the decelerating
structure. We considered high-voltage and low-voltage DC
injectors with subharmonic bunching. A high-voltage low
emittance thermionic DC injector using a small CeBg cath-
ode has been developed for a Free Electron Laser [15-17];
however, the fact that it requires a DC voltage of approx-
imately 500kV and a complex bunching system makes it
large and expensive. A low voltage DC injector with sub-
harmonic bunching cannot satisfy the small 6-D emittance
requirement.

Here we report a preliminary design of our light source
and its beam dynamics simulations. We also report the
design of the 91.392 GHz decelerating structure. The RF
pulse length of the accelerator is 250 ns with a repetition
rate of up to 120 Hz.

LIGHT SOURCE DESIGN

Figure 1 shows the schematic of the beamline. A train
of electron bunches is generated in a 3.5-cell thermionic

Table 1: Bunch parameters at the undulator entrance z =
5.08 m. The notation in this table is described in [14].

80 % 50 % 20 %
E (MeV) 129.67 129.62 129.64
0 (pC) 4376 2618  1.263
Ipuncn (A) 15.84 25.77 18.17
By () 472 2352 5948
ox(um) 118.58 69.71 37.13
oy(um ) 97.56 6567 3537
o, (£5) 69.05 2540 17.38
€x.n (mm - mrad) 2.60 1.32 0.71
€y,» (mm - mrad) 2.58 1.65 0.86
AE; s (%) 0.091 0.044  0.032
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Figure 1: EUV Light Source Beamline. The 91.392 GHz undulator is positioned at z = 5.08 m. The 91.392 GHz decelerating
structure is positioned between z = 5.25m and z = 5.6 m and has an aperture of 340 ym.
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Figure 2: Beam dynamics simulation results. In this plots z = 2m is the entrance of the first quadrupole doublet. A
substantial part of the beam is collimated at the aperture of the decelerating structure z = 5.25 m.
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Figure 3: Phase Space at the entrance of the RF undulator z = 5.08 m.
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RF gun, and a 4-cell accelerating structure induces energy
chirp on the bunches for their further ballistic compression.
The design of the injector is reported in [14]. We define
the z axis along the beam trajectory, where z = Om is the
cathode surface. At z = 0.65m — the point of maximum
bunch compression — a 5-cell standing wave accelerating
structure is used to remove the correlated energy spread
induced by the injector. The bunches then enter the traveling
wave accelerating structure where they are accelerated to
110MeV. Then, a high shunt impedance standing wave
accelerating structure further accelerates the beam to its
final energy of 129 MeV. Two quadrupole doublets focus
the electron beam. A dipole magnet will allow us to measure
the energy spread. The electron beam interacts with the
RF undulator producing EUV light. The spent beam goes
through the decelerating structure to extract RF power at the
frequency of the RF undulator. This 91.392 GHz RF power
is transported to the undulator through low-loss corrugated
waveguides and miter bends.

In this paper we report beam dynamics simulations us-
ing Astra [18] for the entire beamline from the end of the
injector at z = 0.5m up to the beam dump. For the ini-
tial particle distribution we used the middle bunch of the
simulation reported in [14]. The relative RF phases of the
accelerating structures and quadrupole strengths were op-
timized to achieve minimum waist and minimum bunch
length at the middle of the decelerating structure. Figure 2
shows the results of the beam dynamics simulation. Figure 3
shows the bunch phase space at the entrance of the undulator
z = 5.08 m. Table 1 summarizes the bunch parameters at
the same position.

DECELERATING STRUCTURE

For power extraction at 91.392 GHz we will use 4 stand-
ing wave parallel coupled structures, each consisting of 40
reentrant cavities. The beam pipe diameter of these cavities
is 340 um. The exact shape of the cavities has been opti-
mized to maximize the shunt impedance while minimizing
surface fields. The results of the optimization are: shunt
impedance 444 MQm™' and peak surface electric field to
accelerating gradient ratio 2.64. The decelerating cavity is
shown in Fig. 4. For 10 kW of power in one cell the peak
surface electric and magnetic fields are 137.26 MV m~! and
283.86kA m™!, respectively. The peak surface magnetic
field is at the coupling iris. From [19] the peak pulsed sur-
face heating for 250 ns RF pulses is 49 °C, which is consid-
ered safe for copper [20]. Forty cavities are power combined
through two waveguide manifolds [21] as shown in Fig. 5.

The power extracted from a decelerating structure when
driven by a multi-bunch beam having an average current Ij,
during the RF pulse is given by

B

Pou = TRl (1)

where B is the coupling coefficient, Ry, is the shunt
impedance, and [ is the total length of the structure. The
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(a) Electric Field. (b) Magnetic Field.

Figure 4: Surface fields of the decelerating cavity. For 10 kW
of power in one cell the peak surface electric and magnetic
fields are 137.26 MV m™! and 283.86 kA m™!, respectively.
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Figure 5: HFSS model of one half of the decelerating struc-
ture.

maximum power is obtain for 5 =1

%IiRshl. )

As seen in Table 1, the beam size is higher than the aper-
ture of the decelerating structure. As a result, a substantial
part of the beam is collimated. The charge per bunch trans-
ported through the decelerating structure is 2.3 pC. From
(2) this charge corresponds to 20 kW of extracted RF power.
This power generates an equivalent undulator strength of
K =0.012 [22]. This bunch charge has been calculated as-
suming a 10 A cm™2 emission current density [14], which
is considered the maximum for a dispenser cathode in a
DC gun. We speculate that we could run at higher current
density than 10 A cm™ with a different cathode material. If
the charge transported through the decelerating structure is
increased by a factor of 8.4 utilizing a combination of higher
cathode current density and better optics, then the extracted
RF power becomes 1.4 MW, which generates an equivalent
undulator strength of K =0.1.

CONCLUSION

We presented a preliminary design of the beamline for a
compact EUV light source. This light source is based on an
RF undulator operating at 91.392 GHz [11, 12]. We also pre-
sented the design of a decelerating structure at 91.392 GHz,
which extracts energy from the spent electron beam and
feeds the RF undulator. In our end-to-end simulations, the
charge per bunch transported through the decelerating struc-
ture is 2.3 pC. This charge generates 20 kW of RF power in
the decelerating structure. With this RF power, the undulator
strength is K = 0.012.

Poyr =
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