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Abstract The physical design for a novel low-energy
compact-storage-ring-based extreme ultraviolet (EUV)
light source was systemically studied. The design process
considers the linear and nonlinear beam optics, including
transverse matching and the optimization of the dynamic
aperture, momentum aperture, and beam lifetime. With a
total circumference of 36.7 m and a beam energy of
400 MeV, the storage ring can operate with an average
beam current of up to 1 A. With the undulator as the
radiator, this facility has the potential to emit EUV radia-
tion at 13.5 nm with an average power exceeding 10 W
within the bandwidth. In addition, the collective instabili-
ties of the lattice at high beam current were analyzed; it
was found that the typical instabilities which may occur in
an electron storage ring can be reasonably controlled in our
design. With the advantages of variable beam energy and
current, this design exhibits great promise as a new can-
didate for various EUV lithographical applications requir-
ing tunable radiation power.
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1 Introduction

With the recent rapid development of the microelec-
tronics industry, the need for extreme ultraviolet lithogra-
phy (EUVL) metrology has increased rapidly. Among
many challenging tasks in EUVL metrology such as mea-
suring the reflectivity of EUV multilayer coatings, char-
acterizing the figure and finish of EUV mirror surfaces with
high accuracy, and inspecting EUV mask blank substrates
for pits and bumps and determining their flatness [1], the
technical threshold of conventional EUV light sources such
as laser-produced plasma sources is remarkably high [2],
and these sources have several disadvantages as well. For
example, to achieve higher levels of in-band EUV bright-
ness, time-multiplexing of several sources is required,
which increases both the cost and the complexity [3].
However, the recent development of electron-storage-ring-
based light sources suggests a new approach to EUVL.
New mechanisms such as stable-state microbunching and
angular dispersion modulation have been studied [4-6],
and machines have been designed and built, for example,
the compact storage ring for actinic mask inspection
(COSAMI) [7] and the Metrology Light Source [8].

However, because the EUV light sources for lithography
are ultimately intended for use in industrial mass produc-
tion, the performance-to-cost ratio is an essential consid-
eration. For example, because the electron beam emittance
is not highly important for photolithography, it can be less
important in our design. Consequently, the lattice com-
plexity and the cost can be dramatically decreased
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compared with those of the schemes mentioned above.
Moreover, a higher emittance enables a higher bunch
charge, which supports a higher radiation power. There-
fore, a design study of a compact storage ring lattice with
reduced complexity and relatively low cost for EUVL
applications has been initiated.

In this study, our main goal was to systemically study
the feasibility of a storage ring that can operate stably with
an average beam current of up to 1 A and deliver EUV
radiation with an average power suitable for lithographical
applications such as wafer mask inspection. In addition, as
mentioned above, to reduce the complexity of the machine
and control the overall cost, little effort was made to
decrease the emittance as long as the emittance is accept-
able for the ring. The storage ring was optimized to obtain
sufficient dynamic aperture for injection and ample
momentum aperture to ensure the required beam lifetime.
The working points were also analyzed to avoid the reso-
nance lines as far as possible, and the bunch length was
increased using the third harmonic cavity to increase the
beam lifetime.

The remainder of this paper is organized as follows. In
Sect. 2, we describe the lattice design, including the design
and optimization of the linear and nonlinear beam optics.
The lattice layout is presented, and the optimization of the
dynamic and momentum apertures is discussed in detail.
Frequency map analysis (FMA) and the evolution of the
momentum aperture along the ring are also discussed. We
estimate the beam lifetime when the third harmonic cavity
is included. The injection scheme that will probably be
used is also introduced. At the end of this section, the
threshold of the typical collective instabilities is analyzed
to estimate the stable operation of the machine, and more
work is suggested to ensure good control of various col-
lective effects. In Sect. 3, the undulator parameters are
calculated to obtain the required EUV light, and the key
indexes of the EUV light are also presented. The conditions
for achieving it are analyzed, and concluding remarks are
given in the last section.

2 Lattice design and optimization of the storage
ring

2.1 Linear optics and dynamic aperture

The layout of the storage ring is illustrated schemati-
cally in Fig. 1. The racetrack-like lattice consists of four
double-bend achromat cells, which minimize the lattice
complexity and meet the basic requirements of the storage
ring for acceptable beta functions and dispersion, and two
long straight sections each 8 m in length. These sections
are reserved for insertion devices such as the undulator,
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Fig. 1 (Color online) Schematic of racetrack-like storage ring light
source. Blue, green, and red indicate bending magnets, quadrupole
magnets, and sextupole magnets, respectively, and the radiators are
shown in deep red

also called a radiator, which will generate radiation. The
total circumference of the ring is 36.7 m, and it will
operate at the 61st harmonic of the 500 MHz fundamental
radio frequency (RF). A storage ring energy of 400 MeV is
chosen to reduce the required RF power and to obtain the
desired EUV wavelength. The natural emittance is
approximately 44 nm-rad in the horizontal direction, and
the average beam current is 1 A so that photons with the
necessary flux and power can be produced. The basic
parameters of the ring are shown in Table 1.

The integer of the fundamental RF wavelength was
chosen as the total length of the ring. There are two
bending magnets, four quadrupoles, and four sextupole
magnets in each cell. The bending magnets are all 0.816 m
in length and have a bending angle of 45°. The phase
advance of the reference particle is adjusted by changing
the strengths of the quadrupoles to optimize the working
point, i.e., by horizontal and vertical tuning, to avoid var-
ious types of resonance such as external resonance, para-
metric resonance, and sum, and difference resonance [9].
The goal is to ensure the stability of the closed orbit of the
particle and to obtain horizontal and vertical orbits that are
closed to each other in the straight sections. After the linear
optics were optimized, the main parameters of the storage
ring were determined. The optimization was performed
using the NSGA-II program. The typical optical functions
of the lattice are shown in Fig. 2.

The sextupole magnets are used to correct the chro-
maticity and to optimize the dynamic and momentum
apertures. There are four sextupoles in each cell. Two are
used to obtain positive chromaticity; they are called the
chromatic sextupoles and are located between the two
bending magnets, where the dispersion is large. The other
two sextupole magnets, which are called harmonic sex-
tupoles, are employed to optimize the dynamic aperture,
which should be large enough for injection, and to optimize
the momentum aperture for a longer beam lifetime. These
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Table 1 Basic parameters of

storage ring Element Value
Total circumference including straight section (m) 36.7
Straight section (m) 2 x 8.0
Total length of dipoles (m) 8 x 0.816
Harmonic number 61
Energy (MeV) 400
Working points (vy/vy/v,) 3.22/1.36/0.0118
Average beam current (A) > 1
Energy loss per turn (keV) 2.18
Horizontal natural emittance (nm rad) 43.8
Chromaticity (horizontal/vertical) 0.1231/0.048
Radiation damping time (horizontal/vertical/energy) (ms) 33.0/44.9/27.4
Bunch length w/o third harmonic cavity (mm, rms) 35
Bunch length w/third harmonic cavity (mm, rms) 14.2
RF voltage of the fundamental cavity (MV) 50
RF voltage of third harmonic cavity (MV) 16.7
Fig.. 2 (Colqr online) Typi?al 40 T T T T T T Eores
optical functions of the lattice. [ Quadrupoles
The blue curve is the horizontal [ Isextupoles
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two magnets are placed at the ends of the bending magnets
near the long straight section, where the dispersion is zero.
The chromaticity is defined as the derivative of the
transverse tune over the relative momentum spread of a
particle. It arises because the quadrupoles exert different
focusing forces on particles of different energies. There-
fore, there is always a natural chromaticity (Eq. 1) pro-
vided by the quadrupole magnets in the storage ring. The
natural chromaticity is usually negative because the
focusing force on higher-energy particles is weaker [9].

—1
Cx,y,nat = E % ﬂx,nyy)'d& ( 1 )

where f§ is the beta function, K is the strength of the
quadrupole, and x and y represent the horizontal and ver-
tical directions, respectively. Negative chromaticity will
cause the difference Av between particles with different
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energies to increase, and thus v, , will be close to the res-
onance value. To avoid negative chromaticity, the chro-
matic sextupoles are placed at locations where the
dispersion is large, and the chromaticity can be reduced to
zero by using the higher-order focusing term of the sex-
tupole magnets (Eq. 2) [9].

Co = § Bos Koal6) = SOID)as @)

where S represents the sextupole strength, and D is the
dispersion. During optimization, it is difficult to obtain zero
chromaticity in the horizontal and vertical directions
simultaneously. Therefore, the chromaticity is usually
optimized to positive values slightly larger than zero to
ensure that particles with higher energy receive a stronger
focusing force so that Av between particles is controllable.
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The dynamic aperture of the beam in a storage ring is
usually defined as the phase space area in which particles
cannot be lost after multiple revolutions. The area of the
transverse cross-section of the beam is usually employed to
define the dynamic aperture. Because of the tune spread of
the beam and the nonlinear focusing force, the particles
falling on the resonance lines will be lost. This determines
the maximum transverse area in which beam particles can
survive, which is the dynamic aperture. Because the
focusing force is nonlinear, sextupole families are used for
optimization.

The chromaticity should remain constant during the
maximization of the dynamic aperture. Thus, the harmonic
sextupole magnets, used for optimization, are usually
placed at locations where the dispersion is close to zero,
and the dynamic aperture is optimized by adjusting the
strengths of these magnets. For further optimization,
octupole magnets could also be added in the future to
eliminate higher-order terms.

In the optimization process, we used the beam tracking
code Elegant [10], and we used its built-in simplex algo-
rithm for multi-objective optimization. The goal was to
optimize the driving terms related to the chromaticity, tune,
and particle momentum of the bunch (first and second
order) [11]. The optimized variables are the strengths of the
harmonic sextupoles [12]. The convergence of the results
indicates that the optimal condition was reached. More-
over, radiation damping and quantum excitation were also
taken into account to obtain more realistic results.

Figure 3 shows the FMA diagram of the optimized
storage ring. Colors represent the logarithm of the tune
difference (Av) between an arbitrary beam particle and the
reference particle. The region, where Av is relatively uni-
form, is considered the dynamic aperture of the beam. The
figure shows that the dynamic aperture of the beam reached
several centimeters in diameter in the transverse direction
after optimization, which meets the beam injection
requirements of the storage ring. Figure 4 shows the

log10(Av)

y (mm)

x (mm)

Fig. 3 (Color online) FMA diagram of the ring
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Fig. 4 (Color online) Working points of the ring considering the
beam energy spread

working points, which were obtained by taking the beam
energy spread into account. The data points in the fig-
ure represent the fractional tunes in both the horizontal and
vertical directions. The resonance lines up to the fourth-
order resonance are drawn. Most of the working points
within the dynamic aperture (blue) are not on resonance
lines.

Figure 5 shows the dynamic aperture, with error bars,
before and after orbit correction. Each cell was divided into
two parts on separate girders. The installation errors were
set to 50 um in both the horizontal and vertical directions
within the girder and 80 um between the girders, with 3 ¢
truncation. For orbit correction, four correctors and three
beam position monitors (BPMs) were added to each cell,
and all the correctors were combined with the sextupoles.
Accelerator toolbox (AT) [13] was employed to track the
beam for 5000 turns. The result shows that the average
dynamic aperture of the beam can reach & 10 mm in the
horizontal direction and £ 7 mm in the vertical direction.
In addition, the minimal dynamic aperture after orbit cor-
rection, considering the error bars, is approximately £ 7

12 :
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Fig. 5 (Color online) Dynamic aperture, with error bars, before (red)
and after (blue) orbit correction
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and = 5 mm in the horizontal and vertical directions,
respectively. Therefore, the dynamic aperture after orbit
correction meets the injection requirements.

In the last part of this section, we briefly introduce the
injection scheme that will probably be used for the main
ring. First, a booster ring is needed to accumulate and inject
the beam in top-up mode to achieve stable injection with a
current variation of less than 0.1%. The booster will be
placed immediately above or below the main storage ring
to save space. In the scheme, the beam is extracted by a
kicker magnet with a rapid rise time and immediately
deflected toward the storage ring by a septum magnet
[14, 15]. A slow orbit bump is employed to generate a
displacement of < 10 mm horizontally at the septum
position. A linac injector with a photocathode electron gun
will also be installed near the booster ring to supply the
electron beam.

2.2 Momentum aperture, higher harmonic cavity,
and beam lifetime

In a low-emittance storage ring, the Touschek lifetime
dominates the beam lifetime [16]. Touschek scattering
causes the loss of electrons and determines the lifetime.
Transverse scattering results in large energy kicks to par-
ticles, which undergo betatron oscillation and are lost
rapidly on the physical aperture. The loss rate is propor-
tional to the particle density in the bunch and inversely
proportional to the momentum acceptance, which is also
called the momentum aperture. The rate of beam loss due
to the Touschek effect takes the form [17]

2
T S e (e o), ®)
Upoxoy
where T stands for the Touschek lifetime, and (..
resents the average throughout the entire ring.

Similar to the dynamic aperture, the momentum aperture
represents the momentum/energy tolerance of the beam. As
above-mentioned, when the energy spread is too large,
particle loss can occur. On the other hand, a larger
momentum aperture corresponds to a longer Touschek
lifetime, which means that the upper limit of the momen-
tum aperture determines the Touschek lifetime. Touschek
scattering is the large-angle scattering from the transverse
to the longitudinal direction and excites the large-ampli-
tude betatron oscillation of scattered particles, which will
cause the beam to be lost if the oscillation exceeds the
physical aperture of the machine, limiting the beam life-
time. The momentum aperture of the beam is the key factor
that determines the Touschek lifetime. It can be estimated
by numerical beam tracking. A positive momentum kick
[0m(s)] is given to a particle in the bunch at a given

.) rep-

position (s), causing it to undergo betatron oscillation. The
maximum kick that the particle can withstand without loss
after numerous turns is the positive momentum aperture.
The negative momentum aperture can be obtained by the
same method using a negative kick.

We used Elegant to calculate and optimize the
momentum aperture of the beam [18]. The optimization
method and algorithm are the same as those used to com-
pute the dynamic aperture. In the optimization process,
radiation damping by both the bending magnets and
undulators was included, along with the RF cavities. In
addition, the physical aperture was taken as £ 2.5 cm
horizontally and + 4 mm vertically in the straight section
considering the undulator gap. To ensure that the damping
time is sufficiently long for the beam to reach the
stable state, we calculated the momentum aperture after
numerous turns. We found that when the beam was tracked
for more than 10,000 turns, the result remained essentially
unchanged, as shown in Fig. 6. We expect that additional
work will further maximize the momentum aperture.

According to Eq. (3), the Touschek lifetime is deter-
mined by the number of particles in the bunch, beam
energy, beta function, transverse emittance, and bunch
length. Among these parameters, the transverse emittance
and bunch length are most often tweaked to optimize the
lifetime. The former can be adjusted by changing the
horizontal/vertical coupling ratio, and the latter can be
increased by inserting a higher-order harmonic cavity into
the lattice.

A cavity with a resonant frequency that matches the
harmonics of the fundamental RF in a storage ring is called
a higher-order harmonic cavity. Its main function is to
adjust the beam energy to control the beam dynamics by
adjusting either the energy of electrons at different loca-
tions in the beam or that of different bunches in the bunch
train. The higher-order harmonic cavity interacts with the
beam in different ways to stretch or compress the bunch,
and the harmonics of the cavity determine the cavity size
[19]. In the storage ring, we designed the fundamental RF
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Fig. 6 (Color online) Variation of the momentum aperture through-
out the lattice after 10,000 turns
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in the ring is approximately 500 MHz, and we chose a
frequency of 1.5 GHz for the high-order harmonic cavity;
thus, the harmonic number is 3.

The bunch length in the time domain can be calculated

as

Zﬁ 3 % Oc(WRFOE % C 4

r(3) <n2 - 1) ( wEy ) RF’ “)
where n is the harmonic number, o is the momentum
compaction factor,wgr is the frequency of the fundamental
RF cavity, og is the energy spread, ws is the angular fre-
quency of synchrotron oscillation without the harmonic
cavity, Ej is the energy of the storage ring, c is the speed of
light, and F(i) = 3.6256.

To illustrate the problem, we substitute the cavity volt-
age into the longitudinal motion equation of the beam to
obtain the potential well as a function of RF phase when
the harmonic cavity is present:

Uy () = cos ¢ — cos ¢ —I—S{cos[n(d) — ) + b,]}
+ (d) - d)%) . Sin¢s +k- Sin¢n'

For comparison, the potential well without the harmonic
cavity reads

Uso(9) = (& — &) - sin g — cos ¢ + cos ¢, (6)

where ¢ is the RF phase, and ¢, is the synchrotron phase.
By comparing Eqgs. (5) and (6), we can see that the
potential well is lengthened, which provides more space to
hold a longer bunch, as shown in Fig. 7.

Therefore, to obtain a sufficient Touschek lifetime for a
high beam current, we introduce a third harmonic cavity
into the lattice to increase the bunch length from 3.5 to
14.2 mm rms. Considering the natural coupling in the ring
introduced by misalignments, magnet tilts, dispersion
leaks, etc., we take the coupling value to be 10%. From

Opl =

(5)

Potential function of phase motion

P/
Fig. 7 (Color online) Potential well with (red) and without (blue) the

third harmonic cavity. Note that the horizontal axis has units of the
ratio of the RF phase over ©

@ Springer

Fig. 4, we can see that the minimum momentum aperture
(—0.5% — 0.3%) appears at the locations of the dipoles,
and the maximum aperture ( ~ + 1.5%) almost fills the rest
of the lattice, which is more than 80% of the total length.
As a result, using Elegant calculations, we obtained aver-
age Touschek lifetimes of approximately 1.3 h at an
average beam current of 1 A weighted over the length of
regions with different momentum apertures with a 10%
vertical/horizontal coupling ratio and of approximately
40 min at 2 A. These values are acceptable for this high
beam current in top-up mode. Note that all the RF buckets
will be filled with electrons; thus, the charge of a single
bunch at 1 A is 2 nC at a fundamental RF of 500 MHz.
The possibility of ion instability is discussed in Sect. 2.3.

2.3 Estimation of collective effects

In this subsection, we roughly estimate the possible
collective effects in our ring to ensure that the machine can
operate stably. As noted above, the design goal is an
average beam current of up to 1 A, which is quite high.
Thus, the collective effects could play an important role in
our machine.

The sources of collective effects may include electron
clouds, ions, and impedance elements in the ring. The
impedance elements in the ring cause various instabilities,
which often limit high-current operation, and interactions
between an electron cloud and ions usually introduce
beam-ion instabilities, including ion traps and fast ion
instability (FII) at high beam currents. In this section, we
discuss the typical instabilities that may appear in our ring.

When a charged particle moves in a beam pipe, it will
excite an electromagnetic field if the shape of the pipe
changes or resistance is present in the pipe wall. Because
this field is behind the source particle, it is called the
wakefield. In many cases, the wakefield takes some time to
decay; therefore, it affects the trailing particles and may
introduce instabilities [20]. In a real machine, we would
observe the spectra of the beam. In addition, because the
beam dynamics is usually analyzed in the frequency
domain, we performed a Fourier transform of the wakefield
to obtain the impedance, for example, s.

Z(w) = %f}’o w(s)eds, (7)

where s is the longitudinal coordinates of the witness
particle.

The narrowband impedance usually results in coupled-
bunch instability. The introduction of broadband impe-
dance generally excites microwave instability in both the
transverse and longitudinal directions. In the following, we
outline both the narrowband and broadband impedance and
their effects on the collective instabilities in our ring.
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The resistive-wall (RW) impedance can be both nar-
rowband and broadband [16]. In addition, because the
resistive beam pipe occupies most of the length of the ring,
the RW impedance plays a major role in our design. As an
example, we estimated the longitudinal coupled-bunch
instability by comparing the impedance threshold, as
shown in Eq. (8).

T Tyonts

(8)

where Ej is the beam energy, ts is the longitudinal radia-
tion damping time, [ is the average beam current, Q; is the
synchrotron tune, w is the frequency of the wakefield, 7 is
the momentum compaction factor, and the longitudinal
RW impedance is given by Eq. (9) [21].

wzy (2p.\'"?
= 2ugh () , ®

Hob \ Hw
where Z%/n is the effective longitudinal impedance, Z ~
377Q is the vacuum impedance, p. is the material resis-
tance, b is the pipe radius, p is the material permeability,
and u, is the free space permeability. Figure 8 compares
the effective longitudinal RW impedance and the threshold
of the longitudinal coupled-bunch instability as a function
of frequency, which was calculated using the parameters in
Table 1 with a 1 A average beam current. Copper was
selected as the material of the vacuum pipe, which has an
inner radius of 25 mm and a wall thickness of 1.5 mm.

In Fig. 8, we can see that the effective longitudinal RW
impedance is below the threshold up to 20 GHz, which
covers almost all the possible bandwidth of the instability.
However, the longitudinal narrowband geometric impe-
dance introduced by the RF cavities, kickers, BPMs, etc.,
produces additional small peaks on the RW impedance
curve in Fig. 7. Among them, the higher-order modes of

ZY(w)/n
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Fig. 8 (Color online) Comparison of impedance threshold of
longitudinal coupled-bunch instability (red) and effective longitudinal
RW impedance (blue)

the RF cavity can be the most harmful sources of coupled-
bunch instability. Therefore, the cavities in our rings will
be carefully designed. Nonetheless, although more work is
necessary to investigate the details, on the basis of past
experience and a comparison with the RW impedance
given above, we are confident we can design and build
devices that satisfy the threshold.

Next, as is well known, the RW instability usually refers
to the transverse coupled-bunch instability arising from the
long-range RW wakefields. Therefore, we also estimated
the transverse coupled-bunch instability by calculating the
current threshold at zero chromaticity [16], which is the
worst case of the instability, and it reads

4nE/eb® [(1 — AQg)tLmo :
cfitL 2cZop. ’

Inrw = (10)
where 7, is the transverse radiation damping time, f is
the average of the beta function along the ring, and oy is
the angular revolution frequency of beam particles. AQp is
the fractional part of the betatron tune, and the other
variables are defined above. The result obtained using the
beam parameters in Table 1 shows that the average current
threshold is approximately 80 mA. Although the nominal
design current of our machine is 1 A, which gives a ratio of
12 between the two currents, the instability is still within
the range that a standard transverse feedback system can
currently handle [13, 20].

The longitudinal broadband impedance can introduce
longitudinal microwave instability. When this instability
occurs, the longitudinal current distribution of the beam is
impaired, and the energy spread increases. As a result, the
beam quality deteriorates, and beam loss may occur. We
estimated the impedance threshold of a single bunch for the
longitudinal microwave instability in a storage ring on the
basis of the Keil-Schnell criterion for a coasting beam
[9, 22], which was extended to a bunched beam by Bous-
sard [16].

_ \/2_7”7(%)6%0010

= 11
eff RIb ’ ( )

B

where R is the average radius of the storage ring, Ej is the
energy of the storage ring, ogo is the energy spread, oy is
the bunch length, 5 is the phase slip factor, I, is the bunch
current, and |z/n| g is the effective longitudinal impedance.

Our machine is designed for operation at an average
beam current of 1 A with a harmonic number of 61. Thus,
if we choose a single-bunch current of 16.4 mA, the total
effective broadband impedance will be less than 0.39 Q,
according to Eq. (11). For comparison, the total effective
broadband impedance of the SSRF is approximately
0.17 Q, and those of Soleil and BEPC are approximately
0.21 and 0.23 Q, respectively. Therefore, we believe that

@ Springer
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microwave instability will not be a problem in our
machine.

In addition to the longitudinal microwave instability, the
transverse broadband impedance may also introduce
another single-bunch instability called the transverse mode
coupling instability (TMCI) or the fast head-tail instability,
which is also detrimental to the machine. TMCI occurs
when the frequencies of two neighboring head-tail modes
approach each other because of detuning with increasing
current during accumulation [21]. To estimate the effect,
we first compute the transverse broadband impedance from
the longitudinal broadband impedance and the Panofsky—
Wenzel theorem.

2RZ
P~ (12)

Like that in the longitudinal direction, the single-bunch
current threshold of the TMCI can be derived as [23]

40,

= =)
ZPB,R

Ity , (13)
where f, represents the average beta function over the
machine. In our design, the radius of the beam pipe is
25 mm; thus, the single-bunch current threshold of the
transverse microwave instability is 82.6 mA, which is
much larger than the longitudinal single-bunch current
threshold of our machine. Therefore, the transverse
microwave instability and TMCI will not be a problem
either. Finally, it is necessary to note that the chromaticity
is conventionally adjusted to a positive value to avoid the
TMCI, whereas positive chromaticity usually results in
certain higher-order modes of another transverse instability
called the head-tail instability, and the threshold of the first
unstable mode of the instability is even lower than that of
the TMCI [16]. The patterns of the instability are different
at low and high positive chromaticity and have been
studied at ESRF [24]. Thus, caution should be used in
designing the chromaticity in our machine.

To achieve an average beam current of up to 1 A, all the
RF buckets throughout the ring will be filled with electrons.
Consequently, another collective effect called the ion
instability, which includes ion trapping and the FII, had to
be estimated because of the limited spacing between beam
bunches. The instability arises from interactions between
the electron beam and the ionized residual gas, and it
induces transverse center-of-mass oscillation of the beam.
The growth time of the ion trap instability is generally
long, and it can be alleviated by introducing bucket gaps,
which are usually approximately a few percent of the ring
circumference, behind the bucket train during filling.
However, in modern storage rings, the single-pass FII is
more significant owing to the small emittance and multi-
bunch operation. The asymptotic growth rate of the FII

@ Springer

derived by Raubenheimer and Zimmermann for a flat beam
is given by [25]

3 1 1
B _ N2n? rer3LienC
Ias;/mp[s 1] N Spgas[torr] 3 S R (]4)
7 oy (0x + 0y)°A2

where N, denotes the number of electrons in a bunch, n;, is
the number of bunches in the train, y is the relativistic
factor, pgys is the residual gas pressure in Torr, and 7, and 7,
are the classical electron and proton radii, respectively. A is
the atomic mass number, and Ly, is the bunch spacing.
Because the average beam current is 1 A in our design, the
charge of a single bunch is thus 2 nC for a fundamental RF
of 500 MHz, and all the RF buckets are filled at a harmonic
number of 61. CO is chosen as the residual gas in our
calculation because its ionization cross section is 6 times
that of Hy, and the gas pressure is set to 10~° Torr, which is
not hard to reach in storage rings [26, 27]. In addition to the
parameters in Table 1, we have a rising time of 0.63 ms for
the instability, which is within the bandwidth of the feed-
back system [27]. Therefore, we conclude that the FII in
our machine can be well-controlled with a relatively high
but achievable vacuum level.

Furthermore, intrabeam scattering and Touschek scat-
tering are also important collective effects in high-current
storage rings. As mentioned in the preceding section, the
growth rates of both scattering effects are inversely pro-
portional to the transverse emittance of the beam. Because
the nominal transverse emittance in our design is one order
larger than that of third-generation light sources (or even
larger), the above two effects can also be controlled.

As in other storage rings, the collective instabilities in
our machine can be addressed by both chromaticity shifting
and transverse feedback. However, as above-mentioned,
because shifting the chromaticity to a positive value may
also excite some higher-order modes of the head-tail
instability, it alone is not sufficient for good control of the
instabilities. Therefore, as in SOLEIL, transverse bunch-
by-bunch feedback will be combined with chromaticity
[28] to relieve the collective instabilities in our machine.

Finally, we must point out again that we use copper as
the beam pipe material, and the inner radius of the vacuum
chamber is 25 mm. According to the first-order geometric
strength K; of the quadrupoles and the second-order
strength K, of the sextupoles, the maximum integrated field
for the strongest quadrupole is 1.36 T/m, and the maximum
integrated field for the strongest sextupole is 163.3 T/m?,
which are not hard to achieve for the 400 MeV electron
beam in the vacuum pipe as described above. Moreover,
more detailed work is needed to provide more precise
estimations of the collective effects in our design, such as
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the coupled-bunch instability and beam loading. These
effects are topics for further investigation.

In conclusion, we believe that most of the typical col-
lective instabilities that may arise in our machine can be
controlled using feasible methods. However, as mentioned
in Sect. 1, the emittance of our ring is not of great
importance; therefore, the tolerance of the collective
instabilities of our machine could be slightly larger than
those of other storage ring light sources, which can be
considered to give our design an advantage over others.

3 Considerations regarding EUV radiation

The typical wavelength currently used for EUVL is
13.5 nm. As in other machines, an undulator is employed
to provide the required radiation. To evaluate the perfor-
mance of our design, the SPECTRA simulation code
[29-31] was used. In the simulation, a photon beam with an
emittance of 40 nm in the horizontal direction and 4 nm in
the vertical direction is obtained by the convolution of the
electron beam and diffraction phase spaces. Strong mag-
nets are required to obtain a maximum field exceeding
0.3 T with a period length of 15 mm. The simulation result
shows that the undulator parameter is approximately 0.47.
To obtain the highest photon flux, the entire central cone of
the photon emission must be focused on the sample, for
example, a microchip.

The parameters of the undulator as calculated by
SPECTRA are shown in Table 2. According to the design
parameters of the storage ring, the required 13.5 nm EUV
radiation can be obtained using the undulator. According to
the data in Table 2, we can see that for an average current
of 1 A and a 7 m undulator, the total radiation power
within 5% bandwidth (FWHM) at 13.5 nm is 4.1 W and
can also exceed 10 W with a > 2 A beam current. Note,
however, that in these cases, the undulator gap is approx-
imately 10 mm, and the wakefield induced by the undulator
will be somewhat strong. A superconducting undulator [32]
may be required to avoid this possibility, and the overall

lower the average beam current to several hundred mil-
liamps to reduce the wakefield dramatically and afford
much easier control. Although there would be a corre-
sponding reduction in the radiation power to a few watts,
we can still use the machine for mask inspection, as at the
COSAMIL. On the other hand, because the radiation power
is proportional to the undulator length, the required radia-
tion power can also be obtained by decreasing the beam
current and increasing the undulator length, which is easier
to realize than a higher beam current in the real machine
without excessive cost. Moreover, a long variable-gap
undulator can be made by combining several short sections
with a dedicated control and a diagnostic system, whereas
there is no such problem for the fixed gap undulator.
Furthermore, in our design, the bunch charge, duty
factor of the RF bucket, and undulator gap can all be
varied. Therefore, a wide radiation power range can be
obtained to expand the use of our design under different
conditions and at different costs. This characterizes our
design as a versatile tool for various EUVL applications.

4 Conclusion

A systematic physical design study of a compact
400 MeV storage-ring-based EUV light source for indus-
trial lithography was conducted. Owing to its compactness,
reduced complexity, and relatively low cost, the storage
ring can provide an average beam current of up to 1 A with
a dynamic aperture of approximately + 10 mm. If the third
harmonic cavity is used, an average Touschek lifetime of
1.3 h can also be achieved. Moreover, the collective effects
were also estimated at high average current. It was found
that the typical collective instabilities can be controlled and
relieved by implementing appropriate materials and
methods, such as a copper beam pipe and modern feedback
technology. With the designed undulator, the machine can
radiate at 13.5 nm in the EUV regime with an average
radiation power within the bandwidth of several watts to
more than 10 W. Although the radiation power in the

cost may rise. Alternatively, an economical method is to  bandwidth appears to be inadequate for direct

::rl;ﬁczter}szsflir?gﬁig)r and key Parameter Value

indexes of EUV light Radiation wavelength (nm) 13.5
Average beam current (A) 1
Maximum field (T) 0.337
Undulator parameter K 0.472
Periodic length (mm) 15
Total length (m) 7
Total radiation power (W) 80
Radiation power within 5% bandwidth (FWHM) of 13.5 nm (W) 4.1
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photolithography, our design can still be used for multiple
lithographic applications, such as wafer mask inspection,
EUV mirror characterization, and reflectivity measure-
ments of EUV multilayer coatings. In conclusion, our study
demonstrates the feasibility of a less complex, less costly
compact-storage-ring-based EUV light source with tunable
current and radiation power. As an alternative to the con-
ventional EUVL technology, it provides a new option for
multiple applications in EUVL and a valuable reference for
the design of similar facilities in the future.
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