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Abstract

We present the physical design and systematic optimization of a high-
performance storage ring for generating high-power coherent radiation, with
particular emphasis on the extreme ultraviolet (EUV) regime. The proposed
ring adopts a Double Bend Achromat (DBA) lattice configuration and inte-
grates 12 superconducting wigglers to significantly enhance radiation damping
and minimize the natural emittance. Additionally, a bypass line is employed to
generate high-power coherent radiation. Comprehensive linear and nonlinear
beam dynamics analyses have been conducted to ensure beam stability and
robustness across the operational parameter space. The optimized design
achieves a natural emittance of approximately 0.8 nm and a longitudinal
damping time of around 1.4 ms, enabling the efficient buildup of coherent
radiation. Three-dimensional numerical simulations, incorporating the previ-
ously proposed angular dispersion-induced microbunching (ADM) mechanism,
further confirm the system’s capability to generate high-power EUV coherent
radiation, with output powers reaching the order of several hundred watts.
These results underscore the strong potential of the proposed design for
applications in coherent photon science and EUV lithography.
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Lattice Design of a Storage-Ring-Based Light Source for Generating
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We present the physical design and systematic optimization of a high-
performance storage ring tailored for the generation of high-power coherent
radiation, with particular emphasis on the extreme ultraviolet (EUV) regime.
The proposed ring adopts a Double Bend Achromat (DBA) lattice configuration
and integrates 12 superconducting wigglers to significantly enhance radiation
damping and minimize the natural emittance. A bypass line is adopted to
generate high-power coherent radiation. Comprehensive linear and nonlinear
beam dynamics analyses have been conducted to ensure beam stability and
robustness across the operational parameter space. The optimized design
achieves a natural emittance of approximately 0.8 nm and a longitudinal
damping time of around 1.4 ms, enabling the efficient buildup of coherent
radiation. Three-dimensional numerical simulations, incorporating the previ-
ously proposed angular dispersion-induced microbunching (ADM) mechanism,
further confirm the system’s capability to generate high-power EUV coherent
radiation, with output powers reaching the order of several hundred watts.
These results underscore the strong potential of the proposed design for
applications in coherent photon science and EUV lithography.

Keywords: storage ring, lattice design, beam dynamics, angular dispersion-
induced microbunching

Introduction

Accelerator-based light sources can be broadly categorized into synchrotron ra-
diation sources based on storage rings and free-electron lasers (FELs) driven
by linear accelerators. FELs provide ultrashort pulses, high peak power, and
access to short wavelengths, making them indispensable for time-resolved and
high-field experiments. However, their repetition rate is typically limited to the
range of 100 Hz to 100 kHz due to constraints from the electron gun and RF sys-
tem, thereby limiting average brightness and photon flux. Furthermore, FELs
often require strong bunch compression to achieve high peak currents, resulting
in broad spectral bandwidths that are not well suited for experiments demand-
ing high energy resolution, such as high resolution ( 0.1 meV) angle-resolved
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photoemission spectroscopy (ARPES) [1].

In contrast, storage rings inherently operate at high repetition rates with rel-
atively long and stable electron bunches. Combining the advantages of FELs
and storage rings offers a promising path to a high repetition rate, coherent
light source with enhanced average power and energy resolution. Although Self-
Amplified Spontaneous Emission (SASE)-based storage ring FELs [2-4] have
been investigated, their performance is fundamentally constrained by the rel-
atively large energy spread of the stored beam. Achieving sufficient radiation
power under these conditions requires long undulator sections, which signifi-
cantly increase the overall size and construction cost of the facility. To mitigate
these limitations, alternative schemes originally developed for FELs—such as
coherent harmonic generation (CHG) [5] and echo-enabled harmonic generation
(EEHG) [6-10], both relying on laser-based electron beam manipulation—have
been proposed for adaptation to storage-ring-based light sources. However,
these methods typically introduce large energy modulations to the beam, result-
ing in degraded beam quality and a substantial reduction in usable repetition
rate, thereby compromising one of the fundamental advantages of storage rings.

To overcome these limitations and enable high-average-power, narrow-band,
fully coherent EUV radiation, several alternative approaches have been
proposed, including steady-state microbunching (SSMB) [11-13] proposed by
the Tsinghua University team and angular dispersion-induced microbunching
(ADM) based storage ring light source [14, 15] proposed by the Shanghai
Synchrotron Radiation Facility. In the SSMB scheme, the laser modulator
forms potential buckets on the scale of the laser wavelength, serving a role
analogous to that of the radio-frequency (RF) cavity in conventional storage
rings. Since the laser wavelength is much shorter than that of the RF cavity,
the laser-induced potential well forms ultrashort electron bunches with high
charge density. The precision-tailored lattice ensures that the microbunches are
stored in a steady state within the storage ring. Once realized, this approach
has the potential to generate high-average-power, fully coherent radiation from
the EUV to the x-ray regime.

Another alternative approach is the ADM scheme for storage ring light sources,
which leverages the intrinsically small vertical emittance of the electron beam.
Ref. [15] proposes a scheme utilizing a storage ring equipped with a bypass line.
This configuration is the focus of this paper. Within the bypass, microbunches
formed via transverse-longitudinal coupling generate high-harmonic coherent
radiation before completely dissipating. Thus, the main storage ring remains
free of microbunches and functions essentially as a damping ring. The layout of
a fully coherent light source based on the ADM concept is illustrated in Fig. 1.
An electron beam with ultra-low vertical emittance and high peak current from
the storage ring is extracted into the bypass line, where it forms microbunches
and subsequently emits coherent EUV radiation. The vertical emittance grows
in the bypass; consequently, the beam is reinjected into the storage ring. There,
its quality is rapidly restored via strong synchrotron radiation damping until
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it again meets the requirements of ADM, after which it can be extracted to
the bypass, thereby enabling a continuous process. A decrease in bunch charge
is compensated by the full-energy linac, ensuring stable output power of the
coherent EUV radiation.

Building upon the work in Ref. [15], we propose a new, practical, and robust
lattice design for the damping ring and bypass line. The remainder of this paper
is structured as follows. Section II details the lattice design of the damping ring,
addressing both linear and nonlinear beam dynamics. Section III is dedicated
to the lattice design of the bypass line. The integration of these two components
and an evaluation of the overall radiation performance are presented thereafter.
Finally, Section IV provides a concise summary.

II. Damping Ring Design

The project of a fully coherent storage-ring-based light source requires a storage
ring with high beam current, low emittance, and strong radiation damping to
deliver high-quality electron beams for the bypass line, thereby enabling the gen-
eration of high-average-power EUV radiation. In the preliminary design phase,
a candidate lattice design was proposed in Ref. [15]. The initial configuration
adopts an eight-period triple-bend achromat (TBA) scheme, in which four TBA
cells form a superperiod. The straight sections on both sides of each superperiod
are designed with high beta functions, while the inner straight sections adopt
a low-beta design. Each low-beta straight section accommodates an insertion
device composed of three superconducting sandwich-type damping wigglers to
facilitate the I transformation, which serve to enhance the synchrotron radia-
tion losses and thereby significantly reduce the damping times. In total, the
ring hosts 18 superconducting damping wigglers distributed across the lattice.

Toward the technical design stage, we present in this section a more practical and
robust damping ring lattice, aiming to address the aforementioned challenges
while preserving the performance goals for coherent radiation generation. In
the following subsections, the linear optics design and nonlinear dynamics are
discussed in detail.

A. Linear Optics Design
According to the definition of the damping time:

2 E,
T, = — =7/
Y Jy Uy

with C, = 3&:%)3 = 8.85 x 10°m GeViZ, ¢ the speed of light in free space,
r, the classical electron radius, m, the electron mass, p is the bending radius,
E, is the beam energy and I, = [ p—lzds. The damping time is primarily de-

termined by the synchrotron radiation losses. In high-field damping wigglers,
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the bending radius p of the electron trajectory is much smaller than that in
the dipole magnets, leading to the radiation integral I, from the wigglers that
is significantly larger than the contribution from the dipoles. Consequently,
increasing the fraction of damping wigglers in the lattice can effectively reduce
the damping time.

In addition, the equilibrium emittance can be expressed as:

1,
— 2_75
€0 =Cyr° = i
Jzt2
— 293 _Is.pBA _ B85 _h _ -13 :
where €0,DBA,min — Y¢7 0 Tilo oA’ Cq = v3m.e 3.832 x 10 m, h is the

reduced Planck’s constant, v is the Lorentz factor. The equilibrium emittance
is primarily determined by the ratio I/I,. In high-field damping wigglers, the
radiation integral I, is much larger than that in the dipole magnets. Since
the radiation integral I contains the dispersion-dependent function H, its con-
tribution remains small (almost unchanged) when the wigglers are located in
dispersion-free regions. Therefore, by installing a sufficient number of damping
wigglers in the low-dispersion sections of the storage ring, the emittance can
also be effectively reduced.

In summary, since one of the key design objectives is to achieve a vertical damp-
ing time below 1.5 ms, a large number of superconducting damping wigglers
are required to substantially enhance the contribution of I,. As these wigglers
must be placed in dispersion-free straight sections with low beta functions, their
contribution to Iy can be neglected. Therefore, both the damping time and the
equilibrium emittance of the damping ring are essentially dominated by the su-
perconducting wigglers. Based on this conclusion, our core design strategy is to
maximize the fraction of I, contributed by the wigglers in the storage ring. Ac-
cordingly, the bare lattice only needs to emphasize compactness and robustness,
without being strictly constrained by emittance-oriented lattice structures. Con-
sidering these requirements, a natural choice is to adopt the simple double-bend
achromat (DBA) lattice combined with superconducting wigglers, which maxi-
mize the contribution of the wigglers to strong damping effect while offering a
simple lattice structure and favorable nonlinear beam dynamics.

Furthermore, the storage ring must maintain a compact layout with the consid-
eration of damping performance and total cost, while simultaneously offering ad-
equate straight sections for beam injection, extraction, and RF cavities. In this
design, we therefore adopt four straight sections. Based on this consideration,
several lattice configurations were studied, including DBA, DBA-wiggler-DBA,
DBA-wiggler-DBA-wiggler-DBA and DBA-wiggler-DBA-wiggler-DBA-wiggler-
DBA, where the wigglers are located in the straight sections between DBA arcs.
Using the beam parameters of the preliminary design listed in Ref. [15], eval-
uations of both the damping times and the equilibrium emittance were carried
out. Furthermore, taking into account the practical challenges in wiggler design
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and realization, each superconducting wiggler was assumed to have a length of
1.8 m and a peak magnetic field of 6.5 T, which is a reasonable assumption.

As a starting point, the theoretical minimum emittance of a single DBA struc-
ture [16] can be expressed as:
€0,DBA — Cq’)’293

where the synchrotron radiation integrals for the wigglers, I,,, and I5,,, can be
simplified as:

1 1 1 BL
Ly,=| —ds=-—— [ B%ds= iy
2w /Lw p? (Bp)> /Lw (Bp)? 2

L?U
I5w ~ <ﬁx>£

where L, denotes the total length of the wiggler, Bp is the magnetic rigidity,
B,, is the peak magnetic field of the wiggler, and p,, is the bending radius of the
electron trajectory inside the wiggler. The wiggler wave number is given by k,, =
27/, with A, being the wiggler period length. The quantity (3,) represents
the average horizontal beta function within the wiggler, and in the present
calculation we set (8,) =1 m. In our survey, the wiggler period was chosen to
be A, = 130 mm. The wiggler synchrotron-radiation integrals determined for
this choice are I, = 3.42 and I,, = 1.844 x 1073, Consequently, the horizontal
equilibrium emittance of the DBA lattice combined with wigglers can be written
as:

2 IS,DBA + ISw
Jo(Ioppa + I2y)

€0,DBA — Cﬂ

According to Eq. (1), the vertical damping time of the wiggler can be written
as:

2 E,
T, = —
Y gy Uo(Iay + I ppa)

Using Eqgs. (8) and (9), we perform an estimate of the equilibrium emittance
and the vertical damping time for several DBA-wiggler configurations. The
results are summarized in Table 1 . From the table, it can be seen that as the
fraction of the wiggler within a single superperiod increases, the damping time
can be significantly reduced, and the emittance can also decrease. However, as
the wiggler fraction increases, the rate of emittance reduction gradually slows
down, while the associated costs continue to rise. Moreover, an excessive number
of DBA cells not only enlarges the ring circumference but may also lead to small
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momentum compaction factor, thereby affecting the momentum acceptance. We
therefore selected the last combination.

Based on this configuration, we employed a thin-dipole model (Appendix A)
to represent the wiggler and performed an overall optimization of its length,
number of periods, and peak field. The final design specifies a total wiggler
length of 1.885 m, 14.5 periods, a period length of 130 mm, and a peak magnetic
field of 6.3135 T. To ensure an undisturbed beam trajectory through the wiggler
and a zero second field integral, the peak fields at the end poles are adjusted
to 1.4837 T and 4.6404 T. Unlike ideal wiggler models, which are inherently
achromatic, real wigglers have fields that start from zero, making them non-
achromatic by nature. Therefore, the adjustment of the end-pole fields must
also ensure that the wiggler as a whole remains achromatic.

According to Eq. (8), the damping time is inversely proportional to the cube
of the beam energy, Eg; therefore, increasing the beam energy can reduce the
damping time and enhance the damping effect. In addition, higher beam en-
ergy mitigates collective effects such as intrabeam scattering (IBS). Through
optimization, the beam energy was chosen to be 1.4 GeV. The final design
adopts a superperiod structure composed of four DBA cells and three super-
conducting wigglers, with four superperiods around the entire ring. We then
optimized the ring parameters with respect to emittance, damping time, circum-
ference, working point, and momentum compaction factor. Fig. 2 [Figure 2: see
original paper| shows the S-functions and dispersion functions for one quarter
of the storage ring (corresponding to a single superperiod), clearly illustrating
the oscillations of the dispersion within the wiggler sections. The main ring
parameters are summarized in Table 2 .

It is worth noting that, since this lattice extensively employs superconducting
damping wigglers, the wiggler serves as a critical component of the lattice rather
than merely an insertion device. Therefore, during the lattice design process, it
is essential to fully account for the vertical focusing effect introduced by the wig-
gler and the impact of its induced dispersion on the emittance. We first need to
compute the electron trajectory inside the wiggler based on its three-dimensional
field distribution. A series of thin dipole magnets are then placed along this tra-
jectory to ensure that they correctly reproduce the wiggler’s vertical focusing
effect, and to guarantee that the transfer matrix derived from this thin-dipole
model matches the one obtained numerically from the 3D field distribution. This
approach allows us to design the lattice based on the Courant-Snyder formalism
[17] using a thin-dipole representation of the wiggler—a versatile and efficient
method. Given that the wiggler is an s-dependent 3D magnetic element, the
thin-dipole model provides a sufficiently accurate approximation, while the enve-
lope method [16, 18] offers a more rigorous alternative. Thus, upon completion
of the design, the envelope method should be applied to verify its reliability.

As a representative case, the fully coherent storage ring light source design
adopts a superperiod consisting of four DBA cells and three superconducting
wigglers. The evolution of the generalized twiss matrices along the storage ring
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can be achieved in Eq. B7. In the uncoupled case, generalized twiss matrices
can be reduced to the familiar Courant-Snyder form, as shown in Egs. B12, B13,
B14. Fig. 3 compares the Twiss functions of a single superperiod obtained from
Courant-Snyder theory and from the beam envelope method. In the Courant-
Snyder theory, the wiggler is represented using a thin-dipole model implemented
in ELEGANT code [19], while the beam envelope method is realized using
a self-developed code. In addition to correctly reproducing the characteristic
oscillations of the dispersion within the wiggler, the remaining Twiss functions
exhibit excellent agreement between the two approaches.

In the next step, we will employ the envelope method in conjunction with the
wiggler field map to compute the equilibrium emittance of the storage-ring light
source. Detailed derivations are also presented in Appendix B. The equilibrium
emittance can be achieved by solving Eq. B19. In the storage ring, the eigen-
emittance in the horizontal direction can be calculated from the solution for the
sigma matrix (Eq. B36) as: 0.753 nm - rad. As shown in Table 2, the result
obtained from the two methods are in very good agreement. This consistency
validates the reliability of our numerical modeling.

B. Nonlinear Beam Dynamics

Despite the inherent nonlinear dynamic robustness of the DBA lattice, the ex-
tensive use of superconducting damping wigglers necessitates a detailed opti-
mization of the nonlinear beam dynamics. In the optimization, the wiggler was
modeled using the full 3D magnetic field distribution rather than the thin-dipole
approximation. The nonlinear dynamics optimization was carried out with Ele-
gant. Throughout the optimization process, the chromaticities were consistently
corrected at +1.5 in both transverse planes. Both sextupole strengths and their
longitudinal positions were further optimized to maximize the dynamic aperture
(DA), while constraints were imposed to preserve adequate spacing between mag-
nets for engineering feasibility.

The effective DA—the primary optimization objective—is defined as the phase-
space area occupied by particles that survive 1024 turns of tracking in Elegant,
with those crossing integer or half-integer resonances regarded as lost. As shown
in the frequency map of Fig. 4 Figure 4: see original paper, the optimized
sextupole configuration produces a large on-momentum DA of about $+$17
mm. This result guarantees high injection efficiency for the off-axis injection
scheme and demonstrates that the amplitude-dependent tune shifts (ADTS)
are effectively suppressed. The tune footprint presented in Fig. 4(b) further
confirms the compact tune shifts of the surviving particles.

Low vertical emittance and high peak current in the electron beam are essen-
tial for generating high-power EUV coherent radiation in a storage ring. This
inevitably leads to a shortened Touschek lifetime. For low-energy, high-current
storage rings, the local momentum aperture (LMA) is the limiting factor for
the Touschek lifetime. Consequently, we performed a detailed optimization of
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the LMA, with particular emphasis on the DBA arc sections where the momen-
tum aperture is most constrained by large dispersion. Throughout this process,
special attention was given to maintaining a sufficiently large DA. The LMA
of one superperiod in the ring, obtained from tracking simulations with Ele-
gant, is shown in Fig. 5 [Figure 5: see original paper]. In the arc section, the
LMA exceeds 3%, which represents a relatively large value and is of particular
importance for ensuring a sufficient Touschek lifetime.

Fig. 6 [Figure 6: see original paper| shows the effect of RF voltage on the
Touschek lifetime. As illustrated in the figure, the storage ring achieves its max-
imum Touschek lifetime when the RF voltage is set to 3.8 MV. Additionally,
the intra-beam scattering (IBS) effect cannot be ignored due to the low emit-
tance and high beam current. The beam parameters considering IBS effects
are shown in Table 3 . The IBS effect is evaluated using ELEGANT based on
Bjorken-Mtingwa’s formula [19].

I1I. Bypass Line Design

To generate the high-average-power EUV radiation, a bypass line is employed.
In this section, a bypass line design will be introduced including modulation
and demodulation techniques [20, 21] based on ADM scheme. Fig. 7 [Figure
7: see original paper| shows the schematic layout of the bypass line. The basic
layout is derived from the preliminary design [15]. According to the optimized
conditions of the ADM scheme, an extremely small vertical angular dispersion
of the electron beam at the entrance of the ADM section is required in order
to achieve a large bunching factor and thus generate high-peak-power radiation
pulse. To meet this requirement, the beam first passes through a matching
section to provide a large beta function at the entrance of ADM. It then tra-
verses a dipole magnet which generates dispersion, followed by a modulation
undulator where energy modulation is introduced. After passing through a dog-
leg, the beam forms microbunching, and coherent radiation is produced in the
radiator. Since the energy modulation process leads to an increase in energy
spread and introduces vertical dispersion, vertical emittance growth can occur
through transverse-longitudinal coupling. To achieve a high repetition rate and
generate high-average-power radiation, the electron beam must be injected into
the ring for damping, so that it can reach the beam quality required for bypass
line. Consequently, a demodulation section is introduced following the ADM
scheme to restore the beam properties as quickly as possible, thus enabling the
generation of high-average-power radiation. In the following subsection, we will
present the optical design of the entire bypass line as well as an evaluation of
the radiation performance based on this design.

A. Lattice Design of Bypass Line

Fig. 8 [Figure 8: see original paper| shows the optical functions of the bypass
line. The first undulator serves as the energy modulation undulator in the ADM
mechanism, while the second and third undulators are used as radiators. The
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last undulator is dedicated to energy demodulation. Between the two radiator
sections, a double-bend structure is implemented, consisting of five quadrupoles
and eight sextupoles. To preserve the longitudinal phase space of the electron
beam between the entrances of the modulation and demodulation sections, the
first-order transport matrix terms Ry, Rsy, Rsq and the second-order terms
T5115 T599, Tso1s Ts33, Tsaa, Tha3, Tsee should be optimized to approach zero.
As shown in Fig. 7, the Dogleg 1 and Dogleg 2 sections provide identical values
of Ry, and Rsg, while the double-bend structure in the middle of the layout
contributes —2R;, and —2Ry;. After the optimization, the energy spread in-
troduced by modulation can be effectively canceled, thereby ensuring that the
increase of emittance remains as small as possible. Fig. 9 [Figure 9: see original
paper] shows the values of Rs5, R4, Rs between the centers of the modulation
and demodulation sections.

In addition, compared with Ref. [15], our bypass line design deliberately breaks
the optical symmetry in order to provide higher flexibility in parameter opti-
mization. Two matching sections are placed at the entrance and exit of the
bypass line, each comprising two dipoles and three quadrupoles. Their purpose
is to return the beam to the same vertical plane as the initial trajectory and
to maintain achromatic conditions at both ends. According to the optimization
condition of the ADM mechanism, when the initial beam emittance is 6 pm,
the electron beam at the entrance of the radiator can form a well microbunch-
ing structure, thereby generating high-power coherent radiation. Therefore, the
new equilibrium emittance is chosen to be 6 pm - rad. According to the by-
pass line design described in the previous section, the emittance of the electron
beam increases from the initial value of 6 pm-rad to 6.109 pm - rad after passing
through the bypass line, corresponding to a growth rate of 1.82%. In contrast,
the growth rate of the energy spread is only 5.38 x 107°. The growth rate of
the energy spread in the bypass line design is much smaller than that of the
emittance. Therefore, the repetition rate of the coherent radiation is primarily
determined by the vertical emittance damping.

B. Radiation Performance

Based on the design of the damping ring and the bypass line described above,
this subsection focuses on the performance evaluation of coherent radiation.
According to the damping-ring design described above, up to 200 bunches can
be stored in the damping ring and can in principle be injected into the bypass
line to produce radiation. The increase of the beam emittance and energy spread
induced by the bypass line will be damped by the damping ring according to
the following relation [22-24]:

ey(t) = €,0 €Xp (_;@,) +€ye [1 — exp <—:y>}
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where €,, and €, are the vertical emittances after demodulation and at the
equilibrium state, respectively; o5, and o5, are the energy spreads after demod-
ulation and at the equilibrium state, respectively; 7, and 7, are the damping
times in the vertical and longitudinal planes, respectively. According to the
above equation, the electron beam experiences an increase in energy spread and
emittance after passing through the bypass line, followed by damping in the
damping ring. This cyclic process leads to a gradual growth of both emittance
and energy spread until a new equilibrium state is reached. Since the radia-
tion power based on the ADM mechanism is less sensitive to the beam energy
spread than to the emittance, and as shown in Table 2, the transverse damping
time is twice the longitudinal damping time, the primary concern is the beam
emittance.

Substituting the above value together with the damping-ring parameters listed
in Table 2 into Eqs. (10) and (11), the vertical emittance and energy spread
evolution with the number of turns are obtained as shown in Fig. 10 [Figure 10:
see original paper|. We assume that after each modulation-demodulation in the
bypass line, the electron beam undergoes 53 turns of damping in the storage
ring. Fig. 10 presents the results for 600 modulation-demodulation cycles. As
shown, starting from the initial storage-ring vertical emittance of 3.45 pm - rad,
the beam reaches a new equilibrium emittance of 6 pm - rad after multiple turns.
Starting from the initial relative energy spread of 0.123%, the beam reaches a
quasi-equilibrium energy spread of 0.123076% after multiple turns. In the new
equilibrium state, the energy spread is 0.123076% and the emittance is 6 pm *
rad. Based on the revolution frequency of our storage ring, the repetition rate
of a single bunch is calculated to be 32.75 kHz. To ensure that the bunches
can be extracted from the ring into the bypass line during the flat-top of the
kicker pulse, we assume that 200 bunches are filled in the storage ring. The
total radiation repetition rate reaches 6.55 MHz.

The next step is devoted to evaluating the single-pulse energy of coherent radia-
tion. Following the optimized conditions of the ADM scheme, the corresponding
parameters required to generate coherent radiation are obtained, with the main
simulation parameters summarized in Table 4 . The electron beam parameters
are primarily taken from Table 2. In the modulation section, the laser-electron
beam interaction in the modulator induces an energy modulation amplitude of
0.6 times the intrinsic energy spread. Three-dimensional numerical simulations
performed with Elegant show that the bunching factor at the 20th harmonic
(13.3 nm) at the entrance of the radiator section reaches approximately 8.5%,
as illustrated in Fig. 11 [Figure 11: see original paper], which is large enough
to generate the coherent radiation. Fig. 11(a) presents the electron beam dis-
tribution at the radiator entrance, while Fig. 11(b) shows the corresponding
bunching factor distribution.
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Finally, the coherent radiation process of the microbunched electron beam in the
radiator was simulated using Genesis [25]. Fig. 12 [Figure 12: see original paper]
shows the temporal profile of a single radiation pulse and the corresponding EUV
spectrum. After passing through a 4-m-long undulator with a period length
of 2.5 c¢m, a single-pulse energy of approximately 34.67 pnJ can be generated.
Combining this value with the radiation repetition rate of 6.55 MHz, the average
EUV power is estimated to be about 227 W, exceeding the design target of 100
W.

Due to the modulation in the ADM within the bypass line, the electron beam lo-
cally forms microbunches, leading to a sharp increase in the local beam current.
As shown in Fig. 13(a) [Figure 13: see original paper], the current distribution
of the entire bunch before modulation exhibits a peak current of about 120
A, while Fig. 13(b) shows the current distribution after microbunching, where
the peak current rises to nearly 1000 A. Therefore, it is of great importance to
investigate the IBS effect in the bypass line.

We use the IBSCATTER element in ELEGANT to simulate the impact of the
IBS effect on the electron beam in the bypass line. The IBSCATTER ele-
ment simulates IBS by tracking particles through the element, computing local
scattering effects slice by slice, and accumulating the resulting changes to the
beam’s emittance and energy spread over the process of the simulation. In the
simulation, the electron beam is assumed to have an initial uniform current
distribution of 120 A. We use 6.4 x 107 macro-particles, longitudinally divided
into 20,000 slices, with each slice being 13.3 nm long and containing 3200 parti-
cles. This setup ensures that, after microbunching, the electron beam exhibits
the corresponding variations in current. Finally, when taking IBS into account,
we tracked the electron beam through the entire bypass line and found that
the emittance increased from 6 pm - rad to 6.1222 pm - rad, corresponding to
a growth of 2.0367%. Consistent with the previous analysis, the corresponding
repetition rate is 5.98 MHz, resulting in an average power reduced to 200.77 W.
It should be noted that only the coherent radiation from a single undulator is
considered here.

IV. Conclusion

In summary, we have proposed and systematically optimized a practical and
robust lattice design for a fully coherent storage-ring-based light source aimed
at the generation of high-average-power EUV radiation. The ring adopts a four-
superperiod structure. Each superperiod comprises four DBA cells and three
high-field superconducting wigglers, providing strong radiation damping and a
low natural emittance. In addition, the lattice exhibits excellent nonlinear dy-
namic performance, including a DA exceeding 17 mm and a minimum LMA
greater than 3%. Since this lattice extensively employs superconducting damp-
ing wigglers, the wiggler serves as a critical component of the lattice rather than
merely an insertion device. To verify the reliability of the wiggler based on thin-
dipole approximation, we developed an envelope-method code based on realistic
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field-map tracking. Then we verified its consistency with ELEGANT results,
thereby ensuring the reliability of the design across the linear optics regime.

Furthermore, a new bypass line design with asymmetric optics was introduced.
Based on the optimization conditions of the ADM mechanism, the single-pulse
radiation energy was optimized by increasing the bunching factor. In addition,
we minimize the emittance growth of the electron beam along the bypass line,
thereby improving the demodulation performance. Meanwhile, the IBS effect
on the microbunches was also taken into account in the bypass line. Finally, we
demonstrated the feasibility of generating fully coherent EUV radiation with av-
erage output powers over hundred-watt. This combination of a strong-damping
storage ring and a carefully tailored bypass line scheme highlights a promising
pathway toward storage-ring-based coherent light sources.

The influence of coherent radiation in the radiator on the electron beam is not
been considered in this study. In this design, the repetition rate reaches 6.55
MHz, with a total of 200 bunches, meaning that repetition rate for single bunch
is 32.75 kHz. This poses a significant challenge for the design of the kicker which
is used to extract the bunches from the storage ring to the bypass. Both issues
are currently under investigation.

Appendix A: Thin-Dipole Model

To accurately evaluate the radiation damping and quantum excitation of the
wigglers in the storage ring, the wigglers are modeled using a number of thin
dipoles. In this model, a wiggler is longitudinally divided into a number of thin
dipole magnets. The Halbach expansions of the wiggler magnetic field can be
expressed as [16, 27, 28]:

Z'ky mn . . .
B,=— Z C’"”T sin(mk,z) sinh(k, ., y) sin(nk,z),
m,n z,m
B, = Z Cyn cos(mk,x) cosh(k, ,,,,y) sin(nk,z),
B, =-— Z C Tk, cos(mk,x) sinh(k, ,,.,.y) cos(nk,z)
z — mn kx7m x y,mn z ’

where k, ., = \/m?k2 + n?kZ.

We assume that the electron beam travels along the central axis of the wiggler
(y = 0). Consequently, the magnetic field components B, and B, vanish at y =
0, and only the B, component contributes to the Hamiltonian. For simplicity,
the B, can be expressed as:

B, = C,sin(k,z),
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where C, is the peak magnetic field of the wiggler in one period. The peak
magnetic fields at the ends of the wiggler are adjusted so that both the first
and second integrals of the magnetic field are equal to 0. Then, this structure
can be made achromatic while also allowing the electron beam to pass through
transparently. After the optimization, the final design specifies a total wiggler
length of 1.885 m, 14.5 periods, a period length of 130 mm, and a peak mag-
netic field of 6.3135 T. Fig. 14 [Figure 14: see original paper] shows the beam
trajectory from Runge-Kutta method. Corresponding vertical magnetic field
of the wiggler is shown in Fig. 15 [Figure 15: see original paper]. Then, the
magnetic field distribution of this wiggler can be represented using a number of
thin dipoles. The deflection angle of each dipole can be expressed as L, B, /Bp,
where L, is the length of the bend. The edge angle can be achieved through
beam divergence trajectories.

Appendix B: Envelope Method Based on Wiggler in the
Storage Ring

Here, we will introduce the envelope method based on wiggler in the storage
ring. The matched lattice functions for the given storage ring configuration
are obtained by first computing the closed orbit x,(s) and the associated 6 x 6
transfer matrices M(s; < s,) at a discrete set of locations s; around the ring.
The closed orbit calculation ensures that all subsequent linear optics quantities
are evaluated in a self-consistent reference frame where z,(s) is periodic over
one revolution. The one-turn transfer map is defined as My = M(sy+C <+ s;),
where C is the ring circumference. This matrix is diagonalized as:

MoV, = ANV, k=1,II,IIT

where the eigenvalues A, occur in complex-conjugate pairs on the unit circle in
the absence of damping, V), is the eigenvector and k is the eigenmode index.
Each pair corresponds to one of the three independent oscillatory modes of
the coupled 6D system: horizontal betatron, vertical betatron and synchrotron
motion.

The eigenvectors are normalized according to the symplectic form V,J SV, =1,
where:

0 -1 0 0 0 O
1 0 0 0 0 O
g 0 0 0 -1 0 O
0 0 1 0 0 O
0o 0 0 0 0 -1
0 0 0 0 1 O

which defines the canonical coordinates (z,p,, v, Py 2, ). The mode identifica-
tion is performed by projecting the normalized eigenvectors onto each canonical
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coordinate pair, thereby associating each eigenmode with the dominant subspace
($7p$)’ (y’ py)7 or (27 6)'

For each mode k € {I,II,I11}, we define the generalized Twiss matrix at the
reference location s as:

BZ(O) = VkTT‘iij7 Za] = 1) 273747 57 6)

where T;; is the 6 x 6 projector onto the canonical subspace of mode k. The
generalized Twiss matrices are propagated along the storage ring using:

65(8n> = M(sn — SO)BZ((DM(Sn — SO)T'

Simultaneously, we construct a real canonical transformation matrix:

N(SO) = ﬂp{(”l% j(“l)? m(“S)? 3(03), i)%(05% j(vs)}v
where R(v;), R(vs) and R(v;) denote the real parts of the first, third, and fifth
columns of the normalized eigenvectors, while J(v;), J(v4) and J(v5) represent
their corresponding imaginary parts. For each location s,, the local phase

advances p(s,,) are extracted from the block-diagonal form of the similarity
transform:

R(Sn) = N(Sn>71M(5n A 5n—1>N(Sn—1>7

with the 6 x 6 symplectic matrix where each 2 x 2 block in R is a pure rotation
of the form:

COS [y,  sin i,
—sinpy, cospy )
The full ring tunes are then given by:

vi(s,) = elsn) o rrooor

with the one-turn tunes v, (C) obtained by evaluating at s = C. In the uncou-
pled limit, 8* reduces to the familiar Courant-Snyder form. The familiar Twiss
parameters in the horizontal plane can be expressed as:

_ pl _ I _al
By =Bi1, @y =P, Vp = Paa-

In the vertical plane, they can be expressed as:
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_ plI _ _pII _ plI
By = B3z, o, =—P3y, v, =P

Finally, the dispersion in the horizontal and vertical plane can be expressed as:

7795 = 5{57 77p;1; = ﬁ£57
II 11
Ny = /835a Npy = 645-

In the next step, we will employ the envelope method in conjunction with the
wiggler field map to compute the equilibrium emittance of the storage-ring light
source. First, we will introduce the covariance matrix to describe the beam
distribution:

(x*)  (ap,) (zy) (zp,) (z2) (xd)
ey ®2)  (py) (opy) (0.2) (P.0)
s | o ) W by w2 (y9)
() (pyp.) () (03 (2,2 (p,0)
(zz)  (2py)  (zy)  (epy) (%) (20)
(6z)  (Op,)  (Oy)  (op,) (62) (0%)

This can be compactly written as ¥,;; = (X; X;), where XT = (T,D4,Y, Dy 2,0),
¥, is the (4, j) component of the “Sigma matrix”, and the X, ;(i,j = 1...6) are
the dynamical variables. The brackets (-) indicate an average over all particles
in the bunch. Neglecting radiation and other effects, and considering only the
Lorentz force from external electromagnetic fields, the transport remains sym-
plectic. According to the one-turn transfer map in Eq. B1, the equilibrium
beam distribution can be described as:

3,i(s0) = 8;;(s0 + C) = (M(X;) M(X)).

J

Therefore, the matched distribution is one that satisfies:

Y=MEM'.

However, in a storage ring, the presence of radiation leads to the damping of
the emittance toward an equilibrium value. As a consequence, the previously
defined transfer matrix M is no longer symplectic. Moreover, in addition to the
first-order terms, the transfer matrix M also contains zero-order contributions
arising from quantum excitation. Therefore, a matched distribution should then
be written as:

X=M-%-M"+D.
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The first step of the envelope method for calculating the equilibrium emittances
in a storage ring is to find the first-order terms M and zeroth-order terms D. For
the transfer matrix M, in addition to the conventional elements associated with
magnetic optics, the radiation damping terms must also be included. The matrix
D, on the other hand, primarily accounts for the quantum excitation terms.
In our storage-ring light source, the elements that introduce radiation effects
are mainly the RF cavities, dipole magnets, and superconducting wigglers. In
particular, the quantum excitation terms for the dipole magnets and wigglers
can be expressed as:

Dgs(bend) = 2CL'75/#CZS,
. c
Dgg(wiggler) = QCL'yS/'Bp/BPds,
y

where c is the speed of light in free space, B, is the vertical magnetic field of
the wiggler, Bp is the magnetic rigidity. Their damping terms can be expressed
as:

2U,
Mg (bend) = —E—OO,
2U, D
M, (bend) = =2 =66
61( ) EO p2
. 2U, (Bp/B,)?
M66<W1ggler) = 41— EIOO <p2>y )
2U, (Bp/B,)?
M, (wiggler) = =0 L%/
61( gg ) EO <p3>

where €, = 3(4& = 8.85 x 107°m GeV 2. For an RF cavity, we have all the

mZe)®

other damping matrix terms of M zero except that:

My = Myy =1~ 7€VRFEH ¢RF7
0

where e is the elementary charge, Vyp and ¢rp are the RF voltage and phase,

respectively. Using the matching condition Eq. B19, we will determine the

Sigma matrix. Given the Sigma matrix at a location s;, the Sigma matrix at a

location s; = sy + ds can be expressed as:

S(sy) = M(sy < sq) - E(s9) - M (s < s0) + D(5; ¢ 5¢)-

The Sigma matrix at s, is given by:
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N(s9) = M (59 <= 51) - B(s1) - M T (55 4= 51) + D(sy < 51)
= M (89 < 80)2(80) M (85 < 85)+ M55 ¢ 51)-D(81 < 89) M (55 ¢ 57)+D(55 < 7).

Then:

M (sy < 80) = M(s9 < 51)M (51 < 5¢),
D(sy < 809) = M (85 < 81)D(s1 < 85)M " (55 < 81) + D(89 < 57).

Then, we can achieve:

M(s,, < s¢) = M(s,, < 5, 1)M(5,_1 < 5, ) M(s; < 50),

D<Sn — SO) = ZM(STL A ST)D(ST A Srfl)MT(sn — 87‘)'

r=1

Finally, we can find the equilibrium emittances by solving Eq. B19. Making
use of the eigenvectors U of M, we can construct the diagonal matrix A from
the eigenvalues of M:

M =UAU1.
We can define 3 and D as:

»=USU",

D=UDUT.

The solution for the Sigma matrix can be written as:

~

D,
T — AN

M

The matched (equilibrium) beam distribution ¥ can be obtained. The corre-
sponding emittances are then determined from the three eigenvalues of ¥S.
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