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Generalized longitudinal strong focusing
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Steady-state microbunching (SSMB) storage rings are an appealing option for high-power extreme
ultraviolet (EUV) light sources. In this paper, we propose a generalized longitudinal strong focusing (GLSF)
scheme to boost the average power of short-wavelength radiation from an SSMB source with a technical
demand within the present reach. This scheme employs transverse-longitudinal coupling dynamics to

produce steady-state ultrashort bunches and reduces the required modulation laser power significantly by

exploiting the low vertical beam emittance in a planar ring. Linear beam dynamics are studied in detail,
including bunch compression, modulation cancellation, and vertical-longitudinal decoupling. An instance of
a linear lattice layout is given, and kW-level quasicontinuous-wave 13.5-nm EUV radiation can be achieved
in a GLSF SSMB storage ring with 1-MW modulation laser power. We believe that the GLSF scheme can
also be used in conventional storage rings for various purposes concerning beam manipulation.
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I. INTRODUCTION

The reduction of light wavelength in lithography plays
a crucial role in minimizing the feature size of integrated
circuit designs, bringing about significant breakthroughs
in computer chip fabrication [1]. Throughout its evolution
from 436, 365, 248, and 193 nm, the cutting-edge wave-
length resides at 13.5 nm within the extreme ultraviolet
(EUV) range. The industry is eagerly seeking light
sources capable of delivering EUV radiation of over 1 kW
to enable high-volume microchip manufacturing. While
ASML-delivered systems have achieved a power of
330 W [2], exploring the potential of accelerator-based
light sources still holds great promise for producing high-
power EUV radiation.

The power of radiation from an accelerator source relies
on the coherence and repetition rate of the radiation. These
factors can be effectively enhanced through a cost-effective
method called steady-state microbunching (SSMB) [3],
which allows for the emergence and stable maintenance of
microbunching in a storage ring. Laser modulators con-
sisting of lasers and undulators are employed to achieve
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bunching, instead of radio-frequency (1f) cavities typically
utilized in conventional rings. By reducing the modulation
wavelength by 6 orders of magnitude, the equilibrium bunch
length is decreased substantially, enabling the generation of
coherent short-wavelength radiation. It should be noted that
the undulator used in SSMB is relatively short and does not
involve a free-electron-laser (FEL) mechanism. As a result,
the beam remains almost intact and can radiate at high
repetition rates on a turn-by-turn basis.

As an appealing option for high-power EUV sources,
SSMB has made notable progress in recent years [4—11]. One
of the key areas of research focuses on addressing the gap
between the bunch length attainable (a few tens of nano-
meters, as illustrated in the next section) in the SSMB storage
ring and that required (a few nanometers) for generating
coherent 13.5-nm EUYV radiation, as shown in Fig. 1.

Scenarios have been proposed to achieve further com-
pression of bunches to nanometer scale within the radi-
ation section, including longitudinal weak focusing
(LWF) and longitudinal strong focusing (LSF) [4]. It
should be noted that the ultrashort bunch length at the
radiator should be an eigenstate and can be achieved
repeatedly, distinguishing it from bunch compression
schemes used in single-pass devices.

This paper proposes a generalized longitudinal strong
focusing (GLSF) scheme. GLSF incorporates transverse-
longitudinal coupling, inspired by previous works [12—-14],
and exploits the intrinsic low vertical emittance in a planar
horizontal-vertical-uncoupled storage ring. By implement-
ing the GLSF scheme in an SSMB storage ring, it is
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FIG. 1. Diagram showing the gap between the bunch length
attainable (tens of nanometers) in the SSMB ring and that
required (nanometers) for coherent 13.5-nm EUV radiation.

expected that a steady-state bunch length of 3 nm can
be achieved at the radiator, enabling the generation of
kW-level quasi-continuous-wave 13.5-nm EUV radiation.
The required modulation laser power is estimated to be
1 MW, which is a challenging but realizable value using
optical cavities operating in continuous-wave mode.

The paper is structured as follows: First, we introduce
the generalized longitudinal strong focusing scheme and
highlight its distinctions from the existing longitudinal
weak focusing and longitudinal strong focusing schemes.
Then, we delve into bunch compression schemes tailored
for storage rings based on transverse-longitudinal cou-
pling. We propose a general lattice layout and two specific
types: symmetric and reversible. Moving forward, we
investigate the linear beam dynamics involved in the
GLSF scheme, including bunch compression, modulation
cancellation, and transverse-longitudinal decoupling. In
addition, we provide an exploration of the strategies
employed to realize a practical linear lattice for GLSF,
presenting the parameters and performance of one exam-
ple linear lattice. Finally, we briefly discuss relevant topics
such as the nonlinear dynamics.

II. GENERALIZED LONGITUDINAL
STRONG FOCUSING

In this section, schemes to achieve a steady-state bunch
length of 3-nm level in storage rings are inspected. Before
diving into generalized longitudinal strong focusing, two
existing schemes (longitudinal weak focusing and longi-
tudinal strong focusing) are reviewed first.

A. Longitudinal weak focusing (LWF)

In conventional storage rings equipped with an rf cavity,
the equilibrium bunch length given by Sands [15] is
as follows:

E n
oy = GaﬂsCO\/ 78;7 (1)

" 2rmeVycos(gy)

where o5 represents the natural energy spread, f is the
ratio of the speed of the synchronous particle to the speed
of light, C, denotes the ring circumference, E, stands
for the energy of the synchronous particle, e represents
the elementary charge, V|, represents the rf voltage, ¢,
represents the synchronous phase, # represents the ring
phase slippage factor, and h, represents the rf harmonic
number. The rf harmonic number is defined as the ratio of
the rf (modulation) frequency w, to the revolution
frequency w, at which a synchronous particle revolves.
In other words, h, = f’u—of

Please note that the diffusion of particle longitudinal
position can also arise from the stochastic nature of the
location where photon emission occurs. It can be quantified
by a parameter called local phase slippage [16-18].
Although this effect is typically not dominant in conven-
tional rings, it should be treated with caution when
attempting to further reduce the bunch length.

The equilibrium bunch length in conventional rings is
approximately 6 orders of magnitude larger than the desired
value for coherent EUV radiation. Although certain param-
eters such as Ej, o5, Cy, and V|, are relatively constrained,
reducing the value of #/h, can be an effective approach to
decrease the bunch length.

In an SSMB ring, a typical choice of phase slippage
factor is # = 5 x 1077, which is relatively small but still
feasible. The rf cavity is replaced by a laser modulator with
a wavelength of 1, = 1 pm. Other parameters are set as
follows: E, =400 MeV, o5 =2.5x 1074, Cy = 150 m,
and V = 250 kV (corresponding to 1-MW laser power).
It is worth noting that efforts are made to control and
minimize bunch lengthening resulting from local phase
slippage, ensuring that it remains nondominant [19].
Consequently, the equilibrium bunch length along the ring
is approximately 40 nm.

Achieving a bunch as short as 3 nm would require further
reducing #/h, by 2 orders of magnitude, which is beyond
the current state-of-the-art feasibility.

The cases discussed above can be categorized into
longitudinal weak focusing rings as shown in Fig. 2.

In contrast to the longitudinal strong focusing cases
discussed later, the longitudinal weak focusing cases
exhibit a synchrotron tune (v,) that is significantly smaller
than 1 (v; < 1). The longitudinal focusing in these cases is
considered “weak” due to the moderate modulation and the
absence of strong variations in the bunch length along the
ring. The evolution of the position-dependent longitudinal
beta function [20] (,), which is an indicator of the bunch
length (0.(s) = \/€.f.(s) where €, is the longitudinal
emittance), is relatively insignificant. In other words, the
longitudinal alpha function a, along the ring is close to 0.

In an LWF ring, the laser modulator, labeled as Mod0
in Fig. 2, fulfills a function comparable to that of an rf
cavity in a conventional ring. It establishes for electrons
a stable region within the longitudinal dimensions.
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FIG. 2. Diagram showing the components of a longitudinal
weak focusing (LWF) ring with one laser modulator (Mod0).
Ovals in orange show the beam distribution evolution in the
longitudinal phase space.

This region, similar to the concept of an “rf bucket,” could
be referred to as the “laser-bucket’ in the context of
SSMB beam dynamics.

B. Longitudinal strong focusing (LSF)

The concept of longitudinal strong focusing has then
been introduced [4,21]. In this approach, instead of using
one single component with moderate strength, multiple
intensified laser modulators are incorporated into the ring
to serve as the longitudinal focusing and defocusing
elements, analogous to the role of quadrupoles in transverse
focusing. The momentum compaction factor, denoted
as rsg, is considered as the longitudinal equivalent of a
drift space. It should be noted that rs4 can have either a
positive or negative value. Due to the significantly stronger
modulation strength, the synchrotron tune can now be
comparable to or even greater than 1.

An example showing an LSF ring with two modulation
modules in the radiation section is sketched in Fig. 3.

It is possible to generate the desired short bunches

for radiation [o,(Rad) = \/€.f.(Rad)] by reducing the
longitudinal emittance e, and the beta function at the

radiator ,(Rad). Unlike in LWF rings, the beta function

"L,

4

LSF storage ring

Modl Raq Mod2

FIG. 3. Diagram showing the components of a longitudinal
strong focusing (LSF) ring with two laser modulators (Mod1,
Mod2). Ovals in orange show the beam distribution evolution in
the longitudinal phase space.

p. and equilibrium bunch length ¢, undergo significant
changes throughout the ring. This means that the bunch
length at other locations in the ring may not be as short
as that at the radiator.

An example of an LSF ring is illustrated [21]. In this
particular case, two laser modulators are used to suppress
the beta function in the radiator. The bunch length at
the radiator is o,(Rad) =2 nm, while at the opposite
location to the radiator around the storage ring, it is
6.(Rg) =28 nm. The bunch length compaction factor,

defined as R, = ;Z((Rl?gy is 14. Notably, the bunch length

experiences significant variation when passing through the
radiation section.

Achieving a short bunch using the LSF approach comes
with, unfortunately, the tradeoff of increased modulation
strengths, which leads to higher laser power requirements.
In this specific case [21], a power of 300 MW is demanded
for a 1-pm laser. However, the power of modulation lasers
in continuous-wave mode is limited to the MW level by
state-of-the-art technology. This limitation poses a chal-
lenge for the LSF scheme to generate kW-level average
power of EUV radiation in storage rings, as the optical
cavity can only operate in pulsed mode.

C. Generalized longitudinal strong focusing (GLSF)

A generalized longitudinal strong focusing (GLSF)
approach is proposed to relieve the demand for modulation
laser power by involving transverse-longitudinal coupling
dynamics and exploiting the low vertical emittance in a
planar horizontal-vertical-uncoupled ring.

A vital distinction between the LWF and LSF schemes
lies in the nature of the manipulation in the longitudinal
phase space. The manipulation is mild in weak focusing
cases and becomes more intense in strong focusing cases,
as illustrated in Figs. 2 and 3. The strong manipulation
in the longitudinal phase space often leads to significant
variations in the bunch length, thereby enabling the gen-
eration of ultrashort bunches.

The GLSF scheme builds upon the spirit of the LSF
approach, which involves bunch compression through
phase space manipulation. The number of dimensions
included in GLSF manipulation, however, has been
expanded from two (longitudinal alone) to four (transverse-
longitudinal coupled) or even six.

The reason for considering transverse-longitudinal cou-
pling dynamics can be clarified as follows: Bunch length
can be seen as the projection of eigenemittances onto the
coordinate z in phase space. Therefore, it is preferable to
project the eigenemittance with the smallest value in order
to reduce the bunch length. In a planar ring, for instance,
among the three eigenemittances of the uncoupled beam
(e, €y, €,), €y is relatively small compared to €, and €,. By
introducing vertical-longitudinal coupling and carefully
manipulating the beam, the bunch length at the radiator
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can be expressed as ¢ (Rad) « , /€, instead of o, (Rad)
\/€;- As a result, the required modulation strength in the
GLSF approach can be significantly reduced compared to
the LSF scheme. Additionally, this reduction in modulation
strength leads to a decrease in the laser power requirement,
as the power of the modulation laser, denoted as Pj,g,, 1S
proportional to the square of the modulation strength,
represented by /, i.e., P & h%. Assuming €, =1 pmrad,
the GLSF scheme only requires a modulation laser power
of 1 MW or lower to generate a 3-nm bunch. By operating
at such a low power level in comparison to the LSF scheme,
it becomes feasible to achieve quasicontinuous generation
of EUV radiation, which in turn allows for an increase in
the average radiation power. Hence, this is the motive we
explore the application of the GLSF approach in SSMB
storage rings in this paper.

Itis worth noting that in general both €, and €, contribute
to bunch length o, in most regions where vertical-
longitudinal coupling is present. The exclusive reliance
of o, on ¢, at the radiator, however, is a unique case
resulting from deliberate lattice design. On the other hand,
the GLSF approach is not subject to the concept of double
emittance exchange. At the center of the radiator, while
the vertical emittance e, alone shapes the bunch length,
coupling effects can still affect other beam parameters,
including bunch size, divergence, and energy spread, as
illustrated in the subsequent sections.

In practice, the laser modulator is typically positioned
at a dispersive location to intentionally introduce the
desired transverse-longitudinal coupling. However, in order
to preserve a small transverse eigenemittance, which is
essential for the success of the GLSF approach, it is
necessary to eliminate the coupling between the transverse
and longitudinal dimensions once the coherent radiation
has been produced.

GLSF can be realized through various approaches. An
example showing a GLSF ring with two laser modulators in
the radiation section is sketched in Fig. 4.

The storage ring depicted in Fig. 4 has been designed for
operation under LWF conditions, where the beam distri-
bution in the longitudinal phase space does not vary much
throughout the ring (except in the radiation section). In this
setup, a laser modulator (Mod0Q) is employed to create
stable regions for electrons and prebunch the beam, as
explained in Sec. Il A. Since ModO0 has a weak modulation
strength and the longitudinal alpha function (a,) is negli-
gible, the energy chirps at the entrance and exit of the
radiation section are disregarded. While the laser-
prebunched beams have the potential to enhance the output
radiation power, it is important to emphasize that the GLSF
approach is also capable of accommodating rf-prebunched
or coasting beams.

In the radiation section, the bunch length exhibits
noticeable variations. Neglecting the influences of radiation
damping and quantum diffusion, it is important to note that

o Mod0
L,

GLSF storage ring

transverse-longitudinal coupling

! I

Introduce Eliminate

Modl Rad Mod2

FIG. 4. Diagram showing the components of a generalized
longitudinal strong focusing (GLSF) ring with two laser
modulators (Mod1, Mod2) in the radiation section and one
in the ring (Mod0). Transverse-longitudinal coupling is inten-
tionally introduced at the entrance of the radiation section and
subsequently eliminated at the exit of the radiation section.
Beam distribution evolution in the longitudinal phase space is
sketched in orange ovals.

the overall 6D phase space volume of the beam remains
conserved according to Liouville’s theorem [20]. However,
the projected phase space area in the longitudinal plane can
vary and is not necessarily constant along the trajectories. It
is possible to achieve a short bunch length at the radiator
without a significant increase in energy spread. This
characteristic distinguishes the GLSF approach and high-
lights one of its differences from LSF rings.

Now a brief comparison can be made among the three
schemes discussed above.

(i) LWF: minor variation in the bunch length within the
storage ring; manipulation in the longitudinal phase
space. (ii) LSF: notable variation in the bunch length
within the storage ring; manipulation in the longitudinal
phase space. (iii) GLSF: notable variation in the bunch
length within the radiation section, while minor variation
in the ring; manipulation in the transverse-longitudinal-
coupled phase space.

Several transverse-longitudinal coupling schemes have
been proposed for high harmonic generation in FELs.
Some of these schemes involve the use of deflecting
rf cavities or TEM;; mode lasers [12,22-24], as well as
wave-front tilted seed lasers or dual-tilted-laser modula-
tion [25-28]. However, these approaches may not be the
most suitable choices for an SSMB storage ring due to
their high requirements, especially when aiming for a low
modulation laser power of 1 MW [29]. On the other hand,
schemes based on normal rfs or TEM,, mode lasers are
still feasible even with 1-MW modulation lasers [30].
These include phase-merging enhanced harmonic gen-
eration (PEHG) [13,31-33] and angular dispersion-
induced microbunching (ADM) [14,34-36]. They have
provided inspiration for achieving the desired transverse-
longitudinal coupling in an SSMB storage ring.
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In the PEHG and ADM schemes, the relationship
between the final bunch length (o) and the initial vertical
beam parameters can be expressed as o-f1C « o, and
O'?fDM x oy, where o,; and o; represent the initial vertical
beam size and divergence, respectively. Meanwhile, the
compressed bunch length in the GLSF scheme is derived
from the projection of the vertical eigenemittance €, of the
beam and is therefore proportional to ,/€,. Thus, PEHG
and ADM can be seen as specific scenarios that fit within
the overarching category of the GLSF scheme. It is
important to note that, unlike PEHG and ADM, the
GLSF approach goes beyond single-pass bunch compres-
sion. Instead, it aims to provide a steady-state eigensolution
applicable to storage rings. The intricate beam dynamics
involved, including the mechanisms for debunching,
decoupling, and returning of the beam into the storage
ring to achieve steady-state microbunching, will be
explored in the subsequent sections.

III. VERTICAL-LONGITUDINAL COUPLING
SCHEMES FOR GLSF

The vertical-longitudinal coupling case is analyzed as an
example, considering the typically low vertical emittance.
In this section, two categories of lattice layouts are
proposed, specifically designed as insertion units within
storage rings. These layouts aim to facilitate the bunching
and debunching process on a turn-by-turn basis.

A. Vertical-longitudinal coupling schemes

To start with, a bunch compression unit manipulating the
longitudinal dimensions alone is presented. This unit can be
broken down into two functional features: (i) an energy
chirp (h) to correlate 6 with z, and (ii)) momentum com-
paction (§) to correlate z with 6.

Here 6 and z are the energy deviation and longitudinal
displacement relative to the synchronous particle. A matrix

analysis may help to explain:
¢
M;; = . 2
(1) @

(o 1)
M; = :
hol

Here the phase space coordinates are (z, ). M; and Mj;
represent the transfer matrix of the two features defined
above. In M;, the sinusoidal modulation has been linear-
ized around the zero-crossing phase. The transfer matrix of
the bunch compression unit is then:

1+ hé 5)

e o)

By adjusting the values of / and ¢, it is possible to make
the particle position at the end of the unit, denoted as zg,

entrance modulator radiator

0, X +\[€, 0, X _[€

dispersive lattice dispersive lattice

FIG.5. Schematic layout of a bunch compression scheme based
on vertical-longitudinal coupling.

independent of its position at the entrance, represented
as z;. And when the condition 1+ A& = 0 is satisfied, it
follows that o, = |€|os = 05/|h|. However, a significant
modulation strength |A| is still needed to mitigate the
bunch length contribution stemming from the initial energy
spread og5. As a result, generating 3-nm bunches with
SSMB parameter sets would require a modulation laser
power of approximately 300 MW.

It is possible to remove the impact of §; on z;. A bunch
compression scheme employing vertical-longitudinal cou-
pling is depicted in Fig. 5.

In this scheme, two dispersive components are incorpo-
rated. This layout can be broken down into four functional
features: (i) dispersion (r3 = D and rys = D) to corre-
late y and y’ with 8§, (ii) an energy chirp (rgs = h),
(iii) momentum compaction (rss = &), and (iv) dispersion
(rs3 = =D/ and rs4y = D,) to correlate z with y and y'.

In this setup, the initial energy spread 9; is converted into
y and y' as the beam passes through component (i).
Subsequently, through the coupling provided by compo-
nent (iv), it is converted back to z. This additional
contribution to z; arising from o; can be adjusted to
effectively cancel out the term z; = £6;. A matrix analysis
may help to explain:

1 0 0 D 1000
0 1 0D 0100

Mlz ’MZZ )
DD, 10 0010
0 001 00hRr1
1000 1 0 0D,
0100 0 1 0D,

M3— ,M4: , (4)
001 ¢ Dy D, 1 0
0001 0 0 0 1

In this context, the phase space coordinates are denoted
as (v,y',z,8). The transfer matrices for the four features
defined above are represented as My, M,, M3, and My. Itis
important to note that the matrices are presented in their
simplest form, including only relevant elements and fun-
damental relations like the symplectic conditions [20]. The
transfer matrix for a vertical-longitudinal coupling bunch
compression unit can be expressed as follows:
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| — hD\ D,
DD,
Myeo = MyM3;M, M, = Dy~ DI(1 + he)
D!

The bunch compression conditions are then:

1+hE=0

As discussed above, the contributions to z; from vertical-
longitudinal ~coupling, (DD, —DD})8;, and from
momentum compaction, &6;, can now cancel each other.
Applying Eq. (6), there is:

zp = =Dhy; + D,y (7)

Here (y;,y!) represents the initial vertical position and
slope. In the scenario where the beam at the entrance of
the unit is assumed to be decoupled in the vertical and
longitudinal dimensions and follows a Gaussian distribu-
tion, the matrix representing the second-order moments of
the beam takes the form:

€Pyi  —€,Qy; 0 0
—€,ay; €74 0 0
3 = y %y vy 8)
0 0 €zﬂzi —€:0
0 0 —€,0; €7

In this context, €, and €, represent the eigenemittances
of the beam, which are invariant quantities in a linear
symplectic lattice. (a,f3,y) correspond to the Courant-
Snyder functions. Then the bunch length at the exit of
the bunch compression unit is expressed as follows:

O = \/€y(D/22ﬁyi + 2D2D,2ayi + D%Yyi) = €yHy' (9)

In this vertical-longitudinal coupling scheme, the gen-
erated bunch length at the exit is determined solely by the
vertical emittance, as opposed to the longitudinal emit-
tance. The contribution from the vertical emittance to the
bunch lengthening is quantified by the H, function, which
will be explained in the subsequent section.

As clarified in Sec. II C, the PEHG and ADM schemes
can be regarded as specific instances of the above general
relations. In the case of PEHG, in addition to Eq. (6), the
conditions D} = 0 and D, = 0 need to be satisfied. This

: PEHG _ /. prp  — 1y
leads to the expression o' = /e, D5p,; = |Dsloy;.

hD\D, hD, Dy + D,,
1 +hD, D), hD), Di + Dj. 5)
Dy +D(1+h&) 1+hé D,D,—DDy+¢&
hD, h 1

Meanwhile, in the ADM scheme, the extra requirements
are D; = 0 and D), = 0. Consequently, the bunch length at

the exit is given by 64PM = /e, D3y,; = |D;|o .

In a planar horizontal-vertical-uncoupled storage ring,
it is possible to achieve a vertical emittance e, as low as
1 pmrad. To generate a bunch with a length of 3 nm, a
value of H, of 9 um is required. This level of H, can be
attained through careful lattice design and optimization.

It is important to note that at this stage, there is no
explicit relationship between the bunch length and the
modulation strength 4. However, the constraint on /& will
soon become evident when considering the degradation of
the bunching factor due to the sinusoidal nonlinearity of
the modulation waveform, as explained in the upcoming
section. This indicates that the choice of A, and therefore
the power of the modulation lasers, will be influenced by
the desired level of bunching factor or the power of the
coherent radiation to be achieved.

Up to this point, the above vertical-longitudinal coupling
scheme is ready for single-pass bunch compression.
However, when considering its implementation in a storage
ring as an insertion unit, an important aspect to address is
how to prepare the beam state as it exits the radiator to
reenter the ring while maintaining a small vertical emit-
tance. To achieve a steady-state microbunched beam at the
radiator, which behaves as an eigenstate of the ring, two
categories of lattice layouts are proposed as solutions in
the following.

B. Symmetric lattice layout

To debunch and decouple the beam, one strategy is to
complete the beamline with a symmetric layout. The idea is
that symmetry may assist the beam in reproducing its initial
state at the exit. A schematic representation of a symmetric
lattice layout is depicted in Fig. 6.

modulator radiator mirror of modulator

part 1 part 2 mirror of part 2 mirror of part 1
FIG. 6. Schematic layout of a symmetric lattice approach. Blue
blocks are dispersive lattices. Components following the radiator

are the mirror of their counterparts ahead.
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Components are added as the mirror of their counter-
parts. The corresponding transfer matrices are as follows:

1 0 0 -D, 1000

0 1 0 D, 0100
M4s* ’ M3s

-D) -D, 1 0 001 ¢

0 0 0 1 0001

1000 1 0 0 -D,

0100 0 1 0 D
M, = My = ,

0010 -Dy -D; 1 0

00nhn1l 0 0 0 1

(10)

Here M, is the mirror of M; (i = 1, 2, 3, 4). The mirror of
an energy chirp () or momentum compaction (£) remains
the same. The transfer matrix of the symmetric lattice unit
is Mgym = MysMpM3MysMyM; M, M,

A B
Myn={ 0 &)

Here A, B, C and E are 2 x 2 submatrices of Mgyp,.
Applying 1 4+ hé = 0, there is:

(11)

_< 2D, D, D) h? 2D [1+Dyh(Dy+D,)] )
~ \=2D}h(=1+4D,D\h) —2D}[-1+D,h(D,+D,)])

In order to maintain a small vertical emittance, it is
necessary for the beam to be initially uncoupled at the
entrance of the unit and remain uncoupled at the exit.
To achieve this, the submatrix B needs to be set to 0.
This requirement implies that the following conditions
should be satisfied:

(12)

The introduction of symmetry in the lattice layout cancels
out certain coupling terms but also doubles the remaining
terms, requiring additional constraints to be applied. By
applying Eqgs. (6) and (12), the total transfer matrix can be
derived as follows:

10 0 0
01 0 0

Mom =10 0 1 2 (13)
00 0 -I

Once the coupling terms have been canceled out, the
beam is prepared to be reintroduced into the ring to
continue its circular trajectory.

This symmetric approach is effective for a linear modu-
lation given by AS = hz. However, when a sinusoidal
modulation is used, represented by AS = %sin(kz) (k is
the wave number), the performance is compromised. The
nonlinear terms in z; and J; at the exit of the unit can be
derived:

1
=25 +o(g),

ﬁ?m%k%hz? +26,-2658 +48°6)) +o(l8]7). (14)

The clean form of Eq. (13) holds only when the
modulation is perfectly linear. In cases where the modu-
lation deviates from perfect linearity, the nonlinearities of
the two modulators fail to cancel each other completely, as
shown in Eq. (14). As aresult, there remains a residual term
that can introduce distortions in the dynamic stable region
and even lead to the destruction of the steady state. This
inherent nature of the symmetric lattice layout approach
highlights its limitations and challenges.

C. Reversible lattice layout

An alternative way to debunch and decouple the beam
involves incorporating “reverses” after the radiator. The
idea is to reverse the effects imposed on the beam so that it
can restore its initial state. A schematic representation of
the reversible lattice layout is depicted in Fig. 7.

Components are added as the reverse of their counter-
parts. The corresponding transfer matrices are as follows:

1 0 0 -D, 100 0
0 1 0 -D) 010 O
M4r— , M3r_
D, -D, 1 0 001 —¢
0 0O 0 1 000 1
10 0 O 1 0 0 -D;
01 0 0 0 1 0 -D,
MZr_ er_
00 1 0 D, -D; 1 0
00 —-h 1 0 0 0 1
(15)

Here M;, is the reverse of M (i = 1, 2, 3, 4). The reverse
of an energy chirp (%) or momentum compaction (&) flips

modulator radiator reverse of modulator

part 1 part 2 reverse of part 2 reverse of part 1
FIG. 7. Schematic layout of a reversible lattice approach. Blue
blocks are dispersive lattices. Components following the radiator

are the reverse of their counterparts ahead.
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the sign. The transfer matrix of the reversible lattice unit is
M,ey = M, M2 M3 My MyM3M; M2

0 0 0

Mrev = ( 16)

o O O =

1 00
010
0 0 1

It is an I-map, allowing the beam to recover its initial
status. In addition to debunching and decoupling, this
approach achieves perfect cancellation of the two modu-
lations, not just for linear energy chirp but for modulations
of any waveform. The modulations directly add up and
cancel each other, as the lattice in between is transparent.

This inherent nature of the reversible lattice layout
approach could assist with addressing nonlinear issues.

D. General case

Both the symmetric and reversible lattice layouts have
effectively eliminated the influence imposed on the beam
in linear beam dynamics, as demonstrated by the map of
the unit in Eqgs. (13) and (16). It is important to note that
modulation cancellation is not always required or essential.
A matrix analysis may help to explain:

- (A1) w

Here A, B, C, and E are 2 x 2 submatrices of the transfer
map of the whole unit M;,;. The decoupling requirement
states that B = 0 and C = 0. Regarding A and E, they are
allowed to be functions of the modulation strength /. In this
case, a more general layout of the lattice can be designed, as
depicted in Fig. 8.

Here, the lattice between the modulators is treated as a
single entity and its transfer matrix is represented by:

1 0 0 a

1 0 b
M, iq = 18
d -b a 1 c¢ (18)

0 0 0 1

Here (a,b) and c represent the dispersive terms and
momentum compaction, respectively. For the lattices at the
entrance and exit of the unit, the corresponding transfer
matrices are given by:

Mod1 Mod2

Entrance Middle Exit

FIG. 8. Schematic layout of a general lattice approach.

1 00 f 1 00p
010 0 10

Ment: g s Mext: I . (19)
—-g f10 —-gpl0
0 001 0 001

Similarly, (f,g) and (p.q) represent the dispersive
terms. In these matrices, elements that do not contribute
to coupling effects are simplified. Additionally, for the
modulators, their transfer matrices are as follows:

1000 1000
My 0100 M, 0100} 20
0010 0010
00h 1 00 hy 1

Here h; and h, represent the modulation strengths of the
corresponding modulators.

To achieve the decoupling of the whole unit, whose
transfer matrix is Mot = MexMp2MmiaMp1Ment> the
following four conditions need to be satisfied:

b a b a
_(h1+h2+Chlh2):5hl :;h’l :ghzthz (21)

The symmetric and reversible lattice layouts are two
specific scenarios within the general approach above. In
both cases, the conditions a =0, b =0, and h; + h, +
chih, = 0 are satisfied. In the symmetric layout, the choice
is made to set i, = h; and ch; = —2. While the reversible
layout involves h, = —h; and ¢ = 0.

The general lattice layout approach offers a wide range
of solutions. This flexibility can be beneficial for designing
practical lattices.

IV. LINEAR BEAM DYNAMICS OF GLSF

This section will focus on studying the linear beam
dynamics within the context of the GLSF approach.
Specifically, bunch compression, modulation cancellation,
and vertical-longitudinal decoupling will be explored.

The case of vertical-longitudinal coupling is examined
as an exemplification of transverse-longitudinal coupling
schemes. The concept of the reversible lattice layout
approach mentioned in Sec. III C is partially employed,
where the modulations are canceled.

The GLSF unit is inserted in the radiation section of the
ring, as shown in Fig. 9. It can be decomposed into four
lattice segments, each separated by two modulators and one
radiator. In contrast to the simplified matrices used for
algebraic manipulation in the previous section, here the
matrices are presented accurately to ensure practical appli-
cability. In addition to Modl and Mod2, there is a laser
modulator, ModO, situated outside the GLSF unit within
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Mod0
GLSF storage ring

Mod1 Rad Mod2

part 1 part2 part3 part 4

FIG. 9. Diagram showing a storage ring with a GLSF unit.
The GLSF unit consists of four lattice segments (parts 1-4), two
modulators (Mod1, Mod2), and one radiator (Rad).

the storage ring. The purpose and parameters of Mod0 are
discussed in Secs. II C and V B.

A. Bunch compression

Bunch compression is performed in the first half of the
GLSF unit, which consists of part 1, Mod1, and part 2. The
corresponding transfer matrices are as follows:

N33 nNsy 0 Nn3g 1 0 00
Ny3 Nyy 0 Nye 01 00
Mpart_2: MMI =
Ns3  Nsy 1 Nsg 0010
0O 0 0 1 00 Ar 1
my3 mzy 0 msg
myz myy 0 myg
Mpart-l = (22)
ms3 msy 1 msg
0 0 0 1

Here, the letters m and n are used as labels for part 1 and
part 2, respectively. The symplectic conditions on the
matrix elements [20] are as follows:

r33fas — Tl = 1,

I36743 — 133746 = 153,

I36744 — 134746 = V54- (23)
The transfer matrix from the entrance of the unit to the
radiator is given by My = Mp,r¢ 2sMyiMpare 1, With the
following elements:

t55 = 1 + hn56,
tsq = MagNs3 + Myghsy + Nsg + Msg(1 4 hnsg).  (24)
The bunch compression conditions are therefore:
1 + hi’lsé = O,
m3ehs3 + Myehsy + nsg = 0. (25)

These conditions are consistent with Eq. (6) when the
momentum compaction 7sg is substituted for £ and the
dispersive terms (msg, Myg, Ns53, Ns4) are used in place of
(Dy, Dy, =D5, Dy).

When Eq. (25) is satisfied, the particle position at the
radiator z,q can be expressed as follows:

Zrad = 53Yi + ts4)i. (26)

Here, 53 and 754 are composed of the dispersive terms:

Is3 = M33Ms3 + My3Nsy,

I54 = M3aNs3 + MyqNsy. (27)
The bunch length at the radiator ¢,(Rad) is then:
o,(Rad) = y/e,H,(Rad),
Hy(Rad) = 1333, — 25315405 + 1347 i (28)

It is worth noting that the bunch length at the radiator
is solely determined by the vertical emittance €, and a
lattice-specific function H,, which will be explained in
detail in Sec. IV B.

The bunching factor, denoted as b, quantifies the extent
of the bunching of particles. The power of coherent
radiation, represented by P4, is directly proportional to
the square of the bunching factor, i.e., P,y  b°.

For a beam with a Gaussian distribution and an rms
bunch length of o,(Rad), the bunching factor b, at
radiation wavelength A, is given by:

v

—1k?c?(Rad)

bO = e (29)

Here k. = i—” represents the wave number of the radia-
tion. The bunching factor b, varies between 0 and 1 and
decreases as the bunch length ¢, (Rad) increases, indicating
a deterioration in both the bunching behavior and radia-
tion power.

Note that the bunching factor in Eq. (29) assumes a
Gaussian-distributed beam at the radiator. When consider-
ing the nonlinear nature of the sinusoidal modulation at
Modl, however, this assumption no longer holds true. The
bunch lengthening that occurs at Mod1 causes a degrada-
tion of the bunching factor for a prebunched beam. To
quantify this reduction in the bunching factor, a reduction

factor R is introduced [30]:

R= Z J,(n)estn=pVkaoz(Mod)|

p=—c

(30)

Here, o.(Mod) represents the bunch length at the
modulator Mod1, k,, = /21—” is the modulation wave number,
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Am 1S the modulation wavelength, n = ,’:—m = % is the
harmonic number, and J, is the pth order Bessel function
of the first kind. The reduction factor R decreases as the
bunch length at Mod1 o,(Mod) increases. The upper and
lower limits of R are 1 and |/, (n)|, respectively.

Due to the dispersive placement of Modl, the bunch
length at Modl1 is determined by both the longitudinal and

vertical emittances, which is expressed as follows:

o.(Mod) = \/o2_.(Mod) + o2, (Mod)

= \/€Bom + € H, (Mod). (31)

Here f3.,, and H,(Mod) represent the longitudinal beta
function and H function at Modl.

The bunching factor at the radiator in a GLSF SSMB
storage ring, denoted as b, is then given by the product of
bo and R [30]:

D dp(metomriaciong - (39)

p=—c0

b — g—Yo2(Rad)

To achieve a large bunching factor, it is necessary to
have short bunch lengths at both the radiator and Modl.
However, the reduction of ,(Mod) and o, (Rad) is limited
since their product must satisfy the inequality [30]:

o, ,(Mod)o,(Rad) > - . (33)

Here |h| is the modulation strength. Based on Eq. (31),

which states o, ,(Mod) = \/€,H,(Mod), and given that
o,(Rad) = /e, H,(Rad), the lower limit of ,(Mod) can

. |
be determined as 77, (Rad)’

Through the vertical eigenemittance ¢, a connection is
established between the bunch lengths ¢, (and therefore the
bunching factor b and power of coherent radiation P,,q) and
the modulation strength |/| (and power of the modulation
laser Py ). Alternatively, Eq. (33) can be expressed as

|h| > m. This implies a reduction in the demand
oy z

for modulation laser power when considering a given
power of coherent radiation by exploiting the nature of
low vertical eigenemittance of a planar horizontal-vertical-
uncoupled storage ring. This is the exact gist of the
GLSF scheme.

For parameter estimation, assuming a modulation laser
power of P, = 1 MW, the modulation strength |A| is
approximately 4000 m~' for a modulation wavelength
of 1, =1 pm and a beam energy of E, =400 MeV.
Considering €, = 1 pmrad, 4, = 13.5nm, and o, ,(Mod) =
50 nm, the variation of the bunching factor at the radiator b,
its components b, and R, and the bunch length at

1= T T T T T 1

08 i NS A R {08

06F % > 10.6

04f % el {0.4

bunching factor b
7
\

o (Mod) (um)

o, (Rad) (nm)

FIG. 10. The variation of the bunching factor at the radiator b
(solid), its components b, (dashed) and R (dash-dotted) (left y
axis, blue), and the bunch length at Mod1 ¢.(Mod) (dotted, right
y axis, orange) as functions of the bunch length at the radiator
o.(Rad), assuming Py, = I MW, |h| =4000m~!, E,=400MeV,
ey,=1lpmrad, A, =1pm, A, =13.5nm, o, .(Mod) = 50 nm,

H,(Mod) = th}.l(Rad)'

Modl o,(Mod) with respect to the bunch length at the
radiator o,(Rad) is illustrated in Fig. 10, while setting
0, y(Mod) to its minimum defined by Eq. (33) with

It is observed in Fig. 10 that the bunching factor b
remains relatively constant until ¢,(Rad) reaches 0.6 nm.
Beyond this point, the bunching factor increases, peaking at
2 nm of ¢,(Rad), and then declines as o_(Rad) continues
to rise. Both by and R exhibit negligible changes and
approach their limits when o (Rad) is reduced to 0 and
o.(Mod) becomes significant. It explains the plateau in b
before reaching ¢_(Rad) = 0.6 nm. Once it is surpassed,
noticeable changes occur in b, and R, with increasing
o.(Rad) resulting in a decrease in o,(Mod), by, and an
increase in R. Consequently, the overall bunching factor
initially increases and subsequently decreases.

In this illustrative case, a bunching factor greater than 0.1
can be achieved with a low modulation laser power of
1 MW. This indicates the significant potential for generat-
ing kW-level quasicontinuous-wave 13.5-nm EUV radia-
tion in a GLSF SSMB storage ring, as demonstrated later in
this paper.

B. 'H function

The ‘H function holds great importance in the GLSF
approach, particularly in obtaining a short bunch length at
the radiator. This subsection begins by examining the two
expressions of the H function, followed by an investigation
into its evolution rule and exploration of methods to
achieve a small value for it.
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Consider a general lattice with vertical dispersion and no
laser modulators positioned within it. The transfer matrix in
the (y,y',z,8) dimensions can be represented as follows,
where the elements (rss, r4s, F'e3, F'e4» I's5) are eliminated
due to the absence of the coupling induced by energy
modulation:

r3z ry 0 r3
| T4z Tw 0 1
Mgeneral_lattice - (34)
rs3 rsa 1 rsg
0 0o 0 1

Subscripts are used to represent parameters at the
entrance of the lattice (denoted as i) and at the exit (denoted
as f). The deduction of the bunch length at the exit, denoted
as o, involves the following equations:

— /
Zp = Is3)i + rsa); + 2 + 1566,
>
o =€,Hy | + €,

Hy = "§3ﬂyi — 2rs3rsaty; + r§4yyi- (35)

Here, H, ; represents the first kind of expression of the H
function, which is consistent with the form presented in
Eq. (28). It quantifies the bunch lengthening resulting from
the vertical emittance.

Starting from H, ;, an alternative expression of the H
function, denoted as H, ,, can be derived by replacing
(753,754,ayi,ﬁyi,7yi) with (r36’r46vayf7ﬁyf’7yf)‘ The sub-
stitution law is given by:

(7535 754 Ayis Byis 3i)T = X736, Tags Oty Byt Vye)Ts

T4z =T33 0 0 0
Tgq —T3y 0 0 0
X = 0 0 r33¥44 + 734743 T43Ta4 133134
0 0 2r3uTyy i N
0 0 2r33743 rfB r%3

(36)

The symplectic condition r33r4y — r3ur43 = 1 is used in
simplification. Then there is:

Hy = rzztﬁﬁyf + 2r36T46y + V%d’ﬁ- (37)

Furthermore, assuming dispersion-free conditions at the
entrance of the lattice, the parameters (rsq, r46) can be
redefined as the dispersion functions at the lattice exit,
denoted as (Dy, D}). Consequently, the second form
of the H function can also be expressed as H, , =

DPpy; + 2D¢Djay + Diyys. Moreover, at any given

position s within the lattice, the corresponding H function
can be represented as:

H, »(s) = (DB, +2DD'a, + D?y,) . (38)

The introduction of multiple forms of the H function
serves the purpose of facilitating a deeper understanding
and offering flexibility in the selection of the most
appropriate and convenient expression for a given situation.
In general, H, ; is inherently intuitive and applicable
across a wide range of circumstances, including cases
involving laser modulators as demonstrated in previous
sections. On the other hand, H, , proves valuable for
comprehending the evolution of the H function from the
perspective of normalized dispersion coordinates, as illus-
trated later in this subsection.

While H, ; quantifies the extent of bunch lengthening
caused by the vertical emittance, H, ,(s) is commonly
referred to in the community as a coefficient specifying the
excitation of vertical betatron oscillation amplitude resulting
from energy changes during photon emission [37]. Both
expressions capture the coupling effects between dimensions,
with one acting from (y, y') to z and the other from 6 to (y, y').
These cross-plane couplings are intricately intertwined by
symplecticity-imposed constraints [20]. In essence, they
represent two sides of the same coin in beam dynamics.

The deduction above of H, , =H, | assumes the absence
of laser modulators in the lattice. However, with the
introduction of laser modulators, the relationship between
(rs3, rs4) and (rsg, r46) becomes more complex due to the
symplectic condition requirements. Consequently, the gen-
eral validity of ‘H, , = H, ; is compromised.

Fortunately, in the context of the GLSF unit, the
expression H, , remains applicable for quantifying bunch
lengthening at the radiator. This is because the bunch
compression condition 1 + Ansq = 0 effectively eliminates
the influence of part 1 on both bunch lengthening and H,.
Considering a hypothetical component that is placed
immediately after the laser modulator Mod1 and provides
a lumped momentum compaction of nse, the corresponding
transfer matrix is:

1 0 0 O

M= |0 L 0O (39)
0 0 1 ng
0O 0 0 1

The transfer matrix of the lattice, comprising in sequence
part 1, Modl, and the hypothetical component, can be
expressed as M, = Ms6MyjiMp,p 1 With elements:

rs3 = ms3(1 + hnsg) = 0,

rsy = msy(1 + hnsg) = (40)
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As mentioned earlier, there is no contribution to bunch
lengthening and H, from (ms;3,msy) of part 1. In other
words, the bunch length at the radiator ¢, (Rad) is solely
determined by part 2:

Hy (Rad) = n%_’,ﬁym - 2’153”54aym + n§47/ym

= niﬁﬁyr + 2’/136’746ayr + n%syyr- (41)

Here, (tym.PBym.¥ym) and (@, By 7,e) are, respectively,
the Courant-Snyder functions evaluated at Mod1 and the
radiator. Notably, since part 2 does not involve any laser
modulators, the validity of H, , is restored within this
specific context.

According to Eq. (28), achieving a short bunch length of
3 nm at the radiator requires a value as low as 9 pm for the
H, function, assuming an ¢, of 1 pmrad. To accomplish
this, the evolution of H, is investigated in magnets,
including dipoles and quadrupole channels (alternately
arranged quadrupoles and drifts). As mentioned earlier,
the expression H, , is employed in the analysis.

It is worth noting that there is a resemblance between the
expression H, ,(s) and the Courant-Snyder invariant e,

(u==x,y):

H,(s) = (D?B, +2DD'a, + D%,),.
€, = u?p, + 2un'a, + u’y,. (42)
This resemblance suggests that the application of normal
or canonical form could also be employed here to clarify

the beam dynamics in the evolution of the H function. The
H, function can be expressed as follows:

Hy(s) = (v* + pi)ss

(0. p) = ( D aD +ﬂ_\,D’>
RN/ SV »

A transformation from the physical coordinates (D, D")
to the normalized coordinates (v, p,) is performed:

(43)

1

V()

(;v):A(ll))’)’ Al = aw

VD) VP (s) ‘

(44)

Here, the matrix A (s) denotes a static coordinate trans-
formation. Thus, the H, function represents the square of
the Euclidean norm of the vector (v, p,,) in the normalized
phase space. The evolution of (v, p,,) is therefore crucial for
measuring H,.

To account for the complete beam dynamics, the matrix
R is introduced:

(S

—siny  cosy

This matrix R denotes the clockwise rotation of the
vector (v, p,) in the normalized phase space, where the
rotation angle y corresponds to the betatron phase advance.
Then a transfer map in (y,y’) dimensions, spanning from
the initial point s; to the final point s,, can be decomposed
as follows:

M(s;|s1) = A7 (s)RA(sy). (46)

In other words, the effect of M(s,|s;) can be interpreted as
three sequential steps: first, a transformation from the
physical coordinates (D, D’) to the normalized coordinates
(v, p,) by A(s;) at position s;; then, a rotation in the
normalized coordinate space by R; and finally, a trans-
formation from the normalized coordinates (v, p,) back to
the physical coordinates (D, D') by A~!(s,) at position s,.
It is important to note that the transformation A is static,
while the dynamics are encapsulated within the parameter
y of the rotation matrix R.

The evolution of the vector (v,p,) in magnets is
investigated, considering the following cases: (a) a quadru-
pole channel, (b) a dipole, and (c) a unit with two dipoles
and one quadrupole channel. The relationship between the
vectors at the beginning point s; and the end point s, is
depicted in Fig. 11 and Eqgs. (47), (48), and (51).

()2,

D
—AGMGls)( )

D
- A(s2)<M(S2|Sl) <§,>1 + (p(l ;HCZSG)»
()

The investigation begins with the case of a quadrupole
channel. As shown in Fig. 11(a) and Eq. (47), the evolution
of the normalized vector (v, p,) involves rotation solely.
This observation suggests that the H, function remains
invariant throughout quadrupole channels, as no additional
dispersion is imposed.
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Do quadrupole channel Do
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Hy(s2) = Hy(s1)
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Sketch showing the evolution of (v, p,,) in the normalized phase space in (a) a quadrupole channel, (b) a dipole, and (c) a unit

FIG. 11.
with two dipoles and one quadrupole channel.

The case of dipoles, however, is different compared to
quadrupole channels. Dispersion-induced driving terms
Dv, as shown in Eq. (48), are generated:

\/L/Zp(l —cos0)
Dv=| ,

49
ﬁp(l—cosﬁ)—&— pysinf (49)

Here, (p, 0) represent the bending radius and angle of a
dipole, while (a,, f3,) are the Courant-Snyder functions at
the exit. Based on Fig. 11(b) and Eq. (48), it is evident that
the vector (v, p,) at the end of a dipole is obtained by
combining the rotating term originating from the initial
(v, p,) and the driving term Dv. In general, 7, changes
over a dipole.

It should be noted that the analysis above specifically
addresses sector dipoles with no longitudinal gradient. The
edge effect of rectangular dipoles can be handled in nearby
quadrupole channels, while dipoles with gradients can be
divided into slices with constant field strengths.

Once the evolution rule of the H function has been
established for both quadrupole channels and dipoles, it
becomes possible to explore more complex scenarios. In
this regard, a case involving two dipoles and a quadrupole
channel is investigated, as illustrated in Fig. 11(c). By
applying the rules outlined in Eqgs. (47) and (48), the
evolution of the vector (v, p,) can be described as follows:

v v
)l
Pv/4 Pv/3
(r.), = %c(.5)
= C ,
Pv/3 ¢ Pv/2
v v
Pv/2 Pv/1

Hy(s2) # Hy(s1)

v v v
=R + Dv
(1)1')2 <I)l') 1 DVB

(Y

(),

Hy(s4) = (7"2 + Pg)/;

( ”) = RRqcRa ( ”) +RpRqcDva + Dvg
Dv 4 Dv 1

(©

In this context, the subscripts (A, B, QC) refer to the first
dipole, the second dipole, and the quadrupole channel in
between, respectively. Then there is:

v v
( > = RBRQCRA < > + RBRQCDVA + DVB.
Pv/ 4 Pv/1

(51)

The H function at the end of this unit is then determined
by the initial vector (v, p,), the driving terms Dv of both
dipoles, and the rotation angles of the rotation matrices R
for all three components.

As mentioned earlier, a value of 9 pm is required for the
H function at the radiator H,(Rad). The simplest solution
involves incorporating a single dipole in part 2 of the GLSF
unit, as shown in Fig. 11(b) and Eq. (48). Since quadrupole
channels do not contribute, ,(Rad) depends solely on the
driving term Dv of this dipole. To simplify the analysis, the
thin-lens approximation is applied, leading to the reduction
of Eq. (49) to:

Dv = ( Z,yg). (52)

Consequently, there is H, = ||Dv||* = ,6*. In this
scenario, attaining a H, value of 9 pm can present practical
challenges due to the demand of a short dipole length.

Alternatively, part 2 can employ a lattice layout with
two dipoles and one quadrupole channel, as described in
Fig. 11(c) and Eq. (51), for a potential solution. As there is
no generation of H, prior to this unit, the final vector
(v, p,) in Eq. (51) simplifies to:

v
< ) = RBRQCDVA + DVB. (53)
Po
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The idea is to achieve cancellation between the two
vectors, RgRqoecDvy and Dvg, to ensure that their
residual contribution to H, is sufficiently low. The
cancellation is true when the following conditions
are met:

DVAll = [|Dvg

’

$pv, —VWaqc —W¥B = ¢py, + 7 + 2kx.
(k=0,£1,42,--) (54)

Here, (¢,w) represent the phase angle of the vector
(v, p,) in normalized coordinates and the rotation
angle of the rotation matrix R, respectively. While the
rotation angle y is clockwise, the phase angle ¢ =
arctan 22 is defined in a counterclockwise manner. It is
worth noting that Eq. (54) serves as a general guideline
for minimizing the value of the A function in a lattice
containing two dipoles, such as a double-bend achromat
(DBA) unit.

For instance, consider two dipoles with identical
bending angles but opposite bending directions. By apply-
ing the thin-lens approximation to these dipoles, it can
be observed that [[Dva[| = \/Byal0], [Dvgll = \/B,s6l.
|¢py, — Ppv, | = 7, and yp = 0. Therefore, conditions in
Eq. (54) can now be expressed as:

ﬂyA :ﬂyB1
l/IQC = 2kr.
(k=0,%1,42, ) (55)

Although Eq. (55) is derived based on the thin-lens
approximation of the dipoles, these conditions are still
approximately satisfied in some practical cases when
attempting to minimize the H, function.

C. Modulation cancellation

While the modulation introduced by Mod1 facilitates
bunch compression, it is advantageous to cancel out its
effects by employing Mod2. This cancellation enables the
demodulation and debunching of the beam while elimi-
nating the nonlinearities caused by the sinusoidal modu-
lation. The lattice between the two modulators, involving
part 2 and part 3, is specifically designed to achieve
modulation cancellation.

Derived from the reversible lattice layout, the modula-
tion of Mod2 should be the reverse of Modl’s. The
manipulation functions of Mod1 and Mod2 can be denoted
as f and f,, satisfying the equation f,(z) + f»(z) = 0.
Specifically, for the linear chirp of Modl in Eq. (22),
f1(z) = hz. Then f,(z) = —hz, and the corresponding
transfer matrix of Mod2 is given as:

1 0 0 O

M= |00 (56)
0 0 0
0 0 —-h 1

For a perfect cancellation, the longitudinal positions
of particles at Modl and Mod2 must be identical,
denoted as zp;; = zye. This indicates that the lattice
between Mod1 and Mod2 should be transparent to particles
in the z dimension. The corresponding transfer matrix
My, = Mpar¢_3Mpar 2 should take the following form:

W33 W3y O O
w 0 0
M, — 43 Waq (57)
0 0 1 0
0 0 0 1

To ensure zy;; = Zyp, the constraints ws; = wsy = wsg = 0
and wss =1 are imposed. Additionally, applying the
symplectic condition of Eq. (23) yields wsg = wye = 0.
From Eq. (57), it is evident that the lattice between the
two modulators is both achromatic and isochronous. It is
important to note that M, is not necessarily an I-map. In
this case, transportation in the (y,)y’) phase space is
unrestricted, as it does not affect the modulation cancella-
tion. The strict constraint of paired reverse components is
relaxed to simplify lattice design. Nevertheless, modulation
cancellation through transparency in z is maintained.
M,r¢ 2 has already been given by Eq. (22). The transfer
matrices of part 3 and its mirror can be defined as:

€44 e 0 —esy
. €43 ez 0 —es3
MparLS - s
—e4 —e€3 1 esq
0 0 0 1
ez ey 0 esg
e3 ey 0 eye
Mpart_S_mir = (58)
es3 esy 1 esg
0 0O 0 1

Here, part 3 is denoted by the letter e, and the symplectic
condition in Eq. (23) is satisfied. The motivation behind
presenting M,,¢ 3 as shown in Eq. (58) and introducing
Mpare_3_mir 18 to simplify the algebraic derivation of M,,.

Focusing on the elements of interest, there are:

ws3 = (136 — €36) 43 — (N46 + €46) N33,
Wsy = (N36 — €36) 744 — (Nag + €46) N34,
Ws5 = 1,

Wse = (nse + es¢) — (Nages6 + N3ges)- (59)
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The definition of M,y 3 in Eq. (58) allows the pairing
of (6369646> with (n36,n46) in W53 and Wsq. Due to the
requirement of symplecticity (n33myq — nagngs = 1), it is
impossible to have n3; = n3y =0 or ny; = nyy = 0. To
achieve ws; = ws, = 0, the following must be met:

n3s — €36 = 0,
Nae + €46 = 0. (60)

With Eq (60), there is Nyg€36 + N36€46 = 0. Then Wsq = 0
can be rewritten as:

nse + es6 = 0. (61)

Therefore, Egs. (60) and (61) represent the conditions
for modulation cancellation or achieving an achromatic
and isochronous lattice between modulators. The con-
ditions in Eq. (60) can also be explained through the
continuity of dispersion functions at the radiator, assum-
ing it is dispersion-free at the far ends of part 2 and
part 3.

Analyses above are based on two assumptions: (i) The
lattice between Mod1 and Mod2 is assumed to be perfectly
linear; (i) the manipulation functions (f, f,) of modu-
lators perfectly cancel each other, i.e., f1(z) + f2(z) = 0.

However, in reality, these assumptions may not hold
true because of the presence of nonlinearity in the lattice
and distortion of (f, f,) caused by the intrinsic momen-
tum compaction of undulators. Consequently, achieving
perfect cancellation of modulation can be challenging
even when the conditions in Eqgs. (60) and (61) are
satisfied. At the end of the paper, the nonlinear dynamics
involved are briefly discussed.

D. Vertical-longitudinal decoupling

To maintain a low vertical emittance in the ring, which is
necessary for bunch compression, it is essential to eliminate
the introduced vertical-longitudinal coupling within the
GLSF unit. This decoupling is specifically achieved in the
final part, part 4.

The remaining coupling terms are examined first. The
transfer matrix of the components preceding part 4, denoted
as M,, is given by:

M, = MMZMWMMlMpart_l

vz v 0 w3
_ vz Va0 vy , ( 62)
Us3 Usy 1 wse
0 0o 0 1

with:

(1736> . (644 e34><n33 n34><m36> (63)
V46 €43 €33 Ng3 Ny Mye

Since the remaining coupling terms are related to
dispersion, the objective of part 4 is to ensure an achromatic

GLSF unit. The transfer matrices of part 4 and its mirror
counterpart are given by:

igy i3 0 —isy
iz i3z 0 —is3
Mpart_4 = . . . >
—lys —i3 1 s
0 0 0 1
i3z iz 0 iz
(VS PV U ¥
Mpart_4_mir = . . . (64)
is3 Iss 1 ise
0 0 0 1

Here, part 4 is denoted by the letter i. The symplectic
condition in Eq. (23) is satisfied. By employing the
approach used in Egs. (59) and (60), the conditions to
achieve an achromat are:

V36 — i3 = 0,
Vg6 + is6 = 0. (65)

With Eq. (65) fulfilled, the GLSF unit achieves vertical-
longitudinal decoupling.

Flip the direction in which the beam travels. The route
(part1 - Mod1 — part2 — Rad — part3 — Mod2 — part4)
now becomes (part4 flip — Mod2 — part3 flip — Rad —
part2 flip —» Mod1 — part 1 flip), as shown in Fig. 12.
Here, “part X flip” represents the mirror of part X (where
X =1, 2, 3, 4). The mirrors of Modl or Mod2 remain
unchanged.

It can be proven that the conditions of bunch compres-
sion, modulation cancellation, and vertical-longitudinal
decoupling remain valid in the flipped lattice. In other
words, the GLSF unit can be inserted in either direction into
the SSMB storage ring. This duality arises from the
achromatic nature of the GLSF unit.

beam GLSF unit

part 1 Mod1 part 2 Rad part 3 Mod2 part 4

part1flip Modl part2flip Rad part3flip Mod2 part4 flip

flipped GLSF unit beam

FIG. 12. Sketch illustrating the two ways in which the beam
passes through the GLSF unit. Here, part X flip represents the
mirror of part X (where X =1, 2, 3, 4).
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E. Linear conditions of the GLSF unit lattice

Listed below is a summary of the linear conditions in the
lattice design of a GLSF unit given by Fig. 9:
(i) Bunch compression:

1 + I’ll’l56 = O,
M3Ns3 + Myehsy + nsg = 0,
2(Rad
H,(Rad) :61( a ),
€y
H,(Mod) !
Mod) = —————.
y W*H,,(Rad)

(i) Modulation cancellation:

e36 — n3e = 0,
€46 + 4 =0,

€56 + N5q = O
(iii) Vertical-longitudinal decoupling:

i35 — V36 = 0,

i46 + V4 = 0.

These conditions can be categorized for each part of
the unit:
(1) Part 1

M36Ns3 + Myghsy + nsg = 0,

(ii1) Part 3
€36 — n3s = 0,
46+ Ny =0,
€56 + Nnsg = 0.
(iv) part 4

i36 — V36 = 0,

i46 + Vye = O

In practical lattice design, achieving precise equality
as stated in these conditions can be challenging. It is
necessary to analyze the impact of deviations from equal-
ity on beam dynamics, including the bunching factor and
residual modulation. The tolerance for deviations can thus
be estimated.

V. LINEAR LATTICE REALIZATION

With beam dynamics clarified and the required con-
ditions established, a linear lattice can be realized in
practice as a GLSF unit. This section aims to offer details
regarding the strategies and settings involved in lattice
realization, as well as the parameters and performance of
one specific instance of a practical linear lattice.

A. Strategies and settings

In each part of the unit, a pair of dipoles is positioned
between three quadrupole channels, resembling a dogleg
configuration. The dipoles bend in opposite directions
with identical bending radii and angles, resulting in the
beam traveling parallel to its initial direction after passing
through. The quadrupole channels offer flexibility for
optimization. This configuration enables the generation
of the required lattices in a simple and flexible manner.

The GLSF unit is then partitioned into modules com-
prising quadrupole channels, dipoles, and modulators, as
illustrated in Fig. 13. This layout is afterward employed for
the realization of the practical lattice.

The realization of the lattice is performed step by step, as
handling all the variables and goals of the overall lattice in a
single run is impractical. The sequence of part 2, part 3,

radiator modulator

1
H,(Mod) = ———.
v(Mod) 1*H,(Rad)
(i1) Part 2
1 + l’ln56 = 0,
2(Rad
M, (Rad) _ o:(Rad).
€y
dipole quadrupole channel
I
I
|
}
part 1 ! part 2
FIG. 13.

part3 part 4

Sketch showing the modules that compose the GLSF unit. The blocks indicate modules of various kinds, including

quadrupole channels (yellow), dipoles (blue), modulators (green), and the radiator (orange).
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part 1, and part 4 is followed, considering the necessary
conditions and prerequisites of each part.

For the quadrupole channels, a pattern of (quad-quad-
----quad-quad) is initially tested before converting it
into an equivalent (drift-quad-- - - - quad-drift) configura-
tion. This approach enables a quasicontinuous distribution
of “kick” strength and offers flexibility during the early
stage of optimization.

The optimization process employs a multiobjective
genetic algorithm based on NSGA-II. The optimization
variables include (i) bending angle and radius of the dipoles,
(i1) strength of the quadrupoles, and (iii) Courant-Snyder
functions at the chosen reference point.

The optimization goals are classified into two groups:
(1) linear conditions and (ii) indicators of lattice nonlinearity.
The integral I'= [y(s)ds of the Courant-Snyder gamma
function y serves as an indicator for the average path length
shift of a particle [Az &~ —} (¢,I', + ¢,I',)] contributed from
betatron oscillation [20] induced by lattice nonlinearity.
Including such indicators is beneficial as the linear lattice
design forms the foundation for nonlinear optimization.
Additionally, pursuing a low value of I' helps avoid cases
where the Courant-Snyder functions become excessively
large or small or even infeasible.

B. One specific instance

In this subsection, an example of a linear lattice is
presented, comprising 8 dipoles and 38 quadrupoles. The
beta and dispersion functions for this specific instance of
the GLSF unit are shown in Fig. 14. The linear conditions
are fulfilled. It is worth mentioning that this is a demon-
stration case and can be further optimized if needed.

The realization of 7,(Rad) = 9 um in both part 2 and
part 3 mir follows the cancellation rules of driving terms

[N T ] Poup e R IR [ [IRERE]

40 T T T T T T
—— 8, (m)
30F — ﬁy (m)
n, (cm)
~ 20
g
2
=10t
- A;A&A\_/
g X
-10
-20 : . . : : .
5 10 15 20 25 30

s (m)

FIG. 14. Beta (8, blue solid, f, orange solid) and dispersion
(17, yellow dashed) functions of an instance GLSF unit.

TABLE I. Beam parameters of the launched bunch.
Parameters Quantities
Horizontal emittance: €, 50 pmrad
Vertical emittance: e, 1 pmrad
rms bunch length: o, 50 nm
rms natural energy spread: o 2.5 x 107*
Number of particles: Ny, 1 x 10*

outlined in Eq. (55). One difference, however, lies in the
fact that for part 2, the phase advance of the quadrupole
channel between the dipoles is woc — 0, whereas it is
woc — 2 for part 3 mir. This diversity arises from the
opposite signs of 755 and esg.

This specific instance of the GLSF unit is subsequently
tested for “tracking,” where the particle coordinates of a
launched beam are iterated turn-by-turn. To complete a
GLSF storage ring as shown in Fig. 9, a laser modulator
Mod0 is placed within the ring. Here ModO serves as a
prebunching component, which has been explained in
Sec. II C. The assumed wavelength of the modulation laser
is 1 pm, and a laser power of 150 kW, rather than 1 MW, is
sufficient to achieve the desired equilibrium bunch length
of 50 nm in the storage ring. It is worth noting that while the
wavelength of the modulation laser remains consistent for
all three laser modulators, the required laser power for
Modo is significantly lower compared to Mod1 and Mod2
in the GLSF unit.

The tracking process undertaken here is intended to
validate the effectiveness of the concept and linear design
of the GLSF unit. Here, linearity is assumed for all lattice
components. This implies that the two halves of the storage
ring outside the GLSF unit, together with parts 1-4 within
the GLSF unit, are represented by their respective linear
transfer maps. And for the laser modulators, the manipu-
lation function of Mod0 is sinusoidal [AS = fy(z) =
Vosin(kyz)], while Modl and Mod2 [f5(z) = —f(2)]
employ both linear (f;(z) = hz) and sinusoidal [f(z) =
V sin(ky,z)] manipulation functions in sequence. The test
bunch is launched at the center of ModO, with initial
parameters obtained from the equilibrium beam status

TABLE II. Beam parameters observed at the center of the
radiator. The modulation of (Modl, Mod2) is linear.

Parameters Quantities
Horizontal rms bunch size: o, 7.07 pm
Horizontal rms bunch slope: o 7.06 prad
Vertical rms bunch size: o, 14.3 pm
Vertical rms bunch slope: &,/ 7.35 prad
rms energy spread: oy » 4.79 x 107
rms bunch length: o, 3.03 nm
Bunching factor at 13.5 nm: b 0.372
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%107

z (nm)

FIG. 15. Beam distribution in the longitudinal phase space
observed at the center of the radiator. A linear modulation is
applied at (Modl, Mod2). Dashed lines mark the positions of
z==+3 nm.

within an SSMB storage ring (see Table I). The steady-state
beam distribution within the GLSF unit can thus be
determined in the context of linear beam dynamics. The
observation point is positioned at the center of the radiator.

To start with, a linear modulation is applied to Mod1
and Mod2. The observed beam parameters are listed in
Table II, and the beam distribution in the longitudinal
phase space is depicted in Fig. 15. The obtained results
indicate that a steady-state bunch length of 3 nm can be
achieved at the radiator in a GLSF SSMB storage ring
when employing linear modulations in Modl and Mod?2.
The modulation strength is specified as || = 4000 m~!,
and the corresponding power of the modulation laser
is 1 MW.

Afterward, a sinusoidal modulation is loaded at Mod1
and Mod2. The observed beam parameters are listed in
Table III, and the beam distribution in the longitudinal
phase space is depicted in Fig. 16. The nonlinear nature
of the sinusoidal modulation introduces distortions to the
beam distribution, leading to a reduced bunching factor at
the radiator.

TABLE III. Beam parameters observed at the center of the

radiator. The modulation of (Mod1, Mod2) is sinusoidal.
Parameters Quantities
Horizontal rms bunch size: o, 7.07 pm
Horizontal rms bunch slope: 6, 7.08 prad
Vertical rms bunch size: o, 14.3 pm
Vertical rms bunch slope: oy 7.27 prad
rms energy spread: o 4.14 x 1074
Bunching factor at 13.5 nm: b 0.153

-3
IS U— . :‘: ‘ :
B
0.5F 1
w  OFf :
-0.5t 3 -
1t i 4
15 : : b : :
—150 —-100 =50 0 50 100 150
z (nm)

FIG. 16. Beam distribution in the longitudinal phase space
observed at the center of the radiator. A sinusoidal modu-
lation is applied at (Modl, Mod2). Dashed lines mark the
positions of z = #£3 nm.

The estimation of the power of the EUV radiation can be
determined based on the given parameters below. The beam
energy is 400 MeV, and the average beam current is 1 A.
The radiator has a period number of 160 and a period
length of 1.25 cm. By utilizing the six-dimensional particle
coordinates at the center of the radiator, the radiation power
at a specific wavelength can be calculated [21]. For a
wavelength of 13.5 nm within a +2% bandwidth, the
average radiation power P4 is determined to be 1.2 kW.

The power of the modulation laser is 1 MW, which is
sufficiently low to operate in continuous-wave mode for
optical cavities. This indicates that achieving kW-level
quasicontinuous-wave 13.5-nm EUV radiation is feasible
in a GLSF SSMB storage ring with a modulation laser
power in the MW range.

VI. CONCLUSIONS AND DISCUSSIONS

In this paper, we first introduced the concept of the
generalized longitudinal strong focusing (GLSF) scheme.
We emphasized its effectiveness in generating ultrashort
bunches while simultaneously reducing the demand for
modulation laser power. This is accomplished by involving
transverse-longitudinal coupling and exploiting the low
vertical emittance in a planar storage ring.

Following that, we investigated a bunch compression
scheme based on transverse-longitudinal coupling. It was
specifically designed for storage rings, serving as an
insertion unit to facilitate the bunching and debunching
processes on a turn-by-turn basis. We proposed two
categories of lattice layouts: symmetric and reversible,
with the latter being favored in subsequent designs due
to its capability to cancel out the nonlinearity introduced by
the modulations.
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Additionally, we studied in-depth the linear beam
dynamics within the GLSF approach, which includes
various aspects such as bunch compression, modulation
cancellation, and vertical-longitudinal decoupling. We
performed calculations to determine the bunching factor
at the radiator, providing evidence to support the claim that
the GLSF scheme can effectively reduce the requirement
for laser power. Furthermore, we examined the multiple
expressions of the 7 function and investigated its evolution
in magnets.

Finally, we explored the strategies and settings to realize
in practice a linear lattice for the GLSF unit. We provided
parameters and performance analysis for a specific instance
of the linear GLSF lattice. With a beam energy of 400 MeV
and an average current of 1 A, we showed that the average
radiation power for a wavelength of 13.5 nm within a 2%
bandwidth is 1.2 kW when the power of the modulation
laser is 1 MW. This demonstrates the feasibility of
achieving kW-level quasicontinuous-wave 13.5-nm EUV
radiation in a GLSF SSMB storage ring with MW-level
modulation laser power.

We believe that the GLSF scheme can also be applied
in conventional storage rings for various purposes related
to beam manipulations. For instance, it may provide a
novel approach to generate coherent THz radiation and
ultrashort pulses.

The analysis of nonlinear dynamics in this paper is in
general absent and requires further investigation in future
studies. Here is a brief sketch. The nonlinearity of the
lattice between the two modulators within the GLSF unit
gives rise to a deviation in the longitudinal position of
particles from their ideal positions in a perfect linear
lattice. This deviation Az can be transformed into Ad and
amplified by the modulations. In contrast to conventional
storage rings, the analysis of nonlinear dynamics in GLSF
rings incorporates all six dimensions, including the
longitudinal dimension z. As the longitudinal dynamics
play a crucial role in SSMB, a comprehensive optimiza-
tion of the nonlinear dynamics in all six dimensions is
necessary. For laser modulators, their intrinsic momentum
compaction leads to distortions in the standard sinusoidal
modulation. These distortions behave differently for
Mod1 and Mod?2 due to their opposite modulation signs.
Even with a linear lattice in between, the perfect cancel-
lation of modulations is disrupted, introducing undesired
and disturbing transverse-longitudinal coupling. In con-
clusion, theories and methodologies are much needed to
address the challenges posed by nonlinear dynamics in
GLSF SSMB storage rings.

Besides optimizing nonlinear beam dynamics, future
research could further explore various aspects, including,
for instance, the mitigation of timing and phase errors in the
modulation laser system, as well as the investigation of
coherent synchrotron radiation and other collective effects
within the GLSF unit [38-40].
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