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The current designs of future electron-positron linear colliders incorporate large and complex damping
rings to produce asymmetric beams for beamstrahlung suppression. Here, we present the design of an electron
injector capable of delivering flat electron beams with phase-space partition comparable to the electron-beam
parameters produced downstream of the damping ring in the proposed International Linear Collider (ILC)
design. Our design does not employ a damping ring but is instead based on cross-plane phase-space
manipulation techniques. The performance of the proposed configuration, its sensitivity to jitter along with its
impact on spin-polarization are investigated. The proposed paradigm could be adapted to other linear collider
concepts under consideration and offers a path toward significant cost and complexity reduction.
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I. INTRODUCTION

High-energy electron-positron (e−=eþ) collisions have
been invaluable engines of discovery in elementary-particle
physics. TeV-class linear colliders (LC) will give access to
energy scale beyond the Standard Model [1]. A critical
metric to quantify the performances of an LC is the
luminosity defined as [2,3]

L ¼ Pb
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where N is the single-bunch population, Eb and Pb are the
energy and power associated with the beams, respectively,
and σ�i refers to the horizontal (i ¼ x) and vertical (i ¼ y)
beam sizes at the interaction point. During collision, beam-
beam interaction results in an envelope pinch which enhan-
ces luminosity while also resulting in an increase in energy
spread due to beamstrahlung effects [3]. A technique to
mitigate beamstrahlung consists in using flat beams σy ≪ σx
[4]. In such a configuration, the luminosity takes the form
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where re is the classical radius of an electron, α ≃ 1=137 is
the fine-structure constant, nγ is the number of photons
emitted via beamstrahlung, γ is the Lorentz factor, and σz
is the bunch length. The required transversely asymmetric
beams are naturally produced using damping rings (DRs)
which generate a beam with asymmetric transverse
normalized emittance partition ðεy ≪ εxÞ. Table I summa-
rizes typical beam parameters achieved in designs asso-
ciated with the selected LC technologies. The latter table
indicates that the required 6D phase-space brightness
B6 ≡Q=ðεxεyεzÞ is ∼2 orders of magnitude smaller than
that achieved in state-of-the-art radio-frequency (rf) pho-
toinjectors [5]. Such a feature was first recognized in
Ref. [6] where a linear transformation exploiting initial
cross-plane correlation was proposed as a path to produce
flat beams (εy ≪ εx) using a photoinjector, i.e., without
the need for a DR. In this latter work, the achievable
emittance ratio ϱ≡ εx=εy was comparable to the ones
needed for ILC albeit at a much lower charge (0.5 nC in
Ref. [6] versus the required 3.2 nC [7]).
In this paper, we further expand the technique developed

in [6] by combining two cross-plane phase-space manipu-
lations: a round-to-flat beam transformer (RFBT) [6] follo-
wed by a transverse-to-longitudinal emittance exchanger
(EEX) [9,10]. These phase-space manipulations were deve-
loped and experimentally demonstrated over the last two
decades [11–15]. To illustrate the potential of the technique,
we consider the case of the ILC parameters and show that
a 6D brightness ∼2 orders of magnitude larger than the
nominal ILC injector can be attained in the proposed
scheme. It should be noted, that a similar approach employ-
ing cross-plane phase-space manipulations was proposed in
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a different parameter range to mitigate the microbunching
instability in x-ray free-electron lasers (FELs) [10]. More
generally, the idea of designing photoinjector beamlines
capable of producing tunable emittance partition via emit-
tance repartitioning and emittance exchange was extensively
discussed in Refs. [16–18]. Our approach confirms that
emittance partition commensurate with requirements for an
LC can be attained with a simple and compact (< 50 m)
beamline redistributing emittances typically produced in a
conventional rf photoinjector.

II. THEORETICAL BACKGROUND

A. Transfer-matrix description of the concept

In this section, we describe the underlying principle of
the proposed partitioning method. We introduce the coor-
dinate of an electron as ZT ¼ ðx; x0; y; y0; ζ; δÞ where
ðx; x0Þ [resp. ðy; y0Þ] represents the position-angle coordi-
nate associated with the horizontal [resp. vertical] phase
space, ζ is the longitudinal coordinate (ζ ≡ z − z̄) defined
with respect to the longitudinal bunch center z̄, and δ its
relative-momentum offset. All the coordinates are defined
relative to a reference particle taken as the bunch bary-
center. We further introduce the geometric beam emittance

ε̃i ≡ ½hZ2
i ihZ2

iþ1i − hZiZiþ1i2�1=2; ð3Þ

for i ¼ 1, 3, 5, respectively, corresponding to the horizontal
ε̃x, vertical ε̃y, and longitudinal ε̃z geometric emittances.
Additionally, the normalized emittance discussed in Sec. I
is εl ≡ γε̃l with l ¼ x, y, z.
A high-level block diagram of the proposed approach to

realize emittance partition consistent with LC requirements
appears in Fig. 1. In the first stage, the electron beam is
emitted from a cathode immersed in an axial magnetic field
Bc provided by a solenoidal field resulting in a “magnet-
ized” beam downstream of the magnetic-field region. The
corresponding initial beam matrix Σ≡ hZZTi is [6,19]

Σi ¼ RfrΣ0RT
fr ¼

0
B@

A L̃J2 0

−L̃J2 A 0

0 0 B

1
CA; ð4Þ

where Σ0 ≡ diagðσ2c; ε̃2c=σ2c; σ2c; ε̃2c=σ2c; σ2z ; ε̃2z=σ2zÞ represents
the uncorrelated beam matrix, and the matrix Rfr represents
the fringe field experienced by the bunch as it exits the
solenoidal field [6]

Rfr ¼

0
BBBBBBBBB@

1 0 0 0 0 0

0 1 −κ0 0 0 0

0 0 1 0 0 0

κ0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

1
CCCCCCCCCA
; ð5Þ

where κ0 ≡ eBc
2mc. In the rhs of Eq. (4), the matrix J2 ≡ ð 0

−1
1
0
Þ

is the skew-symmetric symplectic matrix, L̃≡ κ0σ
2
c, rep-

resents the beam magnetization (here e, m, and c are
the electron charge, mass, and the velocity of light)
which macroscopically characterizes the beam’s average
canonical angular momentum. Finally, the 2 × 2matrix A is
given by

A ¼
 
σ2c 0

0 ε̃2c
σ2c
þ κ20σ

2
c

!
; ð6Þ

indicating that as the beam exits the magnetic-field
region, the conservation of canonical angular momentum
leads to a fully coupled beam with kinematical angular
momentum pφ ¼ 2mcL. It should also be noted that
½detðAÞ�1=2 ¼ ½ε̃2c þ L̃2�1=2 represents the projected emit-
tance in ðx; x0Þ or ðy; y0Þ.
Downstream of the electron source, the beam is injected

in a linac for acceleration. The acceleration is provided
by a cylindrical symmetric cavity which generally supports
a radially axisymmetric ponderomotive focusing [20]
thereby not affecting the form of the beam matrix described
by Eq. (4). Downstream of the linac, the beam is decoupled

TABLE I. Comparison of beam-parameter requirements for
two conventional LC designs with parameters achieved in an
rf photoinjector. The longitudinal emittance is evaluated as
εz ≃ γσzσδ. The rf photoinjector used as an example is based
on the L-band rf gun of the European X-ray FEL.

ILC CLIC rf gun

Reference [7] [8] [5]
Charge Q (nC) 3.2 0.83 2
Energy Eb (GeV) 250 380 24 × 10−3

εx (μm) 10 0.9 1.3
εy (nm) 35 20 1.3 × 103

σz (mm) 0.3 0.07 2.31
σδ (%) 0.19 0.35 ∼0.1
εz (m) 0.27 0.18 ∼1.1 × 10−4

B6 (pC μm−3) 3.4 × 10−2 0.25 ∼11

FIG. 1. Block diagram of the proposed damping-ring-free
injector concept. The emittance partitions at the various stages
along the injector are also listed. We defined ε̃m ≡ ½ε̃2u þ L̃2�1=2.
See text for details.
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by applying a torque using three skew-quadrupole
magnets [21] described by a total transfer matrix M.
The final beam has an asymmetric transverse emittance
partition [19] with corresponding beam matrix

Σf ¼ MΣiMT ¼

0
B@

ε̃x;fTx 0 0

0 ε̃y;fTy 0

0 0 ε̃z;fTz

1
CA; ð7Þ

where Tl ≡ ð βl
−αl

−αl
γl
Þ with βl > 0 being the betatron

functions, αl ≡ − 1
2
dβl
ds measures the phase-space linear

correlation and γl ≡ ð1þ α2lÞ=βl so that its determinant
is detðTlÞ ¼ 1. The transverse flat-beam emittances are
given by [19,22]

ε̃x;f ≃ 2L̃≡ ε̃þ; and

ε̃y;f ≃
ε̃2u
2L̃

≡ ε̃−; ð8Þ

where ε̃u ≃ ½ε̃2c þ ðΔε̃Þ2�1=2 should be understood as the
uncorrelated emittance originating from the initial photo-
cathode intrinsic emittance ε̃c but also accounting for
other emittance-degrading effects (space-charge effects,
geometric nonlinearities, and aberrations associated with
the external focusing represented by the term Δε̃) during
acceleration and transport up to the entrance of the RFBT.
A proof-of-principle experiment demonstrated trans-

verse emittance ratios ϱ ≃ 100 [11] for a charge of
0.5 nC while a recent experiment has attained an emittance
ratio of ϱ ≃ 200 for a 1-nC bunch [23].
The second stage of the proposed photoinjector consists

of exchanging the horizontal and longitudinal phase spaces
using an EEX beamline. The design of such beamline was
extensively discussed in, e.g., Refs. [9,10,24]. A solution
for such an EEX beamline consists of a deflecting cavity
flanked by two dispersive sections. In order to ensure the
transfer matrix is 2x2-block antidiagonal in ðx; x0; z; δÞ,
the deflecting voltage V⊥ is related to the dispersion η
generated by the upstream dispersive section following
1þ κη ¼ 1, where κ ≡ keV⊥

Eb
is the deflecting strength and

k≡ 2π=λ (with λ being the deflecting-mode wavelength).
Under such a condition, the general transfer matrix of an
EEX beamline is

REEX ¼

0
B@

0 0 F

0 E 0

F−1 0 0

1
CA: ð9Þ

A simple implementation of an EEX beamline consists of
deflecting cavity flanked by two identical dispersive
sections arranged as dogleg [10]. In such a case, the
matrix F is

F ¼
 
− L

η η − ξL
η

− 1
η − ξ

η

!
; ð10Þ

where η and ξ are, respectively, the horizontal and longi-
tudinal dispersion downstream of one dogleg and L its
length. Such EEX beamlines have demonstrated near-ideal
emittance exchange [12] and the formation of temporally
shaped beams [13,25].
The final beam matrix downstream of the EEX is

Σe ¼ MΣMT ¼

0
BB@

ε̃z;fT 0
x 0 0

0 ε̃y;fT 0
y 0

0 0 ε̃x;fT 0
z

1
CCA; ð11Þ

where T 0
l (with l ¼ x, y, z) assumes the same form as the

matrix Tl introduced in Eq. (7). Consequently, the final
normalized-emittance partition is

ðεx;e; εy;e; εz;eÞ ¼
�
εz;0;

ε2u
2L

; 2L
�
; ð12Þ

where L≡ γL̃ following our earlier convention for
emittance.

B. Deviations from linear transformation

The process described in the previous Sec. II A idealizes
the emittance partitioning and exchange by describing
the associated transform with linear transfer matrices and
ignoring collective effects. In this section, we briefly review
some limitations of the process and corrections that
were considered for the design simulated in Sec. III and
diagrammed in Fig. 2. First, it should be noted that in our
configuration, we constrain the beam to have a low frac-
tional energy spread before the RFBT which results in
insignificant chromatic aberration and near-ideal transfer of
eigenemittances to transverse emittances.
As far as the EEX is concerned, one critical deviation

from the matrix model discussed in the previous section
comes from the thick-lens matrix of the deflecting cavity
(labeled as T1-3 in Fig. 2) which introduces a coupling
element between the horizontal and longitudinal DOF [9]
and breaks the block antidiagonal form of REEX given by
Eq. (9). However, the cancelation of this term was shown to
be possible using an accelerating cavity operating at zero
crossing [26,27]. Consequently, accelerating cavities
were introduced (H4-5 in Fig. 2) downstream of the
deflecting cavities.
The beam dynamics in the EEX section is impacted by

the second-order effect. In Ref. [10] it was pointed out that
a proper LPS chirp could mitigate second-order aberration.
In our setup, given the targeted vertical emittance, the
introduction of the chirp would have to be done with
another linac module located between the RFBT and EEX
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as a chirp at the entrance of the RFBT would impact the
small vertical emittance due to chromatic aberration in the
RFBT. Given the need to minimize the final horizontal
emittance, we follow the analysis detailed in Ref. [15] to
understand the source of possible final horizontal-phase-
space dilution. We start by considering the phase-space
coordinate of an electron downstream of the first dogleg
(consisting of dipole magnets B1 and B2), we have

x1 ¼ x0 þ Lx00 þ ηδ0 þ T122x020 þ T126x00δ0
þ T133y20 þ T134y0y20 þ T144y020 þ T166δ

2
0 ð13Þ

x01 ¼ x00 þ T233y20 þ T234y0y00 þ T244y20 ð14Þ

for the horizontal phase space. The longitudinal phase-
space coordinates are

z1 ¼ ηx00 þ z0 þ ξδ0 þ T522x020 þ T526x00δ0
þ T533y20 þ T534y0y00 þ T544y020 þ T566δ

2
0 ð15Þ

δ1 ¼ δ0: ð16Þ

In the latter equations, the subscript 0 indicates the
coordinate upstream of B1, and the Tijk are the usual
second-order aberration coefficients [28] associated with
one dogleg.1

Finally, the horizontal coordinates after the EEX section
are given by

x2 ¼ x0 þ T166δ
2
2 þ Lx00 þ Ldx00 þ δ0ηþ Lx02 þ Ldx02

þ T122x00
2 þ T122x02

2 þ ηδ2 þ x00ðLa þ LcÞ

þ κ

�
La þ

Lc

2

�
ðT522x00

2 þ ηx00 þ z0 þ δ0ξÞ

þ T126x02δ2 ð17Þ

x02 ¼ x00 þ κðT522x00
2 þ ηx00 þ z0 þ δ0ξÞ ð18Þ

where δ2≡δ0þκðx0þLx00þLdx00þδ0ηþT122x00
2ÞþLcκx00

2
,

and x02 ¼ x00 þ κðT522x00
2 þ ηx00 þ z0 þ δ0ξÞ are the δ

and x0 coordinates after the second dogleg. In the latter
equation, we neglected geometric aberrations arising from
the coupling with the ðy; y0Þ given the very low vertical
emittance. Likewise, we ignore the T126 and T526 terms
associated with the first dogleg since the initial x00 − δ0
correlation is small (ideally vanishing).
The T122x00

2 and T522x00
2 terms in the final horizontal

coordinates can be minimized by imposing a large βx at the
entrance of EEX. The rest of the second-order terms related
to δ2 and x02 can be reduced with an initial correlation
in ðx0; x00Þ and ðz0; δ0Þ to produce a horizontal and
longitudinal beam waist at the center of the TDC so the
quantities T166δ

2
2, T122x02

2, and T126x02δ2 in Eq. (17) are
minimized. Finally, the ðx2; x02Þ coordinate downstream of
B4 can be written as

x2 ¼ ηδ0 −
Lþ Ld þ La þ Lc

2η
ðz0 þ ξδ0Þ ð19Þ

x02 ¼
−1
η
ðz0 þ ξδ0Þ: ð20Þ

The previous equation is obtained by enforcing the con-
dition 1þ ηκ ¼ 0 required for emittance exchange.

III. NUMERICAL PROOF OF CONCEPT FOR
PRODUCING BEAM WITH ILC-LIKE

PARAMETERS

In this section, we apply the concept devised in the
previous section to the case of the ILC to produce an
emittance partition similar to the one produced down-
stream of the ILC damping ring [7]; see Table I. The
design philosophy focuses on designing an injector
capable of minimizing the beam emittance along all
degrees of freedom upstream of the RFBT and then

SOL3 SQ1 SQ2 SQ3

Q1 Q2 Q3

B1

B2

S1 TDC1-3

HCAV
4-5

S2

B3

S3

B4

distance from end ofi njector(m)

RFBT

EEX

0 5 10 15 20 25

FIG. 2. Overview of the emittance manipulation beamline combining the RFBT (skew-quadrupole magnets SQ1, SQ2, and SQ3) and
EEX (from dipole magnet B1 to B4) insertions. The label “SQi” and “Qi” refer to skew- and normal-quadrupole magnets, “Bi” and “Si”
are dipole nd sextupole magnets. The elements ”TDCi” and “HCAVi” refer to transverse-deflecting and 3.9-GHz SRF cavities; “SOL3”
is a solenoidal magnetic lens.

1The nonlinear aberrations arising from the deflecting cavity
are ignored in this section for sake of simplicity. Their inclusion
does not affect the discussion and overall aberration-correction
method.
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optimizing the emittance repartitioning in the RFBT and
emittance-exchange process in the EEX beamlines. Each
of these steps is discussed below.

A. Beam generation

The conceptual design of the photoinjector beamline
from the photocathode surface up to the entrance of the
RFBT is diagrammed in Fig. 3. The injector beamline was
modeled using the particle-in-cell beam-dynamics program
IMPACT-T [29]. The electron source consists of a 1þ 1

2
-cell

rf gun operating at f0 ¼ 1.3 GHz operating with a peak
field on the cathode of Ec ¼ 60 MV=m. The downstream
linac consists of five TESLA-type nine-cell super-
conducting rf (SRF) cavities operating at a peak field of
EL ¼ 60 MV=m (corresponding to an accelerating gra-
dient GL ≃ EL=2 ≃ 30 MV=m consistent with ILC dem-
onstrated the requirement of GL ¼ 31.5 MV=m [30]). The
rf gun is nested in a pair of solenoidal lenses to control the
beam emittance. The beamline parameters [laser spot
radius, solenoid (SOL1 and SOL2) strengths and locations,

field amplitude, and phase of ACC1] were optimized to
minimize the transverse uncorrelated emittance εu and
maximize the eigenemittance ratio ϱ≡ εþ=ε− at the exit
of the ACC1. To ensure minimal longitudinal emittance
and space-charge effects, we considered a spatiotemporally
shaped laser pulse with uniform three-dimensional ellip-
soidal intensity distribution [31,32].
The photoemitted electron beam mirrors the laser

distribution thereby producing space-charge fields with
a linear dependence on the spatial coordinate within the
ellipsoidal bunch [33,34]. The corresponding linear
space-charge force mitigates emittance growth and the
bunch distribution remains ellipsoidal. The generation of
ellipsoidal electron bunch could also be implemented
using the self-expanding (or “blow-out”) regime [34,35].
However, for our set of electron-beam parameters, the
required laser spot size would need to be larger (thereby
increasing the 4D emittance) and effects associated with
image charge would significantly alter the ellipsoidal
character of the distribution [36]. Over the last decade,
significant research on laser shaping has demonstrated
laser intensity distribution following a uniform ellipsoid
by, e.g., controlled chromatic aberration combined with
spectral shaping [32] or combining spectral- and trans-
verse-shaping techniques [37–39].
The long laser duration needed to reduce the charge

density results in long bunch length [σz ≃ 0.87 mm; see
Fig. 3(a)] that leads the longitudinal phase space (LPS) to
develop a quadratic correlation induced by the rf wave-
form; see Fig. 3(b). The linac cavities (ACC2-5) are
operated ϕL ¼ 2° off-crest to remove the linear LPS
correlation after acceleration to 151 MeV; see Fig. 3(b).
The 1.3-GHz linacs are followed by a third-harmonic
accelerating cavity module operating at fH ¼ 3f0 ¼
3.9 GHz to correct the quadratic correlation in the LPS
and reduce the longitudinal emittance. The module com-
prises three SRF third-harmonic cavities (HCAV1-3)
with a similar design as discussed in Ref. [40]. The
cancelation of the quadratic correlation gives an eightfold
decrease in the longitudinal emittance to a final value of
εz ≃ 11.78 μm; see Fig. 3(e). The beamline parameters
and resulting beam-emittance partitions are summarized
in Table II.

B. Emittance manipulation

The emittance-manipulation beamline comprising the
RFBT and EEX sections was simulated using ELEGANT

[41]. The simulations account for higher-order aberrations
and bunch self-interaction due to coherent synchrotron
radiation (CSR). The beamline is located just after the
photoinjector displayed in Fig. 3, at an energy of
∼151 MeV. Downstream of the injector, the magnetized
beam is focused by a solenoid into the RFBT section where
three skew quadrupoles remove the angular momentum of
the magnetized beam and transform the magnetized beam

FIG. 3. Photoinjector diagram (upper schematics) and snap-
shots of the LPS distribution at z ¼ 1.88 (a), 7.48 (b), and 9.3 m
(c) from the photocathode. Evolution of the beam energy and rms
bunch length (d) and corresponding 4D transverse and longi-
tudinal emittances (e). In the upper block diagram, SOL1 and
SOL2 refer to the solenoidal magnetic lenses, ACC1-5 is the
1.3-GHz SRF cavities, and HCAV1-3 represent the 3.9-GHz SRF
cavities. In plots (a–c) and throughout this paper, ζ > 0 corre-
sponds to the head of the bunch.
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into a flat beam with emittance partition downstream
of the RFBT

ðεx;f; εy;f; εz;fÞ ¼ ð493.40; 7.17 × 10−3; 11.82Þ μm: ð21Þ

This emittance partition confirms that the mapping of the
transverse eigenemittances listed in Table II to transverse
emittance is near ideal (the emittance dilution associated
with the mapping ε− → εy is 4.8%) and the longitudinal
emittance is preserved (relative emittance growth of 0.3%).
The flat beam is then matched into the EEX beamlines with
Q1-3 to meet the Courant-Snyder parameters requirement
described in Sec. II B. The condition for the ðz0; δ0Þ
correlation is not imposed as we found the contribution
of the T122x02

2 term in Eq. (17) is insignificant for our beam
parameters. The EEX beamline consists of two doglegs
each with dipole bending angles of ðþ2°;−2°Þ, three
3.9-GHz deflecting cavities, and two 3.9-GHz accelerating
cavities. The use of multiple SRF cavities is required
given the demonstrated cavity performance (maximum
achievable deflecting or accelerating voltage) and our
requirements. Aside from canceling the thick lens effect
of TDC, the accelerating cavities are also used to partially
compensate for the correlated energy spread induced by
CSR. Additionally, three sextupole magnets (labeled as
S1-3) are inserted in the EEX beamline to correct the
nonlinearities arising from the deflecting and accelerating
3.9-GHz cavities. The voltages of the TDC and third
harmonic cavities, along with the strengths of the sextupole
magnet, were numerically optimized to minimize the final
horizontal emittance downstream of the EEX beamline.

The optimized settings for cavities and magnets appear
in Table III.
The evolution of the beam emittances along the emit-

tance-manipulation section is presented in Fig. 4 and
confirms a final emittance partition of

TABLE II. Beamline settings for the proposed photoinjector
and achieved normalized-emittance values at the end of the
beamline. The quantities ε� ≡ γε̃� where ε̃� is defined in Eq. (8).

Parameter Symbol Value Unit

Charge Q 3.2 nC
Laser pulse full (and rms) duration τl (σl) 10 (2.24) ps
Laser rms spot size σc 1.93 mm
Thermal emittance εc 1.634 μm
Magnetic field on cathode Bc 226 mT
Laser/gun launch phase ϕ0

a 50 deg
Peak E field on cathode E0 60 MV=m
ACC2-5 off-crest phase ϕL 2 deg
Linac peak electric field EL 60 MV=m
HCAV1-3 off-crest phase ϕH 178.68 deg
HCAV1–3 peak electric field EH 34 MV=m

Total beam energy Eb 151 MeV
Longitudinal emittance εz 11.78 μm
Transverse eigenemittance (smaller) ε− 6.84 nm
Transverse eigenemittance (larger) εþ 493.4 μm
Transverse uncorrelated emittance εu 1.85 μm
Magnetization L 246.7 μm

aEmission phase wrt to zero-crossing.

TABLE III. Operating parameters RFBT and EEX beamline,
the magnet names refer to Fig. 2. The magnetic-field strength
follows the convention kl ≡ ð∂lBxÞ=ð∂ylÞ.
Parameter Value Unit

Skew quadrupole magnet SQ1 k1 ¼ 3.71 m−1

Skew quadrupole magnet SQ2 k1 ¼ −7.08 m−1

Skew quadrupole magnet SQ3 k1 ¼ 15.76 m−1

Sextupole magnet S1 k2 ¼ −15.67 m−2

Sextupole magnet S2 k2 ¼ −1.08 m−2

Sextupole magnet S3 k2 ¼ −0.03 m−2

Doglegs dispersion η −1.67 m
TDC section kick strength κ 6 m−1

Dipole magnet B1-B4 angles 2 deg
TDC1 deflecting voltage 3.72 MV
TDC2 deflecting voltage 3.72 MV
TDC3 deflecting voltage 3.66 MV
HCAV4 accelerating voltage 5.81 MV
HCAV5 accelerating voltage 5.91 MV

FIG. 4. Evolution of the horizontal (a), vertical (b), and
longitudinal (c) emittance (blue traces) and bunch size (green
dashed traces) along the emittance manipulation beamline (com-
bining the RFBT and EEX transformations). The vertical shaded
bands indicate the locations for the RFBT’s skew-quadrupole
magnets (gray band at distances < 10 m are for SQ1-3) and
dipole magnets (red bands from ∼14 m to the end of the beamline
are for B1-4) associated with the EEX beamline; see Fig. 2.
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ðεx;e; εy;e; εz;eÞ ¼ ð25.47; 7.26 × 10−3; 546.34Þ μm ð22Þ

was attained corresponding to a 6D brightness B6 ≃
31.7 pC=ðμm3Þ. This 6D brightness is a factor of ∼3
higher than the one listed under “rf gun” in Table I most
likely due to the use of a 3D ellipsoidal photocathode-laser
distribution in the present work while Ref. [5] employs a
uniform-cylinder laser distribution. Snapshots of the
phase-space distributions at different stages of the beam
generation and manipulation along the beamline appear
in Fig. 5.

C. Sensitivity to imperfections

We evaluated the robustness of the proposed design and
the sensitivity of the final transverse emittances to shot-to-
shot jitters associated with amplitude and phase stability of
the SRF cavities via start-to-end simulations. Specifically,
we performed 1000 start-to-end simulations with different
random realizations of the rf amplitude and phase for all
the SRF cavities. The amplitude and phase values were
randomly generated with a normal distribution with respec-
tive rms jitter of 0.01% (fractional deviation from nominal-
amplitude settings) and 0.01 degree (for the 1.3-GHz
cavities) and 0.03° (for the 3.9-GHz cavities). These
tolerances are consistent with the performances of the
low-level rf system at the European X-ray FEL [42]. These
jitter studies confirm that the associated transverse-
emittance fluctuations are acceptable—i.e., εx ¼ 25.48�
0.02 μm and εy ¼ 8.13� 0.98 nm; see the corresponding
histogram in Fig. 6.

Another potential source of emittance degradation stems
from deviation of the initial laser distribution of the ideal
ellipsoidal distribution considered so far. Specifically,
the ellipsoidal character of the distribution minimizes the
longitudinal emittance by mitigating nonlinear correlation
in the LPS after the removal of the quadratic correlation
introduced in the linac (C1–C5) using third-order harmonic
accelerating cavities (H1-3). A deviation from the ideal
parabolic longitudinal projection would increase the longi-
tudinal emittance downstream of the photoinjector εz;e in
Eq. (21) and thus the final horizontal emittance after the
EEX beamline εz;f in Eq. (22). To quantify the impact of a
nonideal laser distribution, we consider a superellipsoid
distribution [43,44] modified to be cylindrical symmetric,
with its boundary described by the equation���� x2a2x þ

y2

a2y

����
ν⊥
2 þ
���� tat
����νt ¼ 1 ð23Þ

in the spatiotemporal ðx; y; tÞ domain. In the latter equation
ai being the lengths of the semiaxis along each direction
i ¼ ½x; y; t�, and νi characterizes the deviation from an
ellipsoidal distribution [which corresponds to the case
νi ¼ 2 (∀ i)]. In this study, we control the spatiotemporal
distribution by fixing νt ¼ 2 and varying ν⊥. In the process,
we scale the macroparticle coordinates to ensure the rms
size of the distributions (σt and σc) are kept constant and
equal to those listed in Table II.
Figure 7(a) presents the beam emittances downstream

of the photoinjector for different values of ν⊥; the case
when νt < 2 corresponds to the development of soft
edges while values ν⊥ > 2 result in a cylinderlike distri-
bution; see insets in Figs. 7(b) and 7(d), respectively.
The results indicate that the smaller eigenemittance
ε− strongly depends on ν⊥. A source of dilution comes
from the nonlinear distortions arising in the LPS as ν⊥
deviates from its nominal value (ν⊥); see Fig. 7(e)–7(g).
This investigation confirms that the emittance partition
downstream of the photoinjector is sensitive to the initial
spatiotemporal laser shape: maintaining a smaller eigene-
mittance ε− within ∼20% of its nominal value listed in
Table II requires 1.5 ≤ ν⊥ ≤ 2.5.

FIG. 5. Horizontal (a,d,g), vertical (b,e,h), and longitudinal
(c,f,i) phase-space upstream of the RFBT (a,b,c), upstream of the
EEX (d,e,f), and at the exit of the EEX (g,h,i).

FIG. 6. Histogram of final horizontal (a) and vertical (b) emit-
tances simulated downstream of the EEX beamline for 1000
realizations of SRF-cavity random phase and amplitude jitters.
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D. Spin dynamics

The present requirements from high-energy physics
call for 80% spin-polarized electron beams. The
e−=eþ bunch charge ranges from fC to nC depending on
the LC technology choice [45]. In most of the designs, the
polarized electron beam is produced via photoemission
from semiconductor gallium-arsenide (GaAs) photocath-
odes placed in a dc gun [46]. Operation of a gallium-
arsenide (GaAs) photocathodes in an rf gun remains
a challenge and has been the subject of intense research
[47–49]. The photoinjector is expected to produce a
longitudinally spin-polarized electron beam with most of
the electrons’ spin vector S ¼ Szẑ.
The evolution of the spin in an externally applied

magnetic field B can be described by the classical spin
vector S under the action of a semiclassical spin precession
vector Ω via the BMT equation [50]

dS
dt

¼ S ×Ω ð24Þ

with,

Ω¼ e
m

��
aþ 1

γ

�
B−

aγ
γþ 1

ðβ ·BÞβ−
�
aþ 1

γþ 1

�
β×

E
c

�
;

ð25Þ
where a is the anomalous magnetic moment and β≡ v

c
with v being the velocity.
The spin dynamics of the particle distribution was

investigated with the beam-dynamics program BMAD [51]
which implements a Romberg integration of the spin rotation
matrix. Figure 8 presents the evolution of spin-vector
components through the RFBT and EEX sections shown
in Fig. 2. The initial conditions are such that the beam is
100% longitudinally spin polarized ST ¼ ð0; 0; 1Þ. The
simulation indicates that the RFBT does not impact
the spin (no depolarization is observed) while the EEX
beamline yield a small depolarization with final mean and
rms longitudinal spin values being, respectively, hSeiT ¼
ð5.41 × 10−5;−1.39 × 10−8; 0.99Þ and ðσSx;e ; σSy;en ; σSz;eÞ ¼
ð1.84 × 10−2; 1.12 × 10−3; 1.81 × 10−4Þ. confirming that
the longitudinal depolarization

σSz;e
hSz;ei ∼Oð10−4Þ is

insignificant.

(a)

(b) (c) (d)

(e) (f) (g)

FIG. 7. Relative emittance dilution δε
ε0

(here ε0 represents the
nominal emittances reported in Table II obtained with the
ellipsoidal distribution ν⊥ ¼ 2) as a function of the exponent
ν⊥ value in Eq. (23) (a). Spatiotemporal distribution ðβct; rÞ at
the cathode surface (b–d) and longitudinal phase spaces (e–g) for
ν⊥ ¼ 0.5 (b,e), 2 (c,f), and 8 (d,g). In plots (b,d), β represents
the reduced velocity at emission (i.e., associated with the excess
kinetic energy) and t is the emission time.

FIG. 8. Evolution of the spin components along the emittance-
manipulation beamline. Spin components associated with the
reference particle ST ¼ ðSx; Sy; SzÞ (a), statistical average hSi (b)
and rms value hS2i1=2 (c) computed over the macroparticle
distribution. The vertical shaded bands indicate the locations
for the RFBT’s skew-quadrupole magnets (gray band at distances
< 10 m are for SQ1-3) and dipole magnets (red bands from
∼14 m to the end of the beamline are for B1-4) are associated
with the EEX beamline; see Fig. 2.
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E. Enhanced luminosity

The noted reduction in longitudinal emittance com-
bined with longitudinal bunch compression could further
enhance the luminosity given the scaling L ∝ σ−1=2z ; see
Eq. (2). In addition to improving luminosity, colliding
short bunches also mitigate beamstrahlung-radiation
losses thereby allowing the particles to experience
extreme electromagnetic fields to probe nonperturbative
quantum-electrodynamics effects [52]. The photoinjector
described in Sec. III A produces a final LPS with
bunch length σz;e ¼ 407 μm; see Fig. 9(a). Further accel-
erating the beam to 5 GeV [see Fig. 9(b)] and considering
a single-stage bunch compressor (as implemented in the
nominal ILC design downstream of the DR [53]) can
reduce the bunch length to σ0z ≃ 23 μm; see Figs. 9(c)
and 9(d). The simulations presented in Fig. 9 were
performed with a 1D single-particle model of the longi-
tudinal beam dynamics. In the model, the linac accelerates
the beam from 151 MeV to 5 GeV. The linac phase is set to
15° off-crest to impart the required correlated energy
spread for maximum compression in a downstream bunch
compressor. The bunch compressor is modeled by its
longitudinal dispersion R56 ¼ 14.9 cm (in our convention,
R56 > 0 corresponds to a chicane-like compressor).

IV. CONCLUSION

In summary, we designed a beamline comprising two
cascaded cross-plane beam manipulations that could
produce an electron beam with a final transverse-
emittance partition comparable to the one attained down-
stream of the damping ring in the proposed ILC design.
This technique produces electron bunches with brightness

∼2 orders of magnitude higher than the ILC design. The
enhanced brightness could further increase the luminosity
by producing shorter bunches at the interaction point.
Finally, the proposed scheme presents a substantial cost
and complexity reduction compared to the conventional
design based on a damping ring. Although our focus was
on demonstrating the application of the scheme to ILC-
like parameters, the concept could also be optimized for
other LC technologies.
Yet, the integration of the proposed technique in future

LC designs is contingent on the successful generation of
spin-polarized beams from rf guns. Likewise, the method
could also apply to positron beams pending the avail-
ability of low-emittance positron sources such as, e.g.,
recently proposed based on an electrostatic trap [54,55] or
relying on bremsstrahlung by impinging electron beams
on thin targets [56].
Ultimately, the emittance-manipulation method discussed

in this paper will require a vigorous R&D program on
sources of bright spin-polarized electron and positron
beams to be deployed in a future LC design. Two comple-
mentary experiments aimed at testing the proposed concepts
are currently in preparation at the Argonne Wakefield
Accelerator (AWA) [23] and the Superconducting Test
Facility (STF) at the High Energy Accelerator Research
Organization (KEK) [57].
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