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The removal of undesired beam nonlinear energy chirp (time-energy correlation) or linearization of
the beam longitudinal phase space (LPS) is crucial for high-brightness linac-based scientific applica-
tions, such as x-ray free-electron lasers. In this paper, we propose that a low-density hollow channel
plasma can be used as a near-ideal passive linearizer to significantly linearize the beam LPS and, at
the same time, preserve the beam emittance. Physically, the passage of the beam through the hollow
plasma channel excites a strong quasicosinoidal longitudinal wakefield that acts to mitigate the beam
nonlinear energy chirp by superimposing a reverse chirp on the beam. The theoretical analyses and large-
scale three-dimensional start-to-end simulations confirm that the beam longitudinal phase space can be
almost completely linearized without noticeable beam emittance growth. Application of such a near-ideal
linearizer may significantly improve the performance of numerous accelerator-based applications.
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L. INTRODUCTION

Accelerator-based applications, such as x-ray free-
electron lasers (XFELs) [1-4] are revolutionizing science
at ultrafast and ultrasmall scales. For these applications,
precise control of the electron beam’s longitudinal phase
space (LPS) is critical. However, since the beam is usu-
ally generated and accelerated in a linac powered by rf
waves, nonlinear energy chirp will be induced on the beam
LPS due to the cosinoidal rf time curvature. This nonlin-
ear energy chirp is normally detrimental to the application
performance. For example, in XFELs, the nonlinear energy
chirp results in the degradation of the FEL bandwidth. In
addition, such a chirp will also cause unwanted deteriora-
tion of the bunch compression. In an XFEL, in order to
achieve a high peak current for efficient lasing, the elec-
tron bunch generated in the linac needs to be temporally
compressed by a magnetic chicane. However, the beam
nonlinear energy chirp will strongly influence the final
compression results, leading to sharp temporal spikes and
unnecessary amplification of undesired collective effects.
Therefore, removal of such nonlinear time-energy correla-
tion or linearization of the beam LPS is highly desirable
for improving the XFEL performance.

One typical method of eliminating the beam nonlinear
energy chirp is the use of a high-harmonic cavity [5,6].
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Nonlinear chirps can be compensated when the harmonic
cavity is operated at a decelerating phase and proper volt-
age. However, this active compensation method requires
an extra expensive 1f station, as well as precise control of
the amplitudes and phases of the rf structures. Moreover,
the beam energy will also be reduced by approximately
1/n? during linearization, where n = k;/k, is the har-
monic number, with k;, and k&, being the rf wave numbers
of the high-harmonic cavity and main accelerating cav-
ity, respectively. The beam LPS can also be linearized
by shaping the photoinjector laser pulse [7]. Nevertheless,
this method may increase the beam emittance. Another
rf-free method is to exploit the interaction of the beam
and its self-induced wakefield in accelerating sections and
dielectric lined or corrugated metallic structures [8—12].
The planar structures are currently attracting considerable
interest from most XFEL facilities because their gaps can
be adjusted such that the wake wavelength can match
the bunch length. However, the planar-structure geom-
etry excites time-dependent quadrupole wakefields that
can increase beam emittance even for an on-axis beam,
which must be canceled by using two identical parts with
orthogonal orientations [10].

An alternative, rf-free approach to tune the electron-
beam LPS is to utilize the wakefield excited by either
the electron beam itself (passive compensation) or an
external laser or beam driver (active compensation) in
a plasma [13-21]. Compared with the active compensa-
tion method, which requires additional high-power laser
pulses or high-current particle beams [13—15], the passive
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FIG. 1. (a) Schematic diagram of the hollow-channel plasma
linearizer. (b) The initial beam LPS. (c¢) The beam current pro-
file (green line) and the on-axis longitudinal wakefield E, excited
by the beam inside the hollow-channel plasma linearizer (black
line). (d) The final beam LPS.

compensation scheme is simpler and easier to implement.
Recently, both the passive dechirpers [16—18] and lineariz-
ers [19] based on tenuous uniform plasmas have been
experimentally demonstrated to remove the linear and non-
linear energy chirps, respectively. However, this approach
has a limitation for maintaining emittances well below
about 1 pm rad due to longitudinal-position-dependent
transverse wakefield focusing. In addition, linearizing in a
uniform plasma also induces slice energy-spread increase
due to the nonuniform longitudinal wakefield in the trans-
verse dimensions. These two factors impose restrictions
for its application to XFELs. Ideally, a linearizer that can
both remove the nonlinear energy chirp and maintain the
emittance as well as the slice energy spread is preferred.

In this paper, we propose to use a low-density hollow-
channel plasma to serve as a near-ideal linearizer, as
shown in the schematic diagram in Fig. 1(a). We note that
recent experiments have shown that such a hollow-channel
plasma can be generated by ionizing neutral gas or alkali
vapor with a high-order Bessel laser beam [22]. In our pro-
posed scheme, an electron beam with a nonlinear energy
chirp [Fig. 1(b)] is sent through a separate low-density
hollow-channel plasma section to excite a strong quasi-
cosinoidal longitudinal plasma wakefield [Fig. 1(c)]. By
properly choosing the wavelength of the wakefield, the
nonlinear energy chirp can be effectively canceled dur-
ing the propagation [Fig. 1(d)]. The net linearizing effects
can be easily tuned by changing the density, length, and
geometry (i.e., inner and outer radii) of the plasma chan-
nel. Additionally, the transverse focusing fields inside the
channel will be zero or negligibly small if the beam is
launched on or very close to the axis, and this will help
to preserve the beam emittance [23]. The transverse pro-
file of the longitudinal field is also decoupled from the
transverse profile of the electron beam [24]. Therefore,
the longitudinal field inside the channel is uniform in the
transverse direction, leading to zero slice-energy-spread
increase.

This paper is organized as follows. In Secs. II and
IMI, detailed theoretical analyses and start-to-end three-
dimensional (3D) simulations will be systematically pre-
sented to show the effectiveness of the above scheme on
nonlinear energy-chirp reduction and emittance preserva-
tion. In Sec. IV, we discuss the effect of the transverse
dipole wakefield caused by the beam offset. Finally, we
present concluding remarks in Sec. V.

II. THEORETICAL ANALYSES

To quantify the effectiveness of the hollow-channel
plasma linearizer, we first carry out a theoretical analysis
based on the linear wakefield theory [24]. Typically, the
electron beam before compression has relatively long pulse
duration (ranging from picoseconds to tens of picoseconds)
and relatively low current (ranging from amperes to tens of
amperes). In this case, the linear wakefield theory can be
adopted to properly describe the wakefield structure within
the beam.

We begin by initializing a hollow-channel plasma with
electron density 7, between the inner radius a and outer
radius b. Using the linear wakefield theory, the longitu-
dinal wakefield E, in the hollow channel excited by an
on-axis cylindrically symmetric beam can be expressed
as a convolution of the bunch charge distribution with a
single-particle wakefunction [22,24,25]

§
d§’ cos[Qok, (6 — EN(EN /L4,

(1)
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where & = ¢t —z is the co-moving coordinate with the
beam, k, = \/ny,e?/meyc? is the plasma wave number,
E, = mk,c*/e is the wave-breaking limit of the cold
plasma, I(£) is the beam current and I, = mc> /e ~ 17 kA
is the Alfven current, with ¢ the speed of light in vacuum,
e the elementary charge, m the electron rest mass, and &g
the vacuum permittivity. In Eq. (1), W, and €2, are two
quantities related to the wake amplitude and wavelength,

—4B
Wo = 00(a, b) ’ @)
kya[2B1o(a, b) — kyaBoo(a, b)]
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Q) = 3
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where Bji(a,b) = (=)7L (k,b)K;(kya) + L:(kya)
K (k,b), and K, and I, are the modified Bessel functions
of order n.

For simplicity, we consider beams with flat-top current
distributions [/(§) = I, for —L;/2 < & < L,/2, where I,
is the beam peak current and L, is the full bunch length].
Within the beam (—Lp/2 <& < L;/2), Eq. (1) can be
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simplified as

E W I, . Qok, L
E.(r,£) = gool—jsm<90kp§+ 02” b). 4)

From Eq. (4), one can see that in order to effectively lin-
earize the beam LPS, E, along the electron beam should
be a cosinoidal-waveform decelerating field with a wave-
length near twice the bunch length, i.e., Qok, L, ~ 7.

In this case, by considering an electron beam passing
through n accelerating rf structures and then a hollow-
channel plasma linearizer with length L., we present the
beam LPS at the exit of the linearizer as

E(r,&) =) Eaces 05(@; + ki) — eE-(r,€) L

i=1

n
= - Z Eacc,i sin bi sin kl'i:

i=1

+ Z Eacc,i COS ¢; Cos k,%‘
i=1
E, Wy I,
o7 cos(Qok,E)Le, (5)
0 A

where E,, is the peak energy gain, &; is the wave number,
and ¢; is the accelerating phase of the beam center (refer-
ence particle) in the ith rf structure. In the limit of k;L, <«
1, sinki& ~ k£, and cosk;& ~ 1 — (k;£)?/2, thus the first
term of Eq. (5) represents the linear energy chirp, the sec-
ond term corresponds to the second-order energy chirp
and the third term represents the energy chirp compensa-
tion due to the plasma linearizer. Under this condition, the
nonlinear energy chirp can be almost canceled when

Z?:l Epccicos ¢i[1 — cos(kiLy/2)]
- £,y Iy : (6)
o I

Le

Therefore, the final LPS of this beam is given by

Efna (r,§)

n n
= — Z Eyec,ising; sink;€ + Z Eycci cos ¢; cos kiE

i=1 i=1

— > Eaccicos ¢i[1 — cos(kiLs/2)] cos(Q0ky£). (7)

i=1

To get an intuitive picture on the above physics, we
plot in Fig. 2(a) the longitudinal field E. excited by a
500-pC, 10-ps electron beam with a flat-top current pro-
file (L, = 3.0 mm, /,=50 A) inside a preformed annular
plasma with an inner radius of a = 500 wm and outer
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FIG. 2. (a) Longitudinal electric field E, excited by a flat-top

electron beam inside the hollow plasma channel, with plasma
electron densities of 2.8 x 103 ¢cm™3, 3.3 x 10"* ¢cm~3, and
3.8 x 1013 cm™3, respectively. (b) LPS distributions of the elec-
tron beam, where the blue and red lines represent the LPS before
and after the hollow-channel plasma linearizer, respectively, with
the acceleration phase being 0°. Negative £ corresponds to the
head of the electron bunch.

radius of » = 1000 pm. Three cases with plasma elec-
tron densities of 2.8 x 10"* cm™3, 3.3 x 10"® cm™3, and
3.8 x 10" cm™ are considered here. In the case of n, =
3.3 x 10"3 cm™3, the relation Qok, Ly ~ 1 (29 = 0.96) is
satisfied, and the corresponding LPS of this beam before
and after the hollow-channel plasma linearizer is presented
in Fig. 2(b). Here the electron beam is initially on-crest
(¢ = 0°) accelerated in one S-band rf structure with fre-
quency at 2856 MHz (k = 59.8 m~!) and peak energy gain
of Eyec = 60 MeV. The nonlinear energy chirp of the elec-
tron beam induced by the rf curvature is nearly canceled
by the plasma linearizer with a length of L, = 12 c¢m [cal-
culated according to Eq. (6)]. The LPS after the plasma
linearizer is not perfectly flat owing to the residual higher-
order energy chirps. The reason is that the first and second
terms in Eq. (7) correspond to the energy gain from the
linac, which can be expanded only up to the second order
in £ by assuming that k;L, < 1, while the third term corre-
sponding to the energy change from the plasma linearizer
should be expanded to at least the fourth or even higher
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order in & because Q0k,L, = . In spite of this slight
imperfection, the projected beam energy spread remains
dramatically suppressed by at least one order of magnitude.

Furthermore, while propagating in the channel, a well-
centered radial-symmetric relativistic electron beam does
not experience a transverse wakefield. Given the absence
of the plasma focusing force, the transverse particle
momentum remains invariant and the beam emittance evo-
lution during the linearizing process is the same as that in
free-space drifting under the assumption that the change
in the beam energy spread is negligible (this condition
can easily be satisfied if the energy spread induced by
the linear energy chirp is much larger than that induced
by the nonlinear energy chirp). The geometric emittance
€ge0 (€geo =1 /mc,/(xz)(x’z) — (xx’), where () represents
an ensemble average over the beam distribution, x is the
transverse particle position, and x' = p,/p. is the slope
of a particle trajectory, with p, and p, being the trans-
verse and longitudinal particle momentum, respectively)
remains invariant and the normalized emittance €, (¢, =

1/me,/(x2) (p2) — (xpy)) increases as

€0(2) % (p2) €geor/ S5 [(vimiz — o) + 1141, (8)

where dp = <pz2) — (p.)?/ (p.) is the relative energy
spread of the beam, o and y are the Twiss parameters, with
o =-— (xx’) /€qco being the correlation between x and x’
andy = <x’2> /€geo being a measure of the spread in the par-
ticle slopes [26—28]. Here the subscript “init” refers to the
initial quantity. For the typical parameters of the electron
beam before compression from a linac-driven high-gain
XFEL injector (e.g., {p.) = 400 mc, §g = 0.015, ojnit = 0,
€geo = 2.0 nm.rad, Yinir = 1.5 m~!), the normalized emit-
tance grows by 0.04% of the initial value after the electron
beam passes through a 1-m-long plasma channel, which is
extremely small and can be neglected.

Drive laser  Coil

III. START-TO-END SIMULATIONS

To further verify the validity of the hollow-channel
plasma linearizer scheme and examine the theoretical
results, practical start-to-end 3D simulations are per-
formed. As shown in Fig. 3, the beamline used in the sim-
ulations consists of a photoinjector and a hollow-channel
plasma linearizer. The beam generation and transport in the
photoinjector comprising a photocathode rf gun and four
accelerating linacs are simulated with the particle-tracking
code ASTRA [29]. The simulations of beam passing through
the hollow-channel plasma linearizer are implemented
with the code OSIRIS, which is a fully parallelized, fully
electromagnetic, and fully relativistic 3D particle-in-cell
(PIC) code [30-32].

An electron beam with a near flat-top current distri-
bution is required for the acquisition of optimized bunch
emittance in the photocathode rf gun [33,34] and can
be achieved by shaping the temporal distribution of the
driving UV (266-nm) laser to a flat-top pulse through
the pulse-stacking technique [35,36]. This flat-top beam
current distribution is also preferred by hollow-channel
plasma linearizers for the effective cancelation of the non-
linear energy chirp as mentioned above. In the simulation,
the FWHM duration of the shaped driving UV laser is set
to 10 ps, with a 9.3-ps-long flat-top distribution in the cen-
ter and two 0.7-ps-long sharp rising and falling edges. The
transverse distribution of the driving laser is uniform, and
the laser-beam radius is 1.0 mm. The 1.6 cell S-band pho-
tocathode rf gun functions at a gradient of 100 MV/m, and
the launching phase is set to 26°. A solenoid adjacent to
the gun is used for the emittance compensation process
[37,38]. The accelerating part is composed of four S-band
accelerating structures, based on the model of standard
SLAC 3-m traveling-wave accelerating sections. The max-
imum energy gain of each accelerating section is E,.. = 60
MeV. The electron bunch is accelerated on crest in the
first two linacs (i.e., ¢;2 = 0°) to gain energy, while it
is -30° off-crest accelerated in the following two linacs
(i.e., ¢34 = —30°) to obtain a linear energy chirp where
the tail of the bunch has a higher energy than the head.

Gun =< Matching triplet 1 Matching triplet2  Electron beam
"”l” Downstream
11 | I | .
””l” = . . . . ,” Hollow-channel \“
Solenoid Linac1 Linac 2 Linac 3 Linac 4 plasma linearizer ",
E a v s
1
|
1
[ SN SN p——— v B e Y EE b Lot
$=0 ¢=-30°
FIG. 3. Schematic of the beamline.

064013-4



LINEARIZATION OF AN ELECTRON BEAM’S. ..

PHYS. REV. APPLIED 19, 064013 (2023)

235

230

E (MeV)

225

220'—
2 0
& (mm)

FIG. 4. LPS distribution (blue) and current profile (yellow) of
the electron beam after the photoinjector.

This linear energy chirp is required by the chicane com-
pressor to longitudinally compress the beam to achieve
high current. At the exit of Linac 4, an electron bunch
with a mean energy of 227.3 MeV, charge of 500 pC, full
bunch length of 3.45 mm (FWHM bunch length of 2.94
mm), and low normalized emittance of 0.82 pm rad is
obtained. The beam LPS and current profile are plotted in
Fig. 4. Due to the relatively long bunch length, which spans
over 10° accelerating phase of the rf wavelength, unwanted
nonlinear time-energy correlation is added to the desired
linear energy chirp (see Fig. 4). The electron beam is then
focused to a transverse waist size of 21 pm (see Fig. 5)
in the middle of the hollow plasma channel by the match-
ing triplets. Detailed parameters of the electron bunch are
listed in Table L.

The linearizing process is simulated using the 3D PIC
code OSIRIS in Cartesian coordinates with a window mov-
ing at the speed of light. To control and eliminate the
numerical Cerenkov instability [39,40], we adopt a cus-
tomized finite-difference-time-domain Maxwell solver for
the PIC algorithm as addressed in Ref. [41]. The 3600 x

50

a
o
\<Q

rms beam size (um)

w
o

N
o

-
o

0
-20 -10 O 10 20

Distance from the beam waist (cm)

FIG. 5. Simulated evolution of the beam rms transverse size
(focused by the matching triplets) inside the hollow-channel
plasma linearizer. Here the beam waist is located in the middle
of the hollow plasma channel.

TABLE I. Beam parameters at the exit of the photoinjector.
Parameter Value
Charge O 500 pC
Full bunch length L, 3.45 mm (11.5 ps)
FWHM bunch length L, pwum 2.94 mm (9.8 ps)
Mean beam current / mean = O/ Ly rwaMm 51 A
rms beam waist size oy, 21 pm
Mean energy Emean 227.3 MeV
rms energy spread Ag 3.1 MeV
rms slice energy spread Ag gice 1.0 keV
Normalized emittance ¢, 0.82 wm rad

3000 x 3000 wm?® simulation window is divided into
1500 x 1000 x 1000 cells along the z, x, and y directions,
respectively. A preformed fully ionized hollow plasma
channel is initialized with an electron density of n, =
2.5 x 103 cm™ between the inner radius of ¢ = 500 wm
and outer radius of » = 1000 wm, which satisfy the rela-
tion Qok,L, ~ 7 (29 = 0.96). A neutralizing immobile
ion background is used. The hollow-channel plasma and
the electron beam are represented by 8 and 16 particles per
cell, respectively.

The simulation results are shown in Fig. 6. The densi-
ties of the electron beam and the hollow-channel plasma
are shown in Fig. 6(a). Figure 6(b) presents the E, field
excited by this electron beam in the hollow plasma chan-
nel. The on-axis lineout (black solid line) shows that E,
within the beam is a quasicosine waveform decelerat-
ing field with a wavelength that is approximately twice
the full bunch length and an amplitude (the maximum
decelerating gradient) of 2 MV/m. For comparison, the
E. field obtained through theoretical calculation [accord-
ing to Eq. (1)] is also presented in this figure (black
dashed line) and is in excellent agreement with the sim-
ulation result. The transverse variation of E, (red solid
line) shows that E, is uniform along the transverse dimen-
sion inside the channel. Given these two properties of E,
the beam can be linearized in the hollow plasma channel
without inducing slice energy-spread increase. The cor-
responding beam LPS at the exit of the hollow-channel
plasma linearizer with different channel lengths are shown
in Fig. 6(c). As a comparison, the LPS before the lin-
earizer is also added in this figure. The nonlinear energy
chirp of the electron beam can be almost fully canceled
for L, = 51 cm. The simulation result of this optimal lin-
earizer length value is reasonably in agreement with the
theoretical calculation according to Eq. (6) where L. =
Z?:l Eqce,i cos i[1— Cos(kiLb/z)]/e(Ep Wo/20) Upmean/L4)
~ 60 cm by assuming that the wakefield amplitude in this
case is nearly equal to that excited by a flat-top beam with
a bunch length of Lypwam and beam current of I mean.
When the hollow-channel plasma linearizer is longer than
this optimal value (e.g., L. = 75 cm), the nonlinear energy
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3D PIC simulations of the linearizing process in a hollow-channel plasma. (a) Densities of the plasma channel and the

electron beam. (b) Longitudinal field £, excited by the electron beam. Lineouts of the simulated and calculated [according to Eq. (1)]
E. field (x = 0 wm, &) are shown with solid and dashed black lines, respectively. The red solid line shows the transverse variation in £,
at& = 0 mm. (c) LPS distributions of the electron beam, where the blue color represents the LPS before the plasma linearizer (nonlinear
energy chirp uncompensated), while the red and black colors represent the LPS after the linearizer with L. of 51 cm (nonlinear energy
chirp fully compensated) and 75 cm (nonlinear energy chirp overcompensated), respectively.

chirp may be overcompensated [see the black line in Fig.
6(c)]. As addressed above, owing to the absence of the
plasma-focusing force, the evolution of beam emittance
is similar to that in free-space drifting. The geometrical
emittance €y, remains invariant, and the normalized emit-
tance €, also remains nearly constant during the linearizing
process, as shown in Fig. 7 (blue line). This property of
maintaining low emittance is crucial for XFELs to achieve
high performance. For comparison, we also simulate the
linearizing process of the same electron beam in a uniform
plasma with a density identical to that in the above sim-
ulation. Due to longitudinal-position-dependent transverse
wakefield, electrons at different longitudinal positions feel
different focusing strengths and rotate with different veloci-
ties in the transverse phase space, leading to a large growth

2.5
2.0
%)
© 15
g
-~ 1.0
S
0.5 — Hollow-channel plasma
—Uniform plasma
0.0
0 20 40 60
z (cm)

FIG. 7. Evolutions of beam normalized emittance during the
linearizing process in both the hollow-channel plasma (blue) and
the uniform plasma (red). Note that in the uniform plasma lin-
earizer case, due to the stronger F, field, the required plasma
length is shorter than that in the corresponding hollow-channel
plasma linearizer case.

in projected emittance. In Fig. 7, the evolution of the beam
normalized emittance over the whole propagation is also
plotted (red line), and it is clear that the emittance increases
by a factor of 2. Such a large emittance growth is likely
unacceptable for XFEL applications of the beam.

To quantitatively compare the nonlinear energy chirp
before and after the hollow channel plasma linearizer, the
energy chirp is fitted with a fifth-order polynomial func-
tion (the convergence of the fitting has been confirmed).
Since the linearizer is mainly used to compensate for
the second-order energy chirp, we evaluate the lineariz-
ing effect by comparing the second-order coefficient ¢, of
the polynomial function. Figure 8(a) plots the evolution
of the second-order chirp coefficient ¢, versus the plasma
length L, for different plasma-density values of n, = 2.0 x
1013 em™3,2.5 x 103 em™3, and 3.0 x 10" cm ™3, respec-
tively. Note that the case with n, = 2.5 x 10! cm™ cor-
responds to the simulation in Fig. 6. As one can see, ¢;
linearly decreases to zero and then changes sign as the
beam propagates in the channel. This linear dependence
can be easily explained via a simple Taylor expansion
of Eq. (5). The change rates of ¢, versus L. are dif-
ferent for different density values, where the highest 7,
[3.0 x 10" cm™3, see the black dotted line in Fig. 8(a)]
corresponds to the largest change rate and vice versa.

Although the second-order chirp can be canceled in all
three density cases, the residual higher-order nonlinear
chirp can be different. Figure 8(b) shows the beam LPS
with the initial linear energy chirp subtracted. In the case
of n, =2.5x 10" ¢cm~3 where the relation Qok,Ly ~ 1
is satisfied, the longitudinal field E, excited by the beam is
zero at the bunch head and bunch tail; thus the energy val-
ues of these two parts remain nearly unchanged during the
linearizing process. However, given that the current dis-
tribution is not ideally flat top, £, is an imperfect cosine
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FIG. 8. Outcome of the linearizing process with different

plasma densities. (a) Change of the second-order coefficient ¢,
as a function of plasma length L. (b) Beam LPS with the initial
linear chirp subtracted.

function and does not reach its peak at the beam center
[see Fig. 6(b)]. Thus, higher-order nonlinear energy chirp
is introduced. In the case of a lower plasma density (n, =
2.0 x 103 cm™3), the wakefield wavelength increases and
thus the bunch tail loses energy. In addition, the peak posi-
tion of E; is shifted farther from the beam center, thereby
increasing the residual higher-order energy chirp. Con-
versely, the bunch tail gains energy and the residual high-
order energy chirp decreases at a higher plasma density
(n, = 3.0 x 10! cm™3). Despite these small differences in
the linearizing results for different plasma densities, Fig.
8 presents an encouraging result that the hollow channel
plasma linearizer functions well at a relatively wide range
of plasma densities, showing the practical applicability of
this linearizing technique.

IV. INFLUENCE OF THE DIPOLE WAKEFIELD
INDUCED BY BEAM OFFSET

In this section, we discuss the transverse wakefield that
can be generated in the plasma linearizer when the electron

beam enters the channel offset from the axis. We are par-
ticularly interested in the fields associated with the dipole
mode, which is the strongest mode contributing to the
transverse beam break-up instability [25,42,43]. The wake
function can be calculated as shown in Ref. [25] based
on the linear theory, and by convolving the wake func-
tion with the beam current distribution, we can obtain the
transverse wakefield W, = E, — cBy experienced by the
electron beam with offset xo (assuming in the x direction)

&
W) = Bkl [ e’ sinfSk & — §)1E)/ I

©)
where
8B1(a, b)
W, = , 10
' Q,(kya)’[4By1 (a, b) — kyaBy;(a, b)] (10)
o - \/ 2B5;(a, b) ' 0
4B31(a,b) — kyaBy1(a,b)

For the flat-top current distribution mentioned above, Eq.
(9) is reduced to

E, W I Qik, Ly
WJ_(E) = 221 Ekpr |:1 — COS <Q]kp§ + 2p >:| .
12)

The transverse dipole wakefield is constant inside the
channel and points in the same direction as the beam off-
set, away from the axis. The strength of the wake scales
linearly with the beam offset x(. The beam should be kept
as close to the axis as possible to mitigate the effect of the
transverse wakefield. Figure 9(a) shows the comparison of
the transverse dipole wakefield /7, inside the channel from
the 3D PIC simulation and theoretical calculation with the
beam offset xp =3 wm. The beam and plasma parame-
ters in this simulation and all following simulations are
identical to those in Fig. 6. Good agreement is achieved
between the simulated and theoretical results. The /7, also
has a longitudinal dependence of the beam position, thus
in the beam transverse phase space, slice phase ellipses
develop a displacement with respect to each other, which
leads to the projected emittance growth. Figure 9(b) shows
the transverse beam offset growth and the relative beam
projected emittance growth (in the direction of the offset)
versus the initial beam offset. As one can see, the beam
offset growth is negligibly small compared to the chan-
nel inner radius a, and the beam emittance growth can be
controlled to less than approximately 25% for initial beam
offset within 4 wm. This tolerance can be achieved for the
XFEL beam conditions and current diagnostics. Further-
more, this initial offset value has minimal impact on the
beam propagation and linearizing results.
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FIG. 9. (a)Simulated (solid blue) and calculated (dotted black)
on-axis transverse dipole wakefield with the beam offset xp =
3 wm. The beam current profile is also shown with the solid
brown line. (b) The transverse offset growth of the beam cen-
troid Axg/a and the the projected normalized emittance growth
A€,y /€nxinit Versus the initial beam offset xg . Here Axp =
X0,final — X0,init ANd A€, = €y final — Enx,init, Where the subscripts
“init” and “final” denote the initial and final quantities, respec-
tively.

V. CONCLUSION

The proposed method can also be easily utilized for
the linearization of shorter beams typically used in com-
pact scientific facilities that employ X band (frequency
approximately 12 GHz) linacs. In that case, an active com-
pensation scheme with a harmonic cavity at even higher
frequency becomes extremely difficult for the lack of a
suitable high-power rf source. Utilizing dielectric lined or
corrugated metallic structures requires very small geomet-
ric parameters to match the short bunch duration, bringing
difficulty to structure manufacturing and beam alignment.
By contrast, generating an annular plasma with a relatively
high density, short length can be readily achieved, there-
fore using a hollow-channel plasma linearizer to remove
the beam nonlinear energy spread is properly a highly
attractive method.

In summary, an alternative method that uses a hollow-
channel plasma as a near-ideal linearizer to mitigate the
beam nonlinear energy chirp is proposed. Theoretical anal-
yses and start-to-end 3D simulations are systematically

used to confirm the effectiveness and robustness of this
method for linearizing the beam LPS, while maintaining
the beam slice energy spread and normalized emittance.
This tunable and flexible technique can be applied to
numerous accelerator-based scientific facilities for signif-
icantly enhancing the beam quality. Since the generation
of a hollow plasma channel has already been demonstrated
[22], the proposed method can be experimentally tested in
the near future.
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