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Plasma-based electron or positron wakefield acceleration has made great strides in the past decade. Cur-
rently, one major challenge for its applications to coherent light sources and colliders is the relatively large
energy spread (few-percent level) of the accelerated beams. This energy spread is usually dominated by
a longitudinally correlated energy chirp induced by the wakefield. It is highly desirable to have a system-
atic method for reducing this spread to � 0.1% and, at the same time, maintaining the beam emittance.
Here, a near-ideal dechirper based on a low-density hollow channel plasma is proposed and tested through
large-scale three-dimensional particle-in-cell simulations. The theoretical analyses and simulations con-
firm that the positively correlated energy spread (chirp) of the electron or positron beam from a plasma
accelerator can be significantly reduced by its self-wake in the hollow plasma channel from a few percent
down to � 0.1% without noticeable beam emittance growth. Such a near-ideal dechirper may significantly
improve the beam quality of plasma-based accelerators; thus paving the way for their applications to future
compact free-electron lasers and colliders.
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I. INTRODUCTION

A plasma wake driven by an intense laser pulse or a
charged particle beam can be utilized to accelerate elec-
trons and positrons at extremely large accelerating fields
of about 100 GV/m, which are orders of magnitude larger
than those in state-of-the-art radiofrequency microwave-
based accelerators [1,2]. In the past decade, the field of
plasma-based wakefield acceleration has reached several
key milestones, such as multi-GeV electron acceleration
in laser-driven wakes [3–11], and high-energy high-
efficiency electron or positron acceleration in beam-driven
wakes [12–15]; thus showing its potential for application
in compact X-ray free-electron lasers (X-FELs) and linear
colliders for particle physics. For these challenging appli-
cations, beams with both low emittance and low energy
spread are required. For beam emittance, currently sub-
μm rad emittance is measured [16,17] in laser wakefield
acceleration experiments, and studies on controlled injec-
tion schemes also show the potential of generating beams
with much lower emittance [18–21]. For the energy spread,
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however, current experiments can only produce beams
with percent-level energy spread, and this is about one
order of magnitude larger than that required for X-FELs
and colliders. Therefore, it is critical to find systematic
solutions for reducing the beam energy spread down to 0.1
% or lower.

Before one can invent ways to reduce the energy spread,
it is imperative to understand where the energy spread
comes from. To obtain high gradients, the plasma acceler-
ator must be operated in a high-density plasma, which, in
turn, means that the wavelength of the accelerating struc-
ture is microscopic (tens to hundreds of micrometers). Due
to the very short wavelength of this structure, the accel-
eration phase interval occupied by the short electron or
positron beam is much larger than that in a traditional
accelerator. This can lead to a significant energy chirp
in the beam, unless ideal beam loading can be achieved
[22,23]. This chirp is typically much larger than the intrin-
sic slice energy spread of the beam. For example, in many
recently proposed injection schemes, the intrinsic energy
spread of the beam slices could be reduced to about 1
MeV or even to the tens of keV level [19–21,24,25];
therefore, for beam energies of more than a few hundred
MeV, the energy chirp induced by the acceleration phase
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FIG. 1. Schematic diagram of a near-ideal hollow channel
plasma dechirper. (a) A positively chirped electron or positron
beam is generated in a plasma accelerator first, and then sent
through a hollow channel plasma to dechirp itself. (b) The initial
beam longitudinal phase space. (c) The longitudinal wakefield Ez
excited by the beam in the hollow channel plasma. The projec-
tion in the x − z plane shows the slice of qEz/e at the midplane
in the y direction, where q is the particle charge (−e for elec-
tron and +e for positron). (d) The final beam longitudinal phase
space.

variance becomes the dominant part of the total energy
spread.

To reduce the relatively large energy chirp in plasma
accelerators, energy dechirpers based on tenuous uni-
form plasmas have recently been proposed and demon-
strated [26–29], and phase space measurements clearly
show the energy-spread-reduction effectiveness of such
dechirpers [27]. However, this approach has a limitation
for maintaining emittances well below about 1 μm rad due
to longitudinal-position-dependent transverse wakefield
focusing, and this effect is especially severe for positron
beams. In addition, dechirping in a uniform plasma also
induces a slice energy spread increase due to the nonuni-
form longitudinal wakefield in the transverse dimensions.
These two factors impose restrictions for its application to
X-FELs and linear colliders. Ideally, a dechirper that can
both remove the energy chirp and maintain the emittance
is preferred. Here, we propose to use a low-density hollow
channel plasma to serve as such a near-ideal dechirper, as
shown in Fig. 1(a).

In this scheme, a beam with a nearly linear posi-
tive energy chirp [Fig. 1(b); the beam energy increases
quasi-linearly from head to tail, which is normal for an
underloaded wake in a plasma accelerator [19,30] ] is sent
through a separate low-density hollow channel plasma
section to excite a nearly linear plasma wake [Fig. 1(c)]. If
the wake wavelength is much longer than the bunch length,
the beam will entirely remain in a decelerating phase of the
wake with a negative slope (the tail of the beam experi-
ences a greater decelerating field than the head) inside the
channel. Such a decelerating wake can effectively reduce

the beam positive chirp during propagation [Fig. 1(d)].
The total dechirping effects can be easily tuned by chang-
ing the density, length, and geometry (i.e., inner and outer
radii) of the plasma channel. If the parameters are properly
designed, an energy spread reduction to the 0.1% level, or
even lower, is indeed possible. At the same time, transverse
focusing fields inside the channel will be zero, or negli-
gibly small, if the beam is launched on or very close to
the axis, and this will help to preserve the beam emittance
[31]. We also note that this scheme works equally well for
electron and positron beams; this is a unique feature that is
crucial for application to electron-positron colliders.

In Secs. II and III, detailed theoretical analyses and
three-dimensional (3D) particle-in-cell (PIC) simulations
are systematically presented to show the effectiveness of
the scheme illustrated in Fig. 1 on energy-spread reduction
down to the 0.1% level and emittance preservation.

II. CONCEPT AND PIC SIMULATION
ILLUSTRATION

To illustrate the effectiveness of the hollow channel
plasma dechirper, we show here one example through 3D
PIC simulations using the code QUICKPIC [32–34]. In this
example, a 4 GeV electron or positron beam with a 1%
(rms) linear positive energy chirp and an intrinsic slice
energy spread of 0.4 MeV (rms) is sent on-axis through
a hollow channel plasma about 55 cm long. The beam has
1 nC charge with a high peak current of Ib = 10 kA (near-
flat-top current profile), and low normalized emittance of
εnx,y = 0.2 μm rad. As we see later in Sec. III, energy
chirps for other current profiles can also be removed,
but not as completely as that for a flat-top pulse. These
parameters are chosen to be comparable to the required
high-quality beam parameters in a future linear collider
design [35,36]. The hollow channel plasma has an inner
radius of a = 300 μm, an outer radius of b = 500 μm,
and an electron density of np = 5 × 1015 cm−3 within the
annular plasma ring. By the end of the simulations, the
relative rms energy spreads (δW) of both the electron and
positron beams are dramatically reduced from 1% to about
0.02%, which is close to the intrinsic slice energy spread
(0.01%). At the same time, the emittances of the beams
remain almost unchanged. Therefore, the six-dimensional
(6D) brightness of the beam [B6D = 2Ib/(εnxεnyδW) ≈
2.5 × 1018 Am−2 rad−2/0.1%] is effectively enhanced by
a factor of 50.

Details of the simulations are presented in Fig. 2. The
initial densities of the plasma channel and the e−/e+ beam
are plotted in Fig. 2(a). The beams have a transverse
Gaussian profile, with σx,y = 4.0 μm, and a near-flat-top
longitudinal current profile [Fig. 2(b)]. The longitudinal
wakefields Ez in the hollow channel plasma excited by the
e− and e+ beams are shown in Figs. 2(c) and 2(d), respec-
tively. One can see that these two fields are very similar,
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FIG. 2. 3D PIC simulations of the dechirping process in a hollow channel plasma. (a) The densities of the plasma channel (np )
and the e−/e+ beam (nb) in the x − ξ plane when the propagation distance is z = 1 cm. Here, ξ = ct − z represents the longitudinal
position relative to the beam head. (b) The e−/e+ beam current profile (a 90 fs long plateau and two 10 fs long ramps at each side).
The Ez fields excited by the e− (c) and e+ (d) bunches, also at z = 1 cm. The black dotted lines represent the inner and outer radii of
the plasma channel. Line outs of the on-axis Ez (x = 0 μm, ξ ) and radial variation in Ez (x, ξ = 10 μm) are separately shown with red
and blue lines. (e) The longitudinal phase spaces of e− and e+ beams before and after the dechirper. (f) The evolutions of e− and e+
beam normalized emittances during the dechirping process.

except for a change of charge sign, and the on-axis line
outs of both Ez fields have a near-linear deceleration along
most of the beam length. The transverse uniformity of Ez
within the channel can also be readily seen in Figs. 2(c)
and 2(d). Combining the above two features of Ez, both
beams (e−/e+) can be dechirped by the annular plasma
with a negligible slice energy spread increase. After a
propagation of 55.3 cm (e−)/54.6 cm (e+), the minimum
rms energy spread of 0.76 MeV (e−)/0.72 MeV (e+) is
achieved with a mean energy of 3.93 GeV. Thus, the rel-
ative rms energy spreads of the beams have been reduced
from 1% to 0.019% (e−)/0.018% (e+). We note that the
subtle differences between the e− and e+ beams come
from the slightly different nonlinear plasma responses [37].
Figure 2(e) shows the corresponding longitudinal phase
spaces of e− and e+ bunches before and after the dechirper.
Clearly, the incoming linear energy chirp is removed,
except at the very front and rear of the bunch. In Fig. 2(f),
the evolutions of e− and e+ beam normalized emittances
over the whole propagation are plotted, and it is evident
that the emittances are well conserved.

To illustrate the differences between the hollow channel
and recently proposed uniform plasma dechirper schemes,
we also simulate the dechirping process of the same e−/e+

beam in a uniform plasma with a density identical to that
in the above example. Figures 3(a) and 3(b) show the den-
sity distributions of the e−/e+ beam and the plasma. Due
to such a high beam density (nb � np ), the plasma has a
very different nonlinear response to the e− and e+ beams
[38]. The e− beam head blows plasma electrons away, and
thus, its tail is located in an ion channel. In comparison,
the e+ beam sucks plasma electrons in, forming a highly
dense electron sheath in the beam region. The result-
ing longitudinal wakefields Ez excited by the e− and e+
beams are shown in Figs. 3(c) and 3(d), respectively, where
the longitudinal nonlinearity and transverse nonuniformity
(especially for the e+ case) of Ez are obvious. These two
features will induce nonlinear energy chirp growth and a
slice energy spread increase during the dechirping pro-
cess. After propagation of 3.61 cm (e−)/2.86 cm (e+), a
minimum rms energy spread of 11.58 MeV (e−)/12.49
MeV (e+) is obtained, which is about 15 (e−)/17 (e+)
times larger than that achieved in the corresponding hol-
low channel plasma dechirper case. The longitudinal phase
spaces of e− and e+ bunches before and after the dechirper
are shown in Fig. 3(g), where the induced nonlinear energy
chirp increase and slice energy spread growth are evident.
Figures 3(e) and 3(f) show the transverse wakefields W⊥ =
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FIG. 3. 3D PIC simulations of the dechirping process in a uniform plasma. The densities of plasma (np ) and beam (nb) in the x − ξ

plane for e− (a) and e+ (b), at z = 0.15 cm. The Ez fields excited by the e− (c) and e+ (d) bunches, also at z = 0.15 cm. Line outs of
the on-axis Ez (x = 0 μm, ξ ) and radial variation in Ez (x, ξ = 10 μm) are separately shown with red and blue lines, respectively. The
transverse wakefields W⊥ = Ex − cBy excited by the e− (e) and e+ (f) bunches, also at z = 0.15 cm. The line out of the off-axis W⊥
(x = 10 μm, ξ ) is shown with the blue line. (g) The longitudinal phase spaces of e− and e+ beams before and after the dechirper. (h)
The evolutions of e− and e+ beam normalized emittances during the dechirping process.

Ex − cBy excited by the e− and e+ bunches, respectively.
One can see that these two fields both depend on the
longitudinal position, and thus, electrons at different longi-
tudinal positions feel different focusing strengths and rotate
with different velocities in the transverse phase space, lead-
ing to a large growth in projected emittance. In Fig. 3(h),
the evolution of the e−/e+ beam normalized emittance over
the whole propagation is plotted, and it is clear that the
emittance has increased by a factor of 14 (e−)/83 (e+).
Such enormous emittance growth is catastrophic for beam
quality.

The above comparisons show that the hollow channel
plasma dechirper scheme has a decisive advantage over the
uniform plasma dechirper scheme in energy spread reduc-
tion and emittance preservation for high-brightness e−/e+
beams. Next, we analyze this concept in detail through the-
oretical analyses and 3D PIC simulations for various beam
parameters.

III. THEORY AND PIC SIMULATION
VERIFICATION

To quantify the effectiveness of the hollow channel
plasma dechirper for various beam parameters, we carry
out a theoretical analysis based on linear wakefield theory
[22,39]. In the short bunch limit, where the wake wave-
length is much larger than the beam bunch length, the
plasma response to a narrow drive bunch in the hollow
channel is relatively weak; therefore, the linear plasma

wakefield theory can be adopted to properly describe the
wakefield structure within the beam.

Using linear wakefield theory, the longitudinal wake-
field Ez in the hollow channel excited by an on-axis cylin-
drically symmetric beam can be expressed as a convolution
of the bunch charge distribution with a single-particle
wakefunction [15,37,39]

Ez(r, ξ) = −q
e

mk2
pc2

e
A0

∫ ξ

−∞
dξ ′ cos[�0kp(ξ − ξ ′)]

I(ξ ′)
IA

,

(1)

where m is the electron rest mass, kp = √
npe2/mε0c2 is the

plasma wave number, ε0 is the vacuum permittivity, I(ξ)

is the beam current, and IA ≈ 17 kA is the Alfven current.
In Eq. 1, A0 and �0 are two quantities related to the wake
amplitude and wavelength,

A0 = −4B00(a, b)

kpa[2B10(a, b) − kpaB00(a, b)]
, (2)

�0 =
√

2B10(a, b)

2B10(a, b) − kpaB00(a, b)
, (3)

where Bij (a, b) = (−1)i−j +1Ij (kpb)Ki(kpa) + Ii(kpa)Kj
(kpb), and Kn and In are the modified Bessel functions of
order n.
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TABLE I. Dechirping effects for three typical current profilesa.

Flat top Sin2 Gaussian

f (ξ) 1 sin2(πξ/Lb) e−(ξ−Lb/2)2/[2(Lb/6)2]b

Ez(r, ξ) −q
e

mk2
p c2

e
A0

Ib

IA
ξ −q

e

mk2
p c2

e
A0

Ib

IA

[
ξ

2
− Lb sin(2πξ/Lb)

4π

]
−q

e

mk2
p c2

e
A0

Ib

IA

√
π

72
Lb

[
1 + erf

(
ξ − Lb/2√

2Lb/6

)]c

G GF = 0 GS ≈ 0.139 GG ≈ 0.223
H HF ≈ 3.464 HS ≈ 3.430 HG ≈ 3.377

aThe subscripts “F ,” “S,” and “G” refer to the flat-top, sin2, and Gaussian current profiles, respectively.
bThe rms bunch length is assumed to be Lb/6.
cerf(ξ) = (2/

√
π)

∑∞
n=0{(−1)nξ 2n+1/[n!(2n + 1)]} is the Gauss error function.

In the short bunch limit (kpLb � 1), where Lb is the full
bunch length, cos[�0kp(ξ − ξ ′)] reduces to 1; therefore,
within the beam, Eq. (1) can be simplified as

Ez(r, ξ) ≈ −q
e

mk2
pc2

e
A0

Ib

IA

∫ ξ

0
dξ ′f (ξ ′). (4)

Here, f (ξ) is the normalized current profile. Equation (4)
shows that Ez is a decelerating field with a negative slope
for both e− and e+ beams. To quantify the dependence of
Ez on the current profile, the expressions of Ez for three
typical profiles (flat top, sin2, and Gaussian) are calculated
and listed in Table I (see Appendix A for details). For the
flat-top current profile, Ez within the beam is exactly linear
along ξ , which is ideal for completely removing a linear
energy chirp. For non-flat-top profiles, nonlinear energy
chirps will be induced; therefore, the final achievable min-
imum rms energy spread 	Wf will be a trade-off between
linear chirp reduction and nonlinear chirp growth.

	Wf and the required channel length, Lc, can be calcu-
lated as 	Wf = 	WiG and Lc = (	Wi/|qEz(r, ξ = Lb)|)
H , where 	Wi is the initial rms energy spread, Ez(r, ξ =
Lb) is the longitudinal electric field at the tail of the beam,
and G and H are two geometrical factors determined by
the beam current profile f (ξ). The expressions of G and
H for these three profiles are also listed in Table I (see
Appendix A for details).

To verify the above theoretical expressions, a series of
3D PIC simulations using the code QUICKPIC have been
performed. In these simulations, electron beams with dif-
ferent peak currents and profiles are initialized with zero
slice energy spread and positive linear energy chirp (mean
energy of 4 GeV and relative rms energy spread of 1%).
The density of the annular plasma channel is np = 1 ×
1017 cm−3, with an inner radius of a = 30 μm and an outer
radius of b = 60 μm.

Comparisons of the simulation results with theoretical
expressions are shown in Figs. 4 and 5. Figures 4(a)–4(c)
show very good agreement between the calculated and
simulated Ez fields for three beam profiles (flat top, sin2,
and Gaussian) for a peak current of 10 kA. For lower beam

currents, the agreement will be better due to a reduced non-
linear effect. The corresponding longitudinal phase spaces
before and after the dechirper are shown in Figs. 4(d)–4(f).
For the flat-top profile, the longitudinal phase space can
be completely flattened, leading to a reduction in relative
energy spread from 1% to below 0.01%. For the sin2 and
Gaussian profiles, Ez has a linear form for most of the
beam, except at the bunch head and tail, where the non-
linear feature of the wakefield is evident. This nonlinearity
results in a sigmoid structure in the final longitudinal phase
space of the beam. Despite this nonideal feature, the rela-
tive energy spread can still be reduced significantly from
1% to 0.14% (sin2)/0.22% (Gaussian).

The energy spread reductions versus propagation dis-
tances are plotted for these three different profiles in
Figs. 5(a)–5(c). It can be clearly seen that the rms energy
spread almost linearly decreases during beam propagation
until the final minimum value is reached. For different peak
currents, the achievable minimum rms energy spreads are
almost the same for a given profile; this is in good accor-
dance with linear wakefield theory analyses. In Figs. 5(d)
and 5(e), the calculated and simulated G (which controls
the final minimum energy spread, 	Wf ) and H (which
controls the dechirping length, Lc) factors are also plotted,
and excellent agreement is achieved.

As observed, a flat-top beam current profile has the best
effect for linear energy chirp reduction, with a capabil-
ity to obtain an energy spread well below 0.1%. Indeed,
there are several possibilities in plasma-based accelera-
tion for shaping the beam current profile through injection
optimizations [19–21], and this is a very active research
area.

IV. DISCUSSION

Sections II and III clearly demonstrate the effectiveness
of a hollow channel plasma as a very effective dechirper.
In practice, the robustness of this method should also be
analyzed. A major factor that will derate the performance
of this device is off-axis injection [40], which will excite
a dipolelike transverse bending field that will steer the
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FIG. 4. Dechirping effects for three typical beam current profiles. Line outs of the calculated (in purple) and simulated (in black) Ez
fields for flat-top (a), sin2 (b), and Gaussian (c) current profiles. The corresponding beam longitudinal phase spaces before (in red) and
after (in blue) the dechirper for flat-top (d), sin2 (e), and Gaussian (f) current profiles. The beam parameters of bunch charge (Q = 200
pC), beam peak current (Ib = 10 kA), transverse beam size (σx,y = 4 μm), and normalized emittance (εnx,y = 0.2 μm rad) are all the
same for these three cases; these give the corresponding full bunch length Lb (Lb,F = 6 μm for flat top, Lb,S = 12 μm for sin2, and
Lb,G ≈ 14.4 μm for Gaussian).

beam towards one side. As a result of this deflection, the
projected emittance of the beam in the direction of the
offset will increase. To quantify the tolerance to off-axis
injection, the transverse bending field, W⊥, can be calcu-
lated for a given beam offset and current distribution [37,
40], and it turns out that W⊥ is proportional to the offset,
x0. The value of W⊥ also has a longitudinal dependence on
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.
In Fig. 6(a), the final longitudinal phase spaces are plot-
ted for different initial beam offsets (x0,i) using 3D PIC
simulations. The beam and plasma parameters in this simu-
lation and all subsequent simulations are identical to those
in Fig. 2. As expected, a small relative offset has a neg-
ligible effect on the dechirping effects. Figure 6(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 observed, the beam off-
set growth is negligibly small compared with the channel
inner radius, a, and the beam emittance growth can be con-
trolled to less than about 25% for an initial beam offset

within 2 μm. In addition to off-axis injection, a head-to-
tail tilt on an on-axis beam will also lead to dipolelike
transverse wakefields, which can induce slice-dependent
emittance growth. In Fig. 6(c), the relative beam projected
emittance growth (in the direction of the tilt) versus the
initial angle of the linear tilt, θx,i, is plotted via 3D PIC
simulations. The beam emittance growth can be controlled
to less than about 25% for θx,i within about 200 mrad. Fur-
thermore, a transversely asymmetric beam (i.e., σx 	= σy)
will also drive a quadrupolelike wake, even if it is on-axis
injected and has no head-to-tail tilt [39]. Such a quadrupole
wakefield will introduce longitudinal-position-dependent
focusing or defocusing in the beam and increase the pro-
jected emittance. Using 3D PIC simulations, the relative
beam projected emittance growth in both x and y directions
versus the beam asymmetric ratio, Rasym = σy/σx (keep-
ing σxσy fixed and assuming σy > σx), can be obtained.
The results show that the beam emittance growth in both
directions can be controlled to less than about 1% for
Rasym within 4, which is a very relaxed tolerance. These
simulation results suggest that the hollow channel plasma
dechirper concept has a reasonably good tolerance for
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FIG. 5. The rms energy spread reductions versus propagation distances for flat-top (a), sin2 (b), and Gaussian (c) beam profiles with
different peak currents. The other parameters are identical to those in Fig. 4. The corresponding calculated and simulated geometrical
factors G (d) and H (e) are given for these three current profiles.

all nonideal beam off-axis injection, head-to-tail tilt, and
transverse asymmetry.

The performance of the hollow channel plasma
dechirper also depends on the nonideal transverse shape

of such a structure. Recent experiments have successfully
demonstrated that an extended hollow plasma channel
can be created by ionizing neutral gas with a high-order
Bessel laser pulse [15,37,40]. In practice, due to possible
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simulations using the parameters given in Fig. 2. Regardless of the initial offset, the final longitudinal phase spaces are nearly the
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FIG. 7. Influence of channel transverse asymmetry on the dechirper performance. (a) The cross-sectional shape of a hollow plasma
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parameters in Fig. 2. (c) The simulated projected normalized emittance growths εnx,f /εnx,i − 1 and εny,f /εny,i − 1 versus Oinner.

aberrations of the ionization laser, the cross-sectional
shape of a realistic hollow plasma channel may be elliptical
instead of perfectly circular [37]. Similar to the asymmet-
ric beam case, a quadrupolelike wake will also be excited,
even for an on-axis, no-tilt, and symmetric beam, leading
to longitudinal-position-dependent focusing or defocusing,
and thus, the projected emittance growth. Assuming the
major (minor) axis of the elliptical ring is along the x (y)

direction [see Fig. 7(a)], in Fig. 7(b) the final beam energy
spread and required channel length versus the ovality of
the inner ellipse, Oinner [defined as the length difference
between the semimajor and semiminor axes of the inner
ellipse divided by the ideal inner radius, a, as illustrated in
Fig. 7(a)] are plotted via 3D PIC simulations. Although the
required channel length slightly decreases with an increase
in Oinner, the final beam energy spread remains almost

unchanged. In Fig. 7(c), the simulated relative beam pro-
jected emittance growths in both x and y directions for
different Oinner are plotted. As observed, the beam emit-
tance growths in both directions can be controlled to less
than about 25% for Oinner within 30%. This tolerance can
be easily achieved for current experimental conditions.

In addition, a realistic hollow plasma channel may
have a finite thickness of plasma wall [39,41]. Assuming
the wall thickness, d [the distance over which the den-
sity changes linearly from zero to np , see Fig. 8(a)], is
small compared with the channel inner or outer radius,
a or b, 3D PIC simulations show that the decelerating
field strength increases, and thus, the required channel
length decreases as the channel becomes thicker [keep-
ing a and b fixed; see Fig. 8(b)]. Even with this nonideal
channel boundary, the final achievable minimum energy
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spread and the output beam emittance are nearly the same
as those in the ideal step-function boundary case [see
Fig. 8(c)].

V. SUMMARY

In summary, a method that uses a hollow channel plasma
as a near-ideal dechirper to reduce the energy chirp of elec-
tron and positron beams in plasma-based accelerators is
proposed. Theoretical analyses and 3D PIC simulations
are systematically used to confirm the effectiveness and
robustness of this method at reducing the beam energy
spread from the few-percent level to about 0.1% or lower,
while maintaining the beam’s slice energy spread and nor-
malized emittance. This tunable and flexible technique
works well for both electron and positron beams, and it
can be applied to future plasma-based photon sources and
colliders to enhance significantly the beam 6D brightness.
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APPENDIX: CALCULATION OF Ez AND
GEOMETRICAL FACTORS (G AND H ) FOR

THREE TYPICAL BEAM CURRENT PROFILES

To quantify the dechirping effectiveness, the evolution
of the beam energy spread is derived for three typi-
cal current profiles (flat top, sin2, and Gaussian). For an
electron or positron beam with a linear positive energy
chirp and zero intrinsic slice energy spread, its initial
energy profile can be expressed as W(ξ , z = 0) = Whead,i +
[(Wtail,i − Whead,i)/Lb]ξ , where Whead,i (Wtail,i) is the ini-
tial energy of the beam head (tail). During the dechirping
process, since the decelerating field, Ez, within the beam
has no dependence on r, the beam energy distribution at
the longitudinal position, z, can be written as W(ξ , z) =
W(ξ , z = 0) + qEz(ξ)z. Thus, the mean energy and rms
energy spread of the beam yield

Wmean(z) =
∫ Lb

0 W(ξ , z)f (ξ)dξ∫ Lb
0 f (ξ)dξ

, (A1)

and

	W(z) =
√√√√

∫ Lb
0 [W(ξ , z) − Wmean(z)]2f (ξ)dξ∫ Lb

0 f (ξ)dξ
. (A2)

When z = 0, Eq. (A2) gives the initial rms energy spread,
	Wi. The final minimum rms energy spread, 	Wf , can

be achieved when d	W(z)/dz = 0, and the corresponding
value of z is the required plasma dechirper length, Lc.

For the flat-top current profile, i.e., f (ξ) = 1 for 0 ≤
ξ ≤ Lb. In accordance with Eq. (4), Ez within the beam
is exactly linear along ξ ,

Ez(ξ) = −q
e

mk2
pc2

e
A0

Ib

IA
ξ . (A3)

Therefore, the linear energy chirp of the beam can be
completely removed without inducing nonlinear energy
chirp or slice energy spread, yielding zero 	Wf , i.e.,
GF = 0. The plasma dechirper length, Lc,F , can be intu-
itively obtained as Lc,F = (Wtail,i − Whead,i)/|qEz(ξ = Lb)|.
Indeed, to make a comparison between different current
profiles, we keep 	Wi fixed. In this case, according to
Eq. (A2), Wtail,i − Whead,i ≈ 3.464	Wi; therefore, Lc,F can
be rewritten in terms of 	Wi,

Lc,F = 	Wi

|qEz(ξ = Lb)|HF = 	Wi

mk2
pc2A0

Ib
IA

Lb
HF , (A4)

where HF ≈ 3.464.
For the sin2 current profile, i.e., f (ξ) = sin2(πξ/Lb).

According to Eq. (4), the expression for Ez is

Ez(ξ) = −q
e

mk2
pc2

e
A0

Ib

IA

[
ξ

2
− Lb sin(2πξ/Lb)

4π

]
, (A5)

One can see the first term in brackets is the linear
term of ξ , while the second term is the high-order non-
linear correction, which leads to the nonlinear energy
chirp growth. After obtaining an expression for 	W(z)
and setting d	W(z)/dz = 0, we find GS ≈ 0.139 and
Lc,S ≈ (Wtail,i − Whead,i)/|qEz(ξ = Lb)| × 0.6201. Based
on Eq. (A2), Wtail,i − Whead,i ≈ 5.532	Wi; thus Lc,s yields

Lc,S = 	Wi

|qEz(ξ = Lb)|HS = 	Wi

mk2
pc2A0

Ib
IA

Lb
2

HS, (A6)

where HS ≈ 0.6201 × 5.532 ≈ 3.430.
For the Gaussian current profile, the beam is assumed to

be cut off outside three standard deviations from the beam
center, i.e., f (ξ) = e−(ξ−Lb/2)2/[2(Lb/6)2]. Substituting f (ξ)

into Eq. (4), Ez within the beam can be expressed as

Ez(ξ) = −q
e

mk2
pc2

e
A0

Ib

IA

√
π

72
Lb

[
1 + erf

(
ξ − Lb/2√

2Lb/6

)]
.

(A7)

Since the Gauss error function has both linear and non-
linear terms, the high-order nonlinear energy chirp will
increase during the dechirping process. Similar to the sin2

current profile case, we can obtain GG ≈ 0.223 and Lc,G ≈
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(Wtail,i − Whead,i)/|qEz(ξ = Lb)| × 0.5553. From Eq. (A2),
we have Wtail,i − Whead,i ≈ 6.081	Wi; hence Lc,G is given
by

Lc,G = 	Wi

|qEz(Lb)|HG = 	Wi

mk2
pc2A0

Ib
IA

√
2πLb/6

HG, (A8)

where HG ≈ 0.5553 × 6.081 ≈ 3.377.
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