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Removal of undesired nonlinear time-energy correlation (energy chirp) present in the relativistic
electron beams is crucial for many accelerator-based scientific applications, such as free-electron
laser, high-energy electron radiography and MeV ultrafast electron microscopy. Here we propose and
demonstrate that a low-density plasma section can be used as a passive “linearizer” to significantly
compensate for the nonlinear energy chirp imprinted on the beam by the curvature of the radio-
frequency field in a conventional accelerator. Physically, the passage of the beam through the plasma
excites a strong quasi-cosinoidal longitudinal decelerating wakefield that acts to mitigate the beam
nonlinear energy chirp by superimposing a reverse chirp on the beam. Time-resolved phase space
measurements, combined with high-fidelity three-dimensional particle-in-cell simulations show that
the longitudinal phase space of the beam core is almost completely linearized, leading to a fourfold
reduction of the beam overall energy spread from 1.48‰ to 0.36‰ (FWHM).

I. INTRODUCTION

Many forefront accelerator-based applications, such as
free-electron laser (FEL) [1–4], high-energy electron ra-
diography (HEER) [5, 6] and MeV ultrafast electron mi-
croscopy (MeV-UEM) [7–9] are revolutionizing science at
ultrafast and ultra-small scales. For these applications,
a precise control of the electron beam longitudinal phase
space (LPS) - namely a constant energy along the longi-
tudinal dimension - is critical. However, since the beam is
normally generated and accelerated in a linac powered by
radio-frequency (RF) waves, nonlinear energy chirp will
be induced on the beam LPS due to the cosinoidal RF
time-curvature. This nonlinear energy chirp is usually
detrimental to the application performance. In FELs,
the nonlinear energy chirp causes deterioration of the
bunch compression and degradation of the FEL band-
width. In HEER and MeV-UEM facilities, the nonlin-
ear energy chirp leads to beam energy spread increase
and thus serious chromatic aberrations growth, which
may significantly reduce spatial resolutions. Therefore,
removal of such nonlinear time-energy correlation or lin-
earization of the beam LPS is highly desirable for im-
proving the performance of these scientific machines.

Typically, the correction of the nonlinear energy chirp
can be accomplished using a high harmonic cavity [10,
11]. However, this active compensation method requires
an extra expensive RF station, as well as precise control
of the amplitudes and phases of the RF wave within the
structures. Besides, the beam energy will be reduced by
a relatively large fraction. The beam LPS can also be
linearized by shaping the photoinjector laser pulse [12].
However, this method may increase the beam emittance
and requires magnetic compressors, which may be not
suitable for MeV-UEM application. Another LPS lin-
earization method is to exploit the interaction of the
beam and its self-induced longitudinal wakefield in RF
sections [13] or passive devices such as dielectric-lined
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FIG. 1. (a) Schematic diagram of the plasma linearizer. (b)
The initial LPS. (c) The beam current profile (green line) and
the on-axis longitudinal wakefield Ez excited by the beam in
the plasma linearizer (black line). (d) The final LPS.

and corrugated metallic structures [14–17]. However, for
this method, the beam should be accurately kept very
close to the structure axis. Otherwise, dipole wakefields
can be induced, leading to emittance growth and even
beam breakup instability. In addition, the planar struc-
ture geometry also excites time-dependent quadrupole
wakefields that can increase beam emittance even for an
on-axis beam.

An alternative, RF-free approach to correct the unde-
sired energy correlation in the electron beam is to utilize
a plasma. Recently, plasma-based dechirpers have been
proposed and demonstrated [18–22], which focus on re-
moving beam linear energy chirps. Here, we propose and
experimentally demonstrate that a tunable plasma sec-
tion can also serve as a linearizer that can remove beam
nonlinear energy chirps. In this scheme [Fig. 1(a)], an
electron beam with a nonlinear energy chirp [Fig. 1(b)]
is sent through a separate low-density plasma column
to excite a strong quasi-cosinoidal longitudinal wakefield
[Fig. 1(c)]. By properly choosing the wavelength of the
wakefield, the nonlinear energy chirp can be effectively
cancelled during the propagation [Fig. 1(d)]. The net
linearizing effect can be easily tuned by changing the den-
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sity and length of the plasma. Apart from being cheaper
and less complex than using RF harmonic cavities, this
passive compensation scheme greatly decreases the beam
energy reduction factor and can be widely applicable to
all FEL, HEER and MeV-UEM facilities. Moreover, the
field strength in a plasma is much larger than that in
dielectric-lined or corrugated metallic structures for sim-
ilar beams, thus making the linearizer device more com-
pact.

II. THEORETICAL ANALYSIS

To quantify the effectiveness of a plasma linearizer, a
theoretical analysis has been carried out using both linear
and nonlinear theories [23–25]. We begin by initializing a
uniform plasma with density of np and an electron beam
with density profile of ρb(r, ξ) = nbσ(r)f(ξ), where nb is
the beam peak density, σ(r) is the normalized transverse
profile, f(ξ) is the normalized longitudinal profile and
ξ = ct− z represents the longitudinal position relative to
the beam.

For an underdense beam (nb < np), linear plasma
wakes are excited and the longitudinal wakefield Ez is

Ez(r, ξ)

Ep
= R(r)Z(ξ) (1)

where

R(r) = k2p

∫ ∞
0

r′dr′σ(r′)I0(kpr<)K0(kpr>) (2)

Z(ξ) =
nb
np
kp

∫ ξ

−∞
dξ′f(ξ′) cos kp(ξ − ξ′) (3)

Here kp =
√
npe2/mε0c2 is the inverse plasma skindepth

and Ep = mkpc
2/e is the wave-breaking field. In and Kn

are the modified Bessel functions of order n, and r< and
r> respectively denote the minimum and maximum of r
and r′.

For simplicity, we consider beams with transverse
Gaussian [σ(r) = e−r

2/2σ2
r , where σr is the spot size] and

longitudinal flat-top [f(ξ) = 1 for −Lb/2 ≤ ξ ≤ Lb/2,
where Lb is the full bunch length] profiles. In the narrow
beam limit (kpσr � 1), R(r) within the beam has a weak
dependence on r and can be expanded asymptotically as
R(r) ≈ R(0) ≈ −k2pσ2

r ln(kpσr). Therefore Ez within the
beam can be approximated as its on-axis value, given by

Ez(r, ξ)

Ep
≈ Ez(0, ξ)

Ep
≈ −ln(kpσr)

2Ib
IA

cos(kpξ +
kpLb

2
− π

2
)

(4)

where Ib is the beam peak current and IA ≈ 17 kA is the
Alfven current. We have calculated Ez fields produced
by a 370-pC electron bunch with nb = 1.9 × 1013 cm−3,

σr = 80 µm and Lb = 3 mm (10 ps) in three different
plasma densities [np = 2.1 × 1013 cm−3 (kpLb = 2.6),
np = 3.1 × 1013 cm−3 (kpLb = π) and np = 4.1 × 1013

cm−3 (kpLb = 3.6)]. They are shown in Fig. 2(a) with
dashed lines, which are in good agreement with the sim-
ulation results [solid lines in Fig. 2(a)] obtained us-
ing the full three-dimensional (3D) particle-in-cell (PIC)
code QuickPIC [26–28]. We assume this electron bunch
is on-crest accelerated in a S-band RF structure with fre-
quency of 2856 MHz and peak energy gain of 50 MeV.
Neglecting the space-charge effect, the nonlinearity of the
energy chirp is identical to the curvature of the RF field
and thus the beam initial energy profile also has a cosi-
noidal form [see red curves in Figs. 2(c)-2(f)]. During
the propagation through the plasma, the simulated beam
energy spread (RMS) reductions versus the propagation
distances dp for these three plasma densities are plotted
in Fig. 2(b). Clearly, after a distance of about 32.0 mm
(np = 2.1×1013 cm−3) [35.9 mm (np = 3.1×1013 cm−3)
or 26.2 mm (np = 4.1 × 1013 cm−3)], the energy spread
has been reduced from the initial 60 keV to the mini-
mum value of about 42 keV (np = 2.1 × 1013 cm−3) [16
keV (np = 3.1 × 1013 cm−3) or 21 keV (np = 4.1 × 1013

cm−3)]. The corresponding LPS distributions are shown
in Figs. 2(c)-2(e) with blue curves and the energy spec-
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FIG. 2. (a) Lineouts of calculated (dashed lines) and simu-
lated (solid lines) Ez field for four different np and σr cases.
(b) The energy spread (RMS) reduction versus the propa-
gations distance dp for these four cases. (c)-(f), The corre-
sponding LPS before (in red) and after (in blue) the plasma
linearizer for the above cases. (g), The energy spectra cor-
responding to (c)-(f). (h), Distributions of the beam slice
energy spread (RMS) for the above four cases, where the ini-
tial RMS slice energy spread is 5 keV.
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FIG. 3. The evolution of normalized emittance during the
linearizing process for the case of σr = 20 µm and np =
3.1 × 1013 cm−3.

tra are shown in Fig. 2(g). Based on above, a conclu-
sion can be drawn that to effectively linearize the beam
LPS with an ideal cosinoidal profile, Ez should also be a
cosinoidal-waveform but of opposite sign (i.e., decelerat-
ing field) with a wavelength near twice the bunch length,
i.e., kpLb ≈ π. Note that, the weak dependence of Ez
on r leads to small uncorrelated slice energy spread in-
crease during the linearizing process, as shown in Fig.
2(h). Such slice energy spread growth further decreases
with reducing σr. This may have slight or little effect on
HEER and UEM performance, and might be beneficial
for beam heating in FELs to partially suppress unwanted
microbunching instability [29].

For an overdense beam (nb > np), where plasma wakes
evolve into the nonlinear or blowout regime, similar argu-
ments can also be made. For instance, if we decrease σr in
the above example to 20 µm while simultaneously keep-
ing Ib (increasing nb to 3.04× 1014 cm−3), np (3.1× 1013

cm−3) and other parameters unchanged, the simulated
Ez is as shown in Fig. 2(a) with the green line. One can
see that although the waveform of Ez is slightly differ-
ent from that in the linear regime case, the linearizing
mechanism is still effective and the final achievable mini-
mum energy spread (12 keV with dp = 30.1 mm) is even
lower than that in the linear regime case [see the green
line in Fig. 2(b)]. The final beam LPS is shown in Fig.
2(f) with the blue curve and the corresponding energy
spectrum is shown in Fig. 2(g) with the green line. Fur-
thermore, if nb � np, the majority of the beam is located
in a fully blown-out ion channel, such that Ez is constant
in r, leading to slice energy spread preservation [see the
green curve in Fig. 2(h)]. At the same time, the focusing
wakefield is independent of ξ, and this will help to main-
tain the beam emittance [e.g., the normalized emittance
in the above case only grows by ∼10% of the initial value
(2 mm mrad) during the linearizing process, as shown
in Fig. 3]. This property of preserving the slice energy
spread and emittance of the beam core is an advantage
of linearizers over dechirpers based on uniform plasmas.
In a uniform plasma dechirper, where the plasma wave-
length is much larger than the bunch length, the excited

wakefield within the beam is a linear plasma wake even
if nb > np. Therefore, similar to the underdense beam
case, during the dechirping process, the beam slice en-
ergy spread will also increase due to r-dependent Ez and
the beam emittance will also grow due to ξ-dependent
focusing wakefield [22].

III. EXPERIMENTAL DEMONSTRATION

.
To confirm the above predictions, we have performed

a plasma linearizing experiment at Tsinghua University
[30, 31]. The schematic experimental layout is shown
in Fig. 4(a). A ∼10-ps (full length), 370-pC, 50-MeV
electron beam with a nonlinear energy chirp is gener-
ated by a high-brightness S-band photocathode-RF-gun-
driven linac. To effectively cancel the nonlinear energy
chirp, in practice, a beam having a near flat-top current
distribution is preferred. This is achieved by shaping the
temporal distribution of the laser to a near flat-top profile
through the pulse stacking technique using BBO crystals
[32, 33]. The bunch charge is set by controlling the energy
of the 266-nm photocathode-drive laser. The nonlinear
energy chirp is imprinted by near on-crest acceleration in
the accelerating structure. The electron beam is focused
by two triplets to a transverse size σr = 60.4 µm [Fig.
4(b)] at the front edge of a slit gas jet, and detected by a
removable OTR screen [Screen1 in Fig. 4(a)]. The nor-
malized emittance is measured to be ∼2 mm mrad by us-
ing a two-screen method [Screen1 and Screen2 (Ce:YAG)
about 2 m downstream][34]. The beam LPS is measured
on another Ce:YAG screen [Screen3 in Fig. 4(a)] by us-
ing an RF deflecting cavity (temporal resolution ∼0.4
ps FWHM) and a dipole magnet, as shown in Fig. 4(c).
The projected beam current profile is shown in Fig. 4(d).
Here, due to the space-charge effect, the real LPS is dif-
ferent from an ideal cosine function. Specifically, because
the longitudinal space-charge force (when the beam is at
relatively low energy) pushes the electrons in the head
further forward, the energy of the particles in the bunch
head is increased compared to the space-charge-free case,
and thus, a “kink” is formed in the bunch head. In ad-
dition, due to the slight acceleration phase offset (with
respect to the on-crest phase), the beam energy reaches
peak after the beam center. To match the real LPS, a
linearizing wake wavelength larger than 20 ps and thus a
plasma density . 3.1 × 1013 cm−3 needs to be used.

To generate a low-density plasma with np . 3.1×1013

cm−3, a method based on laser ionization of a mixed gas
(0.1% H2 + 99.9% He) is used, where the laser intensity is
chosen properly to only ionize the hydrogen atoms. The
longitudinal gas profile from the slit gas jet (30 mm by 2
mm) is measured off line using shearing interferometry by
a wavefront sensor [35] with Argon gas, as shown in Fig.
4(d). A 36-fs (FWHM) 800-nm laser pulse is focused to
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FIG. 4. (a) Schematic layout of the experiment. (b) The beam waist profile. (c) Measured LPS distribution. (d) The
beam current profile. (e) Longitudinal distribution of plasma density through off-line measurement, where the shaded regions
correspond to the standard deviation of 10 consecutive shots.

a waist size w0 ∼ 110 µm by a lens (f = 1500 mm) near
the center of the gas jet. Right after ionization occurs,
the plasma approximately has an initial radius ∼ w0 and
a density proportional to the backing gas pressure Pg.
After a proper delay (∼10 ns), the plasma expands to a
wider size with a lower density. As shown in Ref. [36], the
plasma expansion rate is dominated by the initial elec-
tron temperature given by the ionization, and has little
dependence on the initial density. Therefore, the plasma
density after expansion with given delay is approximately
proportional to its initial Pg.

To demonstrate the linearizing effect with this low-
density plasma, the electron beam is sent through a 3-mm
central hole on the final turning mirror and focused near
the front edge of the gas jet. The laser pulse collinearly
propagates with and arrives about 10 ns before the elec-
tron beam with a timing jitter of ∼100 fs [37]. The
electron beam has a negligible transverse position jit-
ter at the focus (∼4 µm), and propagates through the
∼30-mm-long plasma. Figures 5(a)-5(c) show the mea-
sured LPS on Screen3 and the corresponding energy cen-
troids (black lines) for the plasma-off case [identical to
Fig. 4(c)] and plasma-on cases with two different Pg (1.0
and 1.5 MPa; similar shots under the same experimental
condition can be found in Supplemental Material [38]).
The energy centroids of the beam cores are fitted with a
third-order polynomial, W (t) = W0 + χ1t+ χ2t

2 + χ3t
3.

For the plasma-off case, χ2 = −5.4× 10−3 MeV/ps2 and
χ3 = −1.5 × 10−3 MeV/ps3. For the plasma-on case
with Pg = 1.0 MPa, the nonlinear energy chirp is par-
tially reduced. For Pg = 1.5 MPa, the LPS is seen to
be upright with the nonlinear energy chirp greatly re-
duced [Fig. 5(c)]. The quadratic and cubic chirp fit-
ting parameters are abated by factors of about 5 and 10,
to χ2 = −1.0 × 10−3 MeV/ps2 and χ3 = −1.4 × 10−4

MeV/ps3, respectively, relative to the plasma-off case.
In these measurements, the horizontal size and the di-
vergence of the beam at the entrance of the dipole limit
the energy resolution to about 58 keV (FWHM), and this
can be estimated directly from the expanded slice energy
spread obtained by LPS measurement in Fig. 4(c), where
the true slice energy spread is below 10 keV based on sim-
ulations of our beam line and measurements of similar
beam lines [29, 39].

To get a deeper insight of the linearizing process, and
also to alleviate the effect of the limited energy resolution,
we make detailed comparisons between LPS measure-
ments and high-fidelity 3D PIC simulations using Quick-
PIC. We use beam and plasma parameters in the simula-
tions close to the experimental conditions. For the beam
parameters, the measured current profile [Fig. 4(d)] and
the nonlinear energy chirp deduced from the centroid of
the LPS [black line in Fig. 5(a)] are used in the simu-
lations, and the beam slice energy spread is also set to
the upper limit (10 keV FWHM). For the plasma param-
eters, the longitudinal plasma profile is set as the mea-
sured distribution in Fig. 4(e), and the plasma density np
is assumed to be proportional to Pg as discussed before.
In Figs. 5(d)-5(f), we show the simulated LPS distribu-
tions on Screen3 and the corresponding energy centroids
(dashed pink lines) obtained by scanning the single free
parameter np to get a best fit to the experimental mea-
surements (np = 1.0 × 1013 cm−3 for Pg = 1.0 MPa,
therefore np = 1.5× 1013 cm−3 for Pg = 1.5 MPa). Here
the effect of beam transport through the downstream
beam line is fully taken into account. For comparison,
the energy centroids of measured LPS distributions from
Figs. 5(a)-5(c) are also shown in Figs. 5(d)-5(f) with
solid black lines, respectively. Clearly, the measured en-
ergy centroids agree well with the simulated ones except
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at the very front and rear of the bunch. In Fig. 5(j) we
show a direct comparison between the measured (solid)
and simulated (dotted) energy loss along the bunch. The
agreement between the two is excellent for both two val-
ues of Pg. The above comparisons use only one parameter
to closely match two LPS distributions, giving us confi-
dence for the value of the plasma density used, which is
too low to be directly measured on line by interferometry.

In addition to the energy centroids, we also plot the
horizontal lineouts (at t = 0) of both the measured and
simulated LPS distributions on Screen3 for the plasma-
off case and the plasma-on case with Pg = 1.5 MPa
(np = 1.5 × 1013 cm−3), as shown in Fig. 6. One can
clearly see that, good agreement between experiment and
simulation is also obtained. This further confirms the
value of the plasma density used. Both the measured
and simulated FWHM spreads of the lineout increase
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FIG. 5. (a)-(i), Beam LPS distributions [top (middle) row:
the experimental (simulated) results recorded on Screen3;
bottom row: the simulated results at the exit of the plasma
linearizer]. The left column is for plasma-off, the middle
and right columns are for plasma-on with Pg = 1.0 MPa
(np = 1.0 × 1013 cm−3) and Pg = 1.5 MPa (np = 1.5 × 1013

cm−3), respectively. (j), Measured (solid lines) and simulated
(dashed lines) results of the energy loss along the bunch. (k),
The energy spectra corresponding to (g)-(i).
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case with Pg = 1.5 MPa (np = 1.5 × 1013 cm−3)..

from ∼58 keV in the plasma-off case to ∼69 keV in the
plasma-on case. Such growth is mainly due to two rea-
sons. On the one hand, the intrinsic slice energy spread
slightly increases during the linearizing process because
of the weak dependence of Ez on the transverse dimen-
sion. On the other hand, although the beam slice emit-
tance is approximately preserved, the beam slice diver-
gence still increases owing to the strong plasma focusing
strength, which leads to the growth of the above spread
by considering the beam transport through the down-
stream beam line.

Based on the good agreements above, we can also get
valuable information on the exact beam LPS after the
plasma linearizer, which cannot be directly measured
due to the limited energy resolution about 58 keV. Fig-
ures 5(g)-5(i) plot the simulated LPS distributions just
at the exit of the linearizer for the cases of plasma-off,
np = 1.0 × 1013 cm−3 and np = 1.5 × 1013 cm−3, re-
spectively. For np = 1.5× 1013 cm−3, the simulated LPS
of the beam core has no obvious nonlinear feature, sug-
gesting that at this density the nonlinear energy chirp
has been removed. The total energy spread is minimum
and dominated by the slice energy spread, which is much
smaller than the resolution-limited measurement. The
corresponding energy spectrum in Fig. 5(k) shows an
energy spread of just 18 keV FWHM compared with the
plasma-off case of 74 keV FWHM, leading to a near
fourfold reduction in the relative energy spread (from
1.48‰ to 0.36‰ ).

These experimental results can be properly scaled for
shorter beams used in X-band (frequency ∼12 GHz)
linac-based facilities. In that case, an active compen-
sation scheme with a harmonic cavity at even higher fre-
quency becomes difficult for lack of a suitable high-power
RF source. Utilizing dielectric-lined or corrugated metal-
lic structures requires very small geometric parameters
to match the short bunch length, bringing difficulty to
structure manufacturing and beam alignment. By con-
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trast, generating a plasma with a relatively high density
can be readily achieved, therefore using a plasma lin-
earizer to remove the beam nonlinear energy spread is a
highly attractive method.

In addition, although the experimental results are for
relatively low-energy beams (∼50 MeV), these results can
still be properly scaled for high-energy beams by sim-
ply increasing the plasma length. For instance, if we
change the beam energy to GeV-order and also the en-
ergy spread to MeV-order while keeping the other param-
eters fixed, a tens-of-centimeters-long plasma section can
be used to remove the nonlinear energy chirp. A plasma
section with such length may be achievable by using gas
cells, capillary or alkali ovens. Moreover, we note that, a
higher-energy electron beam can be typically focused to
a smaller transverse size (leading to a higher beam den-
sity) than a lower-energy beam with the other parameters
(charge, current, length, normalized emittance and so on)
unchanged. As we addressed above, the overdense beam
case is preferred for a practical linearizer application in
preserving the beam emittance. Therefore, applying the
linearizer to the high-energy beam case has an advantage
over applying it to the low-energy beam case.

Finally, we note that for a plasma dechirper, the fo-
cus of previous papers [18–22] is on removing the linear
energy chirps. While for the plasma linearizer proposed
and demonstrated here, its purpose is to remove the non-
linear energy chirps. These two cases may seem similar,
however, the end goal is indeed different and the physical
mechanisms involved in these two regimes are obviously
different. When the plasma is used as a linearizer as is the
case here, in order to obtain good linearizing effect, the
electron bunch current profile should be precisely shaped
to be a near flat-top distribution and the plasma wave-
length should be close to twice that of the bunch length.
However, when the plasma is used as a dechirper as in
previous papers [18–22], there is no strict limitation on
both bunch current profile and plasma wavelength as long
as the bunch length is much smaller than the plasma
wavelength. Moreover, the plasma density in the lin-
earizer case can be at least one to even several orders of
magnitude lower than that in the dechirper case.

IV. SUMMARY

In summary, a plasma linearizing scheme that miti-
gates the beam nonlinear energy chirp is proposed and
experimentally demonstrated. This scheme is based on
the beam’s self-generated quasi-cosinoidal longitudinal
wake in a low-density plasma. By choosing a proper den-
sity and length, such a plasma can easily linearize a prac-
tical beam’s LPS. The experimental results, combined
with high-fidelity 3D PIC simulations indicate a near
fourfold reduction of the nonlinear beam energy spread
from 1.48‰ to 0.36‰ (FWHM). This tunable and flex-

ible technique can be applied to numerous accelerator-
based scientific facilities for significantly enhancing the
beam quality.
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