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Demonstration of nonlinear-energy-spread compensation in relativistic electron

bunches with corrugated structures
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High quality electron beams with flat distributions in both energy and current are critical for many
accelerator-based scientific facilities such as free-electron lasers and MeV ultrafast electron diffraction
and microscopes. In this Letter we report on using corrugated structures to compensate for the
beam nonlinear energy chirp imprinted by the curvature of the radio-frequency field, leading to a
significant reduction in beam energy spread. By using a pair of corrugated structures with orthogonal
orientations, we show that the quadrupole wake fields which otherwise increase beam emittance can
be effectively canceled. This work also extends the applications of corrugated structures to the low
beam charge (a few pC) and low beam energy (a few MeV) regime and may have a strong impact
in many accelerator-based facilities.

PACS numbers: 41.60.Cr, 41.75.Ht, 41.85.Ct

“Flat-flat” electron beams, i.e. flat in both beam en-
ergy and current [1], are critical for achieving high perfor-
mance in many accelerator-based facilities such as seeded
free-electron lasers (FELs [2–6]) and MeV ultrafast elec-
tron microscopes (UEMs) [7, 8]. By either sending the
relativistic electron beams through undulators to pro-
duce coherent intense x-rays or directly using the elec-
trons as probes, these facilities are enabling new opportu-
nities in an extraordinarily wide array of sciences. With
the beam produced in a photocathode radio-frequency
(rf) gun and accelerated to high energy in rf structures,
the electron beam longitudinal phase space, however,
typically consists of nonlinear chirp (energy-time corre-
lations) from the varying rf phase along the bunch. In
seeded FELs, this nonlinear energy chirp deteriorates the
performance of bunch compressors and broadens the FEL
spectrum. In UEMs, the nonlinear energy chirp increases
the beam global energy spread and thus leads to serious
chromatic aberrations that reduces the microscope res-
olution. A similar detrimental effect also holds for ul-
trafast electron diffraction facilities where the nonlinear
energy chirp sets the lower limit of the electron bunch
length that can be achieved with velocity bunching [9].
The standard method to compensate for the nonlinear

energy chirp is to use a harmonic cavity (see, for example
[10]). The idea is rather simple. Consider a beam pass-
ing through two rf structures with wave numbers at k1,2,
peak energy gains at E1,2, and phases at φ1,2, the energy
of a particle at longitudinal position z with respect to the
reference particle can be written as,

E(z) = E1 cos(φ1 + k1z) + E2 cos(φ2 + k2z) (1)

Assuming the first rf structure is mainly used for beam

acceleration and the second structure for cancellation of
the nonlinear chirp, then the phase of the main acceler-
ation structure should be correspondingly set at φ1 = 0
to provide maximal energy gain and the phase of the
harmonic cavity should be set at the decelerating phase
(φ2 = π). Under this condition the energy chirp is can-
celed up to the second order if E2k

2

2
= E1k

2

1
, i.e. the

required voltage for the harmonic cavity scales as 1/n2,
where n = k2/k1 is the harmonic number.

Cancellation of the nonlinear chirp with active rf struc-
tures not only requires dedicated expensive rf stations,
the relative phase of the rf structures needs to be accu-
rately controlled as well. Another undesired outcome is
that the beam energy will also be reduced by 1/n2 (e.g.
if a C-band structure with frequency at 5712 MHz is used
to cancel the nonlinear chirp from an S-band structure
with frequency at 2856 MHz, the beam energy will drop
by 1/4). While reduction of beam energy by a fraction
for FELs is typically not a big concern, it may result
in stronger space charge effect in UEMs since the beam
energy is only a few MeV [7, 8]. Furthermore, it may
add considerable complexity and cost to such compact
facilities.

Alternatively, the beam energy chirp may be canceled
with passive devices such as the corrugated structures
(CS) [11–18]. This scheme exploits the interaction be-
tween the electron beam and the wake fields produced
by the beam passing through the CS. By properly choos-
ing the wavelength of the wake fields, either the linear en-
ergy chirp or nonlinear energy chirp may be “dechirped”.
In addition to greatly reduced cost and complexity com-
pared to active compensation scheme with rf harmonic
cavities, this passive compensation scheme also signifi-
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cantly lowers the beam energy reduction factor because
the wake field wavelength can be made much shorter.
Furthermore, for compact FELs driven by x-band (∼ 10
GHz) Linac (see, e.g. [19]) where active compensation
scheme with harmonic cavity at even higher frequency
becomes extremely difficult for lacking of available rf
source, using CS to dechirp the beam is probably the
most promising method.
Due to these prominent benefits, almost all FEL fa-

cilities are now considering using CS to manipulate the
beam longitudinal phase space to enhance the perfor-
mance [18, 20–24]. In particular, most of the FEL facil-
ities plan to use planar CS where the gap can be read-
ily varied to change the wake field strength and wave-
length to accommodate bunches with different charge
and length. However, the planar geometry also excites
quadrupole wake fields that have been observed to in-
crease beam emittance by giving beam time-dependent
focusing [16]. Considering the fact that the transverse
wake fields scales as 1/g4 (g is the gap of the planar
structure), this effect if not controlled, may become a
limiting factor in many applications. Fortunately, theo-
retical analysis has shown that if the CS is composed of
two identical parts with the second half rotated by 90 de-
grees with respect to the first half, the quadrupole wakes
can be canceled [25].
Here we show that the previously observed quadrupole

component of the wake fields that increase beam emit-
tance can indeed be effectively canceled with a pair of
CS with orthogonal orientations. We also show that this
passive compensation scheme can be applied to near-
relativistic beams (beam energy of a few MeV) with low
charge (a few pC), providing important information com-
plementary to previous theoretical and experimental ef-
forts that focus on dechirper with ultra-relativistic beams
(beam energy of a few tens of MeV and above) and high

FIG. 1: (a) Schematic of the nonlinear energy chirp compen-
sation experiment (not in scale); (b) The detailed layout of
the vacuum chamber where the CS is housed (the yellow ar-
row indicates the beam direction); (c) geometry of the planar
CS (the red ellipse represents a beam propagating along the
z axis).

charge (∼100 pC and above).
The experiment is conducted at the Center for Ultra-

fast Diffraction and Microscopy at Shanghai Jiao Tong
University [26]. The schematic layout of the experiment
is shown in Fig. 1a. The electron beam is produced in
an S-band photocathode rf gun, powered by a 5 MW
klystron. Three α−BBO birefringent crystals are used to
shape the laser to produce a beam with nearly flat-top
distribution. The beam kinetic energy at the gun exit is
measured to be about 3.3 MeV with an energy spectrom-
eter. The beam charge is about 6 pC measured with a
Faraday cup. An rf transverse cavity (TCAV) is used to
measure beam temporal distribution. Two 200 µm wide
slits (not shown in Fig. 1a), one located upstream of the
TCAV and the other just before the energy spectrometer
bending magnet, can be inserted to improve the temporal
and energy resolution of the measurements. Two identi-
cal aluminum planar CS with orthogonal orientations are
used to compensate for the nonlinear energy chirp while
effectively canceling the quadrupole wake fields. Each
structure is 16 cm long and 3.2 cm wide. The loca-
tion of each structure can be varied with step motors
to change the gap of the structures (Fig. 1b). Specifi-
cally, the upstream CS (U in Fig. 1a) can be moved in
horizontal direction and the downstream structure (D in
Fig. 1a) can be moved in vertical direction. Following
the notations in Fig. 1c, the corrugations are character-
ized by h=0.60 mm, t=0.35 mm and p=0.6 mm. The
point charge longitudinal wake can be approximated as
a damped oscillation [24],

W (z) =
π2

64

Z0c

πg2
H(z)Fe−

kz
2Q cos(kz) (2)

with Z0 being the free space impedance, c being the speed
of light, H(z) being the step function, k =

√

2p/ght be-
ing the effective wave number, F and Q being the am-
plitude correction factor and quality factor which can be
obtained with empirical fitting formulas.
To effectively cancel the nonlinear energy chirp, in

practice a beam having a nearly flat-top distribution in
the center and sharp rising and falling in the edges with
FWHM duration approximately equal to half the wake
field wavelength (e.g. λ ≈4.6 mm with the CS gap set at
g = 3 mm) is preferred (see, e.g. [12]). To achieve this,
three α−BBO crystals with temporal walkoff of 4.8 ps,
2.4 ps and 1.2 ps, are used to shape the beam temporal
distribution into an approximate flat-top. This technique
uses the group velocity mismatch (GVM) of the ordinary
and extraordinary rays such that a laser pulse becomes
two after passing though a birefringent crystal with the
temporal walkoff determined by the thickness and GVM
of the crystal (see, e.g. [27–29]. Of particular interest
here is that when the temporal walkoff is smaller than
the pulse width, the laser pulses will overlap, which al-
lows stacking the input short pulse into a long flat-top
output.
The beam temporal distribution in this experiment is

measured with a TCAV (an rf structure operating in
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FIG. 2: Time-resolved measurements of beam distribution at
screen P1 with 1 crystal (a), 2 crystals (b) and 3 crystals (c)
inserted (bunch head to the left); the corresponding beam
current distribution with 3 crystals inserted is shown in (d).

TM01 mode) which gives beam a time-dependent angular
kick (i.e. y′ ∝ t) after passing through at zero-crossing
phase. After a drift section the beam angular distribu-
tion is converted to spatial distribution, and the verti-
cal axis on the phosphor screens (P1 and P2 in Fig. 1a)
downstream of the TCAV becomes the time axis (y ∝ t).
The absolute time (and also the voltage of the cavity)
is calibrated by scanning the rf phase and recording the
vertical beam centroid motion on the screens (1 degree
change in rf phase corresponds to about 1 ps change in
time). The calibration coefficient is about 500 fs/mm on
the phosphor screen P1. With the TCAV off, the rms ver-
tical beam size on P1 is about 0.5 mm, corresponding to
a temporal resolution of about 250 fs in this experiment.

By rotating the crystals while watching the change of
the beam temporal distribution, we were able to stack
the Gaussian pulses in a suitable way to produce a beam
with approximate flat-top distribution. The measured
electron beam temporal distributions with various crys-
tals inserted are shown in Fig 2. As can be seen in
Fig. 2d, a nearly flat-top beam with FWHM of about
8 ps is produced with the 3 crystals all inserted. This
allows forming a wake with suitable shape that approxi-
mates a sinusoid, critical for effective cancellation of the
nonlinear energy chirp.

The beam longitudinal phase space at the gun exit is
measured at the phosphor screen P2 downstream of the
energy spectrometer with the TCAV on. Under this con-
figuration the vertical axis on P2 becomes the time axis
and the horizontal axis becomes the energy coordinate.
The measured beam longitudinal phase space with the
two structures open (e.g. g=30 mm) is shown in Fig. 3a.
Due to space charge effect, the nonlinearity of the energy
chirp slightly deviates from the curvature of the rf field.
Specifically, because the longitudinal space charge force
pushes the beam 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. Also the chirp in the bunch head is
larger than that in the bunch tail, as also seen in sim-
ulations (not shown). When the gap of the upstream
CS is reduced to g=3 mm, the longitudinal wake field
partially cancels the nonlinear energy chirp (Fig. 3b). Fi-
nally when the gap of the downstream CS is also reduced
to g=3 mm, the longitudinal phase space stands upright
with the nonlinear chirp greatly canceled (Fig. 3c).

The projected energy distributions for Fig. 3a and
Fig. 3c are shown in Fig. 3d, where one can see that
the FWHM beam energy spread has been reduced from
about 6.7 keV (dominated by nonlinear energy chirp) to
about 2.4 keV (dominated by slice energy spread and res-
olution of the energy spectrometer) with the two CS. It
should be pointed out that in our experiment the longi-
tudinal space charge force modifies the curvature of the
phase space such that the wake field can only compen-
sate for the nonlinear energy chirp for part of the beam.
In particular, the chirp in the very front of the bunch
which contributes to a few percent of the beam charge, is
actually further increased by the CS wake because it has
the wrong sign (Fig. 3c). Nevertheless, with the nonlin-
ear energy chirp for the main part of the beam effectively
compensated, the beam global energy spread is only lim-
ited by the slice energy spread.

It should be noted that the beam slice energy spread
increases after passing through a TCAV [30, 31], which
makes the measured beam energy spread at screen P2

FIG. 3: Time-resolved measurements of beam longitudinal
phase space distributions (bunch head to the up) at screen
P2 with the two structures open (a), with one of the CS gap
reduced to 3 mm (b) and with the gaps of the two CS both
set at 3 mm (c); the corresponding projected beam energy
distribution (d).
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FIG. 4: (a) Measured and simulated wake potential of the
CS. The bunch distribution, with the head to the left, is also
shown with red line.

larger than that at the exit of the CS (in simulation the
beam slice energy spread before the TCAV is about 0.2
keV). The beam energy spread growth is from the longi-
tudinal electric field which varies linearly with transverse
distance. With the 200 µm slit upstream of the TCAV
inserted and the voltage of the TCAV measured to be
about 160 kV, the TCAV induced beam energy spread
is estimated to be about 1.9 keV (FWHM), similar to
that measured at P2. Furthermore, the resolution of the
energy spectrometer is about 1.5 keV, not sufficient to re-
solve the slice energy spread at sub-keV level. Therefore,
the nearly 3 fold reduction (Fig. 3d) should be considered
as the lower limit and the true energy spread suppression
factor at the exit of the CS is likely to be much larger.
The longitudinal wake produced by the CS is shown

in Fig. 4 (blue circles), which is obtained by calculat-
ing the energy differences between Fig. 3a and Fig. 3c
as a function of longitudinal position. The simulated
wake (magenta dashed line in Fig. 4) calculated by con-
volving the beam longitudinal distribution with the point
charge wake (Eq. (2)), is in reasonably good agreement
with measurement. Note, in Fig. 4 only the wake for the
main part of the beam is shown and in the simulation
the beam charge is taken to be 7 pC slightly larger than
the measured beam charge (6 pC). The wake for the very
front and tail of the beam is not accurately quantified
because of the low signal to noise ratio from the limited
number of particles in these regions. It is worth men-
tioning that compared to using C-band harmonic cavity
(n = 2) to remove the nonlinear energy chirp where the
beam energy would drop by about 800 keV (25% of the
beam kinetic energy), here by using corrugated structure
to provide wake fields at much higher frequency (n ≈ 23)
the beam energy only reduces by about 6 keV (0.2% of
the beam kinetic energy, as can be seen in Fig. 4). Also
this scheme does not require dedicated equipment to con-
trol the phase of the wake field, as needed in active com-
pensation scheme.
In addition to removing the beam nonlinear energy

chirp, we also show how the associated quadrupole wake

FIG. 5: Time-resolved measurements of beam distribution
at screen P1, showing no quadrupole wake when the gaps of
the two structures are open (a), time-dependent defocusing
in x from the quadrupole wake of the upstream CS (b), time-
dependent focusing in x from the quadrupole wake of the
downstream CS (c), and again almost no quadrupole effect
with the gaps of the two structures both set at 3 mm (d).

fields of a pair of planar CS with orthogonal orienta-
tions cancel each other. This measurement is done at the
screen P1 with the TCAV on. The streaked beam distri-
bution with the two CS widely open is shown in Fig. 5a.
With the gap of the upstream CS reduced to 3 mm, the
beam distribution is shown in Fig. 5b, where one can see
that the wake field produced by the head of the beam de-
focuses the tail of the beam such that the bunch tail hori-
zontal size is slightly increased. This quadrupole compo-
nent is best seen with the gap of the downstream struc-
ture reduced to 3 mm (the upstream structure is open).
As shown in Fig. 5c, the time-dependent quadrupole
wake field strongly focuses the tail part of the beam. It
should be noted that because the beam has relatively
large horizontal size at P1, the beam size is more sensi-
tive to focusing than defocusing. With the gap of the two
CS both set at 3 mm, the quadrupole wake fields cancel
each other just as that predicted in theory[25], resulting
in a relatively uniform beam (Fig. 5d), similar to that
without CS.

In summary, we have presented the measurement of
beam phase space manipulation with CS in the low beam
energy (a few MeV) and low beam charge regime (a few
pC), providing important complementary information to
previous world-wide efforts that focus on beams with high
energy (∼100 MeV and above) and high charge (∼100
pC and above). In addition to directly showing the com-
pensation of the beam nonlinear energy chirp with CS
through measurements of the beam longitudinal phase
space, we also demonstrate for the first time that the
quadrupole component of the wake fields that increases
beam emittance can be effectively canceled with a pair of
planar CS with orthogonal orientations. The results are
in good agreement with simulations and should forward
the applications of this technique in simplifying the de-
sign and enhancing the performance of many accelerator-
based scientific facilities.
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