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Next-generation plasma-based accelerators can push electron beams to GeV energies within centimeter
distances. The plasma, excited by a driver pulse, is indeed able to sustain huge electric fields that can
efficiently accelerate a trailing witness bunch, which was experimentally demonstrated on multiple
occasions. Thus, the main focus of the current research is being shifted towards achieving a high quality of
the beam after the plasma acceleration. In this paper we present a beam-driven plasma wakefield
acceleration experiment, where initially preformed high-quality witness beam was accelerated inside the
plasma and characterized. In this experiment the witness beam quality after the acceleration was maintained
on high level, with 0.2% final energy spread and 3.8 μm resulting normalized transverse emittance after the
acceleration. In this article, for the first time to our knowledge, the emittance of the plasma wakefield
accelerated beam was directly measured.
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The idea of plasma wakefield acceleration, proposed by
Tajima and Dawson in 1979 [1], has attracted a lot of
attention in recent years. So far several experiments have
demonstrated plasma-based acceleration using both laser
pulses [2–5] or charged particle beams [6–9] as drivers,
demonstrating the possibility to generate large accelera-
tions of about tens of GV/m, i.e., orders of magnitude larger
than what can be provided by conventional radio-frequency
(rf) accelerators. Such increase of the acceleration gradient
allows to build ultracompact, down to tabletop, accelerators
that can be highly beneficial for many applications includ-
ing advanced radiation sources based on free-electron
lasers (FELs) [10–12], Compton scattering [13–15], THz
radiation [16,17], and a wide range of medical and
industrial applications.
In the past several years laser driven wakefield accelerated

electron beams were successfully used to demonstrate
production of radiation from undulators [18–22] or

Thomson scattering [23]. However, the further advancement
of such plasma based sources, like FEL radiation, requires
substantial improvement of the beam quality in terms of
energy spread and emittance [24,25]. In this paper we report
the results of a beam-driven plasma wakefield acceleration
(PWFA) [26–28] experiment conducted at the SPARC_LAB
test facility [29]. Initially preformed by a rf linac a high
quality witness beam was accelerated in plasma and char-
acterized. Using a technique for energy spread minimization
described in [24] we have achieved resulting energy spread
of the PWFA beam of the order of 0.2%. Such energy spread
allowed us to transport the beam through a conventional
transfer line and use standard multishot diagnostics based on
quadrupole scan. The normalized emittance [30] of the
PWFA beam was measured at the level of 3.8 μm. The
experimental results are supported by complete start-to-end
simulations. These results demonstrate the possibility to use
PWFA beams in the frame of a conventional accelerator to
pilot user applications.
The SPARC_LAB photoinjector consists of a 1.6-cell S-

band electron gun, followed by two 3 m long S-band
accelerating sections and one 1.4 m C-band section. Both
the driver and the witness beams are generated directly
from the photocathode using the laser-comb technique
[31,32] by illuminating it with two consecutive ultrashort
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laser pulses (130 fs, rms), whose delay can be adjusted
through an optical delay line. A first S-band section is
used as a bunch compressor by means of the velocity-
bunching technique [33,34], allowing in turn to both
accelerate and compress the beam. Moreover, it allows
for a precise adjustment of the bunch duration and distances
[35] and, with respect to other methods employing masks
or scrapers in dispersing sections [7,36], there is no loss of
charge.
The plasma experimental setup, depicted in Fig. 1, is

installed downstream from the photoinjector. The plasma is
contained in a 3 cm long 3D-printed plastic capillary and it
is produced by ionizing hydrogen gas, injected through two
inlets, by means of a high-voltage discharge (12 kV, 300 A)
at 1 Hz repetition rate. The plasma density is measured
using Stark-broadening based diagnostics [37]. The mean
value of the plasma density is controlled by delaying the
beam arrival time with respect to the discharge as reported
in [38]. The beam is focused at the entrance of the capillary
by a triplet of permanent magnet quadrupoles (PMQs) [39].
After the interaction with the plasma, the beam is trans-
ported up to the spectrometer using a second triplet of
PMQs and three electromagnetic quadrupoles (EMQs). The
diagnostics is completed by an rf deflector to characterize
the longitudinal beam profile. The energy spectrum is
finally measured with a Ce:YAG scintillator screen (spec-
trometer screen, Fig. 1) located downstream of the mag-
netic spectrometer.
The beam configuration consists of a 200 pC driver with

86.2� 0.1 MeVenergy (0.2MeVenergy spread) and 250 fs

rms duration followed, at a distance 1.0 ps (with the jitter of
this distance ∼30 fs), by a 20 pC witness with Ei ¼ 85.6�
0.2 MeV energy (0.24 MeV energy spread) and σt ¼
35 fs rms duration, corresponding to about 570 A peak
current. The driver and witness bunches are then focused
down to≈25 μmand≈13 μmcorrespondingly, and injected
into the plasmawith densitynp ≈ 1.5 × 1015 cm−3, obtained
by delaying the beam time of arrival with respect to the
discharge trigger. The fluctuation of the plasma density was
measured at 11%. The witness energy spread and emittance
prior to the plasma module are σE ¼ 0.24� 0.10 MeV and
ϵn;y ¼ 2.82� 0.56 μm, respectively. During the experi-
ments the charge of the witness was controlled using the
beam current monitor before plasma and the scintillator
screen after the plasma. The CCD camera counts of the
witness beam with and without plasma were compared and
no loss of the charge was detected.
Considering these parameters, the experiment is thus

carried out in the quasi-nonlinear (QNL) regime [40],
where the driver bunch density exceeds the plasma one
and induces the blowout process but, due to its relatively
small charge, the produced perturbation is linear. Here we
are defining Q̃ ¼ Nbk3p=np as the normalized bunch charge
that quantifies the plasma response, with Nb the number
of electrons contained in the driver and kp the plasma
wave number. The QNL regime, described for the proposed
configuration (Q̃ ≈ 0.37), is characterized by Q̃ < 1, con-
trary to the linear (Q̃ ≪ 1) and nonlinear (or blowout,
Q̃ > 1) cases.

FIG. 1. Experimental setup. (1) The incoming driver and witness bunches are focused by a triplet of permanent-magnet quadrupoles
(PMQs) into the plasma accelerator module. A second triplet of PMQs is used to extract and transport the bunches up to two diagnostics
stations located on the straight (straight screen, screen 1) and bent (spectrometer screen, screen 2) beam lines. A triplet of
electromagnetic quadrupoles (EMQs), a rf-deflector device and a magnetic spectrometer allow to completely characterize the beam.
(2) The plasma module consists of a 3 cm-long capillary where the plasma is produced by ionizing H2 gas with a high-voltage discharge.
(3) The inset shows a typical quadrupole scan of the plasma accelerated witness performed on the spectrometer screen by varying the
EMQ currents to reconstruct its normalized emittance.
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The longitudinal phase space (LPS) of the two bunches
before acceleration is shown in Fig. 2 (top image). The
energy spectrum of the bunch train after the acceleration is
depicted in the bottom image of Fig. 2. The energy window
of the spectrometer is about 2 MeV, therefore to reconstruct
the energy-depleted spectrum of the driver (spanning
≈6 MeV) several images have been acquired for different
currents of the magnetic spectrometer, and then merged
together (bottom plot of Fig. 2). The plot highlights a
3 MeV acceleration of the witness in the plasma, reaching
a final energy of 88.6� 0.5 MeV, corresponding to
≈100 MV=m acceleration gradient. Given that the energy
fluctuation before the acceleration was ∼0.2 MeV, the
increase of the energy jitter (up to ∼0.5 MeV) was fully
attributed to the plasma. Here we assume that the jitter from
the linac and the plasma are independent and total jitter is
ΔE2

total ¼ ΔE2
linac þ ΔE2

plasma. Thus, with ∼3 MeV as typ-
ical energy boost, we have evaluated instability of the
plasma acceleration at ∼15%. Figure 3 shows the witness
energy spectra of 200 shots. The resulting energy and
energy spread was computed for each of the shots in the
series. This series was taken continuously, but ∼15% of the
shots with the beam out of the spectrometer screen have
been excluded. Such empty shots are attributed to misfire of
the gas/discharge system. The small energy spread of the
beam is a paramount characteristics for high quality beams,
thus in this work was employed a recently developed
technique [24]. By using a combination of the positive
energy-chirp (larger energy particles on the head of the
bunch) and beam-loading effects we were able to mitigate
any energy spread growth, but also to achieve a slight
reduction of the total energy spread by removing, partially,

the correlated one. The final energy spread after the
acceleration was σE ¼ 0.21� 0.12 MeV. It needs to be
highlighted that the method used here to keep under control
the energy spread, can be scaled to a larger energy gain by
using larger plasma density, although correspondingly
larger energy chirp will be also required. For more
information see Supplemental Material [41].
The transformer ratio is defined as the peak accelerating

field divided by the peakdecelerating field [42]. In our case it
was estimated from simulations [see Fig. 5(a)] and it is of the
order of 2.5. The witness is located quite far from the rear of
the blowout region (where the acceleration is maximized) to
avoid an over-rotation of its LPS and, in turn, a large growth
of its energy spread. This would make its detection quite
challenging also due to the limited energy acceptance of our
spectrometer (∼2 MeV). Therefore, in order to achieve a
small witness energy spread, the witness is placed not at the
far rear of the blowout region but close to its center. Our aim,
indeed, is not to demonstrate the largest possible acceler-
ation but to preserve as much as possible the witness quality
(spread, emittance) in order to make it measurable (e.g., by
quadscan).
The obtained low energy spread is of paramount impor-

tance when considering its effects on the resulting normal-
ized emittance. Downstream of the PWFA module, indeed,
there could be a rapid degradation of the witness emittance
over the drift s ≈ 20 cm to reach the second PMQ triplet
according to the relation [43]

ϵ2n;f ¼ ϵ2n;i þ γ2
σ2E
E2

σ4x0s
2; ð1Þ

where ϵn;i and ϵn;f are the initial and final normalized
emittances, γ the relativistic Lorentz factor and σx0 ≈
2.4 mrad the beam divergence (was estimated from
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FIG. 2. Longitudinal phase space of the driver and witness
bunches upstream (top) and bunch train energy spectrum down-
stream of the plasma accelerator module (bottom). To reconstruct
the energy-depleted spectrum of the driver after witness accel-
eration, the bottom plot is obtained by merging several images
acquired for different currents of the magnetic spectrometer.
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FIG. 3. Top: energy spectrum traces of 200 shots of the witness
bunch after acceleration in the plasma. Bottom: analysis of these
shots in terms of energy spread. The energy spread of the witness
beam before the acceleration is also reported (red dotted line).
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simulations). We can see that the contribution of the energy
spread to the final normalized emittance [second term of
Eq. (1)] is almost negligible, so that its value does not
change during the transport downstream of the PWFA
module. Several methods can be employed to retrieve the
normalized emittance. Previous experiments, for instance,
estimated the emittance in a single-shot way by sampling
the vertical size of the beam as a function of the energy
[44,45]. However, these techniques would require rather
large energy spreads (≫ 1%) and it is thus not applicable to
our case and, in general, to very low energy spread beams.
For such a reason and considering also the high stability of
the accelerated witness, we used the classical quadrupole
scan technique to estimate its emittance [46]. The meas-
urement is performed on the screen downstream from the
spectrometer, where, due to the difference in energy, the
two beams are well separated. The scan consists in
measuring the witness vertical spot size as a function of
the current used in the EM quadrupoles upstream. The
resulting measurement is depicted in Fig. 4. By performing
a numerical fit on the experimental value, the resulting
normalized emittance is ϵn ¼ 3.8� 0.5 μm. Being such a
value not affected by the transport downstream from the
plasma, we conclude that the emittance increased only
during the acceleration process. At the current setup the
horizontal emittance cannot be measured, thus the bright-
ness of the beam was evaluated assuming that the beam has
similar emittance in both planes. Under such conditions the
resulting beam brightness can be estimated at the level of
∼1013 A=m2 [47].
To support the experimental observations, we performed

a complete start-to-end simulation using ARCHITECT

[48–50], a hybrid code where the electron bunches are
treated with a kinetic approach as in a particle-in-cell code
while the background plasma is simulated as a fluid.
Figure 5(a) shows a snapshot obtained at half the capillary
(z ¼ 1.5 cm) of the two bunches traveling through the

plasma. The longitudinal electric field resulting is also
reported (white dashed line). The main quantities related to
the witness bunch are highlighted in Fig. 5(b). For the
simulation the experimentally measured parameters of the
beam (e.g., LPS, emittance), which were indicated above,
were directly imported to be used in calculations. The used
plasma density profile is shown in Fig. 5(b), was also
measured experimentally [51] and imported to the code.
The density profile has an average value in the center
(inside of the capillary) np ≈ 1.5 × 1015 cm−3, as was
indicated above. Simulations have been performed with
a longitudinal resolution of 2 μm and a transverse reso-
lution of 1 μm reasonable being the plasma wavelength
about 834 μm that values also keep the computational time
small. The advancing time step is 1.2 fs, and a correct
sampling of both driver and witness is also guaranteed. The
simulated acceleration, as well as the beam emittance are in
agreement (within the error margin) with the experimental
data. The position of the witness beam, which was used in
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FIG. 4. Fit of the quadrupole scan for the emittance measure-
ment of the PWFA beam. Each point is the rms value of the
vertical beam size, taken over ten shots.
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FIG. 5. The evolution of the beam parameters along the plasma
section. On image (a) is depicted 2D distribution of the plasma
during the acceleration (the beam is traveling from right to left)
and the strength of the longitudinal electric field (white dashed
line). The evolution of the beam parameters along the plasma is
depicted on image (b).
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the experiment (∼1.0 ps from the driver), represents a best
compromise between the acceleration and energy spread
compensation. We also can see a clear oscillation of the
witness envelope along the propagation distance as well as
of its emittance. The growth of the emittance by approxi-
mately 37% is mainly due to an mismatched witness spot
size [52].
In conclusion, in this work we presented the results of a

beam driven PWFA experiments where the high-quality
preformed witness beam was injected inside of the plasma
and accelerated. Thanks to the achieved low energy spread
after the acceleration ≈0.23%, with ≈0.28% before the
acceleration, we were able, using a conventional transport
line and multishot quadrupole scan technique, to measure
the transverse emittance of the beam. The final normalized
emittance of the beam was measured at the level of 3.8 μm,
with initial emittance 2.8 μm. The reported simulation
studies indicate that such a growth was mainly caused
by nonoptimal transverse matching conditions. Thus in this
experiment we were able to accelerate the beam inside of
the plasma and, in general, preserve its quality afterwards.
One of the ultimate goals of the PWFA experiments is to

provide an electron beam suited for a wide range of
applications. Capability to use plasma-accelerated beams
with conventional/existing infrastructure can be an impor-
tant milestone towards achieving such a goal. At
SPARC_LAB the plasma module is an insertion into a
preexisting machine and in this work we have demonstrated
that such a module can be operated as an integral part of a
conventional accelerator, like using a quadrupole scan to
characterize the beam. These results represent a funda-
mental step towards the realization of future compact
accelerators providing high-quality electron beams for
user-oriented applications like free-electron lasers.
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