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Abstract. Plasma wakefield acceleration is nowadays very attractive in terms of accelerating
gradient, able to overcome conventional accelerators by orders of magnitude. However, this
poses very demanding requirements on the accelerator stability to avoid large instabilities on the
final beam energy. In this study we analyze the correlation between the driver-witness distance
jitter (due to the radio-frequency timing jitter) and the witness energy gain in a plasma wakefied
accelerator stage. Experimental measurements are reported by using an electro-optical sampling
diagnostics with which we correlate the distance between the driver and witness beams before
the plasma accelerator stage. The results show a clear correlation due to such a distance jitter,
highlighting the contribution coming from the radio-frequency (RF) compression.

1. Introduction
Plasma Wakefield Acceleration is very important in accelerator physics to overcome the current
limit of accelerating gradient in radio-frequency accelerators, in which the electric breakdown
phenomenon limits the electric field to a few tens of MV/m. In plasma accelerators, the medium
is already ionized so that the breakdown cannot occur, being able to reach accelerating gradients
of GV/m. The acceleration mechanism is based on the excitation of a plasma wave, that is, a
perturbation of the plasma density, with a driver which can be either a laser pulse (LWFA) or
an electron beam (PWFA).
In plasma wakefield acceleration (PWFA), the wake is driven by the coulomb force due to the
space charge effect of a relativistic charge bunch, termed driver, sent into the plasma, which
creates an electron-depleted region, in which the separation between plasma-ions and electrons
creates a strong accelerating electric field. Placed into the correct phase of this plasma wakefield,
a short electron beam, termed the witness beam, can be accelerated up to GeV energies over
centimetre distances [1].
The importance of plasma acceleration extends across many applications, such as new genera-
tion radiation sources like plasma-based Free electron laser, imposing stringent requirements on
the beam quality [2].
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The experiment has been performed at the SPARC LAB facility, at the INFN-LNF, where two
beams with different charges are produced with the laser-comb technique [3] to perform beam-
driven plasma acceleration. At low energy, the beam dynamics is dominated by space charge
forces. Therefore, the beams cannot be generated at ultra-short durations necessary for beam-
driven plasma (in the order of tens of femtoseconds). The compression is achieved with velocity
bunching, by injection of a chirped beam into the zero-crossing phase of the first accelerating
section. Due to the velocity difference within the bunch, it will slip in phase towards higher
accelerating gradients, and it is simultaneously accelerated and compressed [4].
However, this links their positions to the timing of the RF system, introducing a jitter in the
separation between the bunches.
In this work, measurements are reported to evaluate the effect of the RF timing jitter on the
acceleration, which is a source of a measurable jitter in the energy of the witness beam in a
beam-driven plasma accelerator. The article also focuses on the diagnostics used to measure
the distance between the driver and witness beams, i.e. the electro-optical sampling (EOS).
The EOS is a non-intercepting and single-shot diagnostics based on the change of refracting
index in an electro-optical crystal induced by the external field of the beam. This system has
a resolution of a few tens of femtoseconds, being able to measure the timing jitter effect in the
distance between the driver and witness beams.
The article is organized as follows: Section 2 describes the theoretical background of the ex-
periment; the experimental setup and the description of the EOS diagnostics are presented in
Section 3; finally, the measurements and analysis results are reported in Section 4.

2. Velocity bunching and arrival timing jitter
The velocity bunching is based on a longitudinal phase space rotation due to an initial difference
in velocity between the bunch head and tail. The beam is injected into the RF cavity at the
zero-crossing phase, as shown in figure 1, with a velocity smaller than the phase velocity of the
RF travelling wave and an initial chirp in velocity, where the head has a larger velocity with
respect to the tail. The bunch will slip back in phase towards a higher accelerating field: the
head of the bunch will feel a smaller field with respect to the tail, and then, the bunch will
be compressed and chirped simultaneously [5]. The compression with velocity bunching links
the jitter in the beam’s position to the RF system’s timing jitter, which affects the longitudinal
beam dynamics. The beam arrival timing jitter (ATJ) is influenced by two main contributions:
the changing of the laser arrival time at the photocathode and the instabilities in the timing of
the RF system. Other contributions, like fluctuations in the magnetic fields and the RF system
amplitude, are negligible). Therefore, the primary ATJ sources are the laser photocathode and
the two S-band klystron named K1 and K2, in which the first feeds the gun and the third linac
section called S3, while K2 feeds the two first sections S1 (used for beam compression) and S2.
The beam arrival time variation is given by the sum of all contributions:

∆tlinac ≃
3∑

i=1

ci∆ti (1)

where i=1 refers to the laser photocathode, i=2 and i=3 refer respectively to K1 and K2. After
the linac exit the coefficient c3 related to the S1 fields is much larger than c1 and c2, being
the leading contribution to the beam arrival timing jitter [6]. The ATJ in the relative distance
between the driver and witness results in a jitter in the witness energy when accelerated in
plasma. The driver excites a wakefield with a slope depending on the plasma density. Since the
witness is jittering in position along the wakefield, it will feel a different accelerating gradient
and result in different energy gains.
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Figure 1. Velocity bunching
slippage on the RF wave: since the
bunch velocity is smaller than the
wave’s phase velocity and there is a
velocity chirp, it will slip in phase
towards higher accelerating fields
and be compressed.

3. Experimental Setup
The experimental setup at the SPARC LAB test facility is shown in figure 2. Two bunches
of different charges, driver and witness, are produced with the laser-comb technique [8] at the
SPARC photo-injector, consisting of an RF gun which accelerates the beams up to ∼ 5MeV .
The gun is followed by three S-Band accelerating sections, in which the first acts as a com-
pressor. Since the compression is done at low energy, a solenoid around the gun will allow for
the necessary emittance compensation process to avoid emittance growth due to space charge
effects.
The witness beam is accelerated with a plasma accelerator consisting of a discharge capillary,
shown in figure 3, of 3 cm length and 1 mm diameter, filled with Hydrogen, in which the driver
excites a plasma wakefield capable of accelerating the witness. The measured plasma density is
nee ∼ 1015 − 1016 cm−3.
The beam diagnostics consists of the electro-optical sampling before the plasma accelerator and
a magnetic spectrometer after the plasma, allowing for the beam longitudinal characterization
with two Ce:YAG (Cerium-Doped Yttrium Aluminium Garnet) scintillator screens.
The plasma has been stabilized with a laser pulse; therefore, the timing-jitter effect on the
bunches is due mainly to the RF instabilities [9].

Figure 2. Layout
of the experimental
setup, in which
are highlighted the
EOS diagnostics,
the plasma capillary
and the optical
components of the
line [10].
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Figure 3. Picture
of the plasma discharge-
capillary; the capillary
is 3 cm long, and with
a 1 mm diameter, it is
filled with Hydrogen at a
plasma density of 1015 −
1016 cm−3 [11]

3.1. Electro-Optical Sampling
The Electro-Optical Sampling is a non-intercepting and single-shot device used to measure the
beam longitudinal properties, and in this case the distance between driver and witness. The
working principle is based on an external field, i.e. the beam coulomb field, which induces
birefringence on an electro-optical crystal. The crystal used in the experiment is zinc telluride
(ZnTe).
A slowly varying external electric field Eext(t) (with a frequency in the THz region) induces a
change in the refractive indexes in the crystal, which follows the temporal profile of the field.
The change in refractive index can be measured with an opportune polarized laser pulse that
crosses the crystal. This effect produces a phase delay Γ(t) between the laser horizontal and
vertical components, which is proportional to the beam electric field. The detected intensity is
given by:

Idet = I2lasersin
2Γ (2)

where the phase delay Γ(t) = πd
λ n3

0r41Eext(t) depends on the external electric field Eext(t)
induced by the beam, the non-linear coefficient r41, the laser wavelength λ, the crystal thickness
d, and unperturbed refractive index n0.
The Electro-optical sampling can be implemented in various configurations, depending on the
experimental needs. The main configurations are spectral decoding, in which the laser probe
propagates parallel to the electron beam [12], temporal and spatial decoding, in which the probe
is transverse to the beam [13], and also the recently proposed ”diversity electro-optical sampling”
(DEOS) [14].
In this experiment, the EOS has been implemented in the spatial decoding scheme in which the
laser crosses the crystal with an angle θ = 30 deg with respect to the beam propagation axis,
as shown in figure 4 [15]. The beam passes close to the crystal and produces an external field
which modifies the crystal’s properties. Different points across the transverse profile of the probe
beam pass through the crystal at different times and experience the external field at different
instances in time, acquiring a different polarization.
The time coordinate t is related to the spatial coordinate x through the formula:

t =
x

c
tanθ (3)

The field temporal profile is imprinted on the transverse spatial variation of the probe beam,
allowing for retrieving the electron beam longitudinal information [16].
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Figure 4. Working principle of the EOS spatial decoding configuration: the laser pulse crosses the
crystal with an angle θ = 30 deg and therefore different points on the pulse front wave feel a different
external field and acquire a different polarization; then by the recorded laser pulse it is possible to
reconstruct the beam longitudinal distribution [15].

4. Measurement and Analysis results
The measurements of the witness energy have been taken at the magnetic spectrometer after
the plasma accelerator, and the distance between the bunches has been measured with the EOS
before the plasma. The pictures taken from the two cameras are shown in figure 5 and 6, in
which the signal is composed by the superposition of all the taken shots.

Figure 5. Bunch measurement with
the EOS system, the image is obtained
by summing the signal of all the taken
pictures.

Figure 6. Energy measurement of the
witness beam after the spectrometer, the
image is obtained by summing the signal
of all the taken pictures.

The driver beam has charge QD = (200 ± 5) pC, while the witness is QD = (20 ± 3) pC.
After the linac, the witness beam has an energy E ∼ 87 MeV with a spread ∆E ∼ 0.45 MeV .
Considering 400 consecutive shots, after the acceleration in plasma, the measured mean energy
is Emean = (92.3± 0.4) MeV with a corresponding energy spread of Espread = (0.4± 0.1) MeV ,
resulting in an acceleration of about ∆E = 5 MeV . The measured average distance between the
bunches is ∆t = (1.03 ± 0.06) ps. The measurements highlighted a linear correlation between
the measured jitters as shown in figure 7, with an angular coefficient mfit = (10 ± 1) keV/fs.



6th European Advanced Accelerator Concepts Workshop
Journal of Physics: Conference Series 3124 (2025) 012012

IOP Publishing
doi:10.1088/1742-6596/3124/1/012012

6

Since the wakefield slope is large because of the large accelerating field in the plasma, the jitter
effect in the acceleration is appreciable [17]. All the results are shown in table 1.

Table 1. Results of the measurement. Emean is the witness mean energy, Espread is the witness
energy spread, ∆t is the average distance between the beams and mfit is the angular coefficient
of the linear fit.

Beam Parameters Value Unit

Emean 92.3± 0.4 MeV
Espread 0.4± 0.1 MeV
∆t 1.03± 0.06 ps
mfit 10± 1 keV/fs

Figure 7. Measurement with the corresponding linear fit of the correlation between the distance
driver-witness and the witness energy after the plasma; the fit has angular coefficient m = (10 ± 1)
keV/fs.

5. Conclusion and outlook
This paper has discussed the effect of the RF timing jitter in a plasma wakefield accelerator. The
electro-optical sampling allowed us to measure a jitter in the order of a few tens of femtoseconds.
The results showed a linear correlation between the relative jitter in the distance driver-witness
and the witness energy jitter. These measurements can be instrumental in characterizing the
stability of a plasma accelerator with different plasma modules, i.e. a different type of plasma
capillary. The presented study will be updated with further measurements at SPARC and sup-
ported with simulation from the tracking code Astra [18].
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