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Abstract

The research concerns the study of the plasma sources
for plasma-based accelerators (PBAs) at the SPARC_LAB
test-facility (LNF-INFN). The interest in compact acceler-
ators, overcoming the gigantism of the conventional radio-
frequency (RF) accelerators, is growing in High Energy
Physics. The plasma-based accelerating gradients can attain
the GV/m scale. At the SPARC_LAB test-facility, a plasma
device is under development. It consists of a capillary in
which one or more inlets inject neutral gas (Hydrogen), ion-
ized by a high-voltage (HV) discharge. Electron density
has been measured as a function of time through the Stark
broadening profiles of the Balmer line.

INTRODUCTION

The cutting-edge generation of accelerators based on
plasma technology can force electron bunches to GeV ener-
gies within centimeter lengths [1,2]. Such high accelerating
gradients are produced by electron density modulations in-
duced in the plasma by an intense and ultra-short laser pulse
(Laser Wakefield Acceleration, LWFA) or a relativistic elec-
tron bunch (Particle Wakefile Acceleration, PWFA) [3-6].
The innovative acceleration technique proposed by Tajima
and Dawson [7] in 1979 has prompted an expansive and
rapidly extending field of research desiring to decrease the
typical dimensions of the accelerating frames to the small-
scale and invent futuristic miniaturized devices. This tech-
nique attains huge accelerating fields up to GV/m compared
to the conventional radio-frequency (RF) technology lim-
ited to MV/m. The particle wakefield acceleration exploits
the electric fields of a plasma wave compelled by a rela-
tivistic electron bunch used as a driver [8]. Such fields
can be efficiently applied to a trailing bunch, the witness,
which accumulates a part of the energy deposited by the
driver. The experiment at the SPARC_LAB test-facility has
been performed within the EuPRAXIA framework [9] by
employing two bunches, a driver tracked by a witness (ac-
celerated beam), propagating in a plasma confined in a 3
cm/long discharge capillary. Various methods are employed
to generate the plasma from a neutral gas, such as Hydrogen,
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using a high-voltage (HV) discharge [2] or an ionizing laser
pulse [10]. The plasma is dynamically formed shot-by-shot
with a typical lifetime of a few tens of microseconds, its
stability and reproducibility are essential features for the
quality of the accelerated electron bunch. The plasma char-
acteristics inside the gas-filled capillary depend on several
parameters like its pressure and temperature, the applied
voltage, the geometric of the capillary itself. The shape and
the position of the gas injectors can influence the shot-to-
shot stability and uniformity of the plasma. The features of
the plasma inside and just outside the capillary are funda-
mental for preserving the electron bunch quality during the
acceleration.

EXPERIMENTAL APPARATUS

The overall setup used to form and characterize the plasma
behavior has shown in Fig. 1. The main component for
plasma-based accelerators is a plasma-discharge capillary.
It is a 3D-printed capillary tube, filled with Hydrogen by
means of two injectors. Different diameters (1 and 2 mm)
were tested.

Delay
Generator
Vacuum Chamber
Side Porthole
2
Copper Electrode °
5 i — -é
= = 3 S
e E £ L1 M1 b=
@ HE £ =
c = S
I z g 2 L2 é
] g = S
A issi
] G M2 Emission E
Copper Electrode T a
&
 Side Porthole __
AED
i L
M

Figure 1: Scheme of the experimental set-up used at the
SPARC_LAB test-facility to form and characterize plasma in
a gas-filled capillary. An optical path is designed for guiding
the plasma light into the spectrometer. L1, L2, represent
lenses and M1, M2 indicate mirrors. The Copper electrodes
have mounted on the capillary extremities. An Nd: YAG
laser probe of 532 nm is used for the optical alignment.

We used capillaries with different geometries to oversee
how the geometry can affect the plasma density distribution.
Two gas inlets inject the Hydrogen gas inside the channel by
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a gas generator. A high-voltage source [11] supplies power
to produce the current discharge along the capillary through
two Copper electrodes mounted on the capillary extremities.
The gas flows inside the channel and is controlled by an
electro-mechanical valve. The gas injection frequency is set
to 1 Hz using a valve aperture time of 3 ms to preserve the
vacuum (= 10~7 mbar) inside the chamber shot-by-shot. A
pressure regulator controls the inlet pressure from 10 - 15
mbar. The plasma diagnostic system consists of an imaging
spectrometer (iHR Fully Automated Imaging Spectrometer
iHR320), an optical path to transfer the plasma light into
the spectrometer, and an intensified camera (Andor iSTAR
20) to record images. The 600 g/mm grating allows a reso-
lution of = 0.06 nm in the considered spectral range. The
focal length of the spectrometer grating is 320 mm, and its
aperture ratio is f/4.1. An intensified camera is connected
to the spectrometer and acts as a detector. Ultimately, a
delay generator (Stanford Research DG535) synchronizes
all individual events such as the gas injection, the voltage
pulse, the valve opening time, the triggering of the camera,
and the plasma density measurements. Consequently, by
delaying the camera trigger, snapshots at different times are
detectable. Such a diagnostic system allows a time-resolved
measurements of the electron density in the capillary.

SPECTROSCOPIC PLASMA
DIAGNOSTICS

The particle wakefield acceleration (PWFA) is bottomed
on the interaction between plasma and electron bunches,
depending on the longitudinal and transverse plasma elec-
tron density distribution inside the capillary [7,12,13]. The
plasma density modulation generated by a driver bunch leads
to the formation of strong electric fields that provide acceler-
ating gradients in the GV/m scale, proportional to the square
root of the plasma electron density n, [14]. The so-called
Dawson limit represents the maximum longitudinal electric
field EO associated with an electron plasma wave. It depends
precisely on the square root of the electron density n, of the
considered plasma [15]:

V. w,m,c
Eqy [E] = p—ee =96 yn, [cm~3];

e and m, being the charge and the mass of the electron
respectively, ¢ the speed of light in vacuum, and w,, the
electron plasma frequency. At a given plasma density, the
Langmuir wavelength 1, = 27¢ ¢onditions the transverse
and longitudinal dimensions of bunches that contribute to
the plasma acceleration, either for the driver or the witness.
Since the plasma wavelength sets the length of the plasma
bubbles, where is the accelerating electric field, the witness
bunch must be injected at the accurate time [7,16]. Hence, a
spectroscopic technique based on the Stark-broadening effect
is employed to detect the plasma electron density during the
gas ionization within the capillary [17, 18]. In plasma the
Stark effect produces the broadening of spectral lines due to
the electric field of the charged particles. The dependence
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of the Stark broadening on the density of the plasma can be
exploited to determine the density itself [19]:

3
n, [em™] = 8.02 x 1012 (ﬂ) 2, )

ai
2

where the parameter A1g is the full width at half maxi-
mum (FWHM) of the Stark-broadened spectral line in nm
fitted by a Cauchy distribution. The parameter « : is a func-

tion of the electron density and the temperaturé, that can
be considered almost constant within our typical electron
temperature range of 1 — 4 eV and plasma density of 10'-
10'7 ¢cm=3 [17]. The light radiated by excited Hydrogen
atoms at different wavelengths in the visible spectrum refers
to the Balmer spectral lines (H,, Hg H,, and Hg at 656.2
nm, 486.1 nm, 434 nm, and 410.1 nm, respectively). Indeed,
to retrieve the plasma density, the Balmer Hz line is con-
sidered. By measuring the FWHM of the Hy line, we can
obtain the plasma electron density. The parameter « 1 for

H line for the density of the order of 1017 cm=3 is 0.919
nm [17]. There are numerous physical mechanisms that can
produce the line spectral broadening. These include Natural
broadening, the Doppler broadening due to the thermal mo-
tion of the particles, and the Stark broadening related to the
electric fields produced by charged particles in the plasma.
The transverse profile of the Balmer beta line fitted with a
Lorentzian (Stark effect) in Fig. 2 is illustrated.
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Figure 2: Balmer beta line measurements: a) transverse pro-
file of the Balmer beta line corresponding to the cut aa’ with
the overlapped Lorentzian fit (Stark effect) and the contribu-
tion of the Doppler effect calculated for a plasma temperature
of 2 eV, and b) image of the spectral line acquired via the
ICCD camera.

Compared to a 16 nm Stark broadening, the Natural (0.3
nm) and the Doppler ones (0.06 nm) are absolutely negligible
in our case. The goal of this research activity is to produce
a variable electron density relative to 101°-10'7 cm~=3 for
the corresponding plasma wavelength, 4, in the range of
300-100 gm [20-22]. The time dependence of the plasma
density is obtainable by scanning the relative delay between
the discharge trigger (the starting point of the current profile)
and the acquisition time on the camera. Thus, it is feasible to
characterize the plasma evolution as a function of the plasma
recombination time. According to Paschen’s law (used to
evaluate the breakdown voltage), the ionization mechanism
of a gas column depends on both the neutral gas pressure
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and the applied voltage at the capillary ends [23]. Therefore,
for a plasma density of the order of 107 cm~3 the pressure
inside the capillary is set in the range of 10 - 20 mbar. During
the operations, a voltage of 12 kV is applied and the plasma
current of 400 A is measured. The electron temperature, 7,
is a valid indicator of the quality of the plasma produced in
the capillary [24]. Indeed, the plasma density distribution,
the capillary’s walls deformations, the radial uniformity of
the plasma, the ionization degree [11,25], and preserving
the bunch quality are strongly dependent on the axial plasma
temperature. Assuming a quasi-static model (QSM), an
estimation of the temperature on the axis of the capillary
is [26]:

~57(LIKAL )2

rcap [mm)]

T, [eV] 3)

where [ is the pulse peak current in KA, r,, the capillary
radius in mm, and 7, the on-axis electron temperature. For
a 3 cm/long capillary with a peak current of 400 A, 1 mm, or
2 mm/diameter, an on-axis temperature of 5.2 eV and 3.2 eV,
respectively, is expected. Although this estimation does not
include the temporal evolution of the plasma it is sufficient
to know if the plasma that will be produced is completely
ionized.

RESULTS

Through Eq. 2, the plasma density is retrieved as a func-
tion of plasma recombination time and illustrated in Fig. 3.
Therefore, by varying the relative delay time, the temporal
evolution of the plasma density is achievable as a function of
plasma recombination time. Moreover, by acquiring several
more than one shot with the same delay time, it is feasible to
study the shot-to-shot variation of the plasma density at the
various instants of the discharge. Thus, we have studied the
time dependence of the shot-to-shot variation of the plasma
density. The mean density profile for every delay time is
evaluated along the capillary longitudinally averaged over
50 independent shots. The time-resolved (from 900 to 2100
ns) spectroscopic density measurements using these two cap-
illaries reveal that the density expands gradually after gas
breakdown, arrives at its peak around 107 cm=3, then dimin-
ishes over time. Moreover, we observed that expanding the
capillary diameter leads to a reduction of the plasma density
distribution. The maximum plasma density for a capillary
in 1 mm/diameter starts from 1.3 x 10'7 cm~3 and reaches
a maximum of 7.3 x 1017 cm~3, while in 2 mm/diameter,
it varies between 0.5 x 10!7 cm™3 and 1.37 x 10'7 cm=3.
For both capillaries, the electron density has a parabolic
trend starting from 900 to 2100 ns after the formation of
the plasma current. To understand many of the effects that
occur during the ionization of the plasma inside the cap-
illary, it is essential to consider the electron-ion collision
frequency [27]:

Vi [sec1]1=3x107% Zn, In A(T,)" 2,
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where 7, is the electron density, 7, the electron temperature,
In A the Coulomb logarithm, and Z the ion charge in units
of the elementary charge (e).

g 1 Q” | | |
# 1mm/diameter 3
$ 2mm/diameter 3 &
2 &
G| |12kV-400A | 3
§ 3

Plasma Density [cm'3]
o IS

|

3

EEEEREREEY

1200

1400 1600 1800 2000

Delay Time [ns]

1000

Figure 3: The variation of averaged electron density as a
function of delay time after the discharge trigger in the tar-
geted capillaries of 3 cm/long-1 mm/diameter and 3 cm/long-
2 mm/diameter with a double-inlet system. The reported
error bars represent the standard deviation calculated by 50
independent plasma density profiles (in a duration of 100 ns
gate width).

The plasma density in the capillary with a larger diameter
(2 mm/diameter) is lower than the device with a 1 mm/di-
ameter (see Fig. 3). This density reduction depends on the
time of the heating produced by the electric discharge since,
during the triggering of the electric discharge, there is less
containment of the plasma. Since the plasma is less dense,
the electron-ion collisions that determine the heating of the
gas-plasma decrease.

CONCLUSION

A spectroscopic technique has been used based on the
Stark effect for plasma density characterization inside the
gas-filled plasma-discharge capillary. One of the main ob-
jectives of the new acceleration techniques is to preserve
the quality of the electron bunch injected into the plasma
section with a high (GV/m) field gradient. Therefore, by
studying the shot-to-shot variation of the plasma density
evolution as a function of time, the effects of the plasma
behavior on the electron bunch passing within the capillary
can be controlled. Moreover, we studied how the geometry
of the capillary itself can affect and rule the plasma density
behavior. We have observed that the capillary geometry
modifies the electron distribution, which can be effective
for attaining the required properties of the electron bunches
used for particle acceleration.
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