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Abstract

Gas-filled discharge capillaries are widely used in the field of plasma-based particle acceler-
ators, due to their compactness, cost-effectiveness and versatility for different applications.
Technological improvement of such plasma sources is necessary to enable high energy gain
acceleration at the meter scale, as required for next-generation particle colliders and light
sources. Beam quality preservation within such an acceleration length involves accurate
tuning of the plasma properties. In particular, precise tailoring of the plasma density
distribution is required to control the emittance growth of particle bunches during the
acceleration process. In this context, this paper presents a scalable and versatile approach
for the design of meter-scale discharge capillaries, aimed at achieving fine tuning of the
plasma density distribution, with the possibility of locally controlling the density profile
by acting on the source geometry. Forty-centimeter-long capillaries are designed using
numerical fluid dynamics simulations and tested in a dedicated plasma module. Different
arrangements of the gas inlets are tested, with their number and diameter varied, to assess
the effect of the capillary geometry on the plasma properties. Plasma density measurements
show that a higher number of inlets with variable diameter along the plasma formation
channel provides an enhancement in the homogeneity of the electron plasma density dis-
tribution. Longitudinal density plateaus are observed along most of the plasma channel
length, with a center-to-end density uniformity of up to 80%. The experimental results
highlight the proposed approach’s capability to modulate the longitudinal plasma density
distribution by acting on the capillary geometry, thus providing uniform density profiles
over the meter scale, as required for plasma-based acceleration experiments.

Keywords: plasma acceleration; plasma sources; discharge capillary; meter-scale plasma
sources; CFD simulations; spectroscopic analysis

1. Introduction

Plasma-based particle accelerators are generating interest within the scientific commu-
nity thanks to the intense GV/m-range accelerating fields produced in plasma acceleration
mechanisms [1-3], which allow to dramatically reduce the cost and footprint of accelerating
facilities. In recent years, pioneering experiments have proven the possibility of producing
GeV-range electron beams within few-centimeter-long plasma channels [4—6]. Furthermore,
improvements in the quality of plasma-accelerated beams have demonstrated the suitability
of this technology for user-oriented applications, such as free-electron lasers [7-10]. Scaling
plasma-based accelerators for future light sources and beam collider facilities requires the
development of meter-scale plasma accelerating stages, able to boost the beam energy
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while preserving the beam quality [11,12]. Among the variety of plasma sources used for
plasma acceleration experiments, gas-filled plasma discharge capillaries represent one of
the most compact and cost-effective devices for plasma creation and confinement, achieved
using high-voltage pulses [13-16]. Such devices can be made of different materials, from
3D-printed plastic [17] and glass to sapphire [18] and high-melting-temperature ceramics,
such as macor and shapal [19]. Capillaries provide fine control of the plasma density by
tuning the injected gas pressure or the applied voltage. The shaping of the capillary chan-
nels provides high-density uniformity and modularity [20], while the shot-to-shot stability
of the plasma discharges can be enhanced by triggering gas ionization using an external
laser pulse [21]. Apart from the acceleration of particle beams in particle-driven Plasma
Wakefield Acceleration (PWFA) experiments, plasma discharge capillaries are also used for
guiding high-intensity laser pulses in Laser Wakefield Acceleration (LWFA) schemes [6]
and for focusing charged particle beams in the so-called Active Plasma Lenses (APL),
alternatively to conventional quadrupoles, exploiting the kT/m azimuthal focusing fields
produced by the current discharges [22]. Moreover, microwave-based discharge capillaries
are used for UV light confinement, photolithography, biomedical tools and environmental
research [23-25].

The realization of discharge capillaries for meter-scale plasma accelerating stages
requires dedicated designs, able to control the plasma density distribution according
to the beam properties. Beam quality preservation requires a uniform density profile
within the plasma source, in order to freeze the shape of the accelerating ion cavities,
produced in the wake of the driver beam, and keep the witness beam on the peak of
the longitudinal accelerating wakefield [3]. In addition, the presence of smooth density
ramps can contribute to preserving the beam emittance towards the injection and extraction
of the beams from the plasma accelerating stage [26]. The design of capillary sources
usually relies on computational fluid dynamics (CFD) codes, adopted to simulate the
neutral gas filling the capillary structures [20,27]. Moreover, new simulation codes for
plasma modeling, including the electrical discharge process as well as plasma heating
and expansion dynamics, are currently under development, with recent results showing
promising agreement with experimental observations [27-31].

Within this context, we present the prototype of 40 cm long gas-filled discharge
capillaries, designed using CFD simulations and experimentally characterized through
spectroscopic analysis for the measurement of plasma density distribution. The CFD
software (Version 5) OpenFOAM is used to simulate the dynamics of the neutral gas filling
the capillary structure, thus providing information on the molecular density distribution
along the plasma source. Relying on simulative results, the capillary geometry is optimized
in order to improve the density uniformity along the capillary channel. Designed capillaries
are realized by tool machining and then tested in a dedicated plasma module, using the
Stark broadening method to perform complete characterization of the plasma density
distribution. The approach to the design and realization of the capillaries, comprising the
production and assembly of multiple blocks and the modulation of the plasma distribution
using dedicated gas injection networks, proves to be a valid strategy in the realization of
meter-scale capillary plasma sources. Experimental and theoretical activities are carried out
at the Plasma_lab facility (INFN), within the SPARC_LAB collaboration [32], the EuPRAXIA
framework [11] and the EuPRAXIA@SPARC_LAB project [33].

2. Materials and Methods
2.1. CFD Simulations

Plasma discharge capillaries are first designed using the CFD code OpenFOAM [34],
adopted to simulate the dynamics of neutral hydrogen gas filling the injection channels of
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the capillary structure. Three-dimensional numerical simulations are performed with the
solver SonicFoam to simulate the gas in a turbulent transient regime [20]. Figure 1 shows
the geometry of a 40 cm long capillary, designed for CFD simulations. The capillary length
is chosen within the framework of the EuPRAXIA@SPARC_LAB project, which involves
the use of a meter-scale plasma accelerating stage to guide an FEL user facility [33]. Indeed,

a 40 cm long capillary, operating at a plasma density of around 10! cm~3

, can provide an
accelerating gradient of up to 1.5 GV/m, corresponding to a total energy gain of around

600 MeV.
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1<

.

Pressure (Pa)
29x10° 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
| ‘ L e —— ] ‘ ‘

Figure 1. CFD simulation domain, including the neutral gas injection network, realized inside the
capillary device by tool machining, and two side boxes connected to the capillary ends to simulate
the gas expansion in the vacuum chamber.

The capillary structure constitutes an upper vertical channel with a 1.5 mm diameter,
connecting the gas injection pipe to the capillary; two horizontal channels with a 2 mm
diameter; and 6 vertical inlets with a 1 mm diameter. The lower horizontal channel, i.e., the
main channel for the plasma formation and confinement, is fed by the upper one through
the vertical inlets, which are horizontally spaced to properly tailor the neutral gas density
distribution along the main channel. An inlet pressure of few hundreds mbars is set at
the entrance of the upper vertical channel to simulate the gas injection, which is usually
performed in a pulsed regime using an electro-mechanical valve, with typical opening times
of a few ms. The simulation domain also includes two side boxes connected to the capillary
ends, simulating the gas expansion inside the vacuum chamber, in which the capillary is
installed. The mesh grid is composed of hexahedral cells with sides measuring 1 mm with
a refinement level of 3, corresponding to a mesh size of 125 um, at a distance of 1 mm from
the capillary walls, in order to achieve a better spatial resolution towards the boundary
regions. Starting from the described geometry, different versions are tested to analyze how
the neutral gas density profile behaves when varying the inlet arrangement. In order to
optimize the density uniformity along the capillary channel, the geometrical configuration
is modified with a higher number of inlets and by increasing the inlet diameter towards the
capillary ends. OpenFOAM is limited to describing only neutral gas dynamics; hence, the
electrical discharge formation and the plasma dynamics are not included in the simulations.
Although the plasma channel properties are generally affected by the ionization mechanism,
i.e., dissociation of neutral molecules, electric discharge ignition and plasma column heating
and expansion, the gas dynamics prior to plasma formation provides useful information
on the plasma channel for the design of the capillary geometry. Indeed, gas dynamics
simulations can be exploited to predict features of the plasma channel profiles in given
capillary structures, such as the creation of density ramps and flat-tops due to the effect
of specific inlet arrangements and channel shapes [20]. Hence, even if CFD simulations
cannot provide the exact plasma density distribution, they can be used to design a first
capillary structure, which can be experimentally validated and eventually optimized to
produce the desired plasma density profile.
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2.2. Realization, Testing and Characterization

Discharge capillaries, designed through CFD simulations, are realized by tool ma-
chining of plastic blocks made of Lexan. In order to produce the 40 cm long horizontal
channels with sub-millimeter precision, capillary devices are realized by stacking and join-
ing two asymmetric blocks, which are independently machined. Figure 2 shows a picture
of a 40 cm long capillary composed of two blocks and realized with the inner structure

shown in Figure 1, with two horizontal channels and six vertical inlets.

Figure 2. (Top) Picture of a 40 cm long capillary, composed of two plastic blocks stacked and joined
together. (Bottom) Picture of the 40 cm long capillary during plasma formation inside the vacuum
chamber of the experimental plasma module.

Experimental testing and characterization of discharge capillaries are performed with
a dedicated plasma module at the Plasma_lab facility. The experimental plasma module,
set up for plasma discharge tests with 40 cm long capillaries, constitutes three different
systems for gas injection, plasma formation and characterization, as shown in Figure 3.
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Figure 3. Schematic representation of the experimental plasma module.

Tested capillaries are installed inside a vacuum chamber and filled with pure hydrogen
gas, produced through water electrolysis by a hydrogen generator and injected in a pulsed
regime using an electro-mechanical valve. A mechanical regulator sets the injection pressure
in a range of few hundred mbar to 1 bar. Two primary scroll pumps and one turbo-
molecular pump keep a vacuum level of 10~# + 1072 mbar inside the vacuum chamber,
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suitable to produce and confine the plasma discharges. A high-voltage (HV) generator feeds
an electrical pulser circuit, which delivers kV-range ps pulses to a pair of copper electrodes
attached to the capillary ends. In this way, HV pulses ionize the hydrogen gas column
inside the capillary channel and produce the plasma discharge [35]. A delay generator
(Stanford Research DG535) sets the operating repetition rate of 1 Hz and synchronizes the
voltage pulses with the e-valve activation time, so as to trigger the plasma discharge once
the capillary channel is filled with hydrogen gas. The discharge current is measured using
a Pearson 110 probe, which converts the current pulse into a voltage signal with a transfer
impedance of 0.1 V/A. The voltage signal is then acquired by a 300 MHz WaveAce 2032
oscilloscope, allowing us to retrieve the waveform of the discharge current pulse, as shown
in Figure 3.

Characterization of the plasma discharge is performed via spectroscopic analysis of
the plasma-emitted light, based on the Stark broadening method [36]. A telescopic optical
line, constituting 3" mirrors and lenses, guides the plasma-emitted light from the plasma
channel to an imaging spectrometer equipped with an intensified CCD camera. Hydrogen
emission lines of the Balmer series, specifically Hy (656.3 nm) and Hg (486.1 nm), are
selected by a spectrometer diffraction grating with 1200 grooves/mm and an instrumental
broadening of 3.6 A. Images of the selected Balmer lines are then acquired by an ICCD
camera with a calibration of 0.27 A /pixel. For each acquired spectral image, the broadening
of the hydrogen spectral line is measured to retrieve the electron plasma density, exploiting
the direct proportionality between the hydrogen spectral linewidth A\, (FWHM) and
the electron plasma density N, according to the Stark effect:

3/2

Aald) |y )

a1 /2[A]

in which the fractional width &/, [37] depends on the plasma density, assumed to be

Ne = 8.02 x 102

around 10'° = 10'® cm~3, and the plasma temperature, which in turn is estimated using
the quasi-static model of the plasma discharge developed by Bobrova [38]:

2/5
Te — 5.7[% {;ﬂ ]] [eV] @)

where [ is the discharge current measured by the oscilloscope and r( the radius of the
capillary channel. By measuring the hydrogen linewidth along the vertical axis of the
spectral image, it is possible to reconstruct the longitudinal profile of the plasma density
distribution, as shown in Figure 3. Since the optical line constitutes 3" mirrors and lenses,
only a 5 cm long portion of the plasma channel is collected into the imaging spectrometer.
Therefore, the whole 40 cm long longitudinal plasma density distribution is retrieved by
shifting the diagnostic line along the capillary and stacking the spectral images acquired
from different positions of the plasma channel. Markers are applied on the capillary
surface as a reference to properly stitch the spectral images. Furthermore, by gating
the camera acquisition time to the discharge circuit, it is possible to observe the temporal
evolution of the plasma channel density distribution, during both the plasma formation and
recombination into neutral hydrogen gas. Hence, this diagnostic tool provides complete
longitudinal and temporal characterization of the plasma density distribution for the tested
discharge capillaries.
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3. Results and Discussion
3.1. Simulation Results

Figure 4 shows the Hp molecular density distribution simulated with different capillary
geometries. These results are obtained in the hydrodynamic steady state, reached around
3 ms after the e-valve opening with an injection pressure of 100 mbar. Figure 4a—c show
section views of the 2D density distribution in steady state for three different capillary
geometries that, respectively, have 6 inlets with a 1 mm diameter, 12 inlets with a 1 mm
diameter, and 12 inlets with an increasing diameter towards the capillary ends, ranging
from 1 mm to 2.2 mm. A detailed list of key geometrical parameters of the three capillaries
is reported in Table 1.
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Figure 4. Two-dimensional steady-state hydrogen density distribution in the capillary structure
with (a) 6 inlets with a 1 mm diameter, (b) 12 inlets with a 1 mm diameter and (c) 12 inlets with a
variable diameter. (d) Normalized H, molecular density profiles along the plasma formation channel,
obtained with the three configurations. Vertical blue bars located at +20 cm represent the electrodes
at the capillary ends.
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As shown in the three plots, a molecular density of up to 1 x 10'® cm~3, corresponding
to around 50 mbar H,, is reached in the lower horizontal channel for each of the three
geometries. Figure 4d shows a comparison of the normalized H; molecular density profiles
along the plasma formation channel, obtained with the three different configurations. As
shown in the figure, the first configuration with 6 inlets (red curve) is characterized by a
10 cm long plateau, localized at the capillary center, and smooth density ramps covering
most of the capillary channel. Such non-uniformity in the longitudinal density profile, from
the center to the capillary ends, is due to the gas flowing from the capillary channel to the
outer vacuum chamber, because of the pressure difference between the capillary (tens of
mbar) and the vacuum chamber (102 mbar). It is possible to counteract the gas outflow by
increasing the number of inlets (green curve) and also their diameter towards the capillary
extremities (blue curve). In the latter case, a high uniformity is achieved for the longitudinal
density distribution, with a 20 cm long plateau having less than 5% density variation, and
an overall density uniformity of 80% from the center to the outermost inlets, located 2.5 cm
from the capillary extremities.

Table 1. Geometrical parameters of the three 40 cm long capillaries.

Capillary 1 2 3

Horizontal channel diameters [mm)] 2 2 2

Number of inlets 6 12 12
+40, +40, £60, +40, +60,

Inlet positions [mm]

+100, 4100, £135, 4100, £135,
(from the center to the ends) 1160 4160, £175 4160, +175
Inlet diameters [mm] 1 1 1,1,1.2,
(from the center to the ends) 1.6,2,22

Hence, according to the simulation results, proper arrangement of the inlets, with
increasing diameter towards the capillary ends, allows to control the neutral gas outflow
and improve the uniformity of the density distribution along the plasma formation channel.

3.2. Experimental Characterization

The discharge capillaries with inner structures shown in Figure 4 are experimentally
tested with pure hydrogen gas, injected in a pulsed regime with a 5 ms e-valve aperture
time. An injection pressure of 700 mbar is set by the mechanical regulator, located outside
the vacuum chamber, corresponding to around 100 mbar at the capillary entrance. The
pressure is measured downstream of the regulator by a pressure gauge. 10 kV voltage
pulses are subsequently delivered to the electrodes attached to the capillary ends, resulting
in hydrogen ionization and the onset of discharge pulses with a 500 A peak current.

As described in Section 2.2, the light emitted by the plasma discharge is collected by
the diagnostic line and analyzed through the Stark broadening method, allowing us to
reconstruct the plasma density distribution along the plasma channel. Given the capillary
radius of 1 mm and a discharge current of up to 500 A, the plasma temperature estimated
through Equation (2) ranges from 1 to 4 eV during the plasma evolution. On the other hand,

an average plasma density in the range of 10’7 cm 3

is assumed, as already observed with
discharge capillaries tested in similar experimental conditions [20]. Hence, the fractional
width ay /, varies in the range of 0.085 <+ 0.095 A during the plasma discharge. By inserting
a1/2 into Equation (1) and measuring the spectral linewidth of the hydrogen Hg line, the
plasma density distribution is retrieved both longitudinally and temporally.

Figure 5a shows the longitudinal plasma density profiles measured for the three cap-

illaries at the same time delay (300 ns) with respect to the discharge trigger. Given the
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symmetry of the device, the longitudinal profiles are acquired over half of the capillary
structures. The measured error bars represent the density standard deviation calculated
over 50 spectral images, acquired for each longitudinal position along the capillary. The
six-inlet configuration (red dots) is characterized by a 20 cm long central plateau (from —10
to 10 cm) at 1.45 x 107 cm~3, and 10 cm long density ramps towards the channel ends,
with a center-to-end halving of the plasma density. On the other hand, the configurations
with 12 inlets that have a 1 mm diameter (green dots) and a variable diameter in the range
of 1 + 2.2 mm (blue dots) show higher homogeneity in the whole channel, with a slightly
higher density plateau of 1.5 x 107 cm~3 and 1.6 x 107 cm~3, and a center-to-end density
uniformity of 70% and 80% respectively.
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Figure 5. (a) Longitudinal plasma density profiles, measured along half of the plasma channel in
the three geometrical configurations, i.e., 6 inlets with a 1 mm diameter (red dots), 12 inlets with
a 1 mm diameter (green dots) and 12 inlets with a variable diameter (blue dots). Density profiles
are acquired at a delay of 300 ns from the discharge trigger. (b) Measured plasma density profiles
(dots) and simulated molecular density profiles (solid lines) normalized to the corresponding peaks
for each capillary geometry. The vertical blue bar located at -20 cm represents the electrode at the
capillary end.

Figure 5b shows a comparison between the measured plasma density profiles and
the simulated molecular density profiles, each normalized to the corresponding peak. The
simulated molecular density profiles accurately predict the plasma density distribution
inside the plasma formation channel, especially in the region between the inlets (i.e., from
—16 cm to 0). On the other hand, a mismatch is observed in the outer parts of the channel,
ie., from the external inlets at —16 cm (geometry 1) and —17.5 cm (geometries 2 and
3) to the capillary ends at —20 cm. In this region the molecular density drops rapidly,
while the plasma density decreases smoothly. Such a discrepancy may be due to the
different propagation velocities of neutral gas and plasma. Indeed, while the simulated
gas propagates at velocities of ~10% m/s, the thermal velocity of plasma electrons is in the
order of 10° < 10° m/s. In addition, the density ramps in the plasma plumes have similar
shapes compared to the neutral density ramps towards the capillary exits. As a result,
except for the outer 2-3 cm of the capillary channel, gas dynamics simulations demonstrate
a useful capability to predict specific features of the plasma density profiles.

Longitudinal plasma density profiles are measured at different time delays with respect
to the discharge onset, in order to assess the temporal evolution of the density distribution
during the plasma formation and recombination into neutral hydrogen gas. Figure 6 shows
the longitudinal density profiles measured with the latest capillary geometry (12 inlets
with a variable diameter), with the acquisition time delay varied from 300 to 1500 ns. As
shown in the figure, the length of the central plateau remains constant (around 30 cm),
while the average density increases during the plasma formation up to ~2.2 x 10" cm~3 at
700 ns, and decreases in the recombination phase to ~1.4 X 101 cm—3 at 1500 ns. Moreover,
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the shape of the outer ramps also remains constant during the observed time interval.
Together with longitudinal density profiles, Figure 6 shows the corresponding shot-to-shot
fluctuations, computed as the density variation between two consecutive shots averaged
over 50 acquired images at each delay. The shot-to-shot variation ranges from a minimum
of 0.6% to a maximum of 3.8%, observed at 1100 ns and 300 ns respectively. This low
percentage of density fluctuation can be further reduced using discharge stabilization
techniques, such as the use of low-intensity laser pulses to trigger the electric discharge [21].
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Figure 6. Longitudinal plasma density profiles (dots) and related shot-to-shot fluctuations (triangles),
measured at different time delays with respect to the discharge trigger, for the capillary geometry
with 12 inlets with a variable diameter. The density fluctuation of each profile is computed as the shot-
to-shot variation over 50 consecutive discharges. The vertical blue bar located at —20 cm represents
the electrode at the capillary end.

In addition, Figure 7 reports the temporal evolution of the plasma density averaged
over the longitudinal profile, overlapped with the discharge current waveform measured
by the oscilloscope. The average density increases during the plasma formation up to

3, measured at 700 ns. Then, in the recombination

a density peak of ~2.2 x 107 cm
phase, the density decreases to ~1.2 x 1017 cm~3 at 1500 ns. The simulated molecular
density of 1 x 10'® cm~3 and measured plasma density of 1 + 2 x 107 cm ™ result in a
plasma ionization degree of 10-20%. The observed partial ionization is due to the relatively
low applied voltage of 10 kV, which is close to the ionization threshold for a 40 cm long

hydrogen gas column.

600 1x10%5 5
—— Discharge current 4 Average plasma density
=500/ 9’
< |
> 20§
2400 —
2 Z
g 152
= 300 1.5 S
.E ©
200 ©
£ 10§
S L
O 100/ =
0 0.5

0 500 1000 1500 2000 2500
Time [ns]

Figure 7. Temporal evolution of the plasma density distribution, averaged over the longitudinal
profiles shown in Figure 6. The solid black line represents the discharge current waveform, acquired
by the oscilloscope, with a 500 Amp current peak.
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The measured plasma profiles confirm the density trend observed in neutral gas
simulations, with a longitudinal uniformity that is optimized by the inlet arrangement and
is stable during the entire plasma evolution. Therefore, the numerical and experimental
results prove the capability of the capillary geometric design to modulate the plasma
density distribution over the 40 cm long plasma channel and, specifically, to improve
the density uniformity for the optimization of the plasma acceleration mechanism. The
presented approach can be applied to meter-scale capillaries, relying on CFD simulations
for the design of long gas injection structures to ensure high density uniformity and
modularity. In addition, the realization of such sources can be achieved through tool
machining and assembly of modular blocks, which may optimize the production costs
and geometric tolerances [33]. One of the possible issues related to meter-scale capillaries
is the increase in the breakdown voltage, which scales with the gas column length. To
keep the required voltage around 10-20 kV, achievable with compact and cost-effective
HYV systems, a suitable strategy is to divide the capillary into many segments, which are
independently fed by parallel HV circuits. The increased capillary length also leads to a
higher heat flux produced by the discharge and deposited onto the capillary walls. In this
sense, high-melting-temperature materials, such as sapphire and shapal, can be adopted
for long-term operation [18,19].

4. Conclusions

In this work we have presented the design and characterization of 40 cm long gas-filled
discharge capillaries, aimed at demonstrating the possibility of modulating the plasma
density distribution of meter-scale plasma channels by acting on the capillary geometry.
Three different geometrical configurations, with various numbers of gas inlets of varying
diameters, have been designed with CFD simulations and characterized using the Stark
broadening technique for the measurement of plasma density distribution. Simulative and
experimental results have shown that proper arrangement of the gas inlets allows to tailor
both the neutral gas and plasma density profiles along the capillary channel. In particular,
long density plateaus and an overall center-to-end uniformity of up to 80% in the longitu-
dinal plasma density distribution can be achieved with a high number of gas inlets that
have a variable diameter along the plasma formation channel. Furthermore, as highlighted
by the temporal analysis of the plasma channels, such density uniformity is preserved
during the entire discharge lifetime, from the plasma formation to its recombination into
neutral gas. This allows to tune the average plasma density, and thus the accelerating
gradient, without affecting the plasma density distribution. In conclusion, the obtained
results demonstrate the effectiveness of the presented approach, which can be used for the
design and realization of 40 cm long capillaries and is extendable to the meter-scale.
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