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Abstract. Plasma Wakefield Accelerators are based on the excitation of large amplitude
plasma waves excited by either a laser or a particle driver beam. The amplitude of the waves, as
well as their spatial dimensions and the consequent accelerating gradient depend strongly on the
background electron density along the path of the accelerated particles. The process needs stable
and reliable plasma sources, whose density profile must be controlled and properly engineered to
ensure the appropriate accelerating mechanism. Plasma confinement inside gas filled capillaries
have been studied in the past since this technique allows to control the evolution of the plasma,
ensuring a stable and repeatable plasma density distribution during the interaction with the
drivers. Moreover, in a gas filled capillary plasma can be pre-ionized by a current discharge
to avoid ionization losses. Different capillary geometries have been studied to allow the proper
temporal and spatial evolution of the plasma along the acceleration length. Results of this
analysis obtained by varying the length and the number of gas inlets will be presented.

1. Introduction

Modern high energy particle accelerators require several hundreds of meter to transfer energy
from an electro-magnetic field to particles. The easiest way to reduce their dimensions (and
cost) is to increase the acceleration gradient, nevertheless its peak value is limited by the wall
breakdown that rules the maximum accelerating field that can be sent into a radio-frequency
cavity. On the opposite, plasma does not suffer of breakdown and at the same time shows
collective effects which are used in plasma-based acceleration techniques to transfer energy to
an accelerating particle [1, 2]. In these techniques one or more driver beams, either a laser
or particle bunch(es), excite large amplitude plasma waves able to cede energy to a bunch of
accelerating particles which may be extracted by the plasma itself (self-injection) or generated
by an external source and then injected into the plasma (external injection) [3].

The quality of the accelerated beam depends strongly on the properties of the plasma,
especially on its local density, defined as the number of free plasma electrons contained in a cube
centimeter (cm−3). Indeed, the amplitude of plasma waves, as well as their spatial dimensions
and the consequent accelerating gradient felt by particles, depend on the background electron
density. Variation in plasma density along the interaction length results in a variation of the
accelerating structures, then it must be controlled and properly tailored to preserve the quality
of the accelerated beam. Gas-filled capillaries are well-suited devices to control plasma density
up to centimeter scale length. This technique has been studied in the past [5, 4] since it allows to
control the evolution of the plasma, ensuring a stable and repeatable plasma density distribution
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during the interaction with the drivers. Moreover, in a gas filled capillary plasma is pre-ionized
avoiding ionization losses, crucial for low energy drivers [7, 6].
Here, we will show the temporal evolution of the longitudinal plasma density measured in two
different capillaries filled with 300 mbar hydrogen and ionized by a current discharge of few
hundreds of amperes. The first one is a 3 cm long capillary with circular cross section of 1 mm
diameter fed by two gas inlets of 0.5 mm diameter placed at 7.5 mm from each edge of the
capillary [8]. The other one is a 1 cm long capillary with 1 mm diameter fed by a single inlet of
0.5 mm diameter placed at the half of the capillary length.

Figure 1. Experimental setup.

The measurements have been performed by using the Stark broadening analysis of the self-
emitted Balmer beta line of the hydrogen, as described in our previous works [9, 10]. The setup
of the experiment is schematically shown in Figure 1. The hydrogen backing pressure set at the
regulator is of 300 mbar, a fast gate valve let it flows into the capillary for 3 ms then a discharge
circuit let a current flowing into the capillary ionizing the gas. The plasma density along the
capillary length has been measured every 100 ns from the discharge trigger with a temporal
resolution given by the gate time of the ICCD camera of 100 ns.

2. Double-inlets capillary

To let the driver(s) interact with the desired plasma density it is possible to wait after the
discharge until the expected plasma profile is reached.

A typical trend of the averaged density compared with the discharge evolution in the 3 cm
capillary is shown in Figure 2. The experimental data (cross) have been obtained by averaging
the measured plasma density along the entire capillary length. As can be seen, the highest
density is reached around 500 ns after the discharge trigger, then it decays. The density shows
an exponential decay from its maximum to the complete recombination, as expected by the
theoretical models [4]. The decay constant is defined as the time needed by the plasma density
to reach its maximum value multiplied by e

−1. It can be measured by an exponential fit of the
data. The fit sowed in Figure 2 presents a decay constant of 340 ns.
To examine more in detail the plasma distribution along the interaction length, we have also
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Figure 2. Comparison between profile of the current discharge
and the average plasma density along the capillary. The density
data have been fitted with an exponential curve (red line).

measured the local density with a spatial resolution of 0.125 mm. The density profile along the
entire capillary length is shown in Figure 2. The spatial distribution of the plasma density shows

Figure 3. Longitudinal density distribution along a 3 cm
capillary with 20 kV of applied voltage

a local maximum that decreases close to the electrodes. In the early instants of the discharge the
density appears to be not exactly symmetric probably due to an uneven background density of
the gas caused by some geometrical differences between the inlets. These differences have been
probably introduced during the manufacturing of the capillary. This unwanted inhomogeneity
can be problematic for the propagation of the beam during the acceleration process which may be
dephased respect to the accelerating structure. Nevertheless, after few hundreds of nanoseconds
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the plasma density decreases flattening its profile. At 1000 ns after the discharge, the density is
almost flat along the entire capillary.

3. Single-inlet capillary

To experimentally test the effect of a different inlet configuration we have used a 1 cm long
capillary fed by a single inlet placed in the middle of the capillary. In this configuration the gas
filling is symmetric. The shortest length of the capillary is dictated by the fact that a single inlet
can hardly filled homogeneously bigger volumes. For these measurements we also increased the
current up to 230 A in order to completely ionize the gas contained into the capillary. The decay
constant of the plasma is weakly affected by these variations since it was 380 ns as measured
with the same technique exposed before.

Figure 4. Longitudinal density distribution along a 1 cm
capillary with 20 kV of applied voltage.

As expected, the symmetric feeding of the single inlet ensures a more symmetric, then
predictable, density, which is evident in Figure 3. The density overcome the value of 1 · 1017

cm−3 at 400 ns after the discharge trigger, then it decreases being flatter with almost the
same density shown in previous capillary configuration at 1000 ns after the discharge when the
density is almost flat. The good homogeneity of the plasma profile in the latter moments of the
discharge is particularly suitable for most of the acceleration process which requires centimeter
scale constant plasma density.

4. Conclusion

We have shown the different plasma density distribution achieved by two different capillary
geometries, one fed by two inlets placed at 7.5 mm from each edge of the capillary and the other
one fed by a single inlet injecting gas in the middle of a 1 cm long capillary. Multiple inlets
presented an unexpected density distribution probably caused by small differences between the
inlets due to the manufacturing process. This induced to an unwanted density variation along
the acceleration length. Nevertheless after some hundreds of nanoseconds after the discharge
the density tends to become homogeneous and almost flat. On the contrary, the single-inlet
capillary showed a remarkably symmetric plasma distribution and its homogeneity after 1000
ns from the trigger discharge is comparable with what obtained with the longer capillary. The
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homogeneous plasma distribution reached with these devices is well suitable for most of the
acceleration schemes which requires centimeter scale homogeneous density profile.
Further measurements will investigate the possibility to modify the capillary geometry in order
to taper the plasma density along the interaction path.
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