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ABsTrACT: Plasma confinement represents a crucial point for plasma-based accelerators and plasma
lenses because it can strongly affect the beam properties. For this reason, an accurate measurement
of the plasma parameters, as plasma temperature, pressure and electron density, must be performed.
In this paper, we introduce a novel method to detect the plasma temperature and the pressure for gas-
filled capillaries in use at the SPARC_LAB test facility. The proposed method is based on the shock
waves produced at the ends of the capillary during the gas discharge and the subsequent plasma
formation inside it. By measuring the supersonic speed of the plasma outflow, the thermodynamic
parameters have been obtained both outside and inside the capillary. A plasma temperature around
1.4 eV has been measured, that depends on the geometric properties and the operating conditions
of the capillary.
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1 Introduction

The strong interest in the development of compact accelerator machines to go over the limits of the
conventional accelerators [1] is leading towards plasma-based devices able to produce accelerating
gradients in the GV/m scale [2, 3]. Such plasma-based structures can be also used to focus charged
particle beams with large energies. For these reasons, these new compact devices are currently
replacing conventional accelerators [4-6] and standard focusing devices [7-9]. In this regard,
recently, several proof of principle experiments have been performed in focusing electron beams by
means of active plasma lenses [10-13], consisting of gas-filled capillaries in which the plasma is
produced by an electrical discharge [14, 15]. In this context, the activity of the SPARC_LAB [16]
test-facility (LNF-INFN, Frascati) is currently focused on the development of new plasma-based
accelerators. Here a gas-filled capillary plasma source is going to be used, whose plasma properties
measurement is required. Temperature, pressure and plasma density, inside and outside the capillary
plasma source, represent essential parameters that have to be investigated to understand the plasma
evolution and how it can affect the electron beam passing through it.

With this aim, we present a novel method to estimate temperature and pressure inside the
capillary, based on the study of free axisymmetric expansion of plasma from its orifices into the
vacuum. This kind of thermodynamic analysis will be performed in terms of the local Mach number
in the shock regions, also called plasma plumes, created at the exits of the capillary [17-20]. In
these areas, the gas mixture composed of electrons, neutral molecules and ions, expands from the
capillary into a very low pressure background (the capillary is placed inside a vacuum chamber),
causing the shock formation which is propagating at different outflow velocities depending on the
thermodynamic properties of the gas: temperature, pressure and density, which can be modified
by changing the discharge voltage applied to the capillary in order to produce the plasma. In this
paper, we report the thermodynamic study which is performed by measuring the plasma outflow
velocities in the shock waves regime.



2 Theory

Supersonic gas expansions will be produced if the particles propagate faster than the sound speed
corresponding to the gas temperature, that is the characteristic speed defined as ¢ = (yg, R,T)'2,
as a consequence of the pressure difference Ap = p; — p. between internal and external pressures
of the capillary. The parameter yn, = C,,/C, is the heat capacity ratio, Ry and T are the specific
gas constant and the gas temperature, respectively. Typically, during the supersonic expansion, in
the shock regime formation, the outflow velocity u will increase because the thermal energy of the
gas inside the capillary is converted in kinetic energy when it goes into vacuum, since this process
can be considered as an adiabatic phenomenon. At the same time, the gas temperature decreases
and therefore the characteristic sound speed will decrease along the plume axis. Such a typical
behaviour of the shock wave creation has to be described by using the Mach number Ma, that
is defined as the ratio between the gas outflow velocity u and the characteristic speed of sound,
Ma = u/c; for this reason, this parameter will increase while the plasma plume expands. The
expansion velocity of the plumes in the vacuum can be obtained as the ratio between the distance
from the orifice of wavefronts and the corresponding delay time [21]. In the shock wave regime,
the plume propagation follows a nonlinear behaviour [22], that is the gas outflow velocity u grows
towards an asymptotic value u, that represents the thermodynamic limiting velocity (corresponding
to Ma — o0), which is defined as [23-25]:

oy = 2Rs( YH; )To 2.1
’}/HZ - 1

where 7T is the temperature inside the capillary that we want to detect and yy, = 7/5. In the shock

regime, the Mach number Ma relates pressure, temperature, density and gas speed, as shown by
the equations below [26, 27]:
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The physical quantities pg and pg are density and pressure inside the capillary, but p and p indicate
the same quantities outside the capillary. It has been shown that the inner temperature 7y can be
calculated from eq. (2.1), so the external one, T, can be obtained by using the eq. (2.2), once we
know Ma. The parameter M a can be evaluated from eq. (2.3) because the plasma densities inside
and outside the capillary, pg and p respectively, have been estimated by using the Stark broadening
technique [28, 29].

3 Experimental setup

Figure 1 shows the experimental set-up we have used to acquire the images of plasma plume
expansions (from which it is possible to detect the shock wavefronts) at the ends of the capillary.



The experimental set-up uses cylindrical hydrogen-discharge plasma capillaries. The channel
achieved inside the capillary (capillary’s channel), where the plasma has been confined, is 30 mm in
length and 0.5 mm in radius. Two gas inlets of 0.3 mm in radius feed this channel with hydrogen gas.

The discharge circuit provides the power supply to produce the current discharge within the
capillary by means of a high-voltage switch and a delay generator (Stanford Research DG535) to
synchronize all events: gas injection, image acquisition by using a gated intensified CCD camera
(ANDOR iStar 320T), which is placed perpendicular to the plasma plume expansion, and supplying
high-voltage to produce the gas ionization [32]. The timing that has been used to produce the plasma
inside the capillary is the following. The gas valve is kept open for 3 ms to inject the hydrogen gas
inside the capillary’s channel; subsequently, 10 us from the falling time, the high-voltage pulse is
applied to the electrodes to ionize the gas and create the plasma within the channel.
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Figure 1. Experimental set-up used to ionize the hydrogen gas inside the capillary and to measure the
plasma properties by using the shock formation to its ends. Circuit parameters: R; = 10kQ; R, = 400kQ;
R3; =38Q;C, =C, =3.6nF.
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In order to measure the gas outflow velocity (plasma velocity) downstream the orifices of the
capillary’s channel, we have acquired several images of the plasma plumes at different instants of
time, that have to be synchronized with the beginning of the current discharge, fy = 0, inside the
capillary’s channel. These images have been taken with increasing delay times 7 with steps of
50ns, starting from ¢p = ty of up to 2000 ns, to describe the shock wave formation outside the
capillary. The exposure time of the ICCD camera has been set to 5 ns.

4 Results

The gas expansion in the shock waves regime is represented in figure 2. It shows three different
examples of plasma plumes corresponding to different delay times from #y. Also, figure 2d shows
the longitudinal profile along z-direction related to a delay time ¢p = 900 ns (figure 2c), that is used
to identify the wavefront of the plasma plumes.

The asymptotic value is s = yo = 21300 +420 m/s when the discharge voltage is set to 18 kV,
that is the yg term of the exponential fit shown in figure 3a. It should be noted that the maximum
expansion length is around 25 mm, relating to a delay time of 1350 ns. Therefore, from eq. (2.1)
we obtain Ty = 1.4 £ 0.05eV. Such value represents the average plasma temperature inside and on
axis of the plasma channel, but nearby its extremities.
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Figure 2. (a)—(c) Plasma plume temporal evolution produced at the exits of the capillary when the discharge
voltage is 18 kV. (d) Longitudinal profile of the plasma plume related to a delay time tp = 900 ns.

In this conditions, the characteristic speed of sound corresponding to the temperature 7y =
l.4eVisc = (yn, RsTp)'/? ~ 9400+250 m/s, that represents also the gas propagation velocity inside
the capillary supposing it expands at sonic regime (Ma = 1). On the contrary, the gas outflow from
the orifices occurs in the shock regime (Ma > 1), so the real expansion velocity u of the plasma
plumes will be different from the characteristic speed of sound c in such regions, since they are

connected by the Mach number.
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Figure 3. Shock regime description: a) measured expansion velocity of the gas u (blue squares) and
characteristic speed of sound ¢ (black circles) as a function of the distance from the orifice that the wavefront
has reached; b) Mach number and temperature within the plasma plume as a function of the distance from
the orifice.

The speed of sound ¢ obtained from the temperature 7 in the shock regions is again plotted in
figure 3a (black circles). It would be the gas expansion velocity if it propagated at sonic regime. It
should be noted that the first measured value of ¢ is around 5000+ 180 m/s, corresponding to 1.1 mm
from the orifice. Also, the first four values of ¢, up to 6.8 mm from the orifice (corresponding to a
delay time of 650 ns), highlight a decreasing of the speed of sound while the measured expansion



velocity u is increasing. In our experimental conditions, as will be explained below, the speed of
sound relating to expansion lengths larger than about 6.8 mm cannot be evaluated.

The estimation of the Mach number Ma has been performed by using the Stark broadening
method. Figure 4a shows the spectrum curves of the hydrogen Balmer alpha line, H, (1 =
656.3 nm), that we have obtained through the Stark broadening measurements of the plasma inside
our capillary. From these spectrum profiles, we can know the electron density of the plasma by
width of the Stark-broadened H, [30, 31]: the larger is the spectral line-width of H,, the higher is
the electron density produced by the high-voltage discharge; in fact, the relationship is given by:

3

AL\2

n, = 8.02 x 102 (—) cm™, @.1)
o

where AA represents the FWHM of the spectral curve in angstroms and « is a tabulated parameter
that is different for each Balmer line [29]. These spectral curves have been obtained by collecting
the light emitted by the ionized hydrogen with an optical system, which is sent to an imaging
spectrometer (SpectraPro275) with a 2400 g/mm grating. Therefore, by using the ICCD camera
(255 x 1024 pixels) to acquire the spectrally dispersed plasma light, we obtain a broadened spectral
line that is spatially-resolved along the shorter dimension of the ICCD camera, with a resolution
around 80 um per pixel (in this imaging system, that direction represents the longitudinal dimension
of the capillary). However, it should be noted that to measure the expansion velocity of the plasma
plumes, the spectrometer has to be removed and only the ICCD camera is used to acquire the images
of the plume at different delay times.
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Figure 4. Density measurements by using the Stark broadening method: a) spectrum curves of the hydrogen
Balmer alpha line, H,, corresponding to 656.3 nm (blue line) together with the Lorentzian fit (red dashed
line) and the Doppler broadening for a plasma temperature of 2 eV (black line). b) density profiles measured
at different delay times as a function of the position in the capillary; in particular, it shows some positions
surrounding the electrode, where the thermodynamic properties of the plume have been obtained. The
shot-to-shot standard deviation errors represented by the error bars are obtained by analyzing 100 shots.

The spectral lines are subjected to broadening caused by two different effects: the Stark effect,
which is proportional to the electron density, and the Doppler broadening due to the thermal motion
of the particles, that depends on the plasma temperature. In our conditions, the plasma temperature
is lower than 2 eV, therefore, the Doppler broadening contribution is around 0.1 nm FWHM, that



can be neglected with respect to the Stark effect contribution, which reaches around 4 nm FWHM
(figure 4a). It should be noted that, for this reason, the experimental lines measured by using the
Stark broadening method can be fitted with a Lorentzian curve. Figure 4b shows the density profiles
along the longitudinal axis of the capillary concerning two different delay times, 450 and 650 ns,
that we have obtained by the processing of the spectral curves.

The density profiles have been used to estimate Ma (eq. (2.3)), the downstream temperature
T (eq. (2.2)) and so the characteristic speed of sound ¢ along the longitudinal axes of the plasma
plume. It should be noted that plasma densities cannot be measured at distances larger than around
6.8 mm because beyond such value the SNR becomes too low (for densities lower than 101 cm™3).
However, data reported in figure 3 provide a correct characterization of the shock regime. In
fact, Ma acquires increasing values while the expansion velocity u grows exponentially toward an
asymptotic value, and, at the same time, ¢ decreases along the longitudinal axis because also the
downstream temperature T decreases along this axis. Finally, by using eq. (2.4) it is also possible to
obtain the pressure values inside and outside the capillary. The average inner pressure, close to the
plasma channel extremities, is 150 + 15 mbar, while after 1 mm outside the capillary it is already
become 2.5 + 0.08 mbar, when the discharge voltage is 18 kV.

5 Conclusions

Gas-filled capillary plasma sources represent a typical solution to confine a plasma for plasma-based
accelerators. In these devices, the gas ionization, and so the plasma properties, can be affected
by the fluid dynamics behaviour along the capillary’s channel. In particular, in this work we have
analysed the shock wave regime created at the ends of the capillary to evaluate the temperature and,
consequently, other thermodynamic properties of plasma which in turn affect the beam dynamics.
In fact, in our measurements, the shock regions, caused by the gas expansion into the vacuum
through the capillary’s orifices, occupy about 40 mm in length (20 mm each one), that is longer than
the capillary length, even if at different operating conditions. The shock waves formation has been
proved by measuring the gas outflow velocities, that show a typical exponential growth towards
an asymptotic value, then used to estimate the inner temperature of the plasma. With this method
it is possible to evaluate such temperature as a function of the discharge voltages applied to the
capillary, that in our measurements is around 1.4 €V at 18 kV of the voltage. Also, the average inner
pressure is around 150 mbar at the same value of the discharge voltage. In the shock regions, also
the measurements of speed of sound, Mach number, downstream temperature and pressure are in
agreement with such a regime. Finally, it should be considered that such an analysis could also
be made inside the capillary to evaluate temperature and pressure along its longitudinal axes, by
measuring the expansion velocities at the beginning of the plasma creation.
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