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ABSTRACT

Next-generation plasma-based accelerators can push electron bunches to gigaelectronvolt energies within centimeter distances. In these
devices, the accelerating force is provided by a driver pulse, either a laser pulse or a particle bunch, that loses its energy into the plasma
generating huge electric fields up to tens of GV/m. The stability of such fields strongly depends on plasma density, whose exact value should
be precisely known and controlled. However, currently available methods based on spectroscopic or interferometric techniques find it very
difficult to measure plasma density lower than 10'*'¢ cm™ in capillary-discharge waveguides. Here, we present a novel diagnostic tool that
allows us to estimate the average density of a plasma capillary by probing it with an ultra-relativistic electron beam. The plasma density and
the generated accelerating field are inferred by analyzing the beam longitudinal phase space after its interaction with the plasma. The results
are validated by simulations showing excellent agreement.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0051423

Plasma-based devices have been proven to be a valid candidate
for the development of a new generation of accelerating machines.’
Experimental results have shown the possibility to achieve huge
accelerating gradients, up to tens of GV/m,”* while preserving the
energy spread of the accelerated beams.” In addition to this, plasma
structures have been successfully implemented also as active lenses®’
and dechirpers.® 'Y

A high degree of control of the plasma density is mandatory
for the correct operation of such devices. Several methods have been
developed in order to measure the plasma density with high sensi-
tivity (Anp ~ 10" cm™)."""'* For the discharge capillary setup, the
best results are guaranteed by Stark broadening'*>'® and interfero-
metric techniques,'”'® but nowadays their sensitivity is limited to
1.8 - 10'° cm™. The idea to use a probe beam to characterize the
plasma density has been devised as well. With a given plasma pro-
file, the longitudinal profile of a charged particle beam was retrieved
from the measurement of the time-resolved energy variation due
to wakefield effects.'” Another work pointed out that it is possible
to retrieve the plasma density by analyzing the beam longitudinal
phase space (LPS) or its transverse profile through Fourier anal-
ysis.”’ However, as pointed out by the authors, the interpretation
of the results is not straightforward due to the overlap of different

modes in the Fourier spectra that could require additional numer-
ical simulations. In this work, we present an innovative method to
retrieve the value of the plasma density based on the analysis of the
beam LPS after its interaction with the plasma that provides a well-
defined value for the plasma density and relative uncertainty. We
analyze the slice energy of the probe beam, both with and without
the interaction with the plasma, thus retrieving the time-resolved
deformation of the LPS and the longitudinal field E; (&) generated in
the beam-plasma interaction. A fit of the latter is performed, follow-
ing the plasma equations in the cold fluid approach,”'~** to retrieve
the plasma skin depth k, = (e°n,/eo mec?)'/?, where np is the plasma
density, e is the electron charge, € is the permittivity of vacuum,
me, is the electron mass, and ¢ is the speed of light. A comparison is
made by carrying out numerical simulations. Such a comparison has
shown a good agreement between the measured and simulated LPSs
and, in turn, a high degree of reliability of the retrieval method.

The experiment was carried out at the SPARC_LAB test
facility”**> in the framework of the EuPRAXIA@SPARC_LAB
project.”~*® The experimental setup is shown in Fig. 1. The beam
is produced by the SPARC photo-injector, consisting of an RF gun,
followed by three accelerating sections. The experimental chamber
includes a triplet of permanent magnet quadrupoles for injection
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FIG. 1. The beam (a) is produced by means of the SPARC photo-injector. The
experimental chamber includes an injection extraction system consisting of two
triplets of permanent magnet quadrupoles (b) and the plasma module. The plasma
is generated inside a 3 cm long capillary with a radius r¢ = 0.5 mm that is filled with
hydrogen gas by an hydrogen generator (c). The plasma is produced by applying
a high voltage to the two electrodes placed at the two ends of the capillary (d). The
diagnostic system consists of an RF-deflector (e) coupled to a dipole spectrometer
(f) in order to display the LPS of the bunch on screens (g).

into the plasma capillary and another for the extraction of the beam
downstream. The plasma is generated inside a 3 cm long capillary
with a radius rc = 500 ym that is hydrogen-filled. The plasma is
produced by ionizing the hydrogen gas through a high-voltage dis-
charge applied at the two electrodes located at the capillary extrem-
ities. The diagnostic system consists of an RF-deflector’”’ and a
magnetic spectrometer that allow us to measure the beam LPS in
correspondence with a scintillating YAG screen installed on a 14°
dogleg beamline. A second screen is installed on a straight line in
order to measure the beam emittance through the quadrupole scan
technique.””

The plasma density inside the capillary reaches its peak value
during the discharge, and afterward, it begins to decrease over time
due to the recombination of plasma ions and electrons. By vary-
ing the delay between the time of arrival of the electron bunch and
the beginning of the discharge, one can control the plasma density
experienced by the electron bunch inside the capillary. Namely, this
allows us to use the beam as a probe to measure the evolution of the
plasma density over time. This setup allowed us to perform a scan
for investigating the variation of the bunch LPS after the interaction
with the plasma at different delays. One can extract the energy vari-
ation over the longitudinal coordinate of the bunch AE(¢) and thus
the longitudinal electric field E; () = AE(£) /4, given the fixed length
of the plasma profile £.

In order to describe the behavior of the longitudinal field, we
recall the well-known solutions in the linear regime for the cold
plasma model in the fluid approach. This approximation”'~** holds
for low density bunches # = n,/n, << 1, where ny, is the bunch den-
sity, or for high density bunches with a low normalized charge
Q= kaf,/np, where N, is the number of bunch electrons.’’ The
longitudinal field can be derived as

E.(r,€) =R(r)Z'(£), (1)

scitation.org/journal/adv

where R(r) and Z(&) are the transverse and longitudinal plasma
response functions, respectively. By definition,

R(r) = K2Ko(kpr) [0 e my, (7)o (k')
+ o (kpr) f T dr m, (7 ) Ko (Kot
and
z®--= i (&) cos[ky (£~ €)Jat' @

Assuming a weak dependence on r, AE(§) oc Z'(£), providing a
direct link between the measurement of the LPS and the plasma skin

depth ky. With n, (r) = e/ and ny = nbe‘fz/ﬂ’ﬁ, we can retrieve
an approximated solution for R(0),*

R(0) ~ ky07[0.05797 — In kyor].

The exact solution for Z’(&) can be retrieved by means of a direct
integration of Eq. (2),*

2 2.2 .
Z'(§) = _\/?mec %kﬁaze_kPUZ/zRe[e'kl’E(l + erf)()], (3)
P

e

where y = f/\/zoz + ikpaz/\/z and i is the imaginary unit. From
Egs. (1)-(3), the following equation is derived:

\/ga + i]ip/_(;z)], (4)

where C is a multiplying factor defined as

Ag(§) =C Re[eik”f(l + erf

T mec’
2 e

c= ™ 26,6752 R(0) €. (5)
1p

This parameter directly depends on the plasma density and bunch
parameters. The beam density and normalized spot size k,0, can
vary shot to shot, changing the value of C for a fixed plasma den-
sity. Since this feature could introduce further errors in the analysis,
we considered it as a fit parameter, not depending on plasma den-
sity. Numerical simulations validate the reliability of our approach,
providing a benchmark of the measurements performed at
SPARC_LAB. We simulated the interaction of a bi-Gaussian bunch
and a plasma profile with different densities (1, = 1-6 - 10"* cm™
range) by the hybrid kinetic-fluid code Architect. In this code,
the background ions are assumed motionless and the background
electrons are modelized as a 2D fluid in cylindrical symme-
try. For the bunch electrons, a 3D particle in cell (PIC) model
is implemented. This approach allows us to perform relatively
quick simulations, directly investigating the effects on the phase
space.”” The beam at the injection is round with a transverse spot
size 0xy =17 pum. The first simulation assumes a plasma density
np ~2 - 10" cm™. The bunch parameters are set as in Table 1. In
order to perform a one to one comparison of the LPS simulation
with the experimental measurement, we have to assume that the lat-
ter is weakly affected by the transport of the bunch downstream the
plasma module, namely that the beam spot size without the RFD
and spectrometer is small compared to the dispersion introduced
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TABLE I. Injection bunch parameters.

Parameter Symbol Value
Charge Q 200 (pC)
Energy y 179
Emittance €n 1.7 (um)
Transverse spot size Oxy 17 (pym)
Bunch rms length I 420 (ym)
Energy spread or 0.1 (%)

by these devices. This is a standard assumption that has been veri-
fied experimentally in our setup.** This assumption is the main limit
to the rescalability of the method. In order to evaluate AE(&), the
time resolution of the measurement must be much lower than the
plasma frequency and the energy resolution must be much lower
than the energy shift introduced by the plasma. For real bunches
with a finite dimension, the precision of the measurement of the LPS
is limited by the bunch spot size. For our setup, this effect becomes
non-negligible at low plasma densities 1, < 10'* cm™, where the
required energy resolution for accurate measurements is ~ 10 keV,
and at high plasma densities 1, > 107 ¢cm™, where the required
temporal resolution is 1-5 fs. Projecting the image on the space axis,
one can retrieve the longitudinal spatial distribution of the bunch.
The normalized intensity of the bunch I, = I()/I(&)max is shown
in Fig. 2. By means of a Gaussian fit, both the longitudinal position
of the bunch &; and the bunch length o, are retrieved. The LPSs of
the bunch before and after the interaction are then shifted by &, in
order to be compatible with the assumptions, according to which
Egs. (1)-(3) were retrieved (the mean value of the Gaussian bunch
is located at & = 0). Since, in our case, the bunch is ultra-relativistic,
we will consider a constant current profile, making suitable a slice
approach. We will use it to retrieve the energy £(¢) and the energy
spread o¢(£) and to evaluate the shape of the electric field E, (&) by
means of a Gaussian fit. The mean values of the Gaussians are then
subtracted in order to obtain AE(£). The slices with very low signal
to noise ratios [I, () < 0.1] are excluded from further analysis.

This new set of refined data is exploited in order to evaluate
k, by means of a fit based on Eq. (4), given the value for o, that
was retrieved from the previous fit on LPS projection. The corre-
sponding plasma density n, was evaluated from the definition of k,.

Mo
n X
_.: oDa
% 0.5 de ;‘ *
= —Fit | &
= )li( X X
W QOpsosx x MK Yasesaan]
< X
X
05773 x 0 i 2

¢ [mm]

FIG. 2. Bunch normalized intensity I, (purple area), accepted data D, (green),
discarded data Dy (red), and fit result (black) obtained by the slice analysis.
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FIG. 3. Reference line for ideal measurement output (blue). Density values
retrieved from the analysis (red). The error bars are set according to the uncertainty
of the fit.

Data and relative fit are plotted in Fig. 2. The same analysis was then
performed for several cases in the range 1, = 1-6 - 10'* cm™. The
resulting plasma densities are plotted in Fig. 3. In all the considered
cases, evaluated density differs from the input density for less than
2%, proving the reliability of the retrieval method. This minor dis-
crepancy most likely depends on the accuracy of the fit over a finite
number of points, and it could be reduced by further increasing the
time sampling of the bunch.

The validated method was then applied to a set of experimen-
tal measures. The LPS without the plasma was fixed to its average
value over five shots. The analysis of the LPSs with the plasma has
been performed separately over 20 shots per delay. For each delay,
the plasma density has been evaluated as the average of the retrieved
results, the error being the standard deviation of the results. The
measured plasma density for different delays is plotted in Fig. 4. In
Fig. 5, the most relevant phase spaces from the measurement are
compared with the simulations having a corresponding plasma den-
sity. The simulations reproduce with a good degree of reliability the
measured phase spaces, showing a similar shape and a comparable
energy of the core. The tail of the bunch is not well reproduced. This
effect is probably related to the transverse electric field generated in
the closing region of the plasma bubble*® that strongly defocuses the
tail but not the beam core.

1014
I I I I I I

1 1 L l l L
10 15 20 25 30 35
Delay [ns]

FIG. 4. Retrieved experimental plasma density at different delays.
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FIG. 5. Experimental LPSs (left) of the bunch with no discharge (top), with discharge delay set at 25 ns (center) and with discharge delay set at 30 ns (bottom). Numerical
LPSs (right) with no plasma interaction (top), with plasma density n, = 3 - 10" cm~2 (center), and with plasma density n, = 6 - 10" cm=3 (bottom).

The underlying motivation for this work is the crucial need
for a reliable measurement system for the plasma density inside the
capillaries. Since the accelerating gradient strongly depends on the
plasma density itself, future plasma-based accelerators will require
a high degree of control of this parameter. We presented an inno-
vative method that allows us to estimate the density of the plasma
confined in a capillary by analyzing its interaction with an ultra-
relativistic electron beam. The method is able to probe very low
densities, down to 10"7'° ¢cm™3, that are usually not accessible to
conventional techniques based on spectroscopic or interferometric
methods. Furthermore, the method is rescalable to different density
ranges and it allows us to estimate the stability of the plasma density
shot-to-shot. For these reasons, we state that the presented method
is highly promising for the characterization of the plasma density in
capillary-discharge waveguides.

This work was partially supported by the EU Commission in
the Seventh Framework Program (Grant Agreement No. 312453-
EuCARD-2), the European Union Horizon 2020 research and inno-
vation program (Grant Agreement No. 653782) (EuPRAXIA), and
the INFN (Grant No. 73/PLADIP).
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