Experimental characterization of active plasma lensing for electron beams
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The active plasma lens represents a compact and affordable tool with radially symmetric focusing and field gradients
up to several kT/m. In order to be used as a focusing device, its effects on the particle beam distribution must be well
characterized. Here, we present the experimental results obtained by focusing an high-brightness electron beam by
means of a 3 cm-long discharge-capillary pre-filled with Hydrogen gas. We achieved minimum spot sizes of 24 yum

(rms) showing that, during plasma lensing, the beam emittance increases due to nonlinearities in the focusing field.
The results have been cross-checked with numerical simulations, showing an excellent agreement.

High-brightness photo-injectors are capable of driving
electron beams with high peak current and low emittance
as the ones required, for instance, in Plasma Wakefield
Acceleration,'? generation of THz (Ref. 3) and FEL (Free
Electron Laser) radiation,” Inverse Compton Scattering>® and
Transmission Electron Microscopy.” In such applications,
very dense beams are desired, thus a proper focusing system
has to be considered. Permanent-magnet quadrupoles (PMQ)
represent a possible approach since they reach focusing
gradients up to 560 T/m.® However, being the focusing non-
symmetric and the gradient fixed, non-trivial movable sys-
tems consisting of at least three lenses are needed in order to
produce round beams with adjustable focal length. These
issues can be solved by moving toward plasma-based
lenses.”™"! Tests on electron'? and ion'*'* beams proved the
possibility to achieve much stronger focusing gradients, of the
order of kT/m. Recent results have also been obtained with
the so-called “active” plasma lens, demonstrating the focusing
of laser-plasma accelerated electrons.'® Such device consists
of a discharge-capillary that generates an azimuthally sym-
metric magnetic field whose strength radially increases.
Unlike quadrupoles, the active plasma lens focuses simulta-
neously in both transverse planes.

However, no detailed study of the effects induced on the
beam itself has been carried out so far. It represents a crucial
point in order to determine the effective usefulness of the
active plasma lens. Here, we report its complete characteri-
zation performed by means of an high-brightness electron
beam with low emittance and very narrow energy spread.
The experiment has been carried out at the SPARC_LAB
test-facility'® with an active plasma lens device consisting of
a 3cm-long discharge-capillary filled by Hydrogen gas.'’
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We measured the full 6D beam phase-space (energy, dura-
tion and emittance) analyzing the effects introduced by the
plasma lensing. Three consecutive screens are employed in
order to characterize the beam evolution during its focusing.
The results are supported with start-to-end simulations, both
for the photo-injector and the discharge-capillary dynamics.
Figure 1 illustrates the experimental setup. The bunch is
produced by the SPARC photo-injector,'® consisting of a 1.6
cell RF-gun'? followed by two accelerating sections embed-
ded by solenoid coils.”® The results we report have been
obtained with a 50 pC bunch at 126 MeV energy (50keV
energy spread), 1 um normalized emittance, and 1.1 ps dura-
tion, measured with a RF-Deflector device.?! For such
parameters, the smallest bunch transverse size at the capil-
lary entrance is ¢ = 130£10 um, measured with an Optical
Transition Radiation (OTR) screen. All quantities are quoted
as rms. The capillary consists of a sapphire hollow tube of
1 mm diameter with length L. =30 mm, filled at 1 Hz rate by
H, gas through two symmetric inlets placed at L./4 and
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FIG. 1. Experimental layout. The beam passes through the discharge-
capillary and is then imaged on the three consecutive screens. The emittance
is measured on the last one.
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3L./4. The pulsed operation allows maintaining the vacuum
level as low as 10~® mbar in the RF linac while flowing H,.
Two electrodes, placed on each end of the capillary, are con-
nected to a 20kV generator producing up to 100 A peak dis-
charge current.”” In such conditions, no pinching of the
plasma is observed since it would require, for the same capil-
lary, discharge currents of the order of few kA.*** The
entire apparatus is placed in a vacuum chamber directly con-
nected with the last RF section through a windowless, three
stage differential pumping system. Since the beam encoun-
ters no windows, its emittance is not degraded due to multi-
ple scattering. The beam envelope is measured on three
consecutive Ce:YAG screens located 20, 37, and 520cm
downstream the capillary. The radiation emitted in the for-
ward direction is then collected by a 45° mirror installed on
the same screen holder. The last one is also used for emit-
tance measurements through quadrupole scan,?>%¢ using a
triplet of quadrupoles installed upstream. The plasma density
is monitored with a Stark broadening-based diagnostics mea-
suring the H g Balmer line.?” The apparatus collects the light
emitted within 100 ns along the entire capillary, allowing to
reconstruct the longitudinal density profile shown in Fig. 2.
The focusing field produced by the active plasma lens
strongly depends on the discharge dynamics along the capil-
lary. In order to describe the main effects of the discharge
process, we followed a one-dimensional analytical model
described that assumes the distribution of plasma inside the
capillary at the equilibrium stage as soon as the discharge is
initiated.”® Indeed the pinch effect is insignificant for the
gas-filled capillary discharge we are describing, therefore we
can assume that the equilibrium is determined only by the
balance between Ohmic heating and cooling due to the elec-
tron heat conduction. We also included in the calculations,
the effects arising from the partial ionization of the gas that
is produced at low current discharges. The model computes
the radial temperature profile T(r) of the plasma in the capil-
lary, allowing retrieving the profile of the current density as
J(r) = a.(r)E, where o,(r) « T(r)3/2 is the electric conduc-
tivity, and E is the electric field associated with the discharge
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FIG. 2. Measured longitudinal profile of the plasma density averaged over

ten shots. The mean value (red line) is 7, ~ 9 x 10'¢ cm >, The gray dashed
lines refer to the position of the two capillary inlets.

current.”’ Finally the radial profile of the azimuthal magnetic
field is obtained from the Ampere law as By(r) = (uo/r)
Jo J(r')r'dr’. Figure 3 shows the current density (red line)
and the resulting magnetic field (blue line) for 7, =45 A dis-
charge current flowing in the capillary, as used in the experi-
ment. The radial profile has been calculated by using,
as input parameters, 40 mbar capillary pressure and n, ~ 9
x10'® cm ™ average plasma density, as reported in Fig. 2.
The estimated temperature, about 2 eV, produces a relatively
low ionization of the H, gas (=30% maximum, green line).
This strongly affects the whole discharge process, pushing
the current to flow mainly on the axis and thus resulting in a
radially nonlinear magnetic field. For the sake of complete-
ness, Fig. 3 also shows the simulated bunch transverse profile
at capillary entrance (pink line).

The arrival time of the electron beam is scanned with
respect to the discharge pulse in order to change the active
plasma lens focusing. With the discharge turned off, the
unperturbed beam has a spot size ¢ = 110 = 6 um as shown
in Fig. 4(a). Its emittance is €, = 1.0 = 0.2 um, measured by
quadrupole scan on the last screen. By turning on the dis-
charge, the beam is focused, but, due to the nonlinear mag-
netic field as the one calculated in Fig. 3, its emittance
becomes larger. At Ip ~ 45 A, corresponding to a focusing
gradient of about 100 T/m, the beam transverse size on the
screen is minimized to ¢ = 24=3 um (Fig. 4(b)) but the cor-
responding emittance grew up to €, = 3.6%=0.2 um. For larger
currents, the beam is over-focused. At Ip =~ 93 A, its focal
length is 12 cm, i.e., shorter than the screen distance (20 cm),
thus the resulting spot size appears wider (¢ = 28020 um,
Fig. 4(c)). In this case, the resulting emittance is ¢, = 11
*2 um. We also investigated the effects of the active plasma
lensing on the bunch longitudinal phase-space. For this pur-
pose, we used a fourth screen located downstream the mag-
netic spectrometer (25keV resolution) with the RF Deflector
(30 fs resolution) turned on. The energy spectrum reported in
Fig. 4(g) shows that both the central energy and energy spread
are actually the same (within 1%) when the discharge is
turned on. The same applies for the bunch temporal profile of
Fig. 4(h) indicating that the effects introduced on the beam
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FIG. 3. Calculated radial profiles of the current density (red), azimuthal
magnetic field (blue), and H, ionization degree (green) for /, =45 A current
discharge. The pink line shows the bunch transverse profile at capillary
entrance.



=

Y (um)

Y (um)

Discharge OFF 5 Discharge ON (45 A) 500
-500 -300 -100 100 300 500 -goo -300 -100 100 300 500 -500 -300 -100 100 300 500
X (um) X (um) X (um)

_ -100 N
£ €
s 2
> >

595?00 -300 -100 100 300 500 -500 -300 -100

X (um)

400 T T T T
< Discharge OFF (g)
% 300 — =" Discharge ON (45A) |
2
= 2001 1
2
@
& 100} 1
= /

?25 125.25 1255 125.75 126 126.25 1265 126.75 127
Energy (MeV)

. -100
£
2
>
500
100 300 500 -500 -300 -100 100 300 500
X (um) X (um)
20 T T T T T
= Discharge OFF (h)
5. 15— = Discharge ON (45A) 1
(&)
L
>10r 1
)
5]
£ 1
0 ~
-5 -4 -3 -2 -1 0 1 2 3 4 5

Time (ps)

FIG. 4. (a)—(c) Beam spot on the first screen downstream the capillary with the discharge off (¢ ~ 110 um, (a)). When turned on, it is /p ~ 45 A at 340 ns delay
(0 =~ 24 um, (b)) and Ip ~ 93 A at the discharge peak (¢ ~ 280 um, (c)). (d)—(f) Simulated spot on the same screen. (g) Energy spectrum and (h) temporal pro-

file of the bunch downstream the plasma lens.

phase space are negligible or at least compatible with fluctua-
tions due to RF instabilities.

The complete scan measured on the first screen down-
stream the capillary at different discharge currents is shown
in Fig. 5. The inset also reports the resulting emittance of the
beam passing through the capillary before and during the dis-
charge. It is interesting to note the behavior of the beam
envelope at later times, when the current is running out. At
Ip =~ 15 A (=500 ns after the discharge peak), the beam size
does not grow anymore but remains almost stable to
o ~ 50 um. This indicates the transition from the active to
the so-called passive over-dense plasma lens.'*”° Being
np ~ 102 cm > the mean bunch density, in such regime
ny/n, < 1 and the bunch experiences a net focusing gradient
equal to 2me’n;, ~ 30 T/m, i.e., approximately the same due
to the active plasma lens at Ip ~ 15 A. Its effect lasts with a
plasma recombination, occurring after 7-8 us.

In order to cross-check the experimental results, we per-
formed a start-to-end simulation investigating both the
photo-injector and plasma dynamics. The bunch, from its
generation to its injection into the capillary, is modeled using
the General Particle Tracer (GPT),31 while the interaction
with the plasma is simulated by Architect, a hybrid-kinetic

fluid code.* Figures 4(d)-4(f) shows the simulated beam
transverse profiles for several discharge currents. For the
plasma lens, we assumed the magnetic focusing field shown
in Fig. 3 and n, =9 x 10'® cm ™~ uniform plasma density.
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FIG. 5. Envelope scan. The blue (red) points are the measured X(Y) spot
sizes on the first screen downstream the capillary. Each one, obtained at a
specific discharge current (gray line), has an associated error of the order of
few microns. The blue (red) points in the inset shows the resulting X(Y)
emittance measured at different discharge currents.
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The inset shows the trace space at
entrance (blue) and exit (red) of the
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Since n,/n, < 1 along the entire plasma channel (see Fig.
2), the excited wakefields are negligible (less than 0.3 MV/
m) and the longitudinal dynamics is not affected while the
bunch propagates through the plasma.>® This confirms our
experimental findings reported in Figs. 4(g) and 4(h). On the
contrary, severe effects are introduced in the transverse plane
by the nonlinear focusing field that induces the spherical
aberrations shown in Fig. 4(c) and simulated in Fig. 4(f).
These are in turn responsible for the emittance growth shown
in Fig. 6(a), where the simulation predicts 3.7 yum as the final
emittance in excellent agreement with the one experimen-
tally measured. The plot also reports the different contribu-
tions due to the passive plasma lensing. As one can see, it
only produces a slight increase of the beam emittance. Fig.
6(b) shows the complete simulated beam envelope obtained
by combining the GPT and Architect results. It can be
directly compared with the experimental one measured by
using the several screens placed along the photo-injector.

In conclusion, we have presented an experimental charac-
terization of an active plasma lens consisting of a 3 cm-long
discharge-capillary. Such device represents a reliable and
affordable solution because of its compactness, strong focusing,
and easy tunability. We have investigated its effects on a high-
brightness electron beam for different values of the discharge
current. Results demonstrate that the active plasma lens allows
to reach a minimum waist of 24 yum with 20 cm focal length,
i.e., about five times smaller than the unfocused beam. We
have also found that the magnetic focusing field, when operat-
ing at low discharge currents, can be highly nonlinear at an
increasing radii, leading to an emittance increase due to spheri-
cal aberrations. It is most likely due to the low partial ionization
reached in the H, gas that in turn is dictated by the relatively
low discharge current (245 A) employed to focus the beam on
such location. Several setups, involving different capillary
geometries and discharge circuits, are currently under study
with the goal to improve the overall quality of the focused
beam. Our results, however, provide a systematic study of the
focusing properties of the active plasma lens and represent a
first step toward the full optimization of such a device.
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