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We report on electron-beam collimation using a passive plasma lens, integrated directly and conve-
niently into a laser wakefield-accelerator stage operating in the high-charge regime. The lens is created
by the reshaping of the gas-density profile of a supersonic jet at the beam’s exit side through an obstacle
mounted above the jet. It reduces the beam’s divergence by a factor of 2 to below 1 mrad (rms), while
preserving the total charge of 170 pC and maintaining the energy spread. The resulting spectral-charge
density, defined here as the charge per energy bandwidth and emission angle, of up to 7 pC/MeV mrad
played a key role in the recent experimental demonstration of free-electron lasing. The simple and
robust gas-shaping technique presented holds the potential to generate specific density profiles, which
are essential for the application of adiabatic focusing or staging of accelerators.
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Introduction. Laser-driven plasma accelerators (LPAs) are
capable of supporting accelerating fields on the order of
100 GV/m [1], which can be used to accelerate electrons
to a few gigaelectronvolts [2] within several centime-
ters. This technology represents a promising approach for
compact accelerators to support applications such as free-
electron lasers (FELs) [3,4] and electron-positron colliders
[5]. State-of-the-art LPA beams have special properties,
such as short duration (20 fs or less) [6-8], high peak
current (greater than kiloamperes) [9,10], and small nor-
malized emittance (less than 1 mm mrad) [11,12], yet
the relatively large beam divergence (typically around
2 mrad) for a micron-scale source diameter and energy
spread (from 10% to 20%) make it difficult to transport
such beams through conventional magnetic lattices [13].
The transverse beam size, for example, can increase by
about 60-fold after 1-cm drift in a vacuum [14], which,
combined with energy spread, drastically degrades beam
quality, such as normalized emittance, over a short distance
[15]. Although it has been demonstrated that LPA beams
can be transported to downstream applications such as syn-
chrotron sources [16—19] or even FELSs [3,4], it is essential
to develop methods to confine the divergence or energy
spread (or both) and minimize the emittance growth of the
beam in the immediate proximity of the exit of LPAs.

The idea of using plasmas to focus relativistic elec-
tron beams was proposed decades ago [20,21], and plasma
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lenses have been implemented in conventional accelerators
[22-26] and plasma-based accelerators [27—30]. When an
electron beam enters a plasma, the azimuthally symmet-
ric transverse field induced either by the plasma shield-
ing around the beam (in overdense plasma) [29] or by
the ion cavity created by a driver [27,31] or the beam
itself (in underdense plasma) [30] effectively focuses the
beam (so-called passive plasma lens). Field gradients reach
millions of teslas per meter as opposed to hundreds of
teslas per meter in conventional quadrupoles [21]. Elec-
tron beams were also sent to a preformed plasma chan-
nel induced by externally controlled currents [28,32,33],
which provides more tunability of the focusing param-
eters (so-called active plasma lens). In previous studies
of LPAs, improvement of electron-beam parameters was
demonstrated by control of the injection and acceleration
with use of density-tailored plasma [34—37]. Here we tai-
lor the plasma density behind an LPA stage to generate a
shallow density bump, which serves as a plasma lens that
collimates the output electron beams. This passive-plasma-
lens effect preserves the total beam charge, resulting in
energetic electron beams with higher peak spectral-charge
densities. This paves the way for independent beam manip-
ulation, minimizing the coupling between the acceleration
process and beam extraction.

Experimental setup. The experiment was performed
with the 100-TW DRACO (Dresden Laser Acceleration
Source) laser  system at  Helmholtz-Zentrum
Dresden-Rossendorf. The laser pulse energy is 2.3 J on

© 2023 American Physical Society
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TABLE I. Electron-beam parameters after optimization of the plasma lens. Each set is collected from ten consecutive shots.

Peak charge density ~ Horizontal divergence  Peak energy (MeV)  Charge within

Setting (pC/MeV mrad) (mrad) [energy spread (%)] FWHM (pC)
2.5-mm jet, no plasma lens 1.8+0.7 214+04 203 £ 19 [15] 171 £ 61
2.5-mm jet, with plasma lens (¢ = 30°) 4.7+£0.8 1.0£0.2 195 + 8 [13] 185 £ 31
2-mm jet, no plasma lens 1.2+0.6 24+0.2 163 £ 24 [21] 137 £ 27
2-mm jet, with plasma lens (¢ = 0°) 1.1+£0.3 1.1+£0.2 169 £ 45 [31] 93 + 38
2-mm jet, with plasma lens (¢ = 15°) 21+03 0.84+0.2 158 £22 [30] 118 £20
2-mm jet, with plasma lens (¢ = 30°) 2.7+0.6 1.2+0.2 159 £+ 18 [18] 128 £ 21

the target with a pulse duration of 30 fs [full width at  was designed for point-to-point imaging using the focus-
half maximum (FWHM)]. The focal spot size is 21 pum  ing effect of a permanent magnetic dipole [41]. The energy
(FWHM) with use of an off-axis parabolic mirror (f /20),  dispersion plane of the spectrometer is perpendicular
which provides a normalized peak intensity ay of approx-  to the drive-laser polarization. Absolute-charge-calibrated
imately 2.6. The laser pulse is focused above a supersonic =~ LANEX screens [42] are accordingly positioned to obtain
de Laval nozzle, composed of helium gas doped with  the optimum energy resolution. The nominal accelerated
1% nitrogen, and the backing pressure is set to 11 bar,  electron beam is optimized with use of self-truncated
leading to a plateau plasma density of 2.3 x 10'® cm™3.  ionization injection [43], where a quasimonoenergetic
To measure the energy distribution of the generated elec-  bunch is achieved by optimization of the beam-loading
tron beams, an electron-energy spectrometer is used, which ~ effect [10,44]. To match the beam parameters for the
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FIG. 1. Simulation (sim.) results obtained with ANSYS FLUENT [38] and experimental electron-beam data. (a) Experimental setup and
the gas-density distribution. The drive laser is linearly polarized along the x-axis and travels from left to right. The width of the nozzle
is 2.5 mm and the wedge position is adjusted to optimize the electron-beam parameters (Ay = 1.75, Az = 0.75 mm). (b) Comparison
of gas density along the laser axis between simulation and experimental measurement when there is no wedge. The experimental
measurement is extracted with use of interferometry techniques [39]. The colored region shows the standard error of the measurement
over 20 recorded data. (c) Simulated gas-density profile along the laser axis with different Ay when Az = 0.75 mm. (d) Electron
spectra of representative shots. The top spectrum refers to no plasma lens and the middle spectrum refers to the wedge being at the
optimal position. The bottom plot shows the charge distribution integrated over 17 mrad of the two shots. (e) Divergence at the peak
energy of shots in (d). (f) Electron-beam profiles with and without the plasma lens. For these representative shots, the beam divergence
is reduced from 1.7 mrad rms (1.4 mrad rms) to 0.6 mrad rms (0.5 mrad rms) in the x plane (y plane). Note that elongation of the beam
profile along the laser polarization axis (x axis) is typical for the ionization-injection scheme (see Ref. [40]).
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COXINEL (coherent x-ray source inferred from electrons
accelerated by laser) beamline [18,19], which is a con-
ventional electron-beam transport line for electron-beam
phase-space manipulation aiming for free-electron lasing
in the ultraviolet range, a nozzle of width 2.5 mm is used.
After optimization, the mean peak energy of the beam is
203 MeV with a statistical standard deviation of 19 MeV,
and the mean charge within the FWHM of the energy
distribution around the peak is 171 = 61 pC. The mean
divergence and peak charge density are 2.1 £ 0.4 mrad
(rms) and 1.8 + 0.7 pC/MeV mrad, respectively (Table I).
A small metal wedge, covering an area of 1 cm?, is placed
a few millimeters above the nozzle [see Fig. 1(a)]. This
wedge guides the gas flow and generates a bump behind
the LPA region with reduced gas density, serving as a
plasma lens for the electron beams that emerge. Empiri-
cally, metal wedges with three different angles ¢ (0°, 15°,
and 30°) with respect to the laser propagation axis are
implemented. The electron-beam spectral-charge density
is optimized by our scanning of the position of the wedges,
i.e., height and longitudinal position along the beam. After
optimization of each wedge, the highest spectral-charge
density is obtained for a wedge angle ¢ of 30°. A com-
parison with different wedge angles can be found in the
section ‘Comparison with different wedge angles.”

To understand the formation of the gas-density profile,
we perform hydrodynamic simulations using ANSYS FLU-
ENT [38,45] (see Supplemental Material [46]). The fidelity
of the simulations is confirmed by our comparing the
results with an independent interferometry measurement
where there is no wedge [see Fig. 1(b)]. Afterwards, the
wedge is introduced into the simulation. When the super-
sonic gas flows out of the nozzle and encounters the edge
of the wedge, most of the gas continues to stream upward.
For example, for a wedge angle ¢ of 30°, a fraction of
the gas is guided by the surface of the wedge and cre-
ates the shallow density bump along the laser axis behind
the LPA. The amplitude of the shallow density bump
ranges from 2 x 10" to 8 x 10'3 cm™3 and the peak loca-
tion varies from 3 to 6 mm from the edge of the nozzle
[see Fig. 1(c)] depending on the relative location of the
wedge.

Experimental results and discussion. Figures 2 demon-
strates how the electron-beam divergence and spectral-
charge density can be influenced by adjustment of the
horizontal and vertical positions of the 30° wedge. Both
the magnitude and the location of the density bump
are affected, as shown in Fig. 1(c). The smallest beam
divergence and thus the highest charge density are
achieved when Ay = 1.75 mm and Az = 0.75 mm, i.e.,
the mean horizontal beam divergence and peak charge
density are 1.0 & 0.2 mrad and 4.7 + 0.8 pC/MeV mrad,
respectively. In this case, the mean peak energy is 195 +
8 MeV, which is generally a few percent lower than the
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FIG. 2. Electron-beam optimization with the 30°-wedge-
position scan. The error bars represent the standard error of the
mean and the dashed orange line (area) shows the mean value
(standard error) when there is no wedge. (a),(b) Divergence.
(c),(d) Peak charge density. Each data point is taken from ten
consecutive shots.

original value (see Table I), but beam charge and energy
spread are preserved. In addition to the electron spec-
trometer measurements, Fig. 1(f) exemplifies significantly
different beam sizes, measured by a LANEX screen 1.2 m
downstream, with and without the plasma lens. The pro-
cess of the focusing effect is further investigated with use
of 3D particle-in-cell simulations (PIConGPU code [47—
49]). The results are shown in Fig. 3. The simulation
closely approximates the experimental parameters when
the 30° wedge is used at the optimized position. It can
be seen that the residual laser intensity is still sufficiently
high (ag ~ 2) to ionize the gas and to drive a linear wake-
field when the laser enters the density bump [Fig. 3(c)].
Meanwhile, the electron bunch is intense enough to excite
its own plasma wave, which indicates a mixed regime of
a laser-driven and a beam-driven wakefield. However, the
laser intensity dies out quickly as the laser beam diverges
immediately behind the initial accelerator. At the same
time, the electron bunch dominates the wakefield gen-
eration [see Fig. 3(d)] in the low-density region, which
creates a field that focuses the bunch. Consequently, the
focusing force experienced by the bunch transits smoothly
from the laser-driven regime to the beam-driven regime,
which ultimately collimates the bunch and decreases the
divergence.

The focusing-force transition from the laser-driven
regime to the beam-driven regime can be explained
with theoretical models. For the laser-driven regime, the
equation of transverse motion of an electron in the linear
wake can be expressed as [50]

x// — k%ocff%x’ (1)
z
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where Zp is the Rayleigh length and k% = nag(z)? sin
(k,d)/ vsw(z0)?, where y;, is the Lorentz factor of the elec-
tron beams, a(z9) and w(zy) are the normalized peak field
strength and the spot size of the drive laser at the exit of

the nozzle, respectively, d is the distance from the drive

laser to the electron beam, and n = /27 (kyo02)e™ ko2 2,
where k, is the plasma wave number and o is the rms
length of the drive laser. For the beam-driven regime (pas-
sive plasma lens), the equation of transverse motion of an
electron in a bubble can be expressed as [30,51]

" —kf,x, (2)

where kg = k,/+/2ys. The theoretical models show that
the focusing force from the laser-driven wake scales with
the laser intensity, which dominates for a short period but
decreases rapidly when the laser intensity dies out. On
the other hand, the focusing force from the beam-driven
regime scales with plasma density. Therefore, the focusing
force is preserved for millimeters with the presence of the
density bump.
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FIG. 3. Results of the particle-in-cell simulation with the
PIConGPU code [47]. (a) Evolution of the laser and electron-
beam parameters along the propagation axis (z) with (solid line)
and without (dashed line) a plasma lens. The jet center is located
atz = 0. The normalized peak field strength of the laser is shown
in red, while the extracted focusing force is plotted in blue.
The force is compared with the theoretical predictions, Egs. (1)
and (2). The changes in beam divergence are shown in green.
(b)~«(d) Plasma density and laser field strength for the case with
a plasma lens. The snapshots illustrate the transition from (b)
the laser-driven regime to (c) the mixed regime and to (d) the
beam-dominated regime. The details of the simulation setup can
be found in Refs. [47—49]. For Egs. (1) and (2), ao(z0) = 2,
wo(zo) = 15 pm, 0, =5 pum, Zg =2.2 mm, d =5 pm, and
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FIG. 4. Electron energy spectrum and gas-density profile for
different wedge angles. (a) Electron spectra obtained with the 2-
mm-wide nozzle. (b) Gas density on the laser axis obtained by
our performing hydrodynamic simulation with ANSYS FLUENT.

Comparison with different wedge angles. We explore
empirically the effect of different wedge angles using
a 2-mm-wide nozzle (see Fig. 4), where the nominal
peak energy of the accelerated electron beam is around
160 MeV. The charge of the focused electron beam
decreases and the energy spread increases slightly when
the 0° and 15° wedges are used but remains roughly the
same when the 30° wedge is used (see Table I). As a
result, the highest peak charge density is achieved with
the 30° wedge. This result demonstrates that the plasma-
lens technique works well even with different nozzle sizes.
Note that when the wedge is implemented, there are
always some low-energy electrons with maximum energy
of around 50 MeV with a wedge angle ¢ of 0° or 15° and
15 MeV for ¢ of 30° [see Fig. 4(a)]. A reasonable explana-
tion for the source of the low-energy electrons is that these
are injected during the down-ramp of the LPA and are
postaccelerated in the wake generated in the low-density
bump region [52]. Nevertheless, for our purpose of gen-
erating a seeded FEL, those low-energy electrons do not
affect the performance of the high-energy beam of interest.

Conclusion. We have demonstrated an integrated plasma
lens behind an LPA generated by our modifying the
gas flow of a nozzle with a small metal wedge. When
optimized, the collimated electron beam has a diver-
gence of less than 1 mrad, while the peak energy and
the total charge are preserved. As a result, the peak
spectral-charge density increases by more than twofold.
The increased beam divergence allowed us to transport
the beams and successfully demonstrate LPA-driven FELs
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[4]. The focusing effect is attributed mostly to the ion
cavity created by the electron beam itself in the density
bump, while the linear wakefield generated by the residual
drive laser plays a minor role in focusing the beams. This
technique unlocks the possibility of achieving adiabatic
focusing and staging in a compact setup.
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