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hree messages

Highlight exciting experimental results

Highlight the large team effort behind the results
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Getting motivated: Compact particle colliders

A future goal for high-energy physics is a
precision machine, such as an electron-

positron collider.

Plasma-wakefield acceleration of electrons is

very promising.

Positron plasma acceleration has been

demonstrated experimentally, however the

beam quality is not good enough
(high emittance, high energy spread).
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Can we accelerate positrons in a plasma,
while also maintaining beam quality?
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Thrown in at the deep end: The FACET facility

Beam-driven plasma-wakefield accelerator
research

20 GeV beams (2 km of the SLAC linac)
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-INnAing a niche: Hollow channel plasma accelerators
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AN iInconvenient trutn: Debllitating transverse instabilities

(b) No channel Aligned channel Misaligned channel

vvvvvvvvvvvvvv
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An off-axis beam “exposes” more ions in the
channel wall, leading to stronger attraction in
that direction (a transverse instability)

The transverse wakefield (force per charge
per offset) varies with bunch separation.

Measured in two ways (in agreement):

Directly: correlating hollow-channel
offsets to beam deflection angle.

Indirectly: measuring the acceleration and
using the Panofsky—\Wentzel theorem

Good agreement with theory.
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Part 2

Active plasma lenses
(201 7-2018)
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New opportunities: Characterizing an active plasma lens

Active plasma lenses (APLs) promise large
focusing gradients (kT/m)

Can be used for compact staging of plasma
accelerators

Proof-of-principle demonstrated at LBNL

However, APLs can have an aberration caused
by a temperature non-uniformity:

Higher current density on axis
Nonlinear fields (spherical aberration)
Leads to emittance growth

A collaboration of Uni. Oslo, Uni. Oxford, DESY
and CERN formed to do an experiment:

Can we experimentally verify this aberration?
And, can we suppress it?

UNIVERSITY
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A year at CLEAR: Building a plasma lens from scratch

.....

Kyrre N. Sjobaek

The importance of
attention to detalil

Source: Lindstrom et al., NIM A 909, 379 (2018) Photo by Kyrre N. Sjobaek

CLEAR: CERN Linear Electron Accelerator for Research (200 MeV electron bunches)

Plasma lens experiment build at the end of the beam line.

APL: Sapphire capillary, 15-mm long, 1-mm diameter (built by DESY) Anthony Dyson

The importance of
enthusiasm

HV current source: compact Marx Bank (built by Oxford)
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Developing a method: Beam-based field measurement
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Measuring the magnetic-field profile:
Tightly focus the beam (local probing)
Scan the transverse lens offset

Measure the electron beam deflection
(scales with B-fl6|d) Beam time at CLEAR (March 2018)
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A small discovery: Argon gas suppresses the aberration
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A crazy week in September 2018
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M (Received 10 August 2018; published 7 November 2018)

Active plasma lensing is 2 compact technology for strong focusing of charged particle beams, which has
gained considerable interest for use in novel accelerator schemes. While providing kT/m focusing
gradients, active plasma lenses can have aberrations caused by a radially nonuniform plasma lemperature
profile, leading to degradation of the beam quality. We present the first direct measurement of this
aberration, consistent with theory, and show that it can be fully suppressed by changing from a light gas

species (helium) to a heavier gas species (argon

). Based on this result, we demonstrate emittance

preservation for an electron beam focused by an argon-filled active plasma lens.

DOL 10.1103/PhysRevLett.121. 194801

Advances in high gradient acceleration rescarch [1-4]
promise significantly more compact particle accelerators,
key to next-generation free-electron lasers (FELs) [5] and
lincar colliders [6]. However, advances in high gradient
acceleration must be matched by a similar minjaturization
of beam focusing devices. Active plasma lensing [7] is onc
promising technique that provides compact, strong focus-
ing in both planes simultaneously, by passing a large
longitudinal current through a thin plasma-filled capillary
[8,9], ideally creating an azimuthal magnetic field propor-
tional to the distance from the axis. While the concept dates
back to the 1950s [10] and was used for fine focusing of
heavy ion beams [11], active plasma lenses (APLs) have
recently gained attention based on their application to
advanced accelerator research, such as beam capture and
staging of laser plasma accelerators [12].

Although APLs provide kT/m focusing fields, orders of
magnitude stronger focusing compared to conventional
quadrupole magnets, they can suffer from aberrations that
increase the emittance of the beam being focused [13,14].
One such aberration is caused by plasma temperature
gradients in the capillary (colder plasma closer to the
wall), which leads to a radially nonlinear magnetic field
distribution [15,16] with enhanced focusing closer 10
the axis. This spherical aberration has been indirectly

Published by the American Physical Society under the terms of
the Creative Commons Auribution 4.0 International license.
Further distribution of this work must maintain attribution 10
the author(s) and the published article’s tifle, journal citation,
and DOL

demonstrated in both helium [17] and hydrogen 18], by
measurements of on axis field gradient enhancement and
the formation of ring-shaped beams.

In this Letter, we show that this aberration can be fully
suppressed by changing from a light gas species (helium)
to a heavier gas specics (argon). This discovery was made
possible by the first complete characterization of the radial
magnetic field distribution in an APL, in an experiment
performed at the CERN Linear Electron Accelerator for
Research (CLEAR) User Facility [19,20]. The beam
emittance was subsequently measured using quadrupole
scans, resulting in the first demonstration of emittance
preservation in an APL.

The experimental setup [21], shown in Fig. 1, consisted of
a | mm diameter and 15 mm long capillary milled from two
sapphire blocks, mounted in the CLEAR beam line to allow
passage of an electron beam. The capillary was filled with
1-100 mbar of gas through internal gas inlets, connected to
an external flow regulator and a buffer volume. The gas
escaping into the surrounding chamber was pumped out by a
large turbo pump, which together with a 3 um polymer
(Mylar) window [22] preserved the ultrahigh vacuum in the
upstream accelerator line. Holed copper electrodes on the
up- and downstream side of the capillary were connected to a
compact Marx bank [23], providing short 20 kV discharge
pulses with a tunable 4 10-450 A peak current after 80 ns and
a duration of 145 ns full width at half maximum (FWHM)
[see Fig. 1{0)], as measured by in- and outgoing wideband
current pulse transformers. A two-axis mover [24] was used
to displace the capillary horizontally and vertically relative to
the beam, with a 1 ym step resolution and an approximate
range of 10 mm.

0031-9007/18/121(19)/ 194801(6) 194801-1 Published by the American Physical Society
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Wednesday: Honeymoon (South Pacific)
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Active plasma lensing is compact technology Emitt ance growth and pI‘G

gained considerable interest for use in novel ¢ . .
gradients, active plasma lenses can have aberrati¢ ln a plasma-b ased llnear
profile, leading to degradation of the beam qu
aberration, consistent with theory, and show that
species (helium) to a heavier gas species (arg
preservation for an electron beam focused by an
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Advances in high gradient acceleration research [1-4
promise significantly more compact particle accelerators
key to next-generation free-electron lasers (FELs) [5] an
linear colliders [6]. However, advances in high gradien
acceleration must be matched by a similar miniaturizatiol
of beam focusing devices. Active plasma lensing [7] is oni
promising technique that provides compact, strong focus
ing in both planes simultaneously, by passing 2 larg
longitudinal current through a thin plasma-filled capillar;
[8,9], ideally creating an azimuthal magnetic field propor
tional to the distance from the axis. While the concept date
back to the 1950s [10] and was used for fine focusing 0
heavy ion beams [11], active plasma lenses (APLs) havi
recently gained attention based on their application &
advanced accelerator research, such as beam capture an(
staging of laser plasma accelerators [12].

Although APLs provide KT/m focusing fields, orders 0
magnitude stronger focusing compared to conventiona PhD Thesis
quadrupole magnets, they can suffer from aberrations tha
increase the emittance of the beam being focused [13,14]
One such aberration is caused by plasma temperatun
gradients in the capillary (colder plasma closer to th
wall), which leads to a radially nonlinear magnetic fiek
distribution [15,16] with enhanced focusing closer U
the axis. This spherical aberration has been indirectl)
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Part 3

Seam-guality presenvation
(2019-2022)
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A new vision: the FLASHForward X-2 experiment

Electron
beam

Trailing Driver
bunch bunch

Richard D’Arcy

The importance of
project coordination

Energy efficiency and beam quality are both key to applications (FELs, colliders).

FLASHForward: 1 GeV beams, high stability/quality, 50+ mm plasma cell (discharge)

Goal: demonstrate simultaneous high efficiency and beam-quality preservation
(charge, energy spread, and emittance) in a beam-driven plasma accelerator stage.
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Understanding the machine: Precision plasma acceleration
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Pau Gonzalez Caminal

The importance of
never giving up
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Achieved “optimal” beam loading:

Flattened field: preserved energy spread at ~0.1% FWHM (and preserved 100-pC charge)
Strongly loaded: (42 + 4)% energy-transfer efficiency
Wakefield measured with 10-fs resolution [Schroder et al., Nat. Commun. 11, 5984 (2020)]
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Energy-spread and charge preservation

The importance of
questioning
assumptions
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“reserving beam quality: Emittance preservation (teaser)

Brian Foster

The importance of
good writing

~ 400 pC driver, plasma-density profile peaking at ~1.2 x 1016 cm?-3

~ Stable working point: 40 MeV gain in a 50 mm plasma cell
(22% transfer efficiency, 1.4 GV/m estimated peak field)

~ Preserved charge of 40 pC (41% of shots)
~ Preserved/reduced energy spread of 0.12% FWHM (62% of shots)

Matthew Wing

The importance of
sound statistics
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“reserving beam quality: Emittance preservation (teaser)

Lindstrom et al., submitted (2022)

~ Object-plane scans (quad scans) comparing plasma cell extracted and inserted.

~ Result: Projected emittance preserved at 2.8 mm-mrad within 3% measurement error.
Simultaneous charge and energy-spread preservation, high efficiency, and high gradients.

~ Measurements show that misalignment (< 0.1 mrad) and mismatching (waist location beyond +5 mm) causes
significant emittance growth: ~880° of phase advance / ~5 betatron envelope oscillations (simulation estimate)
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The FLASHForward Beam Team
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Last shift of 2021 (smiling, but exhausted)
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L ooking to the future: Staging and self-correction
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See talk at Thursday 11:40 Source: Lindstrem, arXiv:2104.14460 (2021)
Nonlinear (transversely tapered) plasma lenses can provide achromatic transport Wim Leemans
between stages, if combined with dipoles and sextupoles. The importance of

. i | | | long-term vision
Enables emittance preservation between stages (+ driver in- and out-coupling).

Multiple stages separated by bunch compressors (e.g., achromatic lattice) leads to a
self-correction in the longitudinal phase space (i.e., current profile self-optimises).

Goal: a multistage facility to provide stable, high-energy beams (for nonlinear QED?)
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Conclusions

Some exciting results:

Acceleration of positrons in hollow plasma channels suffers
from a strong transverse instability.

Active plasma lenses (filled with argon) can be made
aberration-free, preserving emittance.

Simultaneous preservation of emittance, energy spread,
and charge, at high efficiency and gradient.

Staging with emittance preservation and longitudinal self-
correction may be possible (with nonlinear plasma lenses).

Take-aways:

Beam work Is teamwork.

| worked with a lot of great people along the way.

Good mentorship and supervision is important.
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