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High Average Gradient in a Laser-Gated Multistage Plasma Wakefield Accelerator
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Plasma wakefield accelerators driven by particle beams are capable of providing accelerating gradient
several orders of magnitude higher than currently used radio-frequency technology, which could reduce the
length of particle accelerators, with drastic influence on the development of future colliders at TeV energies
and the minimization of x-ray free-electron lasers. Since interplasma components and distances are among
the biggest contributors to the total accelerator length, the design of staged plasma accelerators is one of the
most important outstanding questions in order to render this technology instrumental. Here, we present a
novel concept to optimize interplasma distances in a staged beam-driven plasma accelerator by drive-beam
coupling in the temporal domain and gating the accelerator via a femtosecond ionization laser.
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Electron particle accelerators regularly demonstrate great
utility to a variety of scientific disciplines, such as in the
form of x-ray free-electron lasers for photon science and
their applications or colliders for particle physics. Limited
by the accelerating field of state-of-the-art accelerator
modules, free-electron lasers driven by linear accelerators
(linacs) already span several kilometers in length. To meet
the requirements of future electron-positron colliders,
conventional linac-based machines with center-of-mass
energies beyond 250 GeV and up to several TeV, will
reach tens of kilometers in length. Here, plasma wakefield
accelerators (PWFAs) offer a promising alternative to the
trend of ever-growing particle accelerators. Dense beams of
relativistic charged particles can excite plasma wakes with
accelerating gradients of 10-100 GV/m [1], in which a
trailing electron beam can gain energy on much shorter
distances. With such high fields inside the plasma accel-
erator, the resulting length of a linac becomes defined not
as much by the size of the accelerator stage anymore,
but rather by the general configuration of the machine.
Therefore, a better figure of merit is the average accelerat-
ing gradient E,,, which is the ratio between the mean
energy gained by a particle beam and the total length of the
accelerator. For example, for the future international linear
collider (ILC) based on conventional linac technology, this
value estimates as Ene =31.5 MV/m for the overall
length of 30-50 km [2]. There is no consensus yet on
how large E,,, would be in the case of a PWFA collider
facility, but the value should be close to 1 GV/m to be
competitive.

In PWFAGs, the energy from a drive beam is transferred to
a trailing beam, such that an auxiliary preaccelerator as a
source of the driver is required. If the trailing beam and
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drive beams arrive at similar energies at a PWFA, the
trailing-beam energy can be doubled in a single plasma
accelerator stage, as demonstrated in the seminal work by
Blumfeld et al., in which the tail of a beam was accelerated
in the wake, driven by its head [3]. These results motivate
the concept of a PWFA afterburner, i.e., a plasma stage that
can be added at the end of an accelerator as an energy-
doubling device. However, even in such a desirable con-
stellation, the total length of the accelerator still remains
tens-of-km scale, and the average gradient is only improved
by a factor of approximately 2. Using multiple stages offers
a more elegant solution [4]. If a series of beams with much
lower energy than the final trailing-beam energy is applied
to transfer energy to the trailing beam in consecutive stages,
the preaccelerator delivering the drive beams can be kept
short and E,, can be much higher [4]. Of course, this
scheme comes with its own challenges. Interplasma com-
ponents for in-coupling and out-coupling of drive beams
and transport of trailing beams between stages exceed the
length of the plasma in most designs, strongly reduce E,,
and may degrade emittance [5]. Maintaining a high average
accelerating gradient throughout the accelerator is therefore
a major challenge of staging in PWFA when applied to TeV
colliders [6,7]. Staging has been identified by several
roadmap publications as a critical development step for
advanced particle accelerators [§—10]. Even an electron-
only solution might already be of great value for e e~
colliders [11]. Nevertheless, staging of PWFAs was not
tested experimentally, so far. A first demonstration of two
consecutive laser-driven plasma accelerators [12] showed
the feasibility of the concept, however, at few-percent
charge coupling efficiency, which emphasizes the signifi-
cance of the beam-transport design.

© 2023 American Physical Society
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Sketch of acceleration stage (a) showing a PWFA, a chicane section to extract and insert new driver beams from the beam

reservoir and a plasma lens to refocus the trailing beam onto the subsequent PWFA. The concept of laser gating is illustrated by a PIC
snapshot, showing reservoir beam, drive beam, trailing beam, and a central cut through the plasma density. (b). The intensity of the fully
resolved ionization laser is plotted in black. A sketch of the bunch-train configuration before the PWFA and after the subsequent chicane

is shown in (c).

Here, we suggest a staging method that reduces the
footprint of interstage beamline components and thereby
presents a scalable concept with high average accelerating
gradient. Instead of using parallel beamlines for drive and
trailing beams [13], we propose to transport all beams on
the same axis and perform in-coupling and out-coupling of
drive beams in the temporal domain. This is possible
because of a unique feature of laser-ionized PWFAs—
the ultrashort ionization front of femtosecond laser pulses.

The concept is illustrated in Fig. 1 and builds on three
types of beams that propagate in one bunch train, but follow
different orbits. The previously introduced driver and
trailing beam that interact in either a PWFA or a plasma
lens, and beams that are not yet participating in a plasma
accelerator, which we will call reservoir beams. The
reservoir beams form a bunch train with a small longi-
tudinal spacing (here A&, = 230 pm) in the comoving
coordinate £ = z — ct, (c being the vacuum speed of light)
and are transported by quadrupoles with alternating sign of
magnetic field (a so-called focusing-defocusing or FODO
lattice). Subsequent to the reservoir-bunch train follows the
drive beam and finally the trailing beam. Bunch trains with
small spacing and few pC of charge have been demon-
strated before [14] and are considered to resonantly excite
PWFAs [15]. To increase the charge of bunch trains to 100s
of pC, e.g., velocity bunching [16] or collimators in
dispersive sections [17] could be promising methods.
After every plasma stage, a driver was used up and the
trailing beam either gained energy or was refocused in a
plasma lens [18]. Depending on the trailing-beam energy,
the plasma density and the length of the plasma, a beam-
driven wakefield of a plasma stage acts predominantly as an
accelerator or a lens. The focusing constituents of the

wakefield in a dense and long PWFA can guide the trailing
beam through many transverse betatron oscillations during
the acceleration process, while the plasma lens is kept short
and thin such that the trailing beam performs much less
than one envelope oscillation and thus is focusing.
Furthermore, the strong focusing fields in the plasma lens
scales linearly with the radial distance from the center of the
beam, which is advantageous to avoid emittance growth.
As shown in a particle-in-cell (PIC) simulation snapshot in
Fig. 1(b), the proposed spacing pattern is wide enough to fit
a typical laser pulse from a titanium-sapphire laser system
with central wavelength of 800 nm and a pulse length of
23 fs focused down to a spot size of wy = 100 pm between
electron beams. The laser pulse with a peak intensity of
Iy =5 x 10" Wem™ fully ionizes hydrogen gas and the
short ionization front gates-out reservoir beams that propa-
gate in gas from driver and trailing beam that interact in a
plasma wake. To ionize a plasma channel spanning tens of
centimeters, axicon lenses have proven to be a successful
optic in previous PWFA experiments [19]. Synchronization
requirements between lasers and electron beams from
linacs are well within state-of-the-art capabilities. Timing
jitters of only a few tens of femtoseconds were demon-
strated in free electron laser facilities [20]. Every second
FODO half-cell includes a chicane that delays all reservoir
beams and that way couples out the depleted driver to the
back of the trailing beam. Simultaneously, a fresh reservoir
beam becomes a new driver for the subsequent plasma
stage. An important advantage of this scheme, when
compared to off-axis coupling strategies [4,13], is that
the trailing beam by design does not accumulate dispersion
from the dipoles, which could otherwise increase its
emittance. While magnetic chicanes have been suggested
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FIG. 2. Trailing-beam delay accumulated in a chicane as a
function of energy for different chicane designs, where the
reservoir-beam delay is always kept at 230 pm (a). Total length
(red) and corresponding average gradient (black) of a staged
laser-gated PWFA accelerator, depending on reservoir-beam
energy and final trailing-beam energy are plotted in (b).

before in the context of staged plasma accelerators with the
aim to regulate energy spread of the trailing beams [21-23],
we suggest here chicanes that leave the trailing beam
mostly unperturbed.

To generate the desired delay, we propose to use a simple
symmetric C chicane consisting of four identical dipoles
with magnetic field Bp and a dipole length of L in which
electron beams move at relativistic velocity, expressed by
their Lorentz factor y. Owing to the longer path length of
electrons in a chicane, the beams exit the chicane with a
delay expressed in . To minimize the chicane length, we
assume no drift between dipoles such that the delay that a
particle accumulates per chicane is

L R
AE=4L, {sin‘l (—D> B 1] , (1)
ngr Lp
where Ry, = (ymec/q.Bp) is the gyration radius for

electrons with mass m, and charge ¢, inside the magnetic
field.

The trailing beam needs to be at higher energy than the
reservoir beams to remain unaffected by the chicanes. This
requirement is explored quantitatively in Fig. 2(a), where
Eq. (1) is evaluated for different chicane parameters and
trailing-beam energies. E.g., in chicanes that delay reser-
voir beams with an energy of 10 GeV by A&, a trailing
beam at 100 GeV accumulates a delay of =~2.2 pm.
Considering a plasma density of 10!7 cm™ with a plasma
wavelength of 106 pm, this is equivalent to a phase offset
of ~1.2° and can easily be compensated for by fine
adjusting chicane parameters. In the important energy
range of 0.1-1 TeV, trailing-beam delays in & converge
toward 0. Here, chicanes can effectively be built self-
similar. As a next step, reservoir-beam energies are opti-
mized to maximize E,, by calculating the total length of
the accelerator,

L _ 4Lchicane Wﬁnal Wdriver
acc — .
TWdriver E avg,pre

(2)

The length of one repeating stage is at least 4 times the
chicane length L ;cane- Then, the number of stages required
to reach the desired final trailing-beam energy Wia
depends on the fraction of the drive-beam energy W yyer
that the trailing beam gains in one PWFA stage

T = (AWya/Wariver)- We assume T=1.5 as justified by
PIC simulations. For simplification, we neglect the
length of a final focusing section of a collider or undulator
sections in case of an free electron laser. The second term
describes the length of the preaccelerator. Here, we use
Eqye pre = Eivg» which could be increased, e.g., by applying
x-band cavities [24]. Equation (2) is plotted in Fig. 2(b) and
demonstrates that optimal conditions vary, depending on
the target energy. The calculations for Fig. 2(b) are
performed for dipoles with a magnetic field of 1.5 T. At
this value, superconducting magnets are not necessary,
since permanent dipoles in Halbach-like configuration can
reach magnetic strengths of > 2 T [25]. The results based
on these simple scaling laws indicate that an accelerator
consisting of laser-gated PWFAs could exceed an average
gradient of 1 GV/m.

To demonstrate the concept, a system of two consecutive
PWFAs and one plasma lens was numerically modeled
from start to end for a 100 GeV trailing beam, i.e.,
equivalent to 12 preceding plasma stages. Figure 3 illus-
trates the transport of the different beam types. Reservoir
beams with an energy of 10 GeV and a charge of 700 pC
follow only the magnetic lattice. The quadrupole magnets
with a magnetic field strength of 146 T/m and a length of
10 cm are placed at an edge-to-edge distance of 2.2 m.
Chicanes consist of four 0.55 m long dipoles with a
magnetic field of 1.27 T after a PWFA and 1.73 T after
a plasma lens (corresponding to a delay of 160 pm and
300 pm respectively). This pattern sets a distance of A&, ~
70 pm between driver and trailing beam in the PWFA
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FIG. 3. Transport of different beam types between plasma

stages. Reservoir beams propagate in a FODO lattice and are not
influenced by plasma wakes, as they arrive too early. Drive beams
lose energy to the plasma wake and leave the plasma with
increased divergence. The trailing beam is refocused by a plasma
lens (thin blue area) between the PWFA stages (wide blue area).
Mean trailing-beam energy gain is plotted as red line.
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stages and ~140 pm in the plasma lens stages. The larger
spacing has the advantage, that the wake inside the plasma
lens is widened at the location of the trailing beam and full
charge collection is ensured. After the very first PWFA
stage, the trailing beam is accelerated from 10 GeV to
approximately 25 GeV. Here, one can apply a magnetic-
field pattern of 1.5 T and 1.8 T, corresponding to a driver-
trailing spacing of =70 pm in the PWFA and =111 pm in
the plasma lens.

The reservoir-beam propagation was simulated with the
code ELEGANT [26] in the SIREPO framework [27-30]
and optimized such that a drive beam is radially symmetric
at the entrance of a plasma with a root-mean-square (rms)
spot size of 10 pm. Coherent synchrotron radiation (CSR)
increases the full-width-half-maximum energy spread and
rms length of a reservoir bunch from initially 0.24% and
22.0 pm to 4.4% and 22.7 pm after 12 chicanes. After 44
chicanes, the bunch length is doubled, which impedes a
strong plasma wakefield beyond this point. The bunch train
itself is not dense enough to ionize hydrogen [31-33]. E.g.,
integrating the tunnel-ionization rates [32] induced by the
self-fields of 100 reservoir beams results in a maximum
ionization ratio of just 7.3 x 107!, Owing to large energy
gains per PWFA stage, CSR and quantum-diffused inco-
herent synchrotron radiation [34,35] can be expected to
have a minor effect on the trailing beam with a per-mille
relative-energy-spread contribution after acceleration to
1 TeV.

The three plasma stages are simulated with the quasistatic
PIC code HiPACE++ [36,37]. Between stages, PIC-simu-
lated macro particles of trailing and drive beams are trans-
ported according to linear beam-propagation matrices and
delayed following Eq. (1). The simulations were run on
512 x 512 x4096 grid points with a resolution of
0.58 pm x 0.58 pm x 0.05 pm. The drive-beam distribu-
tions were read in from ELEGANT output. The trailing
beam with a charge of 50 pC and an initial energy of
100 GeV has a total bunch length of 4 pm and a triangular
current shape to decrease the growth of energy spread of
0.12%. The homogeneous part of the PWFA plasma is 0.8 m
long with a plasma density of 10'7 cm™. At the entrance and
exit, matching is facilitated by density ramps that follow the
function, n,(z) = [1/(1 — z/L,)?] as suggested by Ref. [38]
with a length scale L, = 0.01 m. The density ramps cannot
be arbitrarily long, because the trailing beam slips into the
decelerating phase of the wake at low densities and loses
energy. Therefore, the trailing beam is being refocused in a
plasma lens with a length of L., = 6.5 mm and a plasma
density n.; =1x 10 cm™. Tts focal length roughly
follows the theoretical scaling law f = (2y/k3Ljeys)
(7/Liensne) (k;' being the plasma skin depth) such that
trailing beams are imaged onto the entrance of the sub-
sequent PWFA with a magnification close to 1. One can
easily see that f can be kept constant up to a trailing-beam
energy of 1 TeV, either by scaling up n.; or by increasing
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FIG. 4. Numerical modeling of the longitudinal phase space at
different locations. Trailing-beam distributions are plotted as
initial state, after accelerating sections (top left) and as enlarge-
ment (top right). For driver and reservoir beams, macroparticle
distributions are plotted combined with the current (bottom). All
macroparticles are delayed following Eq. (1).

Li..s- Even magnification between stages can be independ-
ently fine-tuned. Figure 4 explores the development of the
longitudinal phase space for different beam types through-
out two PWFA stages and a plasma lens. Inside the PWFA
stage, the drive beam loses a large fraction of its energy, with
a mean energy loss of 5.5 GeV and electrons decelerated
down to an energy of 1.6 GeV. Subsequently, the drivers
expand radially due to their wide divergence of 3.0 mrad out
of the PWFA and 0.15 mrad out of the plasma lens. All drive-
beam electrons (from a PWFA or plasma lens) are delayed to
£ < 0in the subsequent chicane and are, as far as the trailing
beam is concerned, out coupled. Simultaneously, the driver
is replenished by delaying the reservoir beams. In an actual
machine, it would be important to dump all the beams in a
controlled way. A possible strategy could be to extract the
lower-energy part (< 9 GeV) of the depleted beams at the
first dipole after the PWFA. Owing to the large energy
spread, the particles would arrive at a beam dump as a wide
stripe in the dispersive plane. Remaining high-energy parts
as well as drive beams of plasma lenses could continue to be
transported in the linac and eventually be dumped in a final
beam dump. The longitudinal phase space of the trailing
beam is plotted in its initial state and after each simulated
PWFA. Over the path of two PWFA stages, the trailing beam
gains 30.1 GeV, which confirms 7~ 1.5. The achieved
values set the average gradient of two accelerator stages to
1.64 GV/m. When considering a preaccelerator with an
average gradient of EjS, a laser-gated PWFA accelerator
would span approximately 929 m, and the 102 ps long
reservoir-beam train would consist of 133 bunches. Such a
machine would provide electron beams with an energy of
1 TeV at a total average gradient of ~#1.1 GV/m. Reservoir-
beam lengthening due to CSR effects might require in-
coupling of a new reservoir-beam bunch train at every

135001-4



PHYSICAL REVIEW LETTERS 131, 135001 (2023)

100 GeV of energy gain. If reserving another 5 m for every
septum or similar device, the average gradient would still
remain above =1 GV/m.

In conclusion, the proposed concept of a laser-gated
multistage beam-driven plasma accelerator addresses out-
standing questions on how a plasma wakefield accelerator
can be scaled up to the TeV energy range at a competitive
average gradient. By in- and out-coupling the drive beam in
the temporal domain and gating the accelerator with
femtosecond ionization lasers, this strategy provides a
unique opportunity to combine plasma-based and mag-
net-based lattices on the same axis and thereby reduce the
overall accelerator footprint to a few-kilometer scale.
Presented results open the way toward compact gamma-
gamma [39] and electron-electron [40] colliders, and, by
being compatible with laser-ionized beam-driven positron
accelerators [41], to e™ e~ colliders, that are strongly
desired for future discoveries in the field of particle and
high energy physics.
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