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Compact electron accelerators are paramount to next-generation synchrotron light sources and free-
electron lasers, as well as for advanced accelerators at the TeV energy frontier. Recent progress in laser-
plasma driven accelerators (LPA) has extended their electron energies to the multi-GeV range and
improved beam stability for insertion devices. However, the subluminal group velocity of plasma waves
limits the final electron energy that can be achieved in a single LPA accelerator stage, also known as the
dephasing limit. Here, we present the first laser-plasma driven electron accelerator concept providing
constant acceleration without electrons outrunning the wakefield. The laser driver is provided by an overlap
region of two obliquely incident, ultrashort laser pulses with tilted pulse fronts in the line foci of two
cylindrical mirrors, aligned to coincide with the trajectory of the accelerated electrons. Such a geometry of
laterally coupling the laser into a plasma allows for the overlap region to move with the vacuum speed of
light, while the laser fields in the plasma are continuously being replenished by the successive parts of the
laser pulses. Our scheme is robust against parasitic self-injection and self-phase modulation as well as
drive-laser depletion and defocusing along the accelerated electron beam. It works for a broad range of
plasma densities in gas targets. This method opens the way for scaling up electron energies beyond 10 GeV,

possibly towards TeV-scale electron beams, without the need for multiple laser-accelerator stages.

DOI: 10.1103/PhysRevX.9.031044

I. INTRODUCTION

Laser-wakefield accelerators (LWFA) [1-13] are driven
by ultrashort, intense laser pulses traversing an underdense
plasma, thus exciting a charge-density plasma wave. Such a
wakefield features high fields with acceleration gradients at
several 100 GV/m [14]—3 orders of magnitude higher
than in conventional rf accelerators—thus enabling GeV
electron accelerators on a length scale of centimeters.

Two major limitations of LWFA, the dephasing length
and the depletion length, presently prevent reaching even
higher electron energies in the 100 GeV to TeV range. On
the one hand, the dephasing length [15]

Ly = 4/3(ag/a)\/agc (1)

is the characteristic length for a relativistic electron to
outrun the accelerating region of the wakefield and thus the
maximum acceleration distance, with @, and @, denoting
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laser frequency and plasma frequency, respectively. The
laser strength parameter a is defined as the peak amplitude
of the normalized vector potential of the laser field
eAy/mc? and is related to the peak intensity of a linearly
polarized laser by ag =~ 0.85 x 1022 [um]1}/* [W/cm?].
On the other hand, the laser pump depletion length [15]

Ldep = (wO/a)p)ZCTO’ (2)

with laser pulse duration 7, denotes the length scale for
laser pulse energy depletion in driving the wakefield.

Higher energy gains « n;! in a LWFA can be achieved
by lowering the plasma density, thus decreasing plasma
frequency o, o ne? and increasing both Ly and Lgep.
However, when keeping the target electron beam energy
constant at any suitably low density according to

-3/2 . R . .
Ly x n,’”, this scaling comes at the cost of increasing
laser pulse energy and accelerator length nz'? for the
target electron beam energy [15-17] while adding diffi-
culties in maintaining drive-laser guiding over the extended
distance [10,11,13].

Despite state-of-the-art ultrashort, petawatt-scale lasers
easily exceeding intensity and pulse energy requirements of
LWFA self-injection [18], it is this dephasing and depletion
limit that currently constrain LWFA peak energies to a
range of hundreds of MeV to several GeV [9,11,13].
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In principle, these limitations can be overcome by using
multiple LWFA stages to successively accelerate one
electron beam to higher energies. However, in practice,
this approach introduces severe challenges with regard to
electron beam transport in between stages [19-23], which
need to be spaced apart due to coupling in and coupling out
of the laser beam, hence leading to charge loss and
emittance growth.

Thus, extending the beam energy gained within a single
stage beyond the dephasing limit is a prime objective in the
development of plasma-based accelerators: In LWFAs,
spatially tapering the plasma density profile within a
plasma waveguide can extend Ly by precisely tailored
density down-ramps [24,25], which speed up the plasma
phase velocity in order to synchronize accelerating elec-
trons with the wakefield phase. Such wakefields can, in
principle, be maintained indefinitely at the price of a
rapidly decreasing acceleration gradient. Conversely, den-
sity up-ramps [26,27] can be utilized for rephasing the
accelerating electrons within a spatially shrinking wake-
field, until, in the best case, the final acceleration distance
reaches the hard limit of Lg, [Eq. (2)].
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In beam-driven wakefield accelerators [28-31], dephas-
ing is completely averted. A high-charge, relativistic
particle beam replaces the drive laser and propagates,
when compared to the subluminal laser group velocity in
plasma v, < ¢, with a velocity arbitrarily close to ¢, hence
ehmlnaung dephasing. However, this technique requires an
additional particle accelerator for the drive beam, is subject
to beam instabilities, and features a maximum energy gain
per stage given by the product of the driver beam kinetic
energy and transformer ratio [32], which is equivalent to the
limit of Lg., in LWFA.

In this work, we introduce a novel laser-plasma accel-
erator, which already at the single-stage level is scalable to
high electron energies up to the energy frontier [17,33-37].
Particularly, the new approach is free of the usual dephas-
ing, depletion, or guiding constraints of LWFA.

II. TRAVELING-WAVE
ELECTRON ACCELERATION

We begin with an overview as shown in Fig. 1 in order
to subsequently explain how an intersection of two
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TWEAC features a laser-plasma interaction region, which propagates with exactly the speed of light, thus remaining

synchronized to the accelerated electron bunch arbitrarily far beyond the dephasing length—Ilimited by the spatial extent of the laser
pulse only. (a) Illustration of the required geometry of two ultrashort, pulse-front-tilted, obliquely incident laser beams in a line focus,
driving a wakefield in a slit-nozzle generated gas jet for accelerating an electron bunch. Surfaces of equal phase within each laser beam
mark the direction of pulse propagation (here, 60° with respect to the main axis) relative to the pulse-front tilt. (b) Zoomed-in schematic
of the accelerating region. The two TWEAC lasers (red intensity contours) drive a copropagating V-shaped plasma cavity with
Vlaser < Ubeam < Vcavity = € that accelerates an electron bunch in its longitudinal cavity field (orange-white-purple). (c) Cylindrical
focusing geometry. (d) Illustration of the comoving laser overlap, as well as the laser field cycling through the laser-plasma interaction

region.
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pulse-front-tilted laser pulses can be exploited to drive a
plasma wakefield cavity for electron acceleration, which,
on the one hand, indefinitely remains ahead of the electrons
to avert dephasing and, on the other hand, provides a way to
continuously replenish the laser-driver field to avert laser
pump depletion.

The core guiding principle of our approach, Traveling-
Wave Electron Acceleration (TWEAC), is to create a laser
focal region that moves ideally with exactly the vacuum
speed of light and thus faster than the plasma group
velocity v, <c. The first goal is that accelerated
electrons cannot overtake the accelerating structure, so
that a dephasing limit does not exist in this type of
wakefield accelerator, and relativistic electrons remain
stationary with respect to a comoving wakefield. The
second central aspect of TWEAC is that a stable and
experimentally controllable plasma cavity is achieved by
having at every instant a new, unspoiled section of the laser
pulse, which has not yet undergone self-phase modulation,
transversely entering the plasma and, after only a short
propagation distance, forming the acceleration cavity in
plasma regions previously unperturbed by lasers. Such a
mechanism locally eliminates the laser pump depletion
limit as defined by Eq. (2) within the comoving interaction
zone, leading to stationary plasma dynamics in which the
laser pulse properties directly determine the wakefield
properties without being increasingly modified by the
plasma response. These two features make it possible to
arbitrarily extend such a laser-plasma driven accelerator to
higher energies by increasing the length of the TWEAC
stage—Ilimited only by the available laser pulse energy but
not by the dynamics of the accelerating plasma cavity.

As illustrated in Fig. 1, these objectives can be achieved
by an intense, regionally confined and spatially line-
symmetric focal zone, created by overlapping two
obliquely incident ultrashort laser pulses within an under-
dense plasma in the line foci of two cylindrical mirrors,
aligned to coincide with the trajectory of accelerated
electrons. The line focus and laser direction of propagation
enclose the interaction angle ¢. In contrast to LWFA, the
focal region is created directly by optics over the entire
interaction zone without the need for laser (self-)guiding in
plasma. In order for the overlapping region of the two laser
pulses to move along the focal line with the speed of light,
both pulses need to match a pulse-front tilt of a = ¢/2
[38,39] [Fig. 1(b)]. In an underdense plasma, the ponder-
omotive force of such a comoving field geometry features
line symmetry with respect to the electron beam trajectory
and drives a laser wakefield that moves at exactly the speed
of light and accelerates an electron bunch [Fig. 1(b)].

This very specific geometry of lasers is similar to the one
also required for high-yield, ultrashort Thomson scattering
and all-optical free-electron lasers [38—41]. Technical
realization of such pulses in high-power lasers will require
additional standard grating optics, as well as cylindrical

mirrors [42]. In terms of dispersion precompensation, the
pulse synthesis in experiment is not expected to exceed the
level of technical challenges that are already met by
existing laser pulse compression systems of ultrashort,
high-power lasers [38,39]. Extensive background on the
TWEAC pulse synthesis, as well as its technical require-
ments, can be found in the references mentioned above and
the Appendix A.

Note that the setup satisfies the condition of continu-
ously replenishing the laser field in the focal region; thus,
laser pulse evolution is determined not by the total duration
of laser-plasma interaction but rather by the much shorter
timescale each part of the laser beam needs to traverse the
focal region. After a typical distance Ly = Liyns/ sin ¢,
with Ly, = min(Z, R,) being determined by the laser
Rayleigh length Z, and plasma channel radius R, the
entire laser field has, by propagation, cycled through the
central laser-plasma interaction region, where it is subject
to laser self-phase modulation and depletion. Hence, in a
TWEAC accelerator, it is this field-cycling distance Ly,
and not the total accelerator length L;, that needs to be
shorter than the corresponding depletion length according
to Lu et al. [15] [see Eq. (2)]: Leye < Lgep-

This reduction in nonlinear laser-plasma interactions
enhances the leverage of experimenters for controlling
LPA evolution by its initial laser and gas properties
separately, and, for constant laser and gas properties, results
in quasistationary conditions beyond Egs. (1) and (2).

Since self-injection from the back of a bubble relies on
electrons moving faster than the wakefield structure itself,
the luminal speed of the traveling-wave driven wakefield
structure prevents this injection mechanism for quasista-
tionary wakefields. Therefore, injection has to be provided
by other mechanisms, such as external, ionization, optical,
or density-ramp injection [9], which do not rely on
longitudinally overtaking the wakefield structure.

III. PARTICLE-IN-CELL SIMULATIONS
OF TWEAC

We simulate TWEAC using the 3D3V particle-in-cell
code PIConGPU [43] (Appendix B) and compare the result
to a standard LWFA scenario. At first, we investigate the
plasma dynamics of TWEAC and LWFA based on the same
plasma density and peak laser intensity. This perspective
has the benefit of similar acceleration gradients and plasma
cavity dimensions, which enables us to study fundamental
accelerator characteristics.

However, the different geometries of TWEAC and
LWFA can give rise to different laser pulse energies.
Depending on the choice of the TWEAC incidence angle
¢, the laser pulse energy required to accelerate to some final
electron energy can be either higher or lower than for
LWFA. Therefore, an additional comparison of LWFA and
TWEAC from a facility and application perspective
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becomes equally important. In a second step, we thus
examine TWEAC and LWFA using the same laser pulse
energy. Finally, we connect these two perspectives using
scaling laws and discuss practical considerations relevant
for various accelerator regimes and applications.

For the initial analysis of fundamental plasma dynamics,
we choose a plasma with a comparably high electron
density of n, = 3.2 x 10'® cm™ and short laser pulse of
79 = 10 fs duration (FWHM), so that both Ly = 5.7 mm
and Lge, = 4.9 mm are short. Since self-injection is pre-
vented in TWEAC by an interaction region moving at the
speed of light, we trigger electron injection by an initial
density shock [44—-47] followed by a 620-um density down-
ramp. After injection, the simulated plasma length for
acceleration Li, ~ 12 mm exceeds twice Ly and Lgep.

As discussed in more detail later, both TWEAC-driving
laser fields with 800-nm wavelength are incident at
¢ = £60°, and each features a pulse-front tilt of its
intensity front of I 30° with respect to the laser wavefronts.
The peak laser field strength on each arm is ag = 3.5, so the
maximum laser strength within the optical lattice in the
overlap region reaches 2 - a,. In order to confine the width
of the interaction region along z to several plasma skin
depths k', we choose a small height of the line focus
wo,. = 1.2 yum. Compared to the matched LWFA 1/¢? laser
spot size wy = 2,/ay/k, for self-guiding [15] of w, =
11 um for ay = 3.5, we operate in a strongly overfocused
regime, so the laser pulse immediately diffracts again after
reaching the focus without being self-guided by the plasma
cavity it creates. From an experimental point of view, such a
thin line focus averts the onset of self-focusing [9,48],
which otherwise would unnecessarily drive the plasma
where no cavity formation is required and increase L
from the Z, scale to, at maximum, the plasma channel
radius R,. According to P/P. = (k,wpag)?/32 <1 [9]
and each of the laser pulses at a, = 3.5, the laser power
P/P.=0.06 <1 remains far below the self-focusing
threshold. From a numerical perspective, the small focal
size enables us to use a simulation size that transversely
extends beyond 18 Rayleigh lengths and thus includes the
relevant laser-plasma dynamics.

IV. CAVITY FORMATION IN TWEAC

The ponderomotively driven plasma dynamics of the
TWEAC scenario are similar to LWFA in the yx plane
[Figs. 2(a) and 3(a)], where the blowout radius of the
plasma cavitation follows the known R ~ 2, /a,/k, relation
[15]. However, in the yz plane of laser propagation, we
observe a very distinct cavity formation, which arises from
the TWEAC geometry. The two incoming arms of the
lasers expel electrons along a characteristic V-shaped
baseline profile with an opening angle of 7 —¢ and a
transverse width comparable to the laser Rayleigh length
Z, [Figs. 2(b) and 3(b), right].

20

(©)

)
m
x
3
g

(@
-
QD
w
]
—_ =
€ T
= ?
> 4
m
™
° s
' c
- Z
i U 2% E2 oy
o
(3
0.45
o
o
0.30
o
- 0.15
€ m
s, 03
N <
3
° 0.15
0.30
o
N
0.45
o
?

02 0 02

E,(TV/m)
FIG. 2. Traveling-Wave Electron Acceleration fields E, are on
the order of several 100 GV/m. (a,b) The longitudinal accel-
eration E, in (a) the xy plane and (b) the corresponding
orthogonal laser plane of propagation (yz). The projections
(c)—(e) show the acceleration and transverse focusing fields at
selected axes (yellow), respectively. For illustrating the laser
pulse position within the cavity, the intensity (green) is shown in
the range [0.02, 1.0] - E2 ... Here, Dwgac marks the maximum
extent of the central cavity Cy in the yz plane, and side cavity
structures are labeled as C; (behind both lasers) and C, (between
the laser arms). Because of the difference in transverse cavity
extent defined by the laser pulse geometry, the focusing fields of
the xy plane are stronger compared to the yz plane.

Note that in spite of the presence of an optical lattice, the
central overlap region of the lasers is effective in ponder-
omotively evacuating the plasma cavity (Fig. 3). Such a
lattice could, in principle, lead to changes to the ponder-
omotive dynamics [49-51] or stochastic heating [52,53].
Particularly, these dynamics could allow for transmissive
modes, where fractions of the electron density in front of
the laser transit straight through the laser beam into the
cavity behind, thus diminishing cavity fields. However, in a
number of test simulations, we established that our
TWEAC scenario, based on linearly polarized lasers in x,
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FIG. 3. Comparison of the laser, cavity, and electron bunch

evolution of LWFA and TWEAC, at characteristic stages of
interaction until the acceleration length 1.75Lcp, thus illustrating
that quasistationary laser fields of TWEAC lead to continued
electron acceleration. (a) The xy plane and (b) the yz plane. Each
figure shows the respective accelerating cavity field E,, electron
density beyond n, = 0.75 x 10" cm™3, and laser field intensity
contour & E2 at 10% of the maximum initial intensity. Two lines to
guide the eye mark the front edge of the electron bunch (purple)
and the rising edge of the laser pulse (red) during acceleration, such
that a decreasing separation highlights drive-laser dephasing.

features minimal transmissive modes in a broad range
extending from ¢ = 30° to 70°. Within this range, the
optical lattice node spacings in each dimension remain
comparable to the laser wavelength, so the larger scale
intensity variations are determined by the laser envelope
and not the lattice structure. Outside this angle range, it is
necessary to use two lasers with nonparallel or even
elliptical polarization vectors, such as orthogonally orien-
tated linear polarization [later in Fig. 5(a)] or counter-
rotating circular polarization, while satisfying line
symmetry in laser polarizations with respect to the electron
beam axis.

The resulting cavity fields of the TWEAC scenario
before electron injection (Fig. 2) show that these are
comparable to LWFA, in magnitude with respect to accel-
erating and focusing fields, as well as in linearity with
respect to its field gradients. Differences mainly arise due to
the particular TWEAC cavity geometry, which is rotation-
ally asymmetric with respect to the accelerating and
focusing wakefield and leads to focusing fields E, and
E . differing by a factor of 2. While in the plane normal to
laser beam propagation the field geometry [Fig. 2(a)] is the
same as in LWFA, the in-plane fields [Fig. 2(b)] feature a
V-shaped, cylindrical cavity structure determined by the
laser interaction angle ¢.

Beyond a central region of overlapping lasers measuring
cto/ sin(¢/2) in transverse size, the two lasers can only
drive a shared plasma cavity if the incoming arm of one
laser and the outgoing arm of the other laser are separated
by less than one plasma period 27zc/w, along an axis
perpendicular to the incoming laser pulse front. For larger
separations, each arm drives its own wake [Fig. 2(b)]. Thus,
the characteristic transverse diameter of a TWEAC cavity is

B A CTy
Drwgac = max (Sm((;/z) ’ sin<¢/2))' ?

For the electron density 6.4 x 10'® cm™ before injection
[Fig. 2(b)], the estimate Dywgac = 26.4 um is in excellent
agreement with the simulation results. Because of the high
laser intensity, separate cavity formation of the respective
laser pulses continues beyond the short laser focal depth
Zy=20.1 yum and does not start to terminate until
z = #£32 ym.

V. ELECTRON PROPERTIES

The comparison of electron spectra in Fig. 4 demon-
strates TWEAC to be completely unaffected by the LWFA
limits. For the standard LWFA scenario, the electron
spectra show significant electron beam degradations,
as expected from wakefield dephasing, laser energy
depletion, and multiple electron bunch self-injection events
[Fig. 4(b)]. After an initial acceleration up to 769 MeV
before the dephasing length, the 78-pC electron beam
decelerates until 594-MeV mean bunch energy and
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FIG. 4. Comparison of a LWFA and a 60°-TWEAC scenario at the same plasma density and peak laser intensity, contrasting the
accelerators based on similar plasma dynamics. (a) The mean electron bunch energy of Traveling-Wave Electron Acceleration (green)
and a corresponding self-injected laser-wakefield accelerator (orange) with respect to the accelerated distance normalized to the
dephasing length Ly = 5.70 mm. The bunch energy spread (standard deviation) is represented by the shaded areas, respectively. For
TWEAC, the acceleration remains constant and does not saturate within the dephasing or depletion length. The linear fit (gray, dashed
line) highlights the excellent linearity of the TWEAC acceleration over the entire distance. (b) Electron spectra of all electrons in the
TWEAC (green, solid line) and LWFA (orange, dashed line) scenario that are propagating within a 27-mrad (total angle) cone along the
y axis at subsequent stages of acceleration. (c) The on-axis pulse duration of the TWEAC scenario compared to a standard LWFA,
illustrating the absence of self-phase modulation achieved through the field-cycling mechanism in TWEAC. (d) The respective drift of
the average on-axis longitudinal laser position compared to a test particle moving with the speed of light. Within numerical accuracy, the

TWEAC laser field remains stationary and thus displays no dephasing.

13.5% energy spread (rms) are reached at the end of the
simulated distance.

The TWEAC scenario features no such limitations,
and electron acceleration progresses strictly linearly with
accelerator length up to the GeV scale at the end of the
simulation [see Fig. 4(a)], so the total accelerator length far
exceeds both LWFA depletion and dephasing lengths. The
electron bunch has a comparably high charge of 177 pC
with mean energy and energy spread of 984 MeV and
17.1% (rms), respectively, surpassing LWFA in electron
energy.

Note that despite the absence of self-injection in
TWEAC, we still observe parasitic injection into adjacent
side cavity structures [Fig. 2(b)] from the initial density
ramp, which gives rise to some continuous low-energy
background in Fig. 4(b). However, these adjacent cavities
C; and C, do not have the strong transversely confining
fields of the central TWEAC cavity Cy; thus, the parasitic
electron background is found to continuously diminish in
charge over acceleration length, while the total charge
within the electron bunch stabilizes after injection and
remains constant afterward.

Furthermore, we note that the observed electron beam
quality is mainly determined by the density-shock injection
used in this specific example, which by tailoring the density

down-ramp, we explicitly optimize towards a high bunch
charge and not for minimum energy spread. By demon-
strating uniform acceleration of such a spatially extended,
high-charge electron beam to a high electron energy, rather
than a small bunch, confined to a small phase-space
volume, we avoid resorting to an edge case and demon-
strate useful acceleration gradients both longitudinally and
transversely. Consequently, TWEAC is expected to be
applicable to a whole range of different initial electron
pulses and injection mechanisms [54,55], so the desired
beam quantities, such as a low electron energy spread,
will improve greatly once injection-optimized regimes are
pursued.

Finally, the observed increase in absolute energy spread
during acceleration is predominantly caused by numeric
effects; see Appendix B 2.

VI. LASER FIELDS ARE QUASISTATIONARY

For further increases in electron energy far beyond the
example shown in this work, it is essential to demonstrate that
in contrast to LWFA, drive-laser evolution in TWEAC is
indeed quasistationary as shown in Figs. 3, 4(c), and 4(d).
While the LWFA laser pulse is completely obliterated,
as the field amplitude drops by more than 2 orders of
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magnitude, the driver field in TWEAC remains constant.
Likewise, LWFA laser pulse duration more than triples due to
self-phase modulation and depletion, where TWEAC laser
duration is constant within 3% [Fig. 4(c)]. An equally
stationary result is obtained for drive-laser dephasing
[Fig. 4(d)], measured as the mean longitudinal position drift
of the laser field compared to a test particle traveling at the
speed of light. In LWFA, it increases to beyond 2.5 plasma
periods, whereas TWEAC dephasing less than 4.0 x
107*(27¢c/w,,) is nonexistent within numerical precision.
The remaining variations in laser properties most likely have
to be attributed to accumulated numerical errors over the
simulation duration of 500 x 10° time steps, thus showing
that effects from self-phase modulation and other instabilities
are indeed negligible. In principle, bunch-internal or bunch-
cavity particle dynamics, such as from betatron oscillations,
lead to bunch slippage with respect to the cavity and hence
present an additional source of dephasing. However, in the
simulated scenario, the mean electron bunch position slips by
less than 0.5 um over a total acceleration length of 12.5 mm.
Both Figs. 4(c) and 4(d) show good agreement with the
respective analytical estimates of the depletion, Eq. (2), and
dephasing limit, Eq. (1).

Specifically, Figs. 4(c) and 4(d) show that the dephasing
and depletion limits are not only barely overcome, but up to
numerical accuracy, they do not apply at all, even after
more than twice Ly and Lg,. This excellent stability of the
drive laser over time combined with the ability of the
resulting plasma cavity to trap and accelerate electrons
clearly displays the potential of TWEAC to scale up to
energies that are by several orders of magnitude beyond the
GeV scale shown in our TWEAC simulation. Stated in
other terms, the stationary dynamics of constant acceler-
ation phase and gradient makes TWEAC functionally a
laser-plasma analog of the Traveling-Wave Linac structures
used in conventional rf-based linacs [56,57]. Simulating
even longer TWEAC setups using current state-of-the-art
3D-PIC codes becomes increasingly numerically demand-
ing; see Appendix B 2.

VII. LASER PULSE ENERGY SCALING

So far (Figs. 2-4), we have studied the fundamental
plasma dynamics of TWEAC and LWFA while neglecting
the energy efficiency of the new acceleration scheme,
which beyond proof-of-principle realizations, is decisive
for the practicability of TWEAC for applications. In the
following, we examine the respective laser pulse energies
required and the resulting scaling properties.

For achieving a high a; over an interaction length L;,,
the total required laser pulse energy for both TWEAC
lasers is

ncdmiegwl

W ¢ Y Y
0= 22 /2Tog2 0

TOLlnth Sln(¢) (4)

Towards longer accelerator lengths L;,, and thus higher
electron energies E,, the required laser pulse energy W,
scales linearly with the final electron energy—Ilimited only
by the total available laser energy.

For the 60° scenario, studied until now, Eq. (4) results in
92 J for 2.6 times the LWFA depletion length compared to
3.3 J and one depletion length for the LWFA scenario. This
comparison immediately shows that the 60°-TWEAC
scenario lacks efficiency with respect to required laser
energy. Fortunately, the incidence angle ¢ is still a free
tuning parameter, which according to Eq. (4), scales
favorably towards smaller angles, thus enabling high
energy efficiencies for TWEAC. That scaling exploits
the increased interaction length when a given laser pulse
width is on-axis projected using a reduced interaction angle
¢ and can be extended to smaller angles ¢, as long as the
characteristic field-cycling distance remains below the
depletion length Loy < Lyep-

In a further PIC simulation [Fig. 5(a)], repeating the
previous scenario with an incident angle of 5° instead
of 60° the resulting cavity shape resembles the usual
LWFA shape, while all advantages of TWEAC are retained.
In particular, the simulation has shown similar electron
acceleration gradients (106%) compared to the 60° sce-
nario. However, while cavity fields are of the same
magnitude, only 9.2 J are required in total laser pulse
energy for the entire acceleration distance of 12.6 mm, i.e.,
3.6 J/Lgep- This value is an order of magnitude less in
laser pulse energy than the total 92 J required for the
60°-TWEAC scenario and close to the 3.3 J/Lge, required
for the LWFA scenario with 4.9-mm acceleration distance
until depletion [Fig. 5(b)]. Hence, this demonstrates similar
laser energy efficiency for TWEAC compared to LWFA.
In Appendix D, we present a propagation simulation of
a 5° TWEAC-type pulse and confirm that laser energy
depletion or filamentation along L. is negligible (<5%)
in mm-scale transversally extended gas jets that are typical
in experiments.

Extending the scaling of TWEAC to higher electron
energies and different electron densities [Fig. 5(c)] follows
the same general trend as for LWFA [17], such that for a
given target electron energy, the required laser pulse energy
Wy x E n, /2 TWEAC and LWFA both rely on the laser
ponderomotive force and thus ultimately can only achieve
the same energy efficiency, as defined by laser pulse energy
per electron energy gain and number of accelerated
electrons. Hence, for a useful comparison of the techno-
logical potential of TWEAC and LWFA, in Fig. 5(b), we
only select TWEAC scenarios by varying ¢, wy , or 7y,
which match the required laser pulse energy per LWFA
depletion length of the n, scaling discussed in Ref. [17].

According to Refs. [58 60], the LWFA optimal beam-
loading charge scales Q; « ny' . In Fig. 5(c), a
constant ap = 1.5 is assumed, such that the optimal beam-
loading charge at low densities 10'7 cm™ is 440 pC
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FIG. 5. (a) The TWEAC cavity at shock injection using laser pulses at 5° incidence angle, both linearly polarized, but orthogonally
oriented with respect to each other in order to avoid transmissive plasma modes through standing waves in the laser field. All other initial
conditions are kept the same as in Fig. 4. (b) The characteristic wakefield-driver energy of TWEAC [green line, W),/ Lgep according to
Egs. (2) and (4)] as well as LWFA (orange, dashed line), with the blue markers referring to the respective TWEAC simulations. Denoting
the characteristic laser energy required for sustaining a wakefield, Wiys/Lqep, is a useful proxy for the total energy efficiency (see
Appendix C). The 5°-TWEAC scenario thus demonstrates that these small incidence angles enable electron acceleration at comparable
energy efficiency (total laser pulse energy per LWFA depletion length) as LWFA—3.6J/Lge, (TWEAC) compared to 3.3J/Lge,
(LWFA). The minimum possible interaction angle ¢ is reached when the field-cycling distance equals the corresponding depletion
length L.y = Lg, (red marker). (c) The total laser pulse energy to electron energy scaling of LWFA and TWEAC at qy = 1.5 for
different electron densities, and the drive-laser energy summed over all acceleration stages, respectively. The corresponding combined
laser power requirements (black, dashed lines) assume 30-fs-type laser systems. In contrast to a single-stage TWEAC, markers
indicating LWFA setups comprising 1, 2, and 50 stages are shown for 1 x 10!7 cm™ electron density according to Ref. [17]. This

scaling illustrates that TWEAC opens up new regimes and has the potential of reaching TeV energies.

compared to 44 pC at high densities, 10" cm™. A similar
beam-loading scaling is expected to hold also for TWEAC.

The above example illustrates a general trade-off
between the accelerated electron bunch charge @, and
the single electron energy gain E, defining the total beam
energy Wyeam = |Q,/e| - E,, which can only be supplied by
the available laser energy Wy, < W

Because of the beam-loading scaling with electron
plasma density Q, « ne_]/ 2 any laser-plasma accelerator
at some given total laser energy can either accelerate
a high bunch charge at low n, to a low electron energy
or a low bunch charge at high 7, to a high electron energy.
According to Fig. 5(c), a single-staged LWFA at 10'7 ¢m™3
can accelerate 440 pC to 10 GeV, while a single TWEAC
stage of the same laser pulse energy at 10" cm™ can be
exploited to accelerate 44 pC to 100 GeV. However, by
virtue of not requiring laser pulse guiding structures,
TWEAC can operate at much lower electron densities than
LWFA, while high-density regimes are accessible because
TWEAC removes the density constraints on the acceleration
length. This case allows TWEAC the flexibility to exploit a
wider range within the bunch charge versus electron energy
trade-off than LWFA. In the end, the optimum electron
density for a laser-plasma accelerator will depend on the
bunch charge and beam quality provided by the electron
injection mechanism, as well as the application.

Apart from the general trade-off outlined above, the
details of TWEAC beam loading also depend on its
different cavity geometry, as well as the polarization state
of the two drive-laser beams. As examining this question is
beyond the scope of this work, we refer the reader to
Appendix C in which we show a 3.5>-TWEAC scenario
that can accelerate electron bunch charges at high energy
efficiency [Fig. 5(b) and Table I], significantly in excess of
the optimal LWFA beam-loading limit, thus providing a
first indication on both robustness and limits of Traveling-
Wave Electron Acceleration at high charge loads.

The primary difference is that TWEAC operates at a
single stage level where LWFA requires many subsequent
stages. For comparison, markers for 1, 2, and 50 LWFA
stages in Fig. 5(c) indicate the high number of stages
hypothetically required to reach electron energies beyond
100 GeV. Thus, TWEAC immediately eliminates the
problem of interstage electron beam transport, as well as
laser in-coupling and synchronization issues. This case
enables access to new regimes [Fig. 5(c)]: With LWFA on
the one hand, 10-GeV electrons from a single stage are
in the range of a 1-PW-laser system [17]. With TWEAC on
the other hand, a 1-PW-laser system has the potential to
reach the 100-GeV energy level within the same accelerator
length in a single stage using higher electron densities.
Since reaching 1-GeV electron energies becomes possible
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TABLE L.

Comparison of various performance and energy efficiency indicators of all LWFA and TWEAC simulations presented. Note

that Lgp, is calculated for the LWFA laser pulse length 7, = 30 fs at the respective electron density.

Accelerator configuration

Accelerator type LWFA TWEAC TWEAC TWEAC
Incident angle ¢ e 60° 5.0° 3.5°
Electron density (cm™) 32x10'8 32x10'® 32x10'8 2.5 x 108
Peak q 7.0 7.0 7.0 6.0°
Laser spot size wy, (#m) 7.9 1.2 1.2 1.2
Polarization state of drive laser Linearly Parallel Crossed Crossed
Accelerator performance

Characteristic wakefield-driver energy (J/Lgcp) 3.28 35.60 3.58 2.36
Cavity volume” (um?) 7.90 x 10° 12.8 x 103 7.20 x 10° 30.9 x 10°
Mean acceleration gradient (GeV/cm) 1.44 0.752 0.799 0.995
Injected charge (nC) 0.078 0.177 2.52 1.77
Energy-gain efficiency (J/GeV) 4.65 96.6 9.15 3.78
Laser-electron beam-energy efficiency (%) 1.68 0.183 27.6 46.8

*Reduced plasma density and laser intensity in order to decrease the amount of injected charge.
“Typical cavity volume according to FWHM of background electron density for the first cavity “bucket,” respectively.
“The volume determined for the V-shaped cavity of the 60°>-TWEAC scenario was limited in the z direction by the size of the

simulated gas target.

already for 10-TW-scale laser systems, TWEAC could also
be useful for high-repetition-rate applications in the kHz
range [61].

When comparing TWEAC to LWFA schemes comprised
of multiple 10-GeV stages, note that each of these LWFA
stages supposes the guiding of a PW-class laser in guiding
structures, such as discharge capillaries with possible
additional heater lasers for providing a suitable density
profile [11,13,62]. However, when working at high repeti-
tion rates, such guiding structures fail today to operate in a
stable and reliable way. Particularly, the heating dissipation
in such guiding elements may be a severe limitation at high
repetition rates. By contrast, TWEAC, with its line-focus
geometry, does not require any laser guiding structures and
thus is easier to scale in density and spatial dimension, as
well as repetition rate.

In addition, the other aspects of multistaged LWFA—
such as the coupling of electron beams and laser pulses,
synchronization at the fs level, and the preservation of beam
quality, charge, and energy efficiency—are complex and far
from being solved. Hence, the ability of TWEAC to
drastically reduce if not completely eliminate the need
for multiple stages and its beam transport challenges make
this scheme a candidate for higher electron energies: On a
longer-term perspective, TeV energies using LWFA cur-
rently far exceed existing or near-future laser capabilities—
even if 100 subsequent LWFA stages can be realized at
107 em™ densities [Fig. 5(c)]. In contrast, Traveling-
Wave Electron Acceleration, combined with upcoming
10-PW-scale laser systems currently under construction
[63], has the potential of accelerating at 10" cm™ density
electron bunches with tens of pC charge to the energy
frontier at TeV energies.

VIII. CONCLUSION AND OUTLOOK

In summary, the novel TWEAC approach mitigates, for
the first time, two major limitations of laser-driven plasma
accelerators: the dephasing and the depletion limit. Thus, a
single acceleration stage can, in principle, be indefinitely
extended in length. This scalability is limited only by the
available laser pulse energy, as well as the technical
capability to sustain the continuous laser beam overlap
over an extended accelerator length. Beam transport chal-
lenges are minimized because the required gap in between
stages for laser pulse in- and out-coupling is significantly
reduced. In contrast to LWFA, the obliquely incident laser
beams in TWEAC enable stages that can longitudinally be
positioned within millimeters next to injectors, subsequent
insertion devices, e.g., optical undulators [38,39], or addi-
tional accelerator stages. Towards the TeV energy frontier,
TWEAC thus drastically reduces the need for multiple
shorter stages [17,34,35] with its associated challenges of
interstage beam transport and matching.

From a facility perspective, TWEAC can be customized
to a broad range in plasma electron densities and accel-
erator designs. While the lack of constraints from LWFA
dephasing and depletion is advantageous, especially at
high densities, TWEAC benefits at low electron densities
from not being restricted by laser pulse guiding require-
ments. As opposed to existing LWFA efforts, it also enables
long accelerator stages at electron densities well below
10'7 cm™3. This ability to match the length of a TWEAC
stage to the available laser pulse energies of a laser facility
without being constrained in electron density is especially
useful for designing high-electron-energy accelerators at
high repetition rates. Even if several TWEAC stages are
mandated by practical constraints of existing laser facilities,
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such as the maximum laser pulse energy per drive laser,
both the acceleration gradient and accelerable charge can
be application tailored by the electron density, while
interstage beam transport is minimized.

In addition, TWEAC provides unique control of laser-
driven plasma accelerators: The resulting plasma cavity
propagating faster than the plasma group velocity at exactly
the vacuum speed of light effectively eliminates parasitic
self-injection, and the continuously renewed laser fields of
sideways incident laser beams prevent excessive self-phase
modulation of the field driving the wakefield. In the near
term, this will improve LPA electron quality for brilliant
radiation sources from extreme ultraviolet to the hard
X-ray range.

On the middle to long run, these results open up a way to
accelerate electrons to the TeV scale. A stable acceleration
gradient of 1 GeV/cm without dephasing and a continu-
ously renewed laser driver, maintained over 10 m, would
provide such a TeV accelerator.
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APPENDIX A: SYNTHESIS OF LASER PULSES
WITH TILTED PULSE FRONTS

Experimentally, TWEAC pulse synthesis differs from
traveling-wave Thomson scattering (TWTS) [38-41]
mainly in its target application and its more relaxed laser
pulse requirements. Although pulse-front tilts can be easily
provided by optical gratings, the main challenge is in
precompensating for propagation-induced group-delay
dispersion (i.e., laser pulse lengthening) due to angular
dispersion, which in this case is equivalent to the existence
of a pulse-front tilt. This precompensation has to cover the
propagation distance starting from the introduction of the
tilt angle until the interaction zone, whereby it is essential to
provide a sufficiently good match between the central
TWEAC axis of electron acceleration and the plane of
ideal pulse compression of the optical setup. Especially in
Refs. [38,42], the authors show how this can be achieved by
using existing ultrashort, high-power lasers by adding two
standard optical gratings to the laser beam line after the
final optical pulse compressor. For first proof-of-principle
experiments using cm-scale TWEAC stages at ¢ < 10°,

required dispersion precompensation is expected to be
minimal to nonexistent.

Providing narrow line foci with 4 m-scale radii is another
technical challenge for the spatial beam quality of ultra-
short, high-intensity, high-power laser facilities, requiring a
suitably high Strehl ratio. Current state-of-the-art laser
systems produce laser beam qualities with Strehl ratios
in excess of 90% [64], which enable focal spot size and
quality close to the diffraction limit [65].

1. TWEAC robustness to laser pointing variations

Laser pointing variations show up in TWEAC as devia-
tions in ¢ and « that can, in principle, lead to an over-
lapping region that is moving with a velocity not equal to
the vacuum speed of light, thus giving rise to geometrical
beam dephasing. In the following, we show that for typical
laser pointing variations of modern CPA laser systems, this
effect remains negligibly small.

According to the general matching condition [39]

1—p COS(ﬁﬂO:l
W ~ ¢/2 (A1)

for the pulse-front tilt a, one finds the geometrical slippage
impact of nonideal ¢ and a from variations in laser pointing
by calculating 17, = (0 (¢+ 0. a($,5¢))/05¢)|sp—o - 6¢-
The absolute laser-electron beam slippage distance after an
acceleration length L being d; = 7, - L, the maximum allow-
able acceleration distance for TWEAC is Ly, < 4,/27;.

The variations in ¢ and a(¢) depend on the optical setup
for introducing the pulse-front tilts. In Ref. [42], we
examine this very question for TWTS-based optical
FELs, which rely on the same kind of laser pulses but
have to meet stricter tolerances in experimental design. In
its full generality, the technical details with respect to actual
optical setups can be rather involved. However, by assum-
ing a pulse-front-tilt synthesis, based on two-grating setups
using standard gratings in near Littrow-angle configura-
tions for good optical efficiency, while using incidence and
outgoing angles smaller than 60°, several useful assump-
tions can be made: First, the pointing variations d¢ are very
similar in magnitude to the initial variations before the
pulse-synthesis setup. Second, resulting variations in pulse-
front tilt are negligible compared to the pointing variation,
da < 6¢p. Then, the TWEAC dephasing length due to laser
pointing reads

a(¢) = arctan

Liax < . (A2)
T D tan ¢ /26¢

For the 5°-TWEAC scenario at 3.2 x 10'® cm™3 electron

density and a laser pointing variation of 6¢p < 10 prad,

which is already required for optimally operating the laser

pulse compressors in existing ultrashort lasers, the typical

maximum acceleration length of a TWEAC stage before

acceleration stops due to laser-pointing-induced slippage
1S Ly = 21.4 m.
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At larger grating incidence angles compared to 60°,
the effective pointing variation d¢ can increase, such that
the subsequent variation in pulse-front tilt 5a(J¢) cannot be
neglected anymore. Often such corrections are within a
factor of 2 in 5,; however, if setups are optimized for
passive stabilization by satisfying da ~ §¢/2, one can
exploit such a setup geometry to achieve significant
increases in L,,,,. Ideally, the condition a = 6¢)/2 results
in ny, =0 and L, — +oo0, but imperfect optical setups
and laser beams lead to large but finite L.

If one is to exceed the above limit, another option would
be to build several TWEAC stages and exploit the fact that,
compared to LWFA, each stage is much longer and inter-
stage distances can be virtually eliminated because laser
beams are coupled in and out sideways in contrast to on-
axis coupling.

2. Plasma-density independence of « in
translationally symmetric media

Here, we emphasize that the condition of the overlapping
region to move along the focal line at the vacuum speed of
light a = ¢p/2 is independent of the respective plasma
density, despite the plasma index of refraction minimally
modifying both direction and group velocity of the laser
pulses.

The independence of « from plasma density can be
shown by applying a translational symmetry argument as
shown in Fig. 6: Assume that some section of the laser
beam arrives at a point of incidence A, and time #, ( at the
vacuum-plasma boundary with incident angle ¢. In vac-
uum, the beam would continue to propagate and intersect
the focal plane at point A; and time 7, ;.

According to the plasma density, the laser beam is, even
if only very slightly, refracted to an incident angle ¢’, and it
propagates at a group velocity v, < c¢. After some optical
path length, the beam intersects the focal plane of the line
focus at point A,, which is reached at some time 7,4 , > #4 ;.

Now, one considers a second point of incidence B of the
same pulse-front-tilted laser at the vacuum-plasma boun-
dary at a later time 7;, where AgBy = ¢ - (tg9 — t40) due
to the laser pulse-front tilt ¢/2 and laser group velocity
v, = ¢ in vacuum. This second section of the pulse-front-
tilted laser beam continues to propagate in the same
direction as the first beam section at point A.

Since the density profile within the TWEAC gas jet is
translationally symmetric along the laser line focus direc-
tion [y axis in Fig. 1(d)], the resulting optical path ByB,
from the vacuum-plasma boundary to the focal plane of the
line focus is the same as the optical path AyA,. Accordingly,
the relative timings fz, —fpo and 74, — 4o are also the
same. From this and AgBy = ¢ - (fz — ta ), it follows that
the corresponding relative timing between A, and B, also
has to be the same as between A, and B,.

Therefore, the pulse-front tilt changes according to beam
refraction arising from the subluminal plasma group velocity

Focal line

Vacuum Atap = AyBy/c Optical paths

FIG. 6. Laser beam refracted at the vacuum-plasma boundary.
Because of the same optical path of AyA, and BB, seen by the
TWEAC laser at different positions of incidence along the y axis,
the difference in arrival times at A, B, is the same as AyB,. Thus,
the relation between pulse-front tilt and incident angle ¢ does not
change in the plasma of a slit-nozzle gas jet, as long as it is
translationally symmetric along the line focus.

in such a way that the vacuum speed-of-light propagation of
the laser beam overlap region along the laser line focus does
not change. Although the plasma changes the absolute laser
arrival time at the focal line, the speed of the TWEAC laser
overlap remains the same. This result is a direct consequence
of the translational symmetry of the TWEAC setup.

APPENDIX B: PARTICLE-IN-CELL
SIMULATIONS OF TWEAC

1. Simulation model

We model Traveling-Wave Electron Acceleration
using the 3D3V particle-in-cell code PIConGPU [43,66]
based on the beta-rc6, 0.3.1, and 0.4.0 releases [67]. The
TWEAC laser pulses implement Eq. (6) of Ref. [38]
including the dispersion effects due to the pulse-front tilt
for ultrashort laser pulses. The simulation volume (x, y, z)
of both TWEAC scenarios comprises 880 x 2304 x 2784
cells with cell sizes (4g/12.0) x (19/20.9) x (4/20.9)
for 4y = 0.8 um, yielding a simulation box of (58.5 um x
88.4 um x 106.8 ym). The code uses triangular-shaped
clouds (TSC) [68], the Vay particle pusher [69], and the
Esirkepov current deposition scheme [70]. Because of the
high laser pulse intensities used in all simulations, which
immediately and fully ionize hydrogen and helium in
typical gas targets, all subsequent ionization dynamics
were neglected by initializing the simulation with preion-
ized plasma. The simulation duration is 5.0 x 10° time
steps, corresponding to 41.9 ps. The laser pulses propagate
in the yz plane, and the electrons are accelerated in the
y direction. In order to avert unwanted interference of the
spatially extended TWEAC laser pulses and the absorbing
boundary layers surrounding the simulation volume, we
apply a variant of the total-scattered field approach [71].
This technique implements a field-splitting scheme exploit-
ing the linearity of Maxwell’s equations in order to separate
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the incident TWEAC laser field from the scattered fields,
i.e., the plasma response to the laser. As for minimizing
unphysical reflections at the laser entrance and exit
boundaries, the simulated plasma is terminated by linear
plasma-vacuum transitions (1.534 thickness) before enter-
ing the absorbing boundary layers.

Both laser pulses are linearly polarized in x, propagate in
the yz plane, and feature 800-nm central wavelength, 10-fs
(FWHM) transform-limited pulse duration, and a peak
intensity of 2.62 x 10" W/cm? (a, = 3.5), respectively.
Their propagation direction encloses an angle of 60° and
—60° with respect to the y axis. The focal geometry is
cylindrical, and the focal lines both coincide with the y axis.
The laser pulse focal line heightis wy , = 1.2 ym. Since the
focal line length wy . easily extends beyond the centimeter
range, we assume, for the sake of simplicity, that the laser is
unbounded in the yz plane of the simulation. The pulse-
front tilts are « = £30°, respectively.

In our TWEAC scenarios, injection of a high charge
electron bunch is done via shock injection [44—47]. First,
the electron density n, linearly rises from vacuum to
6.4 x 10'® cm™ within a short distance of 20 ym. After
this initial shock, n, linearly decreases on a longer scale,
first to 4.5 x 10'® cm™ and finally to 3.2 x 10'® cm™ over
subsequent distances of 160 ym and 460 um. This density
configuration generates an initially high electron density at
the back of the plasma cavity, which, due to the subsequent
increase in plasma wavelength, 4, o ngl/ 2, and hence the
surrounding plasma structure is injected into the accelerat-
ing volume of an expanded wakefield.

The reference laser-wakefield acceleration scenario is
based on self-injection in a homogeneous plasma of
3.2x 10" cm™ in electron density (same as in TWEAC).
The laser is a standard Gaussian laser pulse [800 nm, 30 fs
(FWHM), wy, = 7.9 um 1/e*-spot size], focused to the
beginning of the plasma. For improved comparability, the
LWFA laser focal spot size is chosen (k,w, = 3.5) to result
in a similar cavity diameter as the corresponding TWEAC
cavity height along x. The intensity 1.05 x 10° W/cm?
(ap = 7.0) equals the maximum intensity of both TWEAC
laser pulses at their crossing point. By selecting a scenario,
where the dephasing length Lg = 1.16 x Ly, slightly
exceeds the depletion length, one ensures that the LWFA
laser pulse energy is fully exploited for acceleration before
L, is reached.

2. Numerical challenges

In contrast to LWFA, TWEAC simulations face unique
numerical challenges: TWEAC simulations are not
limited by the depletion and dephasing length and thus
have a longer duration in terms of the plasma evolution
than standard LWFA simulations of the same density.
Furthermore, the two obliquely incident laser beams
require high spatial grid resolution, not only in the
longitudinal dimension as LWFA but also in at least one

transverse dimension. Since the TWEAC geometry can
neither be reduced in dimensions nor simplified by axial
symmetry, it requires full 3D simulations. Advanced
Lorentz-boosted frame-type solvers [72], which greatly
speed up extended, multi-GeV LWFA simulations, cease to
have an advantage in scenarios comprising two noncol-
linear laser beams. Beyond the acceleration lengths simu-
lated in this work, numerical instabilities from the PIC
solvers—such as from numerical dispersion, Cherenkov
instabilities, spurious forces [73], and missing energy
conservation in explicit solvers [74]—become an increas-
ing challenge, leading to unphysical degradations in the
accelerated electron beam quality. For TWEAC, alternative
solvers that change the numerical speed of light around the
common direction of both electrons and lasers [73] cannot
be directly applied due to the laser beams propagating in
two different, nonaxial direction. Advanced PIC methods,
such as spectral solvers [75,76], are expected to improve
long-term numerical stability in future studies. For reducing
the extended simulation time to solution required, a strategy
could be to exploit the quasistationary acceleration con-
ditions in reduced-physics simulations, such as quasistatic
approximation [77] approaches.

APPENDIX C: PERFORMANCE METRICS
OF SMALL-ANGLE TWEAC SCENARIOS

In Fig. 5(b), we adopted the characteristic wakefield-
driver energy [7yae = Wiaser/ Lacp> Egs. (2) and (4)], the
laser pulse energy expended to sustain an accelerating
plasma cavity over one LWFA depletion length, in order to
compare the laser pulse requirements of LWFA and
TWEAC and its general scaling for very different regimes.

Note that this quantity 7. €xcludes all details from the
initial injection dynamics and charge; it also neglects
LWFA interstage beam transport and LWFA gas target
preparation from heater lasers. The characteristic wake-
field-driver energy addresses the question of how much
laser energy TWEAC fundamentally requires compared to
LWFA to sustain a wakefield. Hence, the characteristic
wakefield-driver energy denotes a useful first estimate to
determine the possible acceleration efficiency.

In contrast to the LWFA acceleration gradient evolving
from high gradients at injection until dephasing, the
TWEAC acceleration gradients in this work are strongly
determined by the initial acceleration gradient at injection.
In this way, 7. helps us to separate detailed optimization
of density profiles from the fundamental ability to sustain a
wakefield for electron acceleration.

However, there are more efficiency indicators for
describing laser-plasma accelerator performance. In
Table I, we provide an overview over the simulations
including injected charge, electron bunch size, acceleration
gradient, characteristic wakefield-driver energy, accelera-
tion volume of the first bucket, energy-gain efficiency, and
laser-electron beam-energy efficiency.

031044-12



CIRCUMVENTING THE DEPHASING AND DEPLETION LIMITS ...

PHYS. REV. X 9, 031044 (2019)

The energy-gain efficiency metric of laser pulse energy
divided by the average electron energy gain describes the
acceleration performance of a typical electron including the
injection dynamics. However, this metric neglects the
injected amount of charge and can be favorable even when
only a few electrons are accelerated.

Thus, the laser-electron beam-energy efficiency, defined
by the total kinetic electron beam energy divided by the
total laser pulse energy, measures the degree of laser pulse
energy exploitation. Typical LWFA values range from
several percent up to the 20% range [17]. Depending on
the application, less energy-efficient scenarios are used,
when other beam parameters, such as charge, high peak
current, low energy spread, or low emittance, are important
optimization goals.

Although the injected charge depends primarily on the
injection mechanism and can change drastically within the
same accelerator regime, the volume of the accelerator
cavity determines how much charge can be trapped and
accelerated. For LWFA, on the one hand, this volume is
associated with the optimal beam-loading limit [58—60] and
mainly depends on laser intensity, laser spot size, and the
electron plasma density. For the scenarios at n, = 3.2 x
10'® cm™3 presented here, one expects a charge in the tens
of pCrange (Q,p,; = 44 pC). For the TWEAC geometry, on
the other hand, the plasma cavity volume additionally
depends both on the incidence angle ¢ and on the trans-
verse gas target geometry. While for ¢ = 60° only a
fraction of the laser beam is used, the plasma-cavity size
is already much larger than the corresponding LWFA
volume.

The 5° scenario is comparable to LWFA with respect to
the characteristic wakefield-driver energy and the accel-
eration. However, the detailed performance with respect to
injected charge, energy-gain efficiency, and laser-electron
beam-energy efficiency differs considerably. While the
average acceleration gradient is higher for the LWFA
scenario before reaching the dephasing and depletion limit,
the TWEAC scenario at 5° features better performance
characteristics with respect to injected charge, energy-gain
efficiency, and laser-electron beam-energy efficiency.

When going to lower angles at ¢ = 3.5° this trend to
improve efficiency figures continues. Initial simulation
tests have shown that with the same laser parameters
and the same density profile, the injected amount of charge
would exceed the beam-loading capacity of the plasma
cavity. For this reason, we reduce the injected charge by
lowering the peak laser strength from ay; = 3.5 to 3.0 in
each arm, reducing the plasma electron density from n, =
32x10"% cm™ to 2.5x 10" cm™3, and employing a
smoother gas jet profile with an initial density up-ramp
of 120 um from vacuum to n, = 5.0 x 10" cm™, a
plateau of 240 um, and a shock transition to the final
density n, = 2.5 x 10'® cm™3. With these adjustments, we
conduct a 3D-PIConGPU simulation with a simulation box

of 74.4 ym x 88.4 ym x 235.7 ym and respective grid
resolutions of (19/12.0) x (49/20.9) x (49/20.9). The
results not only show a higher acceleration gradient of
1.0 GeV/cm compared to the 5.0° TWEAC scenario but
feature excellent efficiency characteristics for all listed
metrics. In particular, the laser-electron beam-energy effi-
ciency, which reaches 47%, is beyond the typical energy
efficiency of about 20% for optimized LWFA scenarios
[17]. This result is a direct consequence of the increased
cavity size of about 60 ym along the z direction, which
leads to improved utilization of the available laser pulse
energy into the wake. This evidence shows the ability of
TWEAC to accelerate with high energy efficiency.

Typical electron bunch dimensions during acceleration
are 2.2 ym x 4.8 ym x 13 ym (rms), indicating that flat
beams could become possible in low-angle scenarios. Such
flat beams are of great interest for collider applications in
order to reduce beamstrahlung [16,78].

With regard to applications, note that the injected charge
of 1.77 nC is beyond optimal LWFA beam-loading limits at
tens of pC [58-60], so the observed energy spread [18.9%
(rms) at 330 MeV] is significant. Although such accel-
erators can be highly desirable in applications where low
energy spread is not a priority, such as for betatron radiation
sources or for driving a subsequent plasma-wakefield stage
[79,80], many applications will require lower energy
spreads. For such cases, the injection process should be
tuned towards less injected charge by changing the density
profile or by using alternative methods of injection, such as
optical injection [81,82].

In summary, for optimally exploiting the available laser
energy in TWEAC, it is necessary to select a scenario in
which the field-cycling length L.y = L,/ sing is a
significant fraction of Lg,. This objective can be achieved
via shallow incidence angles ¢, high electron densities 7.,
or short laser pulses to decrease Ly, as well as larger laser
foci to transversally extend the interaction zone Li,,, by
longer focal lengths Z,. The latter option is especially
useful when aiming at flat electron beams for collider
applications (see Fig. 7). However, as for LWFA, fully
depleted TWEAC laser beams, Ly = Lgep, can negatively
impact local cavity stability and thus electron beam quality.

APPENDIX D: LIMITS TO THE CYCLING
DISTANCE L.y,

Here, we present some additional information on how to
determine the amount of laser energy depletion and thus
possible limits of the characteristic propagation distance
Ly, of each TWEAC laser to the focal line, where the main
interaction occurs.

TWEAC essentially provides for a continuously
refreshed laser field loaded from the side into the plasma
channel. Only in the focal region does this field drive a
plasma cavity, before being diffracted and replaced by
another unperturbed field. TWEAC thus provides close to
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FIG. 7. The TWEAC cavity after shock injection using
orthogonally polarized laser pulses at 3.5° incidence angle.
Compared to the 5°-TWEAC case, this scenario was optimized
to reduce the injected charge while improving energy efficiency
(see Table I), with laser-electron beam-energy efficiency reaching
47%. The injected 1.8-nC electron bunch features dimensions of
2.2 ym x 4.8 um x 13 ym (rms).

perfect acceleration conditions similar to an unperturbed
LWFA scenario and, unlike LWFA, retains these conditions
over the complete acceleration length defined by the spatial
extent of the TWEAC pulse projected onto the electron path
of propagation.

Laser pump depletion from the laser pulse propagation to
the interaction zone in the line focus is an energy cost offset
that applies uniformly to the entire laser pulse front. If one
section of the laser reaches the overlap with the second
laser and drives a wakefield, the other TWEAC laser
sections of the same intensity and pulse duration will also
drive a wakefield—independent of the laser pulse width, so
TWEAC stages can be arbitrarily long. If, however, the
entire laser pulse is depleted by an extended initial
propagation length through a dense plasma, the pulse front
cannot drive a wakefield; thus, it prevents a TWEAC from
the beginning. According to Eq. (4) and L.y > Ly, this
happens if the width of a slit-nozzle gas target—not its
length—is too large, the incident angle ¢ is too shallow, the
Rayleigh length of the cylindrical focus is too long, or the
laser pulse duration is too short. Especially for experimen-
tal implementations aiming for maximum energy effi-
ciency, it is critical to quantitatively study these limits.

Although laser energy depletion of LWFA is reasonably
well understood [15,83,84], the laser propagation of a
cylindrically focused, obliquely incident TWEAC laser

pulse in plasma, which, for most of its propagation
distance, is not matched in height to the plasma wave-
length, has not been studied yet in any detail. In the
following, we present analytical estimates and contrast
these with results from a 3D particle-in-cell simulation.

As an instructive example, we choose the 5° scenario in
order to demonstrate that a TWEAC of similar laser energy
efficiency compared to LWFA remains energy efficient
when it is experimentally implemented using a gas target
width of 1 mm. If longer laser pulses, lower electron
densities, or more-narrow gas targets are used compared to
such a worst-case reference scenario, one can expect less
initial laser pump depletion, thus leaving more room for
laser energy optimizations in TWEAC designs.

As afirst analytical estimate, the etching speed according

to [15,84]
Vetch = € <wp)
@o

is useful for calculating the energy loss by depletion of a
laser pulse with evolving laser intensity in a plasma of
varying electron density since it includes the full q
dependence. Note that for a, < 2, the etching speed v,
scales proportionally to ag?, which favors strong focusing
for TWEAC and eases requirements to confine gas targets
transversally to below 1 mm.

Written in integral notation, the depleted energy fraction
of the total laser pulse energy Wi, becomes

2(1+a2/2)? - 1

(14 a§/2)? (b1

S
AVVdep :i/vetch(s) ds

Wlaser €Ty c
So

()

So

(D2)

with the plasma frequency w, (s) and the laser field strength
ay(s) being functions of the laser propagation distance s.
This depletion process only occurs if there exists a net
momentum transfer between the laser and plasma by
ponderomotively driving a wakefield. Thus, we define
the integration interval [sg,s;] as the section of the
propagation distance in which the laser pulse height
Wy (8) < Wy maen(s) 18 equal to or smaller than the transverse
matching conditions [9,15] for driving a laser wakefield,

2¢v/ay(s)

Wx,match(s) = w, (S) s
w11+ <s : sin¢>2 _ 2 ag(s) ’
ZRx ), (S)

Wlth ZR,X = HW%’X/),().
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However, we emphasize that Eq. (D2) is only a first
order-of-magnitude estimate for TWEAC lasers, which
accounts neither for the very specific laser pulse and
focusing geometry of TWEAC nor for different depletion
dynamics of nonmatched or “overmatched” laser pulse
heights. Hence, in order to compare with Eq. (D2), we also
perform a 3D particle-in-cell simulation.

In contrast to LWFA, TWEAC laser pulses are obliquely
incident within a cylindrical focal geometry, so for small
incident angles ¢ = 5°, the laser remains close to the focal
region at high intensity and small laser beam height for an
extended propagation distance proportional to (sin¢)~!.
Furthermore, the tight focus wy, = 1.2 ym and extended
propagation length of 5.7 mm break the paraxial approxi-
mation for ultrashort pulses in this scenario. Thus, we adopt
the exact solution of the so-called “quasi-Gaussian cylin-
drical laser beam” in Ref. [85] [Egs. (12)-(17)] and
supplement the formalism with a laser envelope, which
temporally defines the laser duration in the direction of
propagation and spatially defines the laser beam width. The
laser envelope follows the phase curvature, where the
central, longitudinal slice at peak laser intensity follows
a surface section of a cone with its main axis along the focal
line and a half-opening angle of (z/2 — ¢). The distance of
the laser pulse to the focus is defined with respect to the
position of the laser peak intensity.

Since the amount of laser energy depletion is not
expected to correlate with the subsequent arrival times of
different parts along the laser pulse front in the focus, for the
sake of simplicity, we neglect, in this propagation simu-
lation, the small 2.5° pulse-front tilt of the 5°-TWEAC-type
laser. Additionally, in order to calculate the amount of laser
pump depletion for a single TWEAC-type laser pulse within
a numerically tractable simulation volume and runtime, we
constrain the laser pulse to a representative 50-um laser
width, which is a fraction of the mm-to-cm pulse front of a
full TWEAC-type laser. Here, we exploit the fact that every
section of the laser pulse front has to traverse the same
electron density profile from vacuum to the center of the gas
target, where the TWEAC interaction takes place. The
50-um width is chosen to be large compared to the plasma
wavelength of 18.7 ym at 3.2 x 10'® cm™3, as well as large
compared to the corresponding Rayleigh length for pre-
venting significant laser diffraction within the total propa-
gation length to the center of the gas target.

As displayed in Fig. 8(a), the electron density profile is
chosen to be 1 mm from vacuum to vacuum and thus
corresponds to gas jets that are readily available in LWFA
experiments. Since the laser pulse traverses the plasma at an
oblique incidence angle of 5°, its effective propagation
length to the center increases to 5.74 mm [see Fig. 8(c)].
Because of the cylindrical focus geometry along the y axis,
the laser will traverse the plasma at higher peak laser fields
[Fig. 8(d)] compared to a laser where both transverse
dimensions are being focused.

In a 3D-PIC simulation using PIConGPU, we initialize
the 800-nm, 10-fs laser pulse with a peak intensity suitable
for a subsequent laser strength of a; = 3.5 in a vacuum
focus. The simulation volume 1469 um x 113.4 ym x
1089 um features respective grid resolutions of
(Ao/1.1,2¢/9.0, 49/1.1). According to the relative electron
density profile of Fig. 8(c) with absolute peak electron
density at 3.2 x 10'® cm™3, we propagate the laser until it
reaches the center of the gas jet.

The quantitative loss of field energy within the simu-
lation volume is a measure of laser depletion. In order to
gauge the difference between the field energy contained
within the laser and the plasma fields, Fig. 8(b) displays
both the total field energy from all electric and magnetic
fields (blue line) and the E, field energy component (red
line), corresponding to the linearly polarized laser in the x
direction, with respect to the propagation distance.

The resulting field energy loss of the E, field, which is
close to the total loss in laser field energy, is 4.3% on the
distance from vacuum to the laser focus. The corresponding
analytical estimate Eq. (D2) using the electron density and
the in-vacuum peak electric field along the propagation
direction [Figs. 8(c) and 8(d)] predicts a laser energy loss of
12.8%. Thus, the simulated result for the TWEAC laser is a
third of this estimate.

In order to exhibit the mode quality of the focused laser,
Fig. 9 depicts a 40 ym x 37 ym zoom-out from the much
larger (1469 ym x 113.4 ym) simulation area. The 10-fs
laser is tightly focused, drives a wakefield in the blowout
regime, and reaches a peak laser strength of a, = 3.35,
which is close to the intended ay = 3.5 and thus confirms
the same trend seen in the energy field data in Fig. 8(b).

We note in passing that the simulation shows some self-
focusing, shifting the laser focus away from the center
of the gas jet. However, with this small level of depletion,
such effects can be easily corrected in experiment by
shifting the cylindrical mirror by approximately 37 ym
in the z direction.

These results show that for TWEAC geometries, in
contrast to standard LWFA scenarios, laser pump depletion
can be minimized for ultrashort laser pulses in relatively
dense plasmas of several 10'® cm™ and long propagation
lengths on the mm-to-cm scale as obtained from available
experimental gas jets. In particular, this case is consistent
with the scaling shown in Fig. 5(b), where both the
minimum incidence angle of 0.2° and laser pulse energy
for this specific TWEAC scenario, according to the
corresponding depletion limit condition L.y = Lgp, are
more than an order of magnitude lower than the 5° scenario
examined here.

In part, this exceptionally small level of laser pump
depletion can be explained according to the initial analyti-
cal estimate in Egs. (D2) and (D3). On the one hand, a
tightly focused cylindrical laser pulse spatially limits the
laser propagation length at maximum intensity. On the
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FIG. 8. (a) A schematic of the laser propagation setup. An 800-nm, 10-fs, linearly polarized laser with 50-ym pulse-front width is
cylindrically focused to w, , = 1.2-um focal line height and a maximum field strength of a, = 3.5 along the y axis, which coincides with
the center of a |-mm-width slit-nozzle gas jet target. The laser pulse is obliquely incident at an angle of 5°. The 3D-PIC simulation models
the pulse evolution along 5.74-mm propagation distance from vacuum until the center of the gas jet. Marker A refers to the laser focus in
plasma (spatial offset is due to self-focusing), while B denotes the original focus in vacuum. For better visibility, the schematic is not drawn
to scale. (b) The relative loss of the total (blue line) and E, (red line) field energy in the simulation volume with respect to the propagation
distance. The respective energy losses within the focus at s = 5.32 mm are 3.4% and 4.4%, which is less than one-third of the analytical
estimate of 12.8% derived from LWFA depletion according to Refs. [15,84]. (c) The assumed relative electron density profile projected
along the laser direction of propagation. The super-Gaussian profile ny(z) = 3.2 x 10'8 cm™ - exp(—z*/(3.138 x 10™* m)*) has an
approximate vacuum-to-vacuum width of 1 mm. However, the projected density profile seen by the laser is ¢ (s - sin(¢)). (d) The laser
pulse peak electric field in the dimensionless laser strength unit a, along the laser direction of propagation for in-vacuum propagation
(solid) compared to the propagation in plasma (blue markers), where self-focusing dynamics leads to an earlier focus.
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