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Laser-pulse and electron-bunch plasma wakefield accelerator
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Propagation distances of intense laser pulses and high-charge electron beams through the plasma are,
respectively, limited by diffraction and self-deceleration. This imposes severe constraints on the
performance of the two major advanced accelerator concepts: laser and plasma wakefield accelerators.
Using numerical simulations, we demonstrate that when the two beams copropagate in the plasma, they can
interact synergistically and extend each other’s travel distances. The key interactions responsible for the
synergy are found to be laser channeling by the electron bunch, and direct laser acceleration of the bunch
electrons by the laser pulse. Remarkably, the amount of energy transferred from the laser pulse to the
plasma can be increased by several times by the guiding electron bunch despite its small energy content.
Implications of such synergistic interactions for the high-gradient acceleration of externally injected
witness charges are discussed, and a new concept of a laser-pulse and electron-bunch plasma accelerator is

formulated.
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I. INTRODUCTION

Plasma-based accelerators represent one of the most
exciting concepts in high-gradient particle acceleration.
Plasmas can sustain high accelerating gradients on the
order of tens to hundreds of GV/m, thereby enabling
compact particle accelerators that are much smaller than the
present-day conventional accelerators. The two major
approaches to plasma-based acceleration are defined by
the way plasma waves are excited: either by relativistic
electron bunches for a plasma wakefield accelerator
(PWFA) [1], or by ultraintense laser pulses for a laser
wakefield accelerator (LWFA) [2—4]. Recent advances in
laser technologies further contributed to the remarkable
successes of the LWFA scheme: generations of low-emit-
tance multi-GeV electron beams have been produced using
petawatt-scale laser systems around the world [5-9]. In
addition to their potential role in developing TeV-scale linear
lepton colliders [10], LWFAs will likely contribute to a wide
range of applications, such as compact x-ray radiation
sources [11-13] and novel sources of other energetic
particles: ions [14], neutrons [15], and positrons [16—19].

LWFA and PWFA concepts have their unique advantages
and limitations. Those are determined by the two factors
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limiting the single-stage energy gain of the accelerated
electrons: (i) the accelerating gradient £, which scales with
the plasma density n, according to E| o n(l)/ ?, where the
proportionality coefficient is determined by the strength of
the driver, and (ii) the acceleration distance L,.., which is
subject to very different constraints for the LWFA and PWFA
concepts. If the strength of either driver is sufficiently high to
expel plasma from its path, then the accelerating gradient can

be estimated as E| ~ /ny/10'® cm™ [GV/cm].

On the other hand, comparing L,.. for the two drivers is
less straightforward. For a LWFA, L, is the smallest among

the propagation distance Lif‘rffg and the dephasing distance
L;xn 3/2 [20-22] between the accelerated electrons and

plasma wave. Therefore, assuming that laser diffraction and
depletion can be overcome (i.e., Lg‘rs(f; > L,), it is advanta-
geous to decrease the plasma density in order to maximize the
energy gain AW = E|L; < ng . Lower plasma densities
ny ~ 107cm™ employed in recent experiments [9] are
almost 2 orders of magnitude less dense than in some of
the earlier work [23]. However, reducing the plasma density
presents challenges to maintaining laser guiding over such
long distances (tens of centimeters) without diffraction.
While plasma “bubbles” produced by the ponderomotive
pressure of an intense laser pulse can be used to overcome
diffraction using the phenomenon of relativistic self-guiding,
the latter requires that the laser power P significantly exceeds
the critical power in the plasma, P.; = 17(wy/w,)* GW

[3], where wy and w,, = +/ 4re’n/m are the laser frequency
and plasma frequencies, —e and m are the electron charge and
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mass, respectively. For example, P > 20P_;, was found to be
optimal for ng ~ 10'7cm™ [22,24]. In order to achieve the
energy gain of AW ~ 10 GeV for such tenuous plasmas,
P; ~3 PW is required for a Ay =2znc/wy =1 um laser
pulse. For the optimal laser pulse duration 7, ~4,/2c
(where 1, =2nc/w, is the plasma wavelength and ¢ is
the speed of light), the total laser energy U'" scales as

U™ o 13 o ng 3/2 with plasma density. This presents an
additional challenge for tenuous plasmas, as the pulse energy
must be increased to tens of joules. Even though preformed
plasma channels can improve laser guiding [7,9], their
advantage is manifested during the final segments of laser
propagation, i.e., after the laser pulse is too depleted to
produce its own plasma bubble. Moreover, uncertainties
associated with the hydrodynamic process of plasma expan-
sion on a nanosecond scale would make the plasma channel
less predictable. The nonuniform density of the plasma ions
produced, for example, by a preceding “heater” pulse
[25-27] produces a nonlinear focusing force, and can be
deleterious to the emittance of the accelerated electrons.

In contrast, the propagation distance L';}’c‘}[fh of an electron
bunch driver with density n;, > n, is not limited by
transverse beam spreading because it experiences linear
ion focusing inside the self-generated plasma bubble. The
bunch charge ¢ required for generating a fully evacuated
bubble can be estimated as ¢ = 4reQc’ny /w3, where Q> 1
is the normalized bunch charge [28,29]. For example, for
ng = 10" em™ (¢/w, ~ 16.8 ym)and Q = 1, the required
electron charge is ¢ = 0.95 nC. Assuming that the energy of
a bunch electron is y,mc?> = 0.5 GeV, the total energy of
such a bunch is a very modest U™ = (g/e)y,mc’*~
0.475 J. Therefore, it may appear that the plasma density
scaling of the bunch charge required to drive a strong plasma
wave is more favorable for low-density regimes than the

scaling of the corresponding laser pulse energy: ¢®"!

ny 2 versus U'ser n, 3/2 Nevertheless, the inherent limi-
tation of a PWFA scheme is that the transformer ratio of a
high-current driver bunch is severely limited by the
extremely strong self-generated decelerating electric field,
which is typically on the same order as the peak accelerating
field inside the bubble. According to the transformer ratio
theorem [30], the maximum energy gain of an accelerated
(witness) electron beam is limited to AWpwga = 2y,mc>.
Thus, it would be highly advantageous to find a way of
combining the LWFA and PWFA approaches to benefit
from their respective advantages: long propagation distance
Lz of a laser pulse and a small energy content U™ of
an electron driver bunch. The synergy between the two
schemes could be realized if (i) some of the large energy
content U™ of the laser pulse could be expended to
extend the relative short propagation distance ngggh, and
(ii) the self-guided electron bunch could be used to further
extend the laser propagation length. In the following, we
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=

FIG. 1. Schematic of a laser-pulse and electron-bunch plasma
accelerator (LEPA): the bunch guides the laser pulse, and the
laser pulse extends the propagation distance of the bunch via
direct laser acceleration.

show that objective (i) can be accomplished using the
recently discovered phenomenon of direct laser acceler-
ation (DLA) in a decelerating plasma wakefield [31], and
objective (ii) can be accomplished via beam channeling of
laser pulses by high-current electron bunches [32].

The schematic of the combined laser-pulse and electron-
bunch plasma accelerator (LEPA) is shown in Fig. 1. The
laser pulse and the electron driver bunch in LEPA are
temporally overlapped and are traveling in the same
direction. The electron bunch creates a deep plasma bubble
using just a fraction of the laser energy (UP'h « y'aser),
guides the laser pulse propagation, and mitigates its
diffraction. The condition for channeling a laser pulse by
an electron bunch has been estimated as [ > 1,/4, where I
is the bunch current and 1, = mc?/e ~ 17 KA is the Alfvén
current. Assuming that the bunch duration ™" ~ ze7!
and I = ¢/7™"", we find that the channeling condition is
simplified to Q > 1. Note that the same condition must be
satisfied to produce a fully evacuated plasma bubble.

At the same time, relativistic electrons of the bunch
traveling inside the plasma bubble gain energy from the
laser through the DLLA mechanism [33-37], thereby over-
coming deceleration by the self-generated plasma wake-
field [31]. Ideally, driver electrons can gain energy from the
laser at twice the rate of their energy loss to the wakefield
[31]: dy/dt~ ayw,, where aj = eE|/mwyc <1 is the
normalized longitudinal wakefield. According to a sim-
plified theoretical estimate [31], the driver bunch electrons
can gain energy up to ¥y & (@, /@g)?(ag/a;)*/130 from
a laser pulse with a normalized vector potential
ay = eEy/mwyc, where E; is the amplitude of the laser
electric field. Assuming the wakefield equals to the cold
plasma wave-breaking limit, i.e., a| = aI‘IVB =w,/w0), we
estimate that the driver bunch electrons can gain up to
several GeVs of energy in a tenuous plasma with
ny = 1017 cm™3. Therefore, the propagation distance of
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the electron driver bunch can be indeed extended by the
laser pulse.

II. LEPA PARAMETERS, MODELING, AND KEY
CONCLUSIONS

A. Parameters selection

While the parameter space for the driver bunch and the
laser pulse is very wide, we will concentrate on exploring
multi-GeV acceleration using sub-PW laser pulses with 4, =
0.8 um and sub-GeV driver bunches. Multi-GeV acceler-
ation requires tenuous plasma. Therefore, we chose ny, =
4x10'7 em™  corresponding to c¢/w,~8.4 ym and
P~ 75 TW. To ensure self-focusing, the laser power is
chosen to be P = 380 TW. Further, the Gaussian spot size
and duration are chosen to be w =29 um and Tpwpy =
68 fs, respectively. These laser parameters correspond to the
normalized vector potential ay = 3.7.

The charge O, = 1.25 nC of a Gaussian electron driver
bunch was chosen to correspond to the normalized charge
Q ~ 2.6 [29] to produce a fully formed plasma bubble with
a > al‘fVB. The transverse size w, = 8.4 um and duration

7, = 56 fs of the bunch were chosen to approximately
match w, ~c/w, and 7, ~2w;', resulting in the peak
current /;,, = 22.3 kA: sufficient to channel the laser pulse
because I, > I, [32]. Driver electrons started with the
initial energy y,mc?> = 0.65 GeV and the energy spread of
0.5 MeV. Therefore, the total energy of the electron bunch
is UMM ~ 0.8 J, i.e., just 3% of the laser pulse energy
U'ser 27 J.

B. Computational approach

Simulating centimeters-long propagation of both laser
pulse and driver bunch using conventional particle-in-cell
(PIC) codes presents a unique computational challenge
because of the high temporal resolution requirements
imposed by the DLA mechanism and because of the
equally high spatial resolution requirements imposed by
the Courant stability condition. In order to capture the laser-
electron interactions with sufficient accuracy, a longitudinal
spatial step Az and time step cAr close to 4; /50 ~ 4; /100
are needed [38,39]. Therefore, we have selected to carry out
fully three-dimensional quasistatic particle-in-cell (QPIC)
simulations using an in-house developed code WAND-PIC
[40]. WAND-PIC uses a quasistatic approach [29,41-44] to
model the motion of the bubble-forming plasma particles
and of the laser pulse envelope (amplitude and phase). This
approach reduces the dimensionality of the simulation by
one. It also reduces the required longitudinal resolution
(¢ = z—ct) in the moving reference frame to 6 ~ c/w,
scale. Although the longitudinal resolution has been
reduced, the nonlinearity of the wakefield, especially in
the back of the bubble, is captured by using adaptive grid
size in & direction, i.e., the step size &£ is adjusted at every

step based on the fastest longitudinal velocity of the plasma
particles. On the other hand, full equations of motion are
used to model the interaction between driver electrons and
the high-frequency laser fields. The code accurately models
resonant interactions between the bunch electrons execut-
ing betatron undulations and the laser pulse using the
subcycling method (see the comparison of WAND-PIC and a
full-PIC code in [39]). Such interactions are at the heart of
the DLA, and their extreme sensitivity to the phase velocity
of the laser field necessitates high temporal resolution.

C. Acceleration stages of LEPA

The key results of our simulations are shown in Fig. 2.
The top row shows the color-coded electron density of the
plasma at the propagation distances z =0, 12, 28, and
62 mm. The plasma bubble is clearly defined. The witness
electron bunch is placed near the back of the bubble, where
the accelerating field E| = E, [see Figs. 2(e)-2(h), blue-
dotted line] is large. The longitudinal (&, Ay) phase spaces
of the driver (dark-green dots) and witness (red dots)
electrons are presented in Figs. 2(e)-2(h), where Ay is
the change of the relativistic Lorentz factor and & = z — ct
is the longitudinal position in the moving frame. In this
specific simulation, the initial energy of the witness beam is
taken to be y,,mc? = 50 MeV. This particular choice is
unimportant because future TeV-scale plasma-based accel-
erators will be segmented into at least a hundred
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FIG. 2. Evolution of plasma bubble (top row) and the phase
space of the witness (red dots) and driver bunch (color map)
electrons (bottom row). (a)—(d) The x — z cross section of the
plasma bubble at propagation distances 7y = 0 mm,
71 =12 mm, z, =28 mm, and z3 =62 mm, respectively.
Yellow lines: laser intensity contours; red dots: witness electrons.
(e)—(h) Longitudinal phase space (¢ = z — ct, Ay) of the witness
and driver bunch electrons, color maps represent the densities of
driver electrons in the phase space. Blue dashed lines: longi-
tudinal wakefield E,. Witness beam parameters: s, X s, X 5, =
4 ym x 4 ym x 2 ym. Beam loading by the witness bunch is
neglected in this simulation. Laser-plasma parameters: laser
wavelength 4, = 0.8 ym, normalized laser potential ay = 3.7,
spot size w =29 um, pulse duration zpwy = 68 fs, plasma
density n, = 4 x 107 cm™. Bunch parameters: charge Q, =
1.25 nC, transverse size w;, = 8.4 ym, duration 7, = 56 fs, and
energy y,mc’> = 0.65 GeV.
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independently driven segments (stages). The initial energy
¥,wmc? will depend on the segment number. Therefore, for
all but the first acceleration segment, the following relation-
ship between the energies of the driver and witness beams
will be assumed: y,, > y,,. Therefore, we will be concen-
trating on the energy gain (Ay) of the witness beam, not on
its absolute energy.

Below we introduce the three conceptual stages of LEPA
that are differentiated from each other by the importance of
the DLA for the driver bunch propagation, as well as the
role played by the driver bunch in channeling the laser
pulse and generating the plasma bubble. The first stage
starts immediately at z = 0. During this stage, the plasma
bubble is produced mainly by the driver bunch, and its size
is somewhat larger than that of the bubble produced by the
laser pulse alone. Therefore, a higher accelerating gradient is
generated in the back (accelerating) portion of the bubble.
The first stage of LEPA (from z5 = 0 mmto z; = 12 mm for
this specific example) is characterized by highly efficient
DLA: almost 50% of the electrons from the driver bunch
experience significant DLA. For example, we observe from
Fig. 2(f) that some of the driver bunch electrons in the front
portion of the bubble [(z—cr) > 10k,'] have gained
~500 MeV of energy. The bunch-averaged DLA gain for
all driver electrons is ~200 MeV. Owing to the DLA,
electrons stay in the decelerating (front) portion of the bubble
for a much longer time than they would have stayed without
the laser pulse. In fact, in the absence of the DLA, the driver
bunch would have lost most of its energy after less than
z~ 10 mm of propagation through the plasma due to rapid
self-deceleration by its own wakefield. The physics under-
lying the extended bunch propagation during stage 1 of
LEPA is described in detail in Sec. III.

The second stage of LEPA (from z = z; to z, = 28 mm
for this specific example) is characterized by the bunch
electrons getting out of resonance with the laser pulse. The
physics of falling out of resonance has been described
elsewhere [31], and will not be described here. During
stage 2, driver electrons either get decelerated by the
wakefield and slip back into the back portion of the bubble,
or move out of the bubble entirely because of the increased
amplitude of their betatron oscillations [31]. As shown in
Figs. 2(c) and 2(g), the majority of driver bunch electrons
have already slipped back into the decelerating portion of
the wake at z = z,. This has two effects, both of which are
deleterious to the acceleration of a witness beam. First, the
plasma bubble becomes smaller because it is primarily
driven by the laser pulse. Second, the wake is actually
depleted via the beam-loading effect produced by the driver
bunch in the back portion of the plasma bubble.

The third stage of LEPA, during which the laser pulse
continues to propagating in a self-guided regime until its
complete depletion, takes place from z = z, to z3 = 62 mm:
see Figs. 2(d) and 2(h). The witness beam experiences
the highest average acceleration gradient of the order

E| =90 GV/m during the first two stages (z9 < z < z,)
because the driver bunch enhances the bubble created by the
laser pulse. On the other hand, a smaller average acceleration
gradient of approximately Ej ~ 58 GV/m is experienced
by the witness beam during the third stage of LEPA
(zp < z < z3). Overall, the witness beam gains Wigpp ~
4.5 GeV of energy in total over a distance of Ljgpy =
73 & 62 mm.

D. Evidence of synergy between
electron bunch and laser pulse

Understanding whether the above energy gain of Wy gpa
is sufficient for justifying the hypothesis of synergy
between the bunch-guided laser pulse and laser-accelerated
bunch requires a quantitative comparison between energy
gains by a witness bunch when identical laser pulse and
electron driver are used separately. For example, one can
envision two sequential plasma accelerator stages: a LWFA
driven by a laser pulse alone, followed by a PWFA driven
by an electron bunch; the laser, beam, and plasma para-
meters for both stages are listed in Sec. I A. The results of
these simulations are listed in Table 1.

In the case of the same plasma density for LWFA and
PWFA listed in Sec. IT A, and a low-charge accelerated
witness beam, the results are listed in the first three
columns, top row of Table I. Laser-beam synergy is
confirmed by observing that Wigps > Wiwra + Wpwra
in the case when the depletion (also known as loading) of
the plasma wake by the witness bunch can be neglected.
This result is quite remarkable given that the driver bunch
can significantly deplete the plasma wake after most of its
electrons slip into the back (accelerating) portion of the
plasma bubble. The synergy between the driver bunch and
the laser pulse is even more pronounced in the case of a
moderately charged witness beam with a total charge of
g = 0.18 nC (bottom row of Table I): the energy gain in a
LEPA scheme exceeds the sum of energy gains in sequen-
tial LWFA and PWFA schemes by over 60% while
producing smaller energy spreads.

We note that while Wpwg, is limited by the transformer
ratio, it is possible to increase the energy gain of a LWFA
by keeping U™ the same while reducing the pulse
duration and increasing the plasma density in the LWFA

TABLE 1. Energy gain W and emittance for different accel-
eration scheme.

Scheme LEPA PWFA LWFA LWFA-OPT

Gain (GeV)° 45 1.3 2.4 3.0
Gain (GeV)® 3.64+025 1.0+025 12+04 15407
Emittance™® 1.7x 1073 1.7x 1073 1.0x 10~ 0.5 x 103

*Laser only with optimal parameters.
"No beam loading.

‘Beam loading = 0.18 nC.

Unit = mm mrad.
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stage (see Sec. IV for details). The values of thus optimized
Wiwra Without (with) witness beam loading are listed in top
(bottom) rows, the fourth column of Table I. Such optimi-
zation of the LWFA stage does not change our conclusion:
the synergy between the driver beam and the laser pulse
enables an overall increase of the energy gained by the
witness bunch: Wygpy > Wy wga + Wpwra With and with-
out beam loading. The key to understanding such synergy
lies in analyzing the physics responsible for the extension of
the laser-bunch propagation in LEPA described in the
following Sec. I1I. Specifically, we demonstrate the extension
(1) of the driver beam propagation by the DLA mechanism
(see Sec. Il A), and (ii) of the laser pulse propagation by the
bunch channeling (see Sec. III B) during stage 1 of LEPA.
Further details of the comparison between LEPA, LWFA,
and PWFA scheme are presented in Sec. I'V.

III. PHYSICS OF THE SYNERGISTIC LASER-
BUNCH PROPAGATION

Assuming that the electrons in the driver bunch start out

with the initial longitudinal momentum p, = /77 — lmec,
and that the average decelerating wakefield across the whole
bunch is E |» We can estimate the maximum distance Lge.
traveled by a typical electron without any additional energy
input from the laser: Lg. ~ y,mc*/eE|. For the example
illustrated by Fig. 2 (see caption for laser, plasma, and electron
bunch parameters), we estimate that Lg.. & 10 mm. A very
similar estimate is obtained by assuming that the decelerating
wakefield is of the same order as the cold plasma wave-
breaking field Ewg=mcw,/ex+/ng/10%cm™ [GV /cm].

These estimates have been validated with a bunch-only
(i.e., PWFA: no laser pulse) WAND-PIC simulation. The
results are presented in Fig. 3. Because of the short duration
of the bunch, 7, ~ 20);1, all driver electrons are decelerated
after a short propagation distance of z = z;, as evident from
Fig. 3(a). Further deceleration and spreading of the driver
bunch results in a continuous decrease of the accelerating
gradient shown as a dashed line in Fig. 3(c) corresponding
to z = 20 mm propagation distance. This is accompanied
by even further reduction of the bubble size as shown in
Fig. 3(d). Clearly, the driver bunch no longer supports a
robust bubble structure at z = 20 mm. Additionally, the
bubble size reduction in a PWFA adversely affects the
acceleration of a witness beam placed in the back of
the original (z = 0) plasma bubble. In agreement with
the transformer ratio limit, the maximum energy gain of the
witness beam is AWpgwa = 27,mc? ~ 1.3 GeV (assuming
infinitesimal witness charge).

The comparison between Figs. 3(a) and 2(f) demon-
strates that for the same propagation distance z = z;, all of
the driver electrons in the bunch-only case are decelerated
while many of the driver bunch electrons at the front and
rear of the bubble are actually accelerated in LEPA.
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FIG. 3. Simulation of the driver bunch dynamics in a PWFA at

(a), (b) z = z; = 12 mm and (c), (d) z = 20 mm. (a), (c) Longi-
tudinal phase space (k,&,) of the driver bunch electrons (dark
green dots) and wakefield £ = E (blue dashed line), color maps
represent the densities of driver electrons in the phase space. (b),
(d) Plasma density profile and the plasma bubble generated by the
driver bunch. Electron bunch and plasma parameters: same
as in Fig. 2.

Crucially, those electrons in the front (decelerating) portion
of the bubble are accelerated by the DLA mechanism.
Maintaining electrons in the front of the bubble is crucial
for maintaining the size and the accelerating field of the
bubble: both are larger in the LEPA scenario [see Fig. 2(b)]
than in the standard PWFA [see Fig. 3(b)] scenario. Next,
we investigate the role of DLA in extending the propaga-
tion distance of the driver bunch.

A. Synergy of LEPA: DLA-extended
electron bunch propagation

The DLA mechanism can counter the decelerating field
and, in fact, accelerate bunch electrons at a rate of
dy/dt = eE| /mc?. The maximum energy achieved by
the electron while in resonance with the laser field has
been estimated as €, & mc? (o, /w)*(Eqg/E)*/130 [31].
The approximate equation for betatron resonance of a laser
pulse with an electron with the energy €. = yesc?
undergoing a transverse undulation with the betatron
frequency wy ~ ®,/+/2y.s and time-averaged transverse
momentum p is given by [36]

1+ p/m?c? 1 )
2 tes 21/’

op(re) = o0 (1)

where the relationship between the laser wave number k
and frequency @y is expressed as wf = c*kg(1 +y).
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A typical driver electron with a large initial momentum
Y, > Vs undergoes the following sequence of energy
exchanges with the wake and the laser field. Initially, most
electrons are decelerated by the wakefield to the energy
comparable to €., because of the resonance condition given
by Eq. (1) is not initially satisfied. Such deceleration takes
place during the 0 < z < zg4 interval, where 74, & 8§ mm.
Note that z4.. < Ly, because the bunch is decelerated by
the combined wakefield: its own, and that of the laser pulse.

Next, most of the driver bunch electrons become resonant
with the laser field and start gaining energy from the DLA
process. As can be observed in Fig. 2(f), at least half of the
electrons regain most of their energy from the DLLA process
and stay in the front portion of the plasma bubble. Finally, as
resonant electrons gain significant transverse and total
energy, the resonant condition is no longer satisfied. The
total distance that traveled by a typical resonant electron
before detuning away from the DLA resonance can be
estimated as Lpja & Zgec + mc> (a)p/a)o)zEé‘)/(BOeEﬁ).
Assuming that eE |/mw,c ~1 [22,45]), the propagation
distance of the DLA-assisted driver is longer than the self-
stopping distance by the following factor: Lpya/Lgec®
1+ (me/yy)(wo/w,)?a$/130. For the parameters listed
in the caption of Fig. 2, we find that Lpja = 2.7L ye-
Therefore, we estimate that Lp; o &~ 21.6 mm. This distance
is in good agreement with the value of z, observed in
Fig. 2(g).

To further clarify the role of DLA in extending driver
bunch propagation in LEPA, it is instructive to separately
calculate the work done by the laser and by the wakefield
on a given jth electron: W)(Cj ) and ng ), respectively.
The dimensionless total energy of each electron, yl/) =

vo + (WY + W) /me2, is color coded in the (W,, W,)
space and plotted in Fig. 4(a) for all driver bunch electrons at
the propagation distance z = z; through the plasma.
Figure 4(a) is convenient for classifying the electron
population into two distinct resonant (“DLA”) and non-
resonant (“non-DLA”) subpopulations. For convenience,

we classify those with WY > 200mc? as DLA electrons
(approximately 50% of all driver electrons), and the
remaining as non-DLA electrons (the superscript j is
dropped hereafter).

As we see from Fig. 4(a), the DLA subpopulation
electrons have gained energy up to W, = 3,000mc?
directly from the electric field of the laser; the average
DLA energy gain for those electrons is (W,) ~ 860mc?.
We further observe from Fig. 4(a) that those DLA electrons
which gained more energy from the laser field also lost
more energy to wakefield, i.e., W, and W, are anticorre-
lated. This implies that the electrons with the largest W,
stayed in the decelerating (front) region of the bubble for a
longer time. Therefore, resonant DLA extended their
propagation distance in the front portion of the bubble
and potentially contributed to enhancing the wakefield
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FIG. 4. Electron bunch interaction with the laser and wakefield,
and the dynamics of two representative resonant and nonresonant
electrons. (a) Work done by the laser (W, ) and wakefield (W) on
all electrons of the driver bunch color coded by their final
relativistic factor y. (b) Trajectories of the resonant (black line)
and nonresonant (blue line) electrons in the plasma bubble.
(c) Longitudinal phase space (£,7) of the bunch electrons, color
map represents the density of driver electrons in the phase space.
(d), (e) Time evolution of the laser work W, (red), y (blue), and
wakefield work W, (black) of a resonant (d) and a nonresonant
(e) electrons. Resonant and nonresonant electrons are, respec-
tively, marked by a black star and blue circle in (a), (c), (d), and
(e). Propagation distance in (a) and (c): z = 12 mm.

strength and the size of the plasma bubble. On the other
hand, the non-DLA electrons exhibit much smaller (yet still
negative) energy exchange with the wakefield. This implies
that they have rapidly slipped to the back of the bubble,
where their positive energy gain from the wake partially
offset their initial energy loss to the wake.

To further investigate the difference between DLA and
non-DLA subpopulations, it is helpful to select one
representative DLA (black star) and one non-DLA (blue
circle) electron marked in Fig. 4(a). The trajectories of the
DLA and non-DLA electrons (black and blue lines,
respectively) inside the plasma bubble are plotted in
Fig. 4(b). Although the non-DLA electron starts its motion
at the head of the driver bunch, where the decelerating field
is smaller, it stays in the decelerating field for a much
shorter time compared to the DLA electron. For example, at
z = z; the non-DLA electron has already slipped to the
back of the bubble, whereas the DLA electron remains in
the decelerating field. The energies and longitudinal posi-
tions of these two electrons inside are shown in Fig. 4(c) as
a blue circle and a black star.

The evolution of W,.(z), W,(z), and y(z) for the
representative DLA electron is plotted in Fig. 4(d) as a
function of the propagation distance. From z = 0 mm to
7 =z, the DLA electron gains W, = 1.0 GeV from the
laser pulse and loses W, = —1.05 GeV to the wakefield.
Note that the gain W, > 0 only starts at z = 7.0 mm
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illustrating that this electron indeed gains energy from the
laser at nearly twice the rate of its loss. Its further trajectory
illustrates a rather typical fate of a DLA electron: it keeps
propagating in the decelerating field of the bubble up to
z =26 mm, and then leaves the bubble. In contrast, its
non-DLA counterpart in Fig. 4(e) stays in the decelerating
field of the bubble for up to z = 7.5 mm. This comparison
indicates that the propagation distance of the DLA electron
got in the leading portion of the plasma bubble is extended
by Az =18 mm, in a good agreement with the earlier
provided estimate. Having demonstrated that the DLA
mechanism extends the electron bunch propagation, we
now demonstrate how the presence of the electron bunch
extends the propagation of the laser pulse itself.

B. Synergy of LEPA: Laser pulse guiding
by the driver bunch

As the driver bunch gains energy and increases its
propagation distance due to its DLA interaction with the
laser pulse, it concurrently extends the propagation distance
of the laser pulse. Specifically, during the first and second
stages of LEPA, the bunch can sustain a deeper plasma
channel that channels the laser pulse and mitigates laser
diffraction [32]. The channeling effect takes place in
addition to the enlargement of the laser-produced plasma
bubble by the bunch, and of the corresponding accelerating
field at the back of the bubble.

To illustrate the channeling effect, we have compared
laser propagation through the plasma with (LEPA) and
without (LWFA) the driver bunch. The results are presented
in Fig. 5. By comparing Figs. 5(a) and 5(b), we observe that
the spot size of the bunch-guided laser pulse in the LEPA
scenario is considerably smaller than that of the self-guided
laser pulse in the standard LWFA scheme. The diffraction
of the laser pulse in the LWFA scheme results in a
significant drop (by almost a factor 2) of its peak on-axis
normalized vector potential ay. This should be contrasted
with almost constant a, in the LEPA configuration, as
shown in Fig. 5(c). In fact, the laser has essentially
diffracted by the time it propagated z = 40 mm into the
plasma, and the peak a, drops below unity. In contrast, the
laser pulse propagates up to z = z3 & 62 mm in LEPA.

Relatively rapid diffraction of the self-guided laser owes
to its moderate power: P/P; ~ 5. Therefore, the maxi-
mum energy gain of a low-charge witness beam is only
Wiwga = 2.4 GeV. On the other hand, the laser pulse in
LEPA is channeled by the bunch, thereby gaining an
additional Az = 24 mm of propagation while maintaining
a much higher intensity [see Fig. 5(c) for comparison].
Crucially for the efficiency of a LWFA, the self-guided
laser pulse diffracts before it loses just 7y wra =~ 20% of its
total energy. This happens because a shallow plasma
bubble created by a transversely spread laser pulse is a
poor absorber of the laser energy [41]. On the other hand,
the bunch-driven laser pulse transfers #7; gps & 70% of its
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FIG. 5. Comparison between LWFA and LEPA scenarios.

Plasma bubble driven by laser pulse without (a) and with
(b) the driver bunch, both at z = 20 mm. Yellow lines: laser
intensity isocontours. (c), (d) Evolution of the peak vector
potential ag (c) and the total energy (d) of the laser pulse for
the LWFA (blue) and LEPA (red) scenarios.

energy to the plasma, thereby creating a larger accelerating
gradient and providing a larger energy gain of AWgpa &
4.5 GeV to a low-charge witness beam.

Figure 5(d) presents the comparison between laser
energy absorption by the plasma in the LWFA (blue line)
and LEPA (red line) schemes as a function of the propa-
gation distance. The higher depletion of the laser pulse in
the LEPA scheme explains the higher energy gain Wygp, in
comparison with the energy gain Wy wrs in a LWFA. Note
that the ratio Wy gpa/Wywra of the gained energies in the
LEPA and LWFA schemes is considerably smaller than the
ratio 7 gpa/Mwra Of the extracted laser energies. Plasma
wake depletion (“loading”) by the driver bunch electrons
that eventually slip into the accelerating portion of the
bubble account for this discrepancy.

IV. COMPARISON BETWEEN DIFFERENT
SCHEMES: BEAM LOADING AND
OPTIMIZATION

The results of our numerical simulations listed in Table I
show that the combination of a laser pulse and a driver bunch
result in considerably larger energy gain when compared to
the laser-only or bunch-only scenarios. Moreover, the energy
gain in LEPA is superadditive: Wi gpa > Wiwpa + Wpwra-
One part of the enhanced energy gain comes from the fact that
the channel created by the bunch enhances the focusing and
guiding of the laser pulse at the first stage of LEPA.
Surprisingly, this effect lasts even past the driver bunch
depletion. The reason is that the wave front of the laser pulse
is readjusted and flattened in the deep channel created by the
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bunch as can be observed by comparing Figs. 5(a) and 5(b).
Such a laser pulse profile is beneficial to transversely
confined propagation even after the guiding bunch slips
back from the front of the bubble. Another part of the
enhanced energy gain comes from the DLA effect which
extends the bunch propagation distance.

A. Plasma wake loading by a witness bunch

Because additional driver energy (~3% of the laser
energy) is expended in the LEPA scheme, it is instructive
to investigate how much additional energy can be imparted
to a witness beam with finite charge ¢. We have carried out
numerical simulations with WAND-PIC for all three accel-
eration schemes and included the beam loading of the wake
by the witness beam. Note that beam loading by the driver
bunch electrons that eventually slip to the back of the
bubble has been already accounted for in the simulations
presented in Figs. 2—4. Therefore, in what follows we drop
the direct reference to the witness beam when discussing
beam loading.

In the anticipation that a significant portion of the driver
bunch energy will be utilized to increase the energy content
of the witness bunch, we have selected the witness bunch
charge according to g = Q,(y,mc?/Wigpa). Gaussian
witness beam’s transverse and longitudinal sizes were
chosen to be w, = wy, = 4.2 ym and w, = 2.8 pm, respec-
tively. Note that the longitudinal density profile of a witness
bunch can be optimized to reduce the energy spread
[46,47]. Such optimization is beyond the scope of this
work and will be the subject of future research. Throughout
this paper, Gaussian density profiles are assumed for both
driver and witness bunches.

The results of the beam-loaded simulations are listed in the
second row of Table I. The average energy gain of the witness
bunch in the LEPA scheme is (Wygps) & 3.6 GeV, with a
+0.25 GeV energy spread due to beam loading. The
reduction from Wjgpy ~4.5 GeV is also due to beam
loading. The average energy gain in the PWFA is also
reduced: (Wpwra) = 1 GeV. The largest energy gain reduc-
tion is found in the LWFA case: (W wga) ~ 1.2 GeV, which
is only 50% of the W wga = 2.4 GeV energy gain in the
absence of beam loading. We also listed the transverse
emittance of the wittiness beam in the bottom row of
Table I. The witness beams in LEPA, PWFA, and PWFA
schemes have comparable emittance.

This observation reveals another advantage in combining
the laser pulse and an electron bunch in a LEPA: a steep
bubble created by the two is less susceptible to depletion by a
witness beam. On the other hand, the bubble created by the
laser alone in a LWFA at moderate power is relatively
shallow, and thus more susceptible to beam loading.
Overall, the witness beam gains AW=((Wygps)—
(Wiwpa))~2.4GeV more energy per electron in the
LEPA than in the LWFA scenario. Therefore, the excess
energy gain of the witness bunch is AU = gAW = 0.4 J.
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FIG. 6. Simulation of an optimized LWFA. (a) Plasma bubble at
the initial moment. (b) Plasma bubble near laser depletion.
(c) Evolution of the energies of witness beam when beam loading
is switched on and off. (d) The evolution of vector potential a,
black line, and laser energy, red line.

Remarkably, AU, is only a factor 2 smaller than
U eh ~ 0.8 J. This confirms our initial expectation of high
energy utilization of the driver bunch by the witness beam.
In comparing energy gains of the witness bunch in the
LEPA vis-a-vis LWFA and PWFA schemes, we have
assumed that the same plasma density ng=4 X
107 cm™ is used for all three schemes. In fact, it is
reasonable to ask if the same laser energy U'*" ~ 27 J can
be deployed more efficiently is a LWFA scheme by
shortening the pulse and increasing the plasma density.
Such an approach is based on increasing the ratio of the
peak laser power P (which increases inverse proportionally
to laser pulse duration zpwyy) to critical laser power P,
(which decreases proportionally to plasma density). A
higher P/P, ratio contributes to longer laser pulse propa-
gation length and overall efficiency of laser energy dep-
osition into the plasma. Therefore, we have identified a set
of “optimal” laser-plasma parameters that result in the
longest laser propagation and the largest energy gain of the
witness beam. We refer to this scheme as LWFA-OPT.
Specifically, the plasma density was increased to n{FT =
1.5 x 10" cm™ and the laser pulse duration was reduced
to 720k = 49 fs, thereby increasing the laser power to
P =533 TW = 27P, while preserving its total energy. The
normalized vector potential a, = 6 is chosen based on the
optimized matching conditions [22]. The laser duration is
chosen to have a comparable dephasing and depletion
lengths [22]. The results of the WAND-PIC simulation are
plotted in Fig. 6. As one can observe from Fig. 6(b), the laser
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pulse propagates up to z = 15 mm, at which point the
depletion of the pulse and the dephasing of the witness
beam were simultaneously achieved. Without the beam
loading, the maximum possible gain of a witness beam is
WOkEs ~3 GeV. For a realistic witness beam with a
moderate charge ¢ = 0.18 nC charge, the average energy
gain is reduced to (WOEL,) ~ 1.5 GeV, with the energy
spread of AW = £0.7 GeV. Therefore, the LEPA scheme
still enables larger energy gain ((Wygpa) > (WOEE

Dwra)
(Wpwea)) and smaller energy spread.

V. DISCUSSION AND CONCLUSIONS

LEPA appears to be a promising plasma-based accel-
eration scheme, and an effective way of producing multi-
GeV single-stage energy gain of a witness bunch using
moderate energy (U™ ~27 J) laser pulses and high-
charge (Q, = 1.25 nC) relativistic (y,mc?> = 650 MeV)
driver bunches. When comparing LEPA to the more
conventional plasma-based accelerator approaches, such
as LWFA and PWFA, we have discovered that the
propagation distances of both the electron bunch and the
laser pulse are extended as the result of a synergistic
interaction between the laser pulse and the bunch. LEPA is
found to be particularly promising in the regime of
significant depletion of the plasma wake by a moderately
charged (¢ = 180 pC) witness bunch, i.e., a 140% more
energy gain is achieved compared with the optimized
LWFA. Moreover, combining a driver bunch with the laser
pulse does not worsen the beam quality, in fact, the LEPA
can achieve less energy spread than LWFA and comparable
beam emittance when compared with both PWFA and
LWFA. The scheme does not require an external plasma
channel for laser guiding, however, good alignment of the
driver bunch and laser pulse is required to drive the bubble
steadily over centimeters. Further simulations indicate that
for the main LEPA simulation we showed in the paper, a
miss-alignment angle < 1073 is required. We can envision
using external linacs for providing driver bunches for each
acceleration stage. Using a low-quality electron bunch from
another laser-plasma accelerator would also be an option
for conducting early proof-of-principle experiments with-
out major investments in acceleration infrastructure.

While the driver bunch plays mostly an auxiliary role in
the LEPA approach, such as guiding the more energy-rich
laser pulse and increasing the size of the accelerating
plasma bubble, we speculate that the driver bunch does not
need to be totally “wasted” after each LEPA stage. As we
can clearly observe from Fig. 2(h), many of the driver
bunch electrons have gained significant energy from the
wake and from the laser via DLA. In our example, at
distance z =40 mm, a considerable charge of Q;~
0.84 nC achieves total energies above 1 GeV, and they
form a new bunch with transverse size =9 ym and
duration = 28 fs. Such a bunch can be reused for an

additional stage of a PWFA. Moreover, considerable trans-
verse energy is acquired by the driver bunch electrons
during its DLA. In our example, at least 55% (N = 4.3 x
10”) electrons acquire transverse momenta larger than
p1 = 10mc. These electrons can be used for x-ray or even
y-ray generation. Moreover, such radiation can be used as
the diagnostic of the individual acceleration stages
of LEPA.

Several factors are limiting the performance of the LEPA
scheme. One is the DLA performance: DLA in decelerating
wakefield increases the transverse momentum of the driver
electrons [31] and the DLA distance is limited by the
resonance condition which cannot be met by all electrons.
Not every driver electron can reach the maximum propa-
gation distance before exiting the bubble or the resonance.
This could be improved by careful engineering of the driver
electrons’ phase space. The second issue is the beam
loading by the driver electrons. Non-DLA and some of
the DLA electrons slip to the back of the bubble and reduce
the accelerating gradient. This naturally reduces the final
energy gain of the witness beam and introduces additional
challenges to limiting the energy spread of the witness
beam. We speculate that under some conditions such wake
depletion by the driver bunch can be reduced by utilizing
the bubble contraction. Overall, synergistic interactions
between copropagating electron bunches and laser pulses
open up new physical effects that are likely to be explored
for a variety of acceleration and radiation generation
applications.

ACKNOWLEDGMENTS

This work was supported by the DOE Grant No. DE-
SC0019431. The authors thank the Texas Advanced
Computing Center (TACC) at The University of Texas at
Austin for providing HPC resources.

[1] T. Katsouleas, Physical mechanisms in the plasma wake-
field accelerator, Phys. Rev. A 33, 2056 (1986).

[2] V. Malka, J. Faure, Y. A. Gauduel, E. Lefebvre, A. Rousse,
and K. T. Phuoc, Principles and applications of compact
laser-plasma accelerators, Nat. Phys. 4, 447 (2008).

[3] E. Esarey, C.B. Schroeder, and W. P. Leemans, Physics of
laser-driven plasma-based electron accelerators, Rev. Mod.
Phys. 81, 1229 (2009).

[4] S.M. Hooker, Developments in laser-driven plasma accel-
erators, Nat. Photonics 7, 775 (2013).

[5] K. Nakamura, B. Nagler, C. T6th, C. G. R. Geddes, C. B.
Schroeder, E. Esarey, and S.M. Hooker, GeV electron
beams from a centimeter-scale channel guided laser wake-
field accelerator, Phys. Plasmas 14, 056708 (2007).

[6] X. Wang et al., Quasimonoenergetic laser-plasma accel-
eration of electrons to 2 GeV, Nat. Commun. 4, 1988
(2013).

111304-9


https://doi.org/10.1103/PhysRevA.33.2056
https://doi.org/10.1038/nphys966
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1103/RevModPhys.81.1229
https://doi.org/10.1038/nphoton.2013.234
https://doi.org/10.1063/1.2718524
https://doi.org/10.1038/ncomms2988
https://doi.org/10.1038/ncomms2988

WANG, KHUDIK, and SHVETS

PHYS. REV. ACCEL. BEAMS 23, 111304 (2020)

(7]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

W. P. Leemans, A. J. Gonsalves, H.-S. Mao, K. Nakamura,
C. Benedetti, C. B. Schroeder, Cs. T6th, J. Daniels, D. E.
Mittelberger, S.S. Bulanov, J.-L. Vay, C.G.R. Geddes,
and E. Esarey, Multi-GeV Electron Beams from Capillary-
Discharge-Guided Subpetawatt Laser Pulses in the Self-
Trapping Regime, Phys. Rev. Lett. 113, 245002 (2014).

H.T. Kim, V. B. Pathak, K. H. Pae, A. Lifschitz, F. Sylla,
J. H. Shin, C. Hojbota, S. K. Lee, J. H. Sung, H. W. Lee, E.
Guillaume, C. Thaury, K. Nakajima, J. Vieira, L. O. Silva,
V. Malka, and C.H. Nam, Stable multi-GeV electron
accelerator driven by waveform-controlled PW laser
pulses, Sci. Rep. 7, 10203 (2017).

A.J. Gonsalves et al., Petawatt Laser Guiding and Electron
Beam Acceleration to 8 GeV in a Laser-Heated Capillary
Discharge Waveguide, Phys. Rev. Lett. 122, 084801
(2019).

C. B. Schroeder, E. Esarey, C. G. R. Geddes, C. Benedetti,
and W.P. Leemans, Physics considerations for laser-
plasma linear colliders, Phys. Rev. ST Accel. Beams 13,
101301 (2010).

H.-S. Park et al., High-energy KaKa radiography using
high-intensity, short-pulse lasers, Phys. Plasmas 13,
056309 (2006).

S. Kneip, S.R. Nagel, C. Bellei, N. Bourgeois, A.E.
Dangor, A. Gopal, R. Heathcote, S.P.D. Mangles, J.R.
Marques, A. Maksimchuk, P. M. Nilson, K. TaPhuoc, S.
Reed, M. Tzoufras, F. S. Tsung, L. Willingale, W. B. Mori,
A. Rousse, K. Krushelnick, and Z. Najmudin, Observation
of Synchrotron Radiation from Electrons Accelerated in a
Petawatt-Laser-Generated Plasma Cavity, Phys. Rev. Lett.
100, 105006 (2008).

D.J. Stark, T. Toncian, and A. V. Arefiev, Enhanced Multi-
MeV Photon Emission by a Laser-Driven Electron Beam in
a Self-Generated Magnetic Field, Phys. Rev. Lett. 116,
185003 (2016).

M. Schollmeier, A. B. Sefkow, M. Geissel, A. V. Arefiev,
K. A. Flippo, S. A. Gaillard, R. P. Johnson, M. W. Kimmel,
D.T. Offermann, P.K. Rambo, J. Schwarz, and T.
Shimada, Laser-to-hot-electron conversion limitations in
relativistic laser matter interactions due to multipicosecond
dynamics, Phys. Plasmas 22, 043116 (2015).

I. Pomerantz, E. McCary, A.R. Meadows, A. Arefiev,
A. C. Bernstein, C. Chester, J. Cortez, M. E. Donovan, G.
Dyer, E. W. Gaul, D. Hamilton, D. Kuk, A.C. Lestrade,
C. Wang, T. Ditmire, and B. M. Hegelich, Ultrashort
Pulsed Neutron Source, Phys. Rev. Lett. 113, 184801
(2014).

C. Gahn, G. D. Tsakiris, G. Pretzler, K. J. Witte, C. Delfin,
C.-G. Wahlstrom, and D. Habs, Generating positrons with
femtosecond-laser pulses, Appl. Phys. Lett. 77, 2662
(2000).

G. Sarri, W. Schumaker, A. Di Piazza, M. Vargas, B.
Dromey, M. E. Dieckmann, V. Chvykov, A. Maksimchuk,
V. Yanovsky, Z.H. He, B. X. Hou, J. A. Nees, A. G.R.
Thomas, C.H. Keitel, M. Zepf, and K. Krushelnick,
Tabletop Laser-Based Source of Femtosecond, Collimated,
Ultrarelativistic Positron Beams, Phys. Rev. Lett. 110,
255002 (2013).

T. Xu, B. Shena, J. Xub, S. Li, Y. Yu, J. Li, X. Lu, C. Wang,
X. Wang, X. Liang, Y. Leng, R. Li, and Z. Xu, Ultrashort

[19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

111304-10

megaelectronvolt positron beam generation based on laser-
accelerated electrons, Phys. Plasmas 23, 033109 (2016).
A. Alejo, G.M. Samarin, J. R. Warwick, and G. Sarri,
Laser-wakefield electron beams as drivers of high-quality
positron beams and inverse-Compton-scattered photon
beams, Front. Phys. 7, 49 (2019).

T. Tajima and J. M. Dawson, Laser Electron Accelerator,
Phys. Rev. Lett. 43, 267 (1979).

C. Joshi, W. B. Mori, T. Katsouleas, J. M. Dawson, J. M.
Kindel, and D. W. Forslund, Ultrahigh gradient particle
acceleration by intense laser-driven plasma density waves,
Nature (London) 311, 525 (1984).

W. Lu, M. Tzoufras, C. Joshi, F. S. Tsung, W. B. Mori, J.
Vieira, R. A. Fonseca, and L. O. Silva, Generating multi-
GeV electron bunches using single stage laser wakefield
acceleration in a 3D nonlinear regime, Phys. Rev. ST
Accel. Beams 10, 061301 (2007).

S.P.D. Mangles, C.D. Murphy, Z. Najmudin, A.G.R.
Thomas, J.L. Collier, A.E. Dangor, E.J. Divall, P.S.
Foster, J. G. Gallacher, C.J. Hooker, D. A. Jaroszynski,
A.J. Langley, W. B. Mori, P. A. Norreys, F. S. Tsung, R.
Viskup, B. R. Walton, and K. Krushelnick, Monoenergetic
beams of relativistic electrons from intense laser—plasma
interactions, Nature (London) 431, 535 (2004).

T.P. A. Ibbotson et al., Laser-wakefield acceleration of
electron beams in a low density plasma channel, Phys. Rev.
ST Accel. Beams 13, 031301 (2010).

C. G. Durfee III and H. M. Milchberg, Light Pipe for High
Intensity Laser Pulses, Phys. Rev. Lett. 71, 2409 (1993).
C. G. Durfee, J. Lynch, and H. M. Milchberg, Development
of a plasma waveguide for high-intensity laser pulses,
Phys. Rev. E 51, 2368 (1995).

S. P. Nikitin, I. Alexeev, J. Fan, and H. M. Milchberg, High
efficiency coupling and guiding of intense femtosecond
laser pulses in preformed plasma channels in an elongated
gas jet, AIP Conf. Proc. 472, 434 (1999).

G. Stupakov, B. Breizman, V. Khudik, and G. Shvets,
Wake excited in plasma by an ultrarelativistic pointlike
bunch, Phys. Rev. Accel. Beams 19, 101302 (2016).

T. Wang, V. Khudik, B. Breizman, and G. Shvets, Non-
linear plasma waves driven by short ultrarelativistic elec-
tron bunches, J. Plasma Phys. 24, 103117 (2017).

P. Chen, J.J. Su, J. M. Dawson, K. L. F. Bane, and P. B.
Wilson, Energy Transfer in the Plasma Wakefield Accel-
erator, Phys. Rev. Lett. 56, 1252 (1986).

V.N. Khudik, X. Zhang, T. Wang, and G. Shvets, Far-field
constant-gradient laser accelerator of electrons in an ion
channel, Phys. Plasmas 25, 083101 (2018).

G. Shvets and N. J. Fisch, Beam-channeled laser-wakefield
accelerator, Phys. Rev. E 55, 6297 (1997).

X. Zhang, V. N. Khudik, and G. Shvets, Synergistic Laser-
Wakefield and Direct-Laser Acceleration in the Plasma-
Bubble Regime, Phys. Rev. Lett. 114, 184801 (2015).
V.N. Khudik, A.V. Arefiev, X. Zhang, and G. Shvets,
Universal scalings for laser acceleration of electrons in ion
channels, Phys. Plasmas 23, 103108 (2016).

J. L. Shaw, N. Lemos, K. A. Marsh, F. S. Tsung, W. B. Mori,
and C. Joshi, Estimation of direct laser acceleration in laser
wakefield accelerators using particle-in-cell simulations,
Plasma Phys. Controlled Fusion 58, 034008 (2016).


https://doi.org/10.1103/PhysRevLett.113.245002
https://doi.org/10.1038/s41598-017-09267-1
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1103/PhysRevLett.122.084801
https://doi.org/10.1103/PhysRevSTAB.13.101301
https://doi.org/10.1103/PhysRevSTAB.13.101301
https://doi.org/10.1063/1.2178775
https://doi.org/10.1063/1.2178775
https://doi.org/10.1103/PhysRevLett.100.105006
https://doi.org/10.1103/PhysRevLett.100.105006
https://doi.org/10.1103/PhysRevLett.116.185003
https://doi.org/10.1103/PhysRevLett.116.185003
https://doi.org/10.1063/1.4918332
https://doi.org/10.1103/PhysRevLett.113.184801
https://doi.org/10.1103/PhysRevLett.113.184801
https://doi.org/10.1063/1.1319526
https://doi.org/10.1063/1.1319526
https://doi.org/10.1103/PhysRevLett.110.255002
https://doi.org/10.1103/PhysRevLett.110.255002
https://doi.org/10.1063/1.4943280
https://doi.org/10.3389/fphy.2019.00049
https://doi.org/10.1103/PhysRevLett.43.267
https://doi.org/10.1038/311525a0
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1103/PhysRevSTAB.10.061301
https://doi.org/10.1038/nature02939
https://doi.org/10.1103/PhysRevSTAB.13.031301
https://doi.org/10.1103/PhysRevSTAB.13.031301
https://doi.org/10.1103/PhysRevLett.71.2409
https://doi.org/10.1103/PhysRevE.51.2368
https://doi.org/10.1063/1.58910
https://doi.org/10.1103/PhysRevAccelBeams.19.101302
https://doi.org/10.1063/1.4999629
https://doi.org/10.1103/PhysRevLett.56.1252
https://doi.org/10.1063/1.5036967
https://doi.org/10.1103/PhysRevE.55.6297
https://doi.org/10.1103/PhysRevLett.114.184801
https://doi.org/10.1063/1.4964901
https://doi.org/10.1088/0741-3335/58/3/034008

LASER-PULSE AND ELECTRON-BUNCH PLASMA ...

PHYS. REV. ACCEL. BEAMS 23, 111304 (2020)

(36]

(371

(38]

[39]

[40]

[41]

X. Zhang, V.N. Khudik, A. Pukhov, and G. Shvets,
Laser wakefield and direct acceleration with ionization
injection, Plasma Phys. Controlled Fusion 58, 034001
(2016).

J. L. Shaw, F. S. Tsung, N. Vafaei-Najafabadi, K. A. Marsh,
N. Lemos, W. B. Mori, and C. Joshi, Role of direct laser
acceleration in energy gained by electrons in a laser
wakefield accelerator with ionization injection, Plasma
Phys. Controlled Fusion 56, 084006 (2014).

A.V. Arefiev, G.E. Cochran, D. W. Schumacher, A.P.
Robinson, and G. Chen, Temporal resolution criterion for
correctly simulating relativistic electron motion in a high-
intensity laser field, Phys. Plasmas 22, 013103 (2015).
T. Wang, V. Khudik, A. Arefiev, and G. Shvets, Direct laser
acceleration of electrons in the plasma bubble by tightly
focused laser pulses, Phys. Plasmas 26, 083101 (2019).
WAND-PIC Code Repository, https://github.com/tianhongg/
WAND-PIC.

P. Mora and T.M. Antonsen, Jr.,, Kinetic modeling of
intense, short laser pulses propagating in tenuous plasmas,
Phys. Plasmas 4, 217 (1997).

[42]

[43]

[44]

(45]

[46]

[47]

111304-11

K. V. Lotov, Fine wakefield structure in the blowout regime
of plasma wakefield accelerators, Phys. Rev. ST Accel.
Beams 6, 061301 (2003).

C. Huang, V. K. Decyk, M. Zhou, W. Lu, W. Mori, J. H.
Cooley, T. M. Antonsen, Jr., and B. Feng, QuickPIC: A
highly efficient fully parallelized PIC code for plasma-
based acceleration, J. Phys. Conf. Ser. 46, 190 (2006).
T. Mehrling, C. Benedetti, C. B. Schroeder, and J. Osterhoff,
HiPACE: A quasistatic particle-in-cell code, Plasma Phys.
Controlled Fusion 56, 084012 (2014).

I. Kostyukov, A. Pukhov, and S. Kiselev, Phenomenologi-
cal theory of laser-plasma interaction in “bubble” regime,
Phys. Plasmas 11, 5256 (2004).

M. Tzoufras, W. Lu, F. S. Tsung, C. Huang, W. B. Mori, T.
Katsouleas, J. Vieira, R. A. Fonseca, and L. O. Silva, Beam
Loading in the Nonlinear Regime of Plasma-Based Accel-
eration, Phys. Rev. Lett. 101, 145002 (2008).

M. Tzoufras, W. Lu, E. S. Tsung, C. Huang, W. B. Mori, T.
Katsouleas, J. Vieira, R. A. Fonseca, and L. O. Silva, Beam
loading by electrons in nonlinear plasma wakes, Phys.
Plasmas 16, 056705 (2009).


https://doi.org/10.1088/0741-3335/58/3/034001
https://doi.org/10.1088/0741-3335/58/3/034001
https://doi.org/10.1088/0741-3335/56/8/084006
https://doi.org/10.1088/0741-3335/56/8/084006
https://doi.org/10.1063/1.4905523
https://doi.org/10.1063/1.5110407
https://github.com/tianhongg/WAND-PIC
https://github.com/tianhongg/WAND-PIC
https://github.com/tianhongg/WAND-PIC
https://doi.org/10.1063/1.872134
https://doi.org/10.1103/PhysRevSTAB.6.061301
https://doi.org/10.1103/PhysRevSTAB.6.061301
https://doi.org/10.1088/1742-6596/46/1/026
https://doi.org/10.1088/0741-3335/56/8/084012
https://doi.org/10.1088/0741-3335/56/8/084012
https://doi.org/10.1063/1.1799371
https://doi.org/10.1103/PhysRevLett.101.145002
https://doi.org/10.1063/1.3118628
https://doi.org/10.1063/1.3118628

