PHYSICAL REVIEW RESEARCH 4, 1.042034 (2022)

Bragg scattering induced laser deflection and electron injection in x-ray laser driven wakefield
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Propagation of intense ultrashort x-ray laser pulse in a metal crystal and its effects on x-ray laser-driven
wakefield acceleration are theoretically and numerically investigated with particle-in-cell simulations, where
the bound electron effects are included. New features of laser pulse dissipation due to Bragg scattering have
been observed and analyzed. The beat wave generated by the drive laser and scattered laser results in plasma
density modulation and subsequent drive laser deflection. Continuous electron injection into the wakefields is
also found due to the beat wave. These new features of laser propagation, wake generation, and electron injection
provide effective controls on x-ray laser driven wakefield acceleration, where an acceleration gradient as high as

0.75 TV /cm is numerically demonstrated.
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Introduction. Laser wakefield acceleration (LWFA) has
achieved significant development since it has been proposed
by Tajima and Dawson [1]. An acceleration gradient of
GV /cm has been widely demonstrated [2-5]. Electrons have
been successfully accelerated to several GeV energies within
centimeter distance from the laser-driven wakefields [5-7].
However, due to the dephasing issue, to accelerate electrons to
TeV level energy [8,9] by ultrashort, ultraintense laser pulses
in the optical wavelength range available today, it needs an
acceleration length more than 100 m or staged acceleration
[10,11]. Although meter-scale plasma waveguides have been
achieved [12], it is still a challenge to make plasma waveg-
uides in ten-meter scale and mitigate laser energy depletion
due to wakefield excitation in a long propagation distance.
Besides, the low coupling efficiency between stages in current
staged acceleration is another limitation when hundreds of
stages are required for TeV acceleration.

Since the acceleration field scales as E,(V/m)~
96./np(cm=3) [13], much higher acceleration gradient is
expected by using high-density plasmas such as the solid
density (>10% cm™?) for which TV /cm acceleration gradient
is possible [14]. Recently, acceleration gradients of TV/cm
are confirmed in crystals [15], nanotubes [16], and dense
plasmas [17-19]. To make efficient wake excitation in the
high-density plasma, the duration of the drive pulse should
correspondingly be shorter. For typical solid density plasmas,
the ultrashort intense drive laser should have a central
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frequency in the x-ray range. In this case, the effects of
the internal crystal-like structure of solid targets would be
important. As the wavelength of the drive pulse is close to
the crystal constant, laser diffraction and scattering in the
crystal structure appear. The usual particle-in-cell (PIC) codes
neglect the effects of the unionized internal bound electrons.
As aresult, the laser diffraction by the bound electrons cannot
be properly simulated.

We have recently proposed a combined ion model in the
PIC code to model the bound electron effects [20] . In this
method, the macroparticle model for ions in the PIC code
is a two-body system containing a nucleus and a combined
bound electron. The motions of these two parts are determined
both by external electromagnetic fields and internal Coulomb
fields. Their contributions are also included in electric cur-
rents. In this way, the main response contributed by the dipole
component is reserved. Based on such a method, together
with the ions placed periodically, the x-ray diffraction effects
by the crystal structure can be self-consistently simulated in
the PIC codes in a comprehensive way. In this Letter, we
investigate the propagation of an intense x-ray pulse and x-
ray laser wakefield acceleration (XLWFA) of electrons in a
metal crystal. A few unique features are found, such as Bragg
scattering induced x-ray pulse deflection, electron injection
in wakefields, x-ray pulse polarization-dependent wakefield
excitation, etc.

Bragg scattering of an intense x-ray pulse. Figure 1(a)
shows typical characters of XLWFA. An x-ray laser pulse
is incident into a partially ionized crystal, where the ion-
ized electrons and the periodically distributed ions form the
plasma. When the strength of the x-ray laser pulse is relativis-
tic (i.e., the normalized vector potential ag = |eE /(m.woc)| =
1), a strong wakefield can be excited in the plasma, which is
known as LWFA. However, different from normal laser prop-
agation and wakefield excitation in plasma, when the drive
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FIG. 1. (a) Schematic of XLWFA in a crystal. The laser is con-
tinuously scattered along the angle « (i.e., two times of the Bragg
angle 0g). (b) The distribution of the longitudinal electric field along
the line of y = 0. (c) The filtered field E; of the Bragg scattered laser
along the center line.

laser wavelength is close to the crystal constant and the ions
in the lattice are partially ionized, they can coherently scatter
the laser, i.e., the Bragg scattering.

We use a typical XFEL laser as the drive laser and take
the gold as the target. The lattice constant is d = 0.26 nm
and the ion number density is np = 5.9 x 1022 cm™3. The
normalized vector potential ap of the x-ray laser is 3 and
the wavelength is the same as the lattice constant Ag = d =
0.26 nm. The corresponding laser electric field and photon
energy is 3.7 x 10'° V/m and 4.8 keV, respectively. Since
the wake excitation and acceleration are at a spatial scale
much larger than the crystal constant, it is not necessary to
precisely calculate each atom’s ionization. So in our study,
the combined electrons with the ionization energy below the
photon energy of the x-ray laser are directly ionized and set
free in the simulation. We set that each ion has an aver-
age ionization degree of Zy = 30 and carries Z, = 49 bound
electrons. The corresponding free-electron plasma density is
then n, = 30ny. The x-ray laser beam has Gaussian envelopes
in both longitudinal and transverse directions. To resonantly
excite strong wakefields, the pulse duration and focus width
are t; = A,/(2c) and w; = A,/2, respectively, where A, =

EoMe
nee?
3

2rc = 25 nm is the plasma wavelength. Such an x-ray

laser pulse contains 24 mJ energy. As a comparison, nowadays
FEL in LCLS (Linac Coherent Light Source) can operate with
typical parameters as photon energy ~keV, pulse duration
~10 fs, and pulse energy ~mlJ [21]. The size of the simulation
box is 4004 x 400A¢ &~ 100 nm x 100 nm and the grid num-
ber is 12000 x 12000. To show clearly the Bragg scattering
effect, in the current simulation, the x-ray laser propagates
along the x axis and the crystal axis is set to be at the angle of
0p = m /6. Thus the laser incidence angle with the crystal axis
satisfies Bragg’s law Ay = 2d sin 0g. The Bragg scattered laser
will be at the angle of « = 26g = 7 /3 and along k; direction,
as shown in Fig. 1(a).

Figure 1(b) shows the electric field along the line of y = 0.
It is a combination of the fields from the drive laser, the
scattered laser, and the wakefield. The burr structures on the
curve come from the localized fields around the ions. Such
structures have also been observed in previous studies [15].
Figure 1(c) shows the Bragg scattered laser field E, where
E; = E, for s-polarized drive laser case and E; = E, sina —
E, cos o for p-polarized laser case. Since the laser is scattered
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FIG. 2. (a) Normalized intensity of the laser pulse after 4 um
propagation. (b) Evolutions of the remained energy proportion of the
drive pulse and the maximum accelerated electron energy. (c) The
electron density modulation §n/n, around the drive laser. (d) Evolu-
tion of the full width at half-maximum (FWHM) of the drive laser
and the deflection rate. The dotted lines in (b) and (d) correspond to
the cases without the crystal structure.

in the angle «, the longitudinal projection of the wave vector
of the scattered laser is k, = ko cos @ = 0.5kq. To pick out the
field of the scattered laser, we made a Fourier transformation
of E; and filtered out the field by selecting k, ~ 0.5ky. As
one can see, the scattered laser is stronger when the drive
laser is s polarized. The Bragg scattered laser comes from
the coherent superposition of the dipole radiation of each
ion in the crystal. Meanwhile, each dipole radiation mainly
propagates perpendicularly to the direction of the dipole mo-
mentum, which is decided by the polarization of the drive
laser. However, in p polarization, the direction determined by
Bragg’s law is not the main direction of the dipole radiations.
So the strength of the Bragg scattered laser is weaker in p
polarization. The different scattering intensity finally gives a
polarization-dependent XLWFA as one can see in the follow-
ing.

Deflection of x-ray pulse. Since the laser is continuously
scattered by the ions, its propagation and energy evolution
are different from that in usual plasmas. The Bragg scattering
results in two effects: the drive laser deflection and electron
trapping in XLWFA. We first discuss the drive laser deflection.
Taking the s-polarized drive pulse as an example, Fig. 2(a)
shows the intensity distribution of the laser pulse after 4 um
propagation. As one can see, the laser pulse deviates from
its initial propagation axis and the centroid shifts downward.
Figure 2(b) also shows that the energy dissipation of the
laser pulse is much quicker than the case without the crystal
structure. In the latter case, the energy loss is mainly due to
the wakefield excitation, which is quite slow. However, in
the crystal case, more than 15% energy has been diffracted
after 4 um. At the same time, electrons have been accelerated
to 300 MeV in such a short distance. The transverse profile
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FIG. 3. Typical trajectories of accelerated electrons with an (a) s-
polarized and a (b) p-polarized drive laser. Distribution of the
longitudinal electric field E, with an (c) s-polarized and a (d) p-
polarized drive laser.

evolution of the drive laser can be described as [22]
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where y? = 1 +ag> + 2ag - @ cos ¥y, Y = (ko —ky) -1 is
the phase of the beat wave, ag, a@; are the slowly varying
amplitudes of the drive and scattered laser averaged over the
rapid phase oscillations, respectively, and én represents the
density modulation by the ponderomotive force —Vy,. Due
to the existence of the scattered laser, the transverse symmetry
of y, and dn is broken, as shown in Fig. 2(c). Therefore, the
drive laser no longer propagates along the x axis but moves
downward. Meanwhile, since the transverse self-focusing of
the drive laser also relies on y, and én, it is also different from
the usual LWFA case where the crystal structure is absent. The
period of focusing and defocusing becomes shorter as shown
in Fig. 2(d). It also shows that the drive laser deflects faster
when it is defocused.

It is worthwhile to point out that such kind of transverse
deflection of the drive laser is due to the plasma response
altered by the Bragg scattered laser. In previous studies of
LWFA in normal plasma involving two cross pulses, such an
effect is not significant since in most cases, the overlapping of
the two cross lasers is within a limited region. However, in the
current case, the scattered laser overlaps with the drive laser
all the time during its propagation, so the effects continuously
exist and accumulate.

Electron trapping and acceleration. Along with the drive
laser scattering, continuous electron injection has been ob-
served in XLWFA. Figure 3 shows typical trajectories of some
injected electrons in the simulation cases with different polar-
ized drive lasers.

As shown in Fig. 3, there are electrons injected from the
sharp boundary of the solid target, which have been well
studied [15,23,24]. Besides, there are also continuously in-
jected electrons from one side of the laser propagation axis.
To find the reason for this kind of injection, we studied the
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FIG. 4. Comparison of the projection of the background fluid
momentum u, and the critical momentum for electrons trapping in
the beat wave u,, for cases with an (a) s-polarized drive laser and a
(b) p-polarized drive laser.

electron dynamics in the fields composed of the drive laser,
scattered laser, and the wake. Inside the beat wave formed by
the drive laser and scattered laser, the motion of the electron

can be described by its Hamiltonian H (up, V) = ,/ )/f + ui

with respect to the canonical coordinates ¥, and u;,. See
Supplemental Material [25] for the detailed discussion of the
electron dynamics, which includes Refs. [13,26].

Since the typical scale lengths of the space variations of
ay and a; are both wy = A,/2 > Ao, such large-scale vari-
ation could be neglected when one considers the motion of
the electron in the beat wave. The separatrix is specified by
H(up, m) = H(0, 0). Thus the maximum and minimum nor-
malized momenta in the k; direction of the beat wave are
[26—29] Up+ = :i:2\/t1_0 . a_1

Moreover, we can decompose the normalized momentum
of the background fluid as uy = uﬂ,fcb + uy lfcb L, where lAcb
and kj,, are the unit vector along kj, and the direction per-
pendicular to k. Then the electron injection is determined
by the comparison between u;, and uy;. Since the scattered
laser is accumulated from the drive laser, its envelope can be
described by the integral of @, while @y and u, are thought
to carry Gaussian envelopes transversely. Meanwhile, the am-
plitude of us can be derived from the wakefield strength [26],
which can be obtained from the simulation.

Figure 4 shows the comparison of uy;, and u;, [25]. As one
can see, for the s-polarized drive laser case, uy, is less than uy,
in a large region. Therefore, u s, component of the background
electrons will be trapped in the direction of k;, while it is still
free for uy, . As a result, us, component will be averaged to
zero when the background electrons move in the beat wave,
while 1y, component is still maintained. Therefore, the back-
ground electrons will overall move in the direction of IAcb o
rather than horizontally. As the motions of the background
electrons are twisted, the wakefield will also be twisted, as
shown in Fig. 3(c). The wakefield then has the form of ¢, =
@uwo cos(wpt — kpex — kpyy) and satisfies kpy/kp,, ~ cotOp =
V3. Moreover, since the wakefield is excited by the drive
pulse, the wavefront still matches the drive pulse and its phase
velocity in the x direction is v,y = @,/k,x = vy & ¢, where
v, is the group velocity of the drive pulse. Therefore, the total

phase velocity of the wakefield is thus v, = w,/ /K2 + k2 ~

“/7§c. So, the electrons can be injected into the wakefield from
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FIG. 5. Distributions of injected electrons in the x-p, phase space
with a p-polarized laser when the incident angle is 7 /6 for (a) or 7 /7
for (b). The electrons with original positions close to the vacuum-
target boundary are labeled in red, while the injected electrons from
the inner target are labeled in gray. The total charge, averaged energy,
and energy spread of the injected electrons (p, > 10m,c) (c) with
a fixed wavelength at Xy or (d) with a fixed angle at 7 /6 after an
acceleration distance of 0.5 um. When calculating the total charge,
a length of A, is assumed in the imaginary 3rd dimension. When
varying the wavelength, the normalized vector potential is fixed.

the side. We refer to such a kind of injection as the scattered
laser-assisted electron injection (SLAEI).

For the p-polarized drive pulse case as shown in Fig. 4(b),
however, u;, is only less than uy, in the region y > y, =
6.8 nm. Although u;, < uy, holds for the whole regiony > yj,
the wakefield is too weak to accelerate and focus the electrons
far from the y axis. Therefore, in this case, the main part of
the wakefield is not disturbed. Only the electrons near y, can
be first trapped by the beat wave and then get trapped by the
wakefield.

As Fig. 3 shows, the continuously injected electrons in
the case of a p-polarized driver are from the y > 0 side and
close to the center, which is just the position y = y,, while the
electrons are injected into the twisted wakefield obliquely in
the case of an s-polarized driver.

Control of electron injection. The electrons from different
original positions are labeled in Fig. 5(a). One can see that

the electrons continuously injected due to the scattered laser
are mainly injected into the first bubble, while the electrons
injected from the vacuum-plasma boundary are mainly in-
jected into the second bubble. This is because the second and
following bubbles behind are far from the scattered laser, so
there is no SLAEI. Although SLAEI is an effective electron
injection way, there are lots of low-energy electrons in the
accelerated beam. Since Bragg’s law gives a strict limitation
of the wavelength A and incident angle 6;, such electrons can
be suppressed by breaking the laser crystal matching.

Figures 5(c)-5(d) show the relative charge, averaged en-
ergy, and energy spread of the injected electrons after an
acceleration distance of 0.5 um when different incident angle
and drive laser wavelength are used. We can see that the
SLAEI only happens in a narrow region around X = 2d sin 6;.
As Fig. 5(b) shows, when Bragg’s law is not satisfied, the
SLAEI is significantly suppressed while the electrons injected
from the boundary are little affected. This provides a flexible
way to tune electron beam quality in an x-ray solid target
based laser wakefield accelerator and also an evident signal
for XLWFA.

Summary. The x-ray laser here needs an XFEL to obtain,
requiring long accelerators with huge costs. There are also
studies aiming x-ray laser source from laser-plasma interac-
tions [30-32] . Such x-ray laser sources based on laser-plasma
interactions also have the potential to realize the XLWFA in
this study, which could significantly make it easier to get the
x-ray laser.

New features of x-ray laser propagation and wakefield ac-
celeration in a crystal-like solid have been found. It is shown
that the energy dissipation would be much faster than that in
a usual plasma due to coherent scattering when the laser is
incident at the Bragg angle. Meanwhile, the x-ray laser can
also be deflected gradually during the propagation. Although
the Bragg scattered laser dissipates the drive laser’s energy, it
can induce continuous electron injection into the wake. Such
scattered laser-assisted electron injection will increase the ac-
celeration charge and contribute to the low part of the energy
spectrum. These low-quality injections can be suppressed by
avoiding the Bragg angle incidence or varying the drive laser
wavelength. The acceleration gradient as high as 0.75 TV /cm
is confirmed.
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