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High-energy-density electron beam from interaction of two successive laser
pulses with subcritical-density plasma
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It is shown by particle-in-cell simulations that a narrow electron beam with high energy and charge
density can be generated in a subcritical-density plasma by two consecutive laser pulses. Although the first
laser pulse dissipates rapidly, the second pulse can propagate for a long distance in the thin wake channel
created by the first pulse and can further accelerate the preaccelerated electrons therein. Given that the
second pulse also self-focuses, the resulting electron beam has a narrow waist and high charge and energy
densities. Such beams are useful for enhancing the target-back space-charge field in target normal sheath
acceleration of ions and bremsstrahlung sources, among others.
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I. INTRODUCTION

As a sufficiently intense laser pulse propagates in a
subcritical-density plasma (SCDP), it ponderomotively
self-focuses as well as expels a large number of the
electrons in its path to form a small cavity with much
reduced electron density, followed by a long, somewhat
wider, wake channel bounded by a high-density layer of
expelled electrons. Inside the tiny cavity leading the wake
channel, the electrons are of low density and the laser light
therein can directly accelerate them to multi-MeV energies
[1-5]. In such an intense laser-plasma interaction (LPI),
the light energy is efficiently converted into directed and
thermal electron energy, and the laser dissipates rapidly.
The electrons in the wake channel behind the tiny cavity are
highly nonuniform (turbulent), and locally the density can
be comparable to that of the exterior of the SCDP. However,
the average electron density in the long wake channel is
low, and the latter can survive for many laser periods even
after the laser pulse has significantly dissipated or even
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disappeared. For a sufficiently short laser pulse, the SCDP
ions are almost unperturbed in the front cavity and only
slightly perturbed in the wake channel by the irregular
space-charge fields. In contrast to the well-known resonant
laser-wakefield or bubble acceleration schemes involving
extremely low plasma densities, here the accelerated
electrons are of relatively low energy and do not show a
quasimonoenergetic spectrum, but they are well bunched
and have high charge and energy densities. Although such
electron beams are not suitable for realizing compact
particle accelerators [6], they are useful for enhancing
the space-charge field behind a solid-density foil in target
normal sheath acceleration (TNSA) of ions [5,7-11],
bremsstrahlung sources [12—-15], etc.

In this paper, we propose a scheme to produce a high-
energy-density (HED) electron beam by enhancing the
trapping and acceleration of the SCDP electrons with a
second laser pulse that propagates in the thin wake channel
of the first laser pulse. The scheme takes advantage of the
preaccelerated electrons in the wake channel, which also acts
like a tailor-fitted channel or waveguide [16]. As aresult, the
second laser pulse can propagate for a very long distance in
the wake channel and further accelerate the preaccelerated
electrons with the self-generated quasistatic electric and
magnetic fields. Moreover, because it also self-focuses,
the second laser pulse creates an even smaller cavity as well
as anarrower wake channel. Eventually, it overtakes the tip of
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FIG. 1. Proposed scheme. The distance between the two laser
pulses is 254.

the first wake channel and enters the pristine SCDP, so that
more SCDP electrons can become trapped and accelerated.
As aresult, the electrons in the wake of the second pulse can
reach very high charge and energy densities.

The proposed scheme is illustrated in Fig. 1. Two identical
circularly polarized Gaussian laser pulses, each having
strength parameter a; =0.85x 107°/1; (W /cm?)A(um) =
10, spot radius b = 104, and duration (full width at half
maximum) 7 = 57, propagate from the left into a SCDP
with density n, = 0.3n,., where I; is the laser intensity,
A=0.8 yumand Ty = 2.67 fs are the wavelength and period
of the laser light, n. = 1.1 x 10?!1(um)/cm? is the critical

t=35T,,

t=65T,

density. In reality a capillary can be employed to confine
the plasma and prevent its expansion [17-21]. The two-
dimensional (2D) simulation box is 804 x 804. To follow
the long-distance propagation of the second laser pulse,
a moving window consisting of a 1600 x 1600 grid with
36 ions and 36 electrons per cell is used. The ion-electron
mass ratio is 1836.

II. LONG CAPILLARY AND SCDP

To investigate the propagation and dissipation character-
istics of the two laser pulses in a SCDP, we first consider a
long SCDP. The left column in Fig. 2 shows the laser
(a) electric field, (b) electron density, and (c) electron
energy density at t = 357, a time when the first laser pulse
is propagating steadily in the SCDP and the second laser
pulse is just entering it. A part of the local light energy loss
in the LPI is compensated by energy concentration due to
the laser self-focusing. The ponderomotive force of the first
laser pulse compresses as well as pushes aside a large
number of the electrons in its path, forming a comoving
positively charged quasicavity, which is followed by a
wake, as can be seen in Fig. 2(b). We note that instead of an
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FIG. 2. Evolution of the laser-plasma system at t = 357, 65T, and 1407, (left to right columns). The laser propagates in the z
direction. (a), (d), and (g) Laser electric field normalized by m,wc/ e, where w is the laser frequency, and m, and e are the electron mass
and charge. (b), (e), and (h) Electron density normalized by 7... (c), (f), and (i) Electron energy density normalized by n,m,c>. The laser
strength parameter a; is 10, the spot radius b is 104, and the duration 7 is 57 . The distance between the two laser pulses is 251. The

plasma density is n, = 0.3n,.
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almost electron-free wake cavity such as that in the well-
known resonant laser-wakefield acceleration (LWFA) in
much lower density plasmas, only a small region with redu-
ced electron density is formed immediately behind the laser
pulse and it is in turn followed by a turbulent and open-ended
wake channel. The ions in the latter are also (but only
slightly; not shown) set into motion in response to the irre-
gular space-charge field. In Fig. 2(c) for the electron energy
density, one can see that a HED electron bunch is forming
in the axis region (y ~ 404) at the back of the quasicavity just
before the wake channel. The highly compressed electrons in
front of the quasicavity and in the boundary of the wake
channel are of high density but low energy. Because of the
strong LPI that converts light energy into electron kinetic
energy, the propagation range of the first laser pulse in the
SCDPis very limited. We can see in Fig. 2(a) thatat r = 35T,
it has already weakened significantly.

In the simulation, the distance between the two laser
pulses is chosen such that the second laser pulse propagates
in a well-formed wake channel created by the first pulse.
The thin wake channel acts like a tailor-fitted capillary in
that its lateral boundaries are of high electron density
formed by the pileup of expelled electrons, and the average
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FIG. 3.

electron density inside decreases toward the channel axis.
The oncoming second laser pulse is thus subject to external
focusing and self-focusing. The middle column of Fig. 2
shows the interaction scenario at t = 657 . Panels (d) and
(e) show that the first laser pulse, now at about z = 554, has
become so weak that it is almost invisible. Moreover,
because of the much weakened LP], its speed increases and
eventually it propagates forward in the SCDP, leaving the
wake channel behind. However, some of the electrons in
the wake channel still accelerate and are heated by the
space-charge fields or move forward inertially. Meanwhile,
quite a few electrons in the channel are directly accelerated
by the second laser pulse. Figures 2(d) and 2(f) show that
the latter is approaching the HED electron bunch on the
wake axis. Note also that, even though the second laser
pulse has propagated for over 351 inside the channel, its
strength has hardly changed because of the guiding and
focusing effects in the wake channel of the first pulse, and
the reduced average electron density therein.

As it propagates and focuses in the low average electron
density plasma of the first wake channel, the tightly focused
second laser pulse creates its own quasicavity and wake
channel. A large number of accelerated electrons in the
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The transverse electric field normalized by m,wc/e along the propagation axis and the electron phase space (z, p,) at

(a) t =40T,, (b) 75T, and (c) 1307 . (d) The spectra of the electrons in the channel at different times. The inset shows the time
evolution of the energy of the electron bunch. The laser and plasma parameters are the same as those of Fig. 2.

021301-3



J. W. WANG et al.

PHYS. REV. ACCEL. BEAMS 19, 021301 (2016)

latter can be trapped in the wakefield of the second laser
pulse for a long time and are thus further accelerated.
Eventually a thin HED electron beam is formed along the
axis. The rightmost column of Fig. 2 displays the laser-
plasma system at t = 1407, When, after propagating
for over 1004, the second laser pulse has finally much
dissipated. We can see in panel (h) that the new wake
channel is only half (b ~ 51) the first one (b ~ 104). Panel
(i) shows that a narrow HED electron beam is propagating
along the axis. The narrow wake channel is bounded by
high-density layers of ponderomotively expelled electrons
both in the front and along the sides of the wake. However,
comparison of Figs. 2(h) and 2(i) shows that although the
electrons on the wake boundaries are of high number
density, they are of very low energy density given that they
are rather slow.

The electron acceleration process here consists of two
stages. In the first (¢ < 1007), when the second pulse
propagates in the wake channel generated by the first pulse,
the dominant acceleration mechanism is betatron resonance
acceleration, which is essentially direct laser acceleration
[22-27]. 1t differs from ponderomotive-force acceleration
[25,27] in that self-generated quasistatic electric and
magnetic fields are involved. With the assistance of addi-
tional fields, electrons can be accelerated far beyond that by
the ponderomotive force of the incident pulse [22-24].
Here the electrons preaccelerated by the space-charge field
induced by the first laser pulse are trapped in the ponder-
omotive bucket of the second pulse, as shown in Figs. 3(a)
and 3(b). In the presence of the self-generated quasistatic
electric field £ and magnetic field BY in the channel, these
energetic electrons experience transverse betatron oscilla-
tion, as can be seen in Fig. 4. When the betatron frequency
is close to the laser frequency, an efficient energy exchange
due to betatron resonance between the laser field and
electron can take place [23]. The maximum energy gain
can be estimated by considering an electron moving in
a p-polarized plane electromagnetic wave with electric
field E!, = Eqcos wy(t — z/v,;,) and magnetic field Bf =
—Ei. /v,;, propagating with phase velocity v,, > ¢ in the
z-direction in the presence of static external electric and
magnetic fields given by E§ = kgy and By = kgy, where
and xp are constants. In the following discussion, we
will use the dimensionless variables v — v/c, t — wt,
7 = zw/c, E - eE/mwc. In the 2D (y, z) planar geometry,
the equation for transverse electron motion is [23]

d’y ) dy\? ) E! dy\%kgy
= (2 (2P (YR
o=@ - (=)l (@) 5

(1)

where a)fj = (kg +v.kp)/y is the betatron frequency.
Accordingly, resonance occurs if

Wp = 1- Uz/vph’ (2)
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FIG. 4. (a) The self-generated quasistatic electric field Ej
normalized by m,wc/e, (b) the self-generated quasistatic mag-
netic field B normalized by m,wc/e, and (c) the electron energy
density U normalized by n.m,c? in the channel at t = 75T,. The
laser and plasma parameters are the same as those of Fig. 2.

so that the resonant-electron energy y increases with kg
and kp if the quasistatic fields are strong, although not
monotonically. For ultrahigh-intensity lasers, a solution of
Eq. (2) is

Y~ (3)

which is the maximum energy gain during this acceleration
stage. From Eq. (3) we see that the intensity of the static
field, induced mainly by the first laser pulse, directly
influences the final energy gain by the electron.
Moreover, given that v,, =1/y/1—-n,/n., the lower
channel density indicates that the phase velocity is closer
to ¢ and thus a higher energy gain can be achieved. To
calculate the maximum energy gain during this stage, one
needs the expression of kg + kp and n, in the plasma
channel after the first laser. For simplicity we use
kg + kg = 1.6 and n, = 0.1 from the simulation and finally
get y = 550, which is somewhat larger than the energy gain
of about 200 MeV in the simulation in the first stage, as
shown in the inset of Fig. 3(d).

In the second acceleration stage (¢ > 1007), the still-
intense second pulse enters a pristine plasma and
produces its own wakefield. The immediately following
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(a) 2D distribution of the electron density normalized by n.. (b) The transverse distribution of the ejected electron beam at

t = 1407, when the capillary and the SCDP are terminated at z = 1004. (c) Angular spectrum of the electron beam. (d) Evolution of the
electron density (green) and electron energy density (red) in the vacuum near the channel opening at z = 1024. The oscillations can be
attributed to that of the electron bunch, which already existed while still in the channel. The laser and plasma parameters are the same as

those of Fig. 2.

preaccelerated electrons enter the latter and are further
accelerated, together with the newly trapped background-
plasma electrons, as can be seen in Fig. 3(c). As a result,
both the number and energy of the accelerated electrons
are boosted, as shown in Fig. 7(b). The energy gain in this
stage can be calculated with the typical wakefield accel-
eration theory [28]. The maximum axial electric field
can be expressed as E,,x = (k,rg/2)Ey [29], where k,
is the plasma wave number, rp is the cavity radius, and

Ey(V/m) =96+/n,(cm™3) is the cold nonrelativistic wave
breaking field. The acceleration in such a SCDP case is

mainly limited by the pump depletion length L,; =
(V2/m)a, (13/2%) [30], where A, is the plasma wavelength.

From the simulation one gets k,rz = 6. Therefore, in
theory the energy gain in the second stage is
Ae,max = €E maL,q =150 MeV, which is somewhat
larger than the energy gain of about 80 MeV in the
simulation. We note that from r = 1007, to 1107 the
energy of the newly trapped and accelerated electron bunch
decreases. This is because the latter is closing in on the
preaccelerated bunch ahead and enters a repulsive field.
From the evolution of the electron energy in the inset of
Fig. 3(d), one can see that most of the gain is by direct laser
acceleration in the first acceleration stage, and the spectral
peak of the final (after boosting in the second stage)
electron bunch can reach 230 MeV.
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III. BEAM EXTRACTION

In practice, it is necessary to extract the HED beam from
the system. Accordingly, we terminate the SCDP at
z = 1004, where the energy of the second pulse is almost
fully exhausted. Figure 5(a) is for the electron density at
t = 140T,. We see that the energetic electrons on the axis
exit into the vacuum on the rear side as a well-collimated
narrow HED jet. Figures 5(b) and 5(c) show that the
transverse size of the ejected electron bunch is of the order
of microns, with a divergence of 13 mrad. The peak density
of the tight bunch is ~0.7n.. Such tight lateral squeezing
can be attributed to the second wake, which is much
narrower than the first given that the second laser pulse
propagates in a practically tailor-fitted narrow channel
produced by the first laser pulse. The collimation of the
electron bunch will become worse if the intensity of the
laser pulse decreases given that the wake channel will
degrade. The charge of the bunch can be estimated to be
Q = eii n(d/2)*l ~ 3 nC, where 7i, = 0.286n, is the aver-
age electron density in the bunch, d = 341 is the average
beam size, [ = 12.51 is the beam length, and we have
defined the lateral boundaries of the electron bunch as the
location where the local density is a half of that at the axis.
Thus, the electron yield is almost 1 order of magnitude
larger than that from typical wakefield acceleration in very
low density plasmas.

The evolution of the electron number and energy
densities at the channel opening (y,z) = (40, 102)4 are
given in Fig. 5(d). The density of the out-streaming
electrons has a peak value of 0.3n, at t = 143T,. Then
it decreases to 0.ln. and remains at that level for a
relatively long time 1507, < t < 2007, which is over
10 times longer than the laser duration of 7 = 5T,
before expansion in the vacuum becomes significant.
The electron energy density evolves similarly. Its peak
value is > 2 x 105 J/m?, also occurring at r = 1437, It
then remains at a weaker (2.5 x 10'* J/m?®) level during
1507y < t < 2007,. In contrast, recent research indicates
that the peak energy density from wakefield acceleration
is near 10'* J/m? [31]. The behavior of the number and
energy densities of the HED electron beam at the exit can
be expected because the leading electrons in the beam are
of the highest velocity and density, followed by the main
body of the beam at relatively constant number and energy
densities until the end of the beam is reached.

The dependence of the energy and charge of the electron
beam on the laser intensity and plasma density is shown
in Fig. 6. One can see that the energy increases with the
laser intensity but decreases with the plasma density, which
is consistent with Eq. (3). The charge of the generated
electron bunch is mainly determined by the background-
plasma density and it weakly increases with the laser
intensity. Although the energy gain here is not as high
as that in the typical wakefield acceleration, the beam
charge (at the nano-Coulomb level) is much higher than
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FIG. 6. Dependence of (a) energy and (b) charge of the electron
beam on the laser intensity and plasma density. In all cases, the
laser spot radius b = 104, duration 7 = 5T, and the distance
between the two laser pulses is 254.

that from the latter. It should be noted that the present
scheme works in a regime where the plasma density is
subcritical and the laser intensity is not sufficiently high
to trigger a plasma wakefield in the blow-out regime.
For example, electrons can be accelerated to 650 MeV for
a; =10 and n, = 0.01n, [the black star in Fig. 6(a)],
and even to the GeV level for ¢; = 28 and n, = 0.3n,. [the
blue triangle in Fig. 6(a)]. In both cases the dominant
acceleration mechanism is wakefield acceleration.

IV. COMPARISON WITH SINGLE-PULSE
ACCELERATION

In order to see the advantage of the second laser
pulse, we compare the results here with that of a single
laser pulse having double the intensity but the same
duration and total energy. As shown in Fig. 7(a), instead
of two a; = 10 pulses, a single a; = 101/2 laser pulse is
applied. The simulation is carried out with the same initial
plasma parameters. Figure 7(b) shows the evolution of the
high-energy (with kinetic energy > 100 MeV) electrons.
The red solid curve is for electron acceleration by the two
a; = 10 laser pulses and the green dashed curve by the
single a; = 10v/2 pulse.

One can see that the two-pulse scheme generates many
more high-energy electrons. It should however be pointed
out that even without the wake-channel effects, the two-
pulse scheme should have an advantage in that here the
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FIG. 7. (a) Profiles of the single and two pulse lasers. The

intensity of the single laser pulse is double that of the two pulses,
while the duration is the same. (b) Evolution of the number of the
high-energy (with kinetic energy > 100 MeV) electrons for the
two cases. The number here is converted from the macroparticle
number obtained from the 2D simulation. The laser duration
7 = 5T, spotradius b = 104, and the plasma density n, = 0.3n,.
The laser strength parameter is a; = 10 for the two pulses case,
while a; = 10y/2 for the one pulse case.

driver laser fields have steeper gradients. Thus the total
ponderomotive force (scaling with the gradient of the laser
intensity) of the two pulses acting on the plasma is higher.
In addition, direct acceleration of preaccelerated electrons
is much more efficient given that the already-fast electrons
remain in the favorable phase of the laser fields for a much
longer time [4,32,33].

V. DISCUSSION

We have shown that the interaction of two consecutive
laser pulses with a SCDP can produce a narrow HED
electron beam by enhancing electron trapping and accel-
eration. The scheme relies on the tapered channel and the
preaccelerated electrons created by the short-lived first
pulse, such that the second laser pulse can propagate for a
long distance in a tailor-fitted channel of low effective
density and trap and further accelerate the preaccelerated
electrons there by betatron-resonance acceleration. Given
that the second laser pulse is channeled, as well as self-
focused, its wake is so thin (< 104 across) that the resulting
HED electrons are tightly bunched.

It should be emphasized that the present scheme differs
considerably from that of the widely investigated laser
wakefield acceleration (LWFA) and plasma wakefield
acceleration (PWFA) schemes for acceleration of electrons
in very low density plasmas to near the light speed
[6,34—45]. LWFA and PWFA rely on resonant excitation
of intense plasma oscillations when the laser or electron-
beam pulse dimension is about half the plasma wavelength.
For short pulses the plasma density must thus be very low
(e.g., n <1073n, for femtosecond laser pulses) and the
laser or electron beam must also be nearly unaffected by the
LPI. A small number of electrons can be accelerated to

the GeV level [6,36—40]) by the space-charge electrostatic
field in the wake bubble [42]. However, because of the
necessarily very low background plasma density and the
high electrostatic potential of the wake boundary, even
with a second laser pulse, or other novel electron injection
schemes, the charge and energy densities of the affected
electrons remain rather low [28,46-51]. The present scheme
also differs from that invoking near-critical (with n ~ In,,
both above and below) or even higher density plasmas,
where the physics involved is quite different, and the
main aim is for ion, instead of electron, acceleration. The
accelerated electrons in these schemes are not well bunched
and are of relatively low energy density [26,52—55]. Finally,
itmay be of interest to note that recently a two electron-beam
scheme has successfully produced high energy and charge,
but also nonmonoenergetic, electron bunches by plasma
wakefield acceleration (PWFA) in a very low density plasma
[45]. The greatly enhanced PWFA also relies on electron
preaccelerated by the first beam.
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