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Quasi-Monoenergetic Electron Beam Generation from Nanothickness Solid Foils
Irradiated by Circular-Polarization Laser Pulses *

SU Heng-Yi(73E%%)!, HUANG Yong-Sheng(# 7K #)1**, WANG Nai-Yan(EJ5Z)!,
TANG Xiu-Zhang(#% 75 %), LU Wei (% #)?
! High Power Excimer Laser Laboratory, China Institute of Atomic Energy, Beijing 102413
2Department of Engineering Physics, Tsinghua University, Beijing 100084

(Received 5 March 2014)

Ultrashort 10?2-10%4 VV/cm2 laser pulses will offer the possibility of producing monoenergetic electron beams in
the GeV—TeV level in the future. A laser-electron acceleration scheme is proposed by the interaction between a
thin solid foil and an ultra-intense laser pulse for ay > 80000, where ao is the normalized laser field and og is
the normalized plasma surface density. The energy of the electrons as a function of time can be described by a
simple model which indicates that an exponential relationship exists between the energy and the normalized time
7. A quasi-monoenergetic high density electron beam with 1.3 GeV energy and a 2.2% energy spread has been
predicted for ag = 223.5 by particle-in-cell simulations. Characteristics of the ultra-high density electron layer
formed in the early period of the acceleration are discussed.

PACS: 52.38.Kd, 41.75.Jv, 52.65.Rr, 52.35.Py

With the development of ultrashort high inten-
sity laser technology, great advances in the laser-
plasma-based acceleration have been made in the
past few decades. High energy monoenergetic elec-
tron beams produced by laser-plasma-based accel-
eration are promising for broad applications such
as radiotherapy in medicine and biology,!'"?) mate-
rial science,l”! terahertz radiation generation,!*” and
bright ultrashort x-ray pulses generation.[’! In the past
few decades, several acceleration mechanisms have
been established and widely researched, such as the
laser wakefield acceleration (LWFA),I”~ '] the plasma
beat wave acceleration (PBWA),['""?] and the mul-
tiple laser pulses acceleration.!'”] Recently, an all-
optical cascaded laser wakefield accelerator by using
ionization-induced injection has produced near-GeV
electron beams.!"") However, in the bubble or blowout
regime, to optimize the wakefield generation and to
obtain high quality electron beams, A,/2 ~ ¢ should
be satisfied,['” which requires neg < n, where A,
is the plasma wavelength, ¢ is the speed of light,
is the laser pulse duration, neg is the initial electron
density, and n. is the critical density. Therefore, the
density of targets is restricted to being under-dense so
that the number of accelerated electrons is limited as
well as the acceleration length without using capillar-
ies to channel the laser pulse. The intensity of laser
pulses will be higher than 1022 W/cm? in the near fu-
ture, e.g., the extreme light infrastructure (ELI) will
be constructed soon.['”] However, even such a high
intensity laser pulse is incident on the target, the en-
ergy of the electrons is limited if n.g ~ n. with few-
cycle laser pulses. Experimental results and numer-
ical simulations indicate that a plasma density less
than 10 cm™2 is optimal to produce GeV electron
beams.['>'7] To date, laser-plasma accelerators have
also reached the GeV level(1-2 GeV).['*15-20]
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On the other hand, the laser-plasma acceleration
presents new opportunities to discover and examine
new phenomena in the parametric region ag > og =
ﬁeie, where a9 = eEj/mewc, E is the peak electric
field of the laser pulse, w is the laser frequency, e
is the elementary charge, m, is the electron mass,
the normalized electron density n, = neo/nmfe =
lo/A, X is the laser wave length, and [, is the thick-
ness of the target. In this case, laser-overdense-
plasma interaction which has been used for proton
acceleration such as target normal sheath accelera-
tion (TNSA)P! and radiation pressure acceleration
(RPA)P? may present good prospects. High en-
ergy electron beams (600 MeV) have been predicted
from the laser-overdense-plasma interaction via the
laser ponderomotive force acceleration mechanism for
ap = 60.4 and A, = 0.1, while the energy spread
is not smaller than 10%.[°’] The energy spread is de-
fined as AE/FEpeak, where Epeax is the peak energy
of the electron energy spectrum, and AFE is the full
width at half maximum (FWHM) of the electron en-
ergy spectrum. In this parametric region, a relativis-
tic electron mirror (REM) appears and high energy
electron bunches can be obtained quickly.l*?*7] Previ-
ously, quasi-monoenergetic electron beams were gen-
erated from a femtosecond prepulse-exploded foil,*"]
via a high-contrast femtosecond pulse interacting with
a solid foill” and from laser-solid interactions at
0.5kHz.*® Electron beams with MeV energy and
~20% energy spread were obtained.

In this Letter, we propose to use a nano-thickness
foil irradiated by a circularly polarized (CP) laser
to generate high quality electron beams for ay >
8000y = ﬁeie. Quasi-monoenergetic electron beams
with 1.3 GeV energy and 2.2% energy spread have
been obtained easily without external laser guiding or
specific injection in comparison with LWFA. By opti-
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mizing the parameters of laser pulses and source foils,
the REM can maintain its shape until about 1 ps. To
show the acceleration mechanism clearly including the
effects of transverse expansion, a two-dimensional PIC
simulation has been performed and a simple model has
been used to fit the simulation results.
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Fig. 1. (Color online) The schematic diagram of the new
electron acceleration scheme induced by an intense circu-
larly polarized laser pulse incident on a thin foil. During
the whole simulation time duration, the ions only move
a very short distance (about 2 um) compared to the elec-
trons in the laser pulse propagating direction (as the blue
dotted rectangle frame shows). On the other hand, the
electrons are accelerated to relativistic energy and move
with the laser pulse.

Figure 1 shows the schematic diagram of the elec-
tron acceleration scheme induced by an intense laser
pulse incident on a thin foil. In the duration of the in-
teraction, electrons obtain relativistic energy in an ul-
trashort time duration. For instance, the electrons are
accelerated to about 106 MeV only in 3.6 fs with a 21 fs
CP laser pulse (ag = 223.5) irradiating on a 10 nm foil
(ﬁelAe ~ 0.4) in the following PIC simulation. Elec-
trons in the leading edge of the laser pulse are acceler-
ated efficiently with a slight energy spread and angle
divergence. The laser pulse is like a snow plow. The
electrons are compressed into a high-density ultra-thin
layer while the ions just move a very short distance
(about 2 um) compared to the electrons. In this case,
the normalized charge separation field € = kpleneq/nc
is much smaller than the amplitude of the laser field
ao,l*’! and the electrons are accelerated by pondero-
motive force F}, = —mec?V~y and radiation pressure
into the relativistic regime, where v is the electron
relativistic factor and kr, = 27/ .

To demonstrate the generation of the high-quality
electron beams, we performed a 2D PIC simulation
by OSIRIS code.l*"] A single intense laser pulse with
the amplitude ag = 223.5 (ap > 8000y), the focus ra-
dius of 7o = 1pm and a Gaussian transverse profile
was chosen. It had a ‘flat-top’ temporal profile of 21 fs
with a very sharp rising edge and propagated along
the 4z-direction with the wavelength of 800 nm. To
reduce the Coulomb expansion of the electrons, one
needs to decrease og. Therefore, we used nanofoils
positioned at xp = 84.0127 pm with a fixed thick-
ness of 10nm while different initial densities such as
Ney = Njg = M, Neo = Nijo = 1dN¢, Nep = Nijp = 29N,
and nep = njg = 30n, respectively. Here n;g is the ini-
tial ion density and the ions (protons) mass m; satis-
fies m; = 1836m,. The ions and electrons were evenly
mixed and distributed in the foils. The ions are mobile
during the whole simulation time. The incident laser

pulse arrived at the foil surface as long as ¢ > 0 and
the simulation time was 864.77fs. An initial simula-
tion area of 535.42 um? was used, subdivided into a
grid of 120000000 cells (150000 cells in the z-direction
and 800 cells in the y-direction). The mesh size is
0.56 x 7.96 nm? and the minimum size that the mesh
can resolve is 0.56 nm in the z-direction. Therefore,
the grid space can be small enough to resolve the laser
pulse bandwidth (800 nm), the laser focal spot (1 pm)
and the thickness of the foil (10nm). During the in-
teraction, the diagnostic area moved at the speed of
light to guarantee that the electrons would not escape
from it. The effect of pre-plasma or laser contrast was
not considered.
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Fig. 2. (Color online) Simulation results by 2D OSIRIS:
the average energy and the average angle divergence as
a function of time, where the curves with different colors
in every plot denote the source foils with different initial
electron densities, the dashed lines in (a) are fitting curves
given by a simple equation E, = ar?, where a and b are
constants and 7 is normalized by laser frequency w. The
black dashed line (only fitting the black data points) and
red dashed line (only fitting the red data points) repre-
sent Eay o 7028 and E, o« 7925 respectively. Only the
electrons within the laser pulse leading edge are counted.

For the purpose of showing the complete picture
of the simulation results, the temporal evolution of
the parameters such as average energy and angle di-
vergence of the electrons have been shown in Fig. 2.
Mean energy F, is defined as the average energy over
all of the electrons within the leading edge of the pulse.
Here 0, is defined as the average divergence angle at
a particular moment and tanf, = |y — y. |/(z — x0),
where y represents the transverse coordinates of the
electrons within the leading edge of the laser pulse and
x represents the longitudinal coordinates of the elec-
trons, x¢ = 84.0127 um is the initial longitudinal coor-
dinate of the electrons and y. represents the center po-
sition between the upper and lower boundaries of the
target foils. Figure 2(a) shows the entire acceleration
process including three parts: (1) E, increases rapidly
during the period of 0 < 7 < 419, where 7 is normal-
ized by laser frequency w. The electrons are efficiently
accelerated to GeV quickly in about 178fs. (2) For
the foils of ney = 5n. and neg = 15n., E, increased
slowly with time at 7 > 419 and finally reached
~1.3GeV(ney = 5ne) and ~1.1GeV(ne = 15n.) at
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7 = 2000, respectively. During the whole process, the
electrons are accelerated sequentially with time and
continue to gain energy slowly in 7 > 2000. (3) For
the foils of ney = 256n. and neg = 30n., E, finally
tends to constants after they reached their maximums,
respectively. To sum up, electrons with the initial den-
sity neg = 5n. can be accelerated efficiently and gain
about 1.3 GeV energy while electrons with the higher
initial density (n.o = 30n.) gain the lower energy at
about 660 MeV. Note that the acceleration time de-
creases and the acceleration efficiency becomes worse
with the increase in the electron density. The reason
is as follows: with the increase in the electron density,
the effect of the transverse expansion, plasma insta-
bility such as Coulomb interaction becomes increas-
ingly significant and makes the electron layer break
earlier. On the other hand, the higher density brings
about more electrons that can be accelerated so that
the average energy decreases and the trapped charge
increases.

Due to the limitation of 2D simulation, the accu-
rate charge value of the electrons cannot be obtained.
Instead of the accurate value, a simple estimation can
be performed to obtain the rough value. To mini-
mize errors, one may assume that the shape of target
foils is like a ‘pie’ in the 3D case. The diameter and
thickness of the target foils are 2um and 10nm, re-
spectively. Total charges of the case nog = 5n. foil
and the case noy = 25n. are about 44 pC and 220 pC,
respectively. Therefore, according to the simulation
results, assuming that half of the total electrons were
accelerated, charges of the accelerated electrons are
22 pC and 110 pC (the quantity of actually accelerated
electrons might be more than half due to the fact that
nearly no electron goes backward), respectively.

Inspired from the theory model in Ref.[31], we
have fitted the data points of the case ney = 5n. (the
black dashed line in Fig. 2(a)) and the case nqy = 150,
(the red dashed line in Fig.2(a)) with the model

E, = a/Tbv (1)

where a and b are constants. As shown by the dashed
lines in Fig.2(a),

2 (MeV) ~165.58877%28 ngg = 5ne,  (2)
2 (MeV) ~153.7077%% ne = 15n..  (3)

In the period of 7 > 209, the model and the simulation
data are in relatively good agreement with each other,
R-square values of the two fitting curves are 0.96231
(nep = 5n¢) and 0.93139 (ney = 25n.).

The average angle divergence as a function of time
during the acceleration process is shown in Fig. 2(b).
One can see that the average divergence angle 6, ex-
periences a steep decline from 6, =~ 3.5° to 6, ~ 0.5°
during 0 < 7 < 200. Then 6, tend to be constants
(~0.5° for the case ney = 5n. and ~0.25° for the case
Neo = 26n¢) in 7 > 200. This is due to the fact that
most of the laser pulse energy contributes to increas-
ing the acceleration length due to the ponderomotive
force F,, = —m.c®*V7y or radiation pressure and the

electrons are accelerated to high energy quickly and
have large relativistic masses, which overcomes their
space charge forces significantly. On the whole, elec-
tron beams with a slight divergence angle can be ob-
tained.
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Fig. 3. (Color online) Simulation results by 2D OSIRIS

at t = 17.8fs: at the beginning, electrons are pushed for-
ward and gain a very high accelerating gradient, where E
is the normalized electric field of the laser pulse, X and Y
are the longitudinal coordinate and the transverse coordi-
nate respectively, neo is the initial density of the electrons.
[(a), (b)] The space distribution of the laser pulse electric
field strength. [(c),(d)] The density distribution of the
electrons in the z—y plane. Electrons in the orange circle
are efficiently accelerated. [(e), (f)] The distribution of the
electron number as a function of electron energy.

For the purpose of performing the acceleration pro-
cess in detail, the density distribution of the electrons,
the space distribution of the amplitude of the laser
pulse electric field and the electron energy spectrum
have been shown in Figs.3-5 at three different mo-
ments for the foils of n.g = 5n. and n.g = 25n.. Here
the source foils are located at x = 84.0127 ym when
t = 0. As shown in Figs.3(c) and 3(d), at the begin-
ning (¢t = 17.81s), when the laser pulse interacts with
the source foil, the electrons are compressed to high
density and pushed forward to be separated from the
ions as a whole.l””! Electrons in the laser leading edge
(in the orange circle) are accelerated efficiently and
continuously. This forms an electron layer which is
opaque for the laser pulse as shown in Figs. 3(a) and
3(b). Here E, = mecw/e is the normalized electric
field of the laser pulse. The laser pulse is reflected
and forms a strong electric field behind the electron
layer. The average energy of the electrons reaches
up to ~300 MeV (FWHM: 1.89MeV) for ney = 5nc
and ~260 MeV(FWHM: 1.638 MeV) for ney = 25n.
with energy spread of ~0.63% respectively. Note that
the acceleration length is only about 5.34 um and the
bunch width is only about 0.001um.

As shown in Figs.3(c) and 3(d), ultra-thin
(~0.5nm for the case ne = 25n.) electron layers
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appear (in the orange rectangles). The vast major-
ity of the electrons are included and gain relativistic
energy. The ultra-thin thickness, ultra-intense laser
pulse and high initial density lead to the high com-
pression rate of ne &~ 60n. ~ 12nq for ney = 5n,
and ne =~ 300n, = 12n¢g for neg = 25n. at this mo-
ment. The relativistic electron mirror,?*2° which is
very difficult to form in the laser-wakefield accelera-
tion mechanism, appears.
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Fig.4. (Color online) Simulation results by 2D OSIRIS
at ¢t = 426.941s: it is in a gentle acceleration period and
transverse expansion appears. Definitions of the small
Figs. (a)—(f) are the same as those in Fig. 3.

According to Ref.[24], the forces acting on the
REM can be described by

Fyp, =2noe(14 3,)7! ;, (4)
For = — 2moe(l — f3,) " 5, (5)

where F,1, and F,r are the radiation-reaction forces
acting on the REM electrons at the leftmost and
rightmost respectively, and ¢ is the surface density,
By = Vy/c and B, = V,/c. Here V, and V, are
the electron velocities along the z-direction and y-
direction, respectively. Note that F,;, and F,.r have
opposite signs, thereby indicating the high compres-
sion of the electron bunch with large ag. These forces
slow down the electrons with velocities larger than the
mean velocity of the layer and accelerate the delaying
ones and this can partially prevent the expansion of
the REM. The forces are just like magnetic attractive
forces between the parallel currents of moving charges.
Actually, the electrons with the same z-coordinates
move transversely due to the laser pulse field and
form an electric current. If the movement of the elec-
trons is synchronous then these currents attract each
other. As discussed above, the flying mirror can be
used in the production of x-ray or 7-ray by Thom-
son backscattering,[©?! in free-electron lasers for in-
jection, and in many other applications. Note that the

electron layer can maintain its shape for hundreds of

femtosecond as shown in Figs. 4(c) and 5(c).
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Fig.5. (Color online) Simulation results by 2D OSIRIS
at t = 846.8fs: the electric field is distorted evidently
at the leading edge of the laser pulse. Transverse ex-
pansion and plasma instability are significant and energy
spread increases. An ~1.3 GeV electron beam with the en-
ergy spread of 2.2% is obtained. Definitions of the small
Figs. (a)—(f) are the same as those in Fig. 3.

Figure 4 shows that after several hundreds of fem-
tosecond (¢t = 426.941s), electrons gradually leak out
from the electron layer. The leaked-out ones move
more slowly than the electrons in the front (in the
orange circle), as shown in Figs.4(c) and 4(d). The
electron layers both have a lateral extension length
of about 4 pm while only 0.8 um at the beginning.
Here E, also extends to the whole space while its
strength decreases. Therefore, the gentle accelera-
tion period appears due to the transverse expansion
and the decreased laser pulse intensity as shown in
Fig.2. The average energy of the electrons reaches
up to 1.2 GeV(FWHM: 20.4 MeV) for ney = 5n. and
0.88 GeV(FWHM: 14.96 MeV) for n = 25n. with
the energy spread of ~1.7%. At this moment, due
to the more complex coulomb interaction, the source
foil with the higher electron density induces a signifi-
cant perturbation of £, in the front of the laser pulse,
as shown in Fig.4(b). Densities of the electron lay-
ers (ne ~ 2ngp) are still above the critical density n.
making the layers remain opaque.

At t = 846.8fs, as shown in Fig. 5, the intensity
of the laser pulse attenuates further and the influence
of the self-action of the electrons is significant. The
energy spread increases, especially for the higher ini-
tial density foil in Figs.5(b) and 5(d). The electron
layer collapses and a hot electron cloud forms with a
bunch width of roughly 0.1 um. A small part of the
laser pulse can penetrate through the middle region
of the electron cloud. The chaotic distribution of the
electrons nearly ends the acceleration with the energy
spread up to ~9% (shown in Fig.5(f)). On the other
hand, for the lower density foil, due to the weaker ex-
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pansion, the electron layer (ne ~ 2neo) still maintains
its shape substantially and continues to gain energy
slowly as shown in Figs.5(a) and 5(c). A ~1.3GeV
(FWHM: 28.6MeV) electron beam with the energy
spread of ~2.2% is obtained after about 1 ps with the
initial laser intensity of ag = 223.5 (Fig.5(e)). During
the whole process, nearly no electron goes backward.

Quasi-monoenergetic proton beams with GeV en-
ergy can also be produced from nanothickness foils ir-
radiated by circular-polarization laser pulses.l*?] How-
ever, to establish this mechanism of proton accel-
eration, the parametric region ag ~ g = fele or
ag < 27rﬁeie should be satisfied so that the protons
are synchronously accelerated with the electrons. If
the laser field ag is larger than the maximum normal-
ized charge separation field ¢ = 2mhele = 2o, all
electrons will be displaced, then the balance between
the laser field and the charge separation field will col-
lapse. In our parametric region ag > 8000 > oy, the
laser field ag is much larger than the charge separation
field €. Therefore, the balance between the laser field
and the charge separation field cannot be established
(it is too late to establish the balance), thus the pro-
tons cannot be pulled out by the electrons. With the
rapid increase of the distance between the electrons
and the ions, the charge separation field decays very
quickly while the laser field ag is still large. From
Fig.5, one can see that the laser field is still large
(ag ~ 50 > €) even at the end of the acceleration pro-
cess. Therefore, due to the fact that the parametric
region ag ~ o9 = ﬁe[e cannot be satisfied, only the
electrons are accelerated to relativistic energy.

Here we used CP laser pulses due to the
fact that for a CP pulse with the electrical field
E = E(x)[sin(wt)j + cos(wt)z], the ponderomo-

tive force Fj, = —mjfz V.a3(x)Z has no oscillating
component.[*>?4 In contrast, the ponderomotive force

F}, of a linearly polarized pulse with the electrical field
E, = E(x)sin(wt)y has a 2wt oscillating component,
thus the accelerated electrons would oscillate periodi-
cally leading to the collapse of the electron layer and
an increase of the energy spread. Therefore, it is dif-
ficult to obtain quasi-monoenergetic electron beams
and the acceleration process may come to an end ear-
lier when a linearly polarized pulse with the same in-
tensity is used. When a CP laser is incident on a
thin foil, the electrons are pushed forward steadily by
the ponderomotive force without the oscillation and
quasi-monoenergetic electron beams can be obtained
easily.

In conclusion, we have demonstrated that high en-
ergy quasi-monoenergetic electron beams are gener-
ated efficiently in the parametric region ag > 8000
by two-dimensional PIC simulation. Simulations show
that GeV electron beams can be produced by the
10 W/cm? CP laser pulse within a short time du-
ration while the ions just move a very small distance
compared with the accelerated electrons. The key in

the new acceleration mechanism is to use a thin and
relatively low density foil so that the electrons are
trapped easily and the plasma instability may reduce.
In this acceleration region, the electrons are acceler-
ated to high energy quickly and have large relativistic
masses, which overcome their self-action significantly
and keep the acceleration stable. The REM comes
into being in the early period of the acceleration pro-
cess. It is opaque for the laser pulse and can maintain
its shape by optimizing the initial parameters. Note

that the average energy of the electrons as a func-

tion of time follows the simple model of E, = ar?,

which may be useful to predict the final energy. More-
over, it is worth pointing out that a lower intensity
laser pulse can still drive this acceleration scheme.
For example, a 600 MeV quasi-monoenergetic electron
beam with an energy spread of 9% is predicted for
ag = 111,1, = 10nm, ney = dn. at t = 444.73fs. To
sum up, for the ultra-short ultra-intense laser pulses
discussed in this study, this acceleration scheme may
be a new choice for laser-plasma electron acceleration
in the near future.
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