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Theoretical Investigation of Controlled Generation of a Dense Attosecond Relativistic Electron
Bunch from the Interaction of an Ultrashort Laser Pulse with a Nanofilm
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For controllable generation of an isolated attosecond relativistic electron bunch [relativistic electron
mirror (REM)] with nearly solid-state density, we propose using a solid nanofilm illuminated normally by
an ultraintense femtosecond laser pulse having a sharp rising edge. With two-dimensional (2D) particle-
in-cell (PIC) simulations, we show that, in spite of Coulomb forces, all of the electrons in the laser spot
can be accelerated synchronously, and the REM keeps its surface charge density during evolution. We also
developed a self-consistent 1D theory, which takes into account Coulomb forces, radiation of the
electrons, and laser amplitude depletion. This theory allows us to predict the REM parameters and shows

a good agreement with the 2D PIC simulations.
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Generation of attosecond relativistic electron beams is
of great importance for modern physics. These beams can
be used in modern laser-wakefield accelerators and free-
electron lasers for injection, in attosecond electron diffrac-
tion and microscopy, in generation of ultrashort coherent x-
ray radiation via Thomson scattering, and in many other
applications, providing time-resolved studies in physics,
biology, chemistry, etc., with the attosecond time-scale
resolution. The main requirement for attosecond electron
bunches is the controllability of their parameters, including
length, charge, and energy.

In high-density (overcritical) plasmas, two mechanisms
for generation of ultrashort electron beams—the v X B
heating and the vacuum heating—were investigated re-
cently [1-4]. The length of the electron beam is about
the laser pulse length here with a wide energy spread for
electrons; in addition, the beam parameters are difficult to
control. In low-density (underdense) plasmas, a single
electron bunch can be generated by laser-wakefield accel-
eration mechanism [5-7] but the length of the bunch is not
shorter than 1-5 um (several femtoseconds). In a vacuum,
a single ultrashort electron beam can be generated through
laser compression of a longer electron beam [8,9]; how-
ever, the charge of the bunch here is considerably smaller
than 1 pC. The same compression can be applied for thin
(1 pm and less) plasma layers of low (gas) density [10—
12], but the practical realization of such layers is under
question now.

In this Letter, we propose using a nanofilm (film with a
thickness of 10 nm or less) as a solid-state density target
for generation of an attosecond relativistic electron
bunch. It is shown that, when this target is irradiated
normally by a superhigh intensity laser pulse with a sharp
rising edge (nonadiabatic laser pulse), all electrons of the
plasma layer can achieve relativistic longitudinal velocities
synchronously when the dimensionless field amplitude
becomes large enough, ag > a [ay = |e|Ey/(mcw), a =

0031-9007/07/99(12)/124801(4)

124801-1

PACS numbers: 41.75.Jv, 41.75.Ht, 52.38.Kd

m(w?/w?)(I/A), where e and m are the charge and the
mass of an electron, c is the speed of light, £, w, and A are
the amplitude, the frequency, and the wavelength of the

laser field in a vacuum, w, = /4mn, e?/m is the character-
istic plasma frequency, n, and [ are the density and the
thickness of the nanofilm]. Our scheme has the following
features: (i) only a single electron bunch of attosecond
length is generated, (ii) it can generate a very large charge
(>10 nC), and (iii) its parameters can be controlled easily.
We call such a bunch a relativistic electron mirror (REM).
In this Letter, we demonstrate for the first time the feasi-
bility of generation of such an attosecond electron bunch
by using virtual experiments, i.e., 2D particle-in-cell (PIC)
simulations. We revealed the new effect of “‘charge freez-
ing,” consisting in a slow (in a time-scale of longitudinal
acceleration) removal of the electrons from the central part
of the REM, even when the laser beam diameter is not
extremely large, that allows for the REM to keep initial
surface charge density during its entire lifetime. Further-
more, we developed a new self-consistent 1D theory to
explain the acceleration process. We found that laser
field depletion, strong radiation of the accelerated elec-
trons, and high radiation friction play very crucial roles in
the acceleration process in the solidlike high-density
plasma so our theory includes all of these effects. This
theory allows us to calculate all parameters of the REM
electrons, i.e., trajectories, momenta, energies, etc., and
turns out to be in good agreement with the 2D PIC
simulations.

The main condition for realization of the proposed gen-
eration scheme is the availability of nonadiabatic laser
pulses. Recently, few-cycle laser pulses with very sharp
fronts have been generated experimentally [13,14] and, in
the near future, one can expect the generation of few-cycle
laser pulses of petawatt and even exawatt (10'® W) levels
[15].
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To demonstrate the generation of the REM, we per-
formed 2D PIC simulations with the OSIRIS code [16] for
linearly y-polarized laser pulses (A = 1 um), running
along the z axis in the positive direction and having two
different beam waists wy at focus: kwy, = 50 (laser spot
size is 2wy = 16A) and kwy = 12.5 (laser spot size is
about 4)), where k = 277/ A. To reduce the Coulomb ex-
pansion of the REM, one needs to decrease «, which is
proportional to the surface density of electrons ng/ [10-
12,17]. So we used a nanofilm (positioned at the beam
focus) with a thickness of 10 nm (routinely available in
experiment [18]) and with a reasonable solid-state density
ng = 318.3n,,, where n, is the critical density (« is ~10).
To ensure the validity of inequality ay, >> «, a laser pulse
with a Gaussian transverse profile and a steplike longitu-
dinal envelope with the amplitude a, = 60 was used. In the
simulation, we used 630 grid points per A along the longi-
tudinal direction and 16 (kwy = 50) or 63 (kwy = 12.5)
grid points per A along the transverse direction, and 256
particles per cell were employed. The plasma was assumed
to be preionized (for ay = 60, a delay in ionization is small
enough to cause no effect if the target material has not very
high nucleus charge Z < 10) and collisionless with the ions
mass m; = 3671m.

Phase spaces kz — ky and p, — ky (the momentum p, is
normalized by mc) are presented for two different times
ot = 13 and wt = 20 in Fig. 1 (kwy = 50). The electrons
near the laser beam axis (ky = 100) form the REM.
Because of a snowplow action of the laser pulse [10-
12,19], all electrons are removed from the central part of
the nanofilm and are accelerated longitudinally to relativ-
istic velocities. Because of large Coulomb forces, the
electrons in the left side of the REM (called left electrons
below) turn back at some time while other electrons con-
tinue to move to the right. Thus, left electrons on the laser
beam axis turn back at about wt = 24 (cf. Fig. 2); this time
can be defined as a lifetime 7; of the REM (for the laser
waist kwy = 12.5, the lifetime is about 7; =~ 23). The po-
sition of the first turning point of the left electrons depends
primarily on the parameters a, and «. Therefore, because
of the Gaussian transverse profile of the laser pulse, the
diameter of the REM gradually decreases with time (for
wt =~ 1;, the diameter of the REM is about zero). However,
even after the turn of all left electrons, the major part of the
electrons continues to move, forming partial REM with the
full thickness of about A. On the edges of the REM, the
laser pulse produces usual heating of the plasma (e.g., near
ky = 50 and ky = 150 in Fig. 1). During acceleration, the
REM “eats away” the first half-cycle of the laser pulse
(amplitude transmission is less than 10%) so by the end of
the REM lifetime, the first half-cycle of the laser pulse
almost totally disappears. The phase spaces for kwy, =
12.5 (not shown here) are very similar to those presented
in Fig. 1, with the only important difference being the
fourfold decrease of the REM dimension along the y
axis. This means that the considered process is effectively
quasi-one-dimensional and regular.
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FIG. 1 (color online). Phase spaces kz — ky (a), (c) and p, —
ky (b), (d) for the electrons accelerated by the laser pulse having
the waist kwy = 50 for wt = 13 (upper panels) and wt = 20
(lower panels).

The coordinates of the leftmost and the rightmost elec-
trons of the REM as functions of time are shown in Fig. 2.
The full thickness of the REM in the central part is con-
siderably smaller than A (see also Fig. 3) right up to the first
turning point of the left electrons, where it is about A/2
(kl = 7r). The full thickness of the REM near wr =13
(which is the best time for use of the REM since the
momenta p, of the electrons reach maxima) is only about
A/10 (cf. insets in Fig. 2), i.e., about 300 attoseconds (the
full length at half maximum here is only about 90 atto-
seconds). Also, the REM remains strongly overcritical
throughout the entire lifetime.

The full thickness k! and the surface charge density a,
of the REM as functions of the transverse coordinate y are
presented in Fig. 3 (kwy = 50). It is remarkable that,
during the evolution, the surface charge density «, of the
REM remains close to the initial value a = 10 for the
nanofilm, and there is almost no charge removal from the
central part of the REM to the peripheral parts even for a
moderate diameter of the laser beam. We call this feature a
charge freezing effect of the superintense nonadiabatic
laser pulse, as opposed to the well-known drilling effect
of an adiabatic laser pulse. Also, inside the REM, k/ and «,.
change smoothly indicating the coherence of the electron
movements contrary to the outer regions, where the elec-
trons move chaotically and «, changes very rapidly. Again,
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FIG. 2 (color online). Coordinates of the leftmost and the
rightmost electrons of the REM as functions of time: dots (green
online) are the results for the 2D PIC simulations with kw, = 50
taken on the laser beam axis (ky = 100), solid lines and dia-
monds (both red online) are the numerical solutions of the
system (3), and dashed lines and circles (both blue online) are
the approximate analytical solutions according to Egs. (4). In the
insets, the electron densities (normalized by the initial density
ng) on the laser beam axis for wt =13 and wt = 20 are
presented (green solid lines online).

the same features are characteristic for the smaller beam
size kwg = 12.5 (not shown here), and the graphics are
very similar with rescaling of the ky axis by 4 times.

So the REM is a transient coherent structure, in which all
electrons move synchronously. It exists only for a limited
period of time. In the above simulations, the lifetime of the
REM is about 4 laser periods (13 femtoseconds). Larger
values for aq or smaller values for a can increase the
lifetime of the REM up to hundreds of femtoseconds [12].

Let us now elaborate the 1D theory for the generation of
the REM. The nanofilm will be modeled with a set of
electron sheets (ESs), each numbered by its initial coor-
dinate z, € [0, []. The laser field will be modified by virtue
of an interference with radiation emitted by these ESs, and
the motion of the ESs will be defined by the combined
electromagnetic field (the self-consistent model is neces-
sary here since a > 1 [10,12]). The fields of one ES are
determined by 1D analogs of the classical Lienard-
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FIG. 3 (color online). Thickness &/ (light gray; red online) and
surface charge density «, (dark gray; blue online) for the REM
formed by the laser pulse with the waist kwy = 50 [(a) wt = 13
and (b) wr = 20].

Wiechert solutions [10,12]. Inserting the sum of the radia-
tion fields of ESs into equations of motion for the ES with
the coordinate z,;, we will obtain the nonlinear integro-
differential equation with delay [12], which contains the
ES variables only. In general cases, the solution should be
computed numerically for a large number of ESs simulta-
neously to evaluate the integrals.

To reduce the system, we will use in this Letter the
following simplifying assumptions. In the initial coherent
stage of the nanofilm’s evolution, the thickness of the
nanofilm is small, / << A, and there is neither heating of
the nanofilm nor turbulent motion of the ESs. Then, we
assume that the radiation field of each ES immediately acts
on the other ESs and there are no intersections of trajecto-
ries of the ESs. Besides, we assume that the ESs are
immediately removed from the ion layer after beginning
of the interaction since ay > « and [ << A. Then, we
obtain for the ES with the initial coordinate z,

dp,/d(wt) = —age,k/y
—al[xli/y + (1 + p)L/(«ky)] (1)
dr/d(wt) = 2a[k(1 — zo/1) — py11]/7,

where e, = sin(wt — kz), p = yv/c is the normalized
momentum of the electrons with velocity v, y =

o py(2h, Ddz!
Lz 1) = 171 [ 220 D%
1(Z0 ) ]0 K(Z6,t)

L(zp, 1) = 17! f 1 py(z0, (2, 1)z,
o o 1+ iz 1)

2

and we introduce the parameter k = y — p, [as usual, y =
(I+ p3 + «H)/(2x), p.=(1+ p; — «»)/2x)].
Physically, the integral /; describes the action of the radia-
tion field of all left ESs on the ES with coordinate z,, and I,
describes the action of the radiation field of right ESs.

To evaluate the integrals I, and I,, we suppose that the
integrands in Egs. (2) can be represented in any internal
point z, € [0, [] as a linear interpolation of their values at
points zo = 0 and zy = [. Then, xk; = 1 and

dpyoz_aeKo_a<p +py11+p§o>

d(w1) e 2%\ ko 1+ pY)

dry  akg 1 PyoPyi

don v l1Tx2 ' T e+ ol (3)
(wr) vy L1+ pl Ko(1 + py)

d Vi
Py _ o€y i(l)yl + @)

d(wt) Y 2w Ko

where indexes 0 and [ stand for the left (zyo = 0) and the
right (zo = [) ESs. So equations of motion of all ESs are
reduced now to the coupled nonlinear system of equa-
tions for the two outer ESs, which can be easily solved
numerically.
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To uncouple Egs. (3) and to get the approximate ana-
lytical solutions, we suppose that p,o/kg = py/k; = py
in the large parentheses on the right-hand sides of Egs. (3)
(i.e., in terms originating from the self-action of the own
radiation of the nanofilm). After decoupling, we transfer to
new independent variables 6, = wt — kZy and 6, = wt —
kZ,, where Z; and Z, are the z coordinates of the right and
the left ESs. The parameter « is a slow function so the
equation for p,, can be approximately solved supposing
Ko = const < |py|. Substituting approximate solution
Py = ag Ko~ ! sinf into the equation for k and integrat-
ing this equation by 6, over the period of the laser field to
remove the 6, dependence, we eventually obtain the fol-
lowing approximate parametric solutions for Egs. (3) with
parameters 6, and 6,

ko=1+a?6y/a,+In(1+ a?6y/ay),

Pyo = —agKo(x§+ a?)"Hasinb, — ko[cosb,
—exp(—aby/ko)l}
0o
kZy = j "(1+ p2))d6}/(23) — 6,/2, )
0

Py = —aglasing; — cos; +exp(—ab))]/(1 + a?),
0
kZ, = f p2d0})2  wt=0,+kZy=0,+kZ,
0

The solutions for Egs. (3) and (4) coincide well with the
PIC results almost until the first turning point of the left ES
at wt = 25 (cf. Fig. 2). From the insets of Fig. 2, one can
conclude that the analytical approach describes well the
main peak of the electron density discarding only the low-
density part of the REM. So the elaborated analytical
approach [the reduced system (3) and the approximate
solutions of this system (4)] can be used for quick calcu-
lation of the dynamical parameters of the REM.

Now, let us take examples. The laser power for kw, =
50 and ay = 60 amounts to 5 PW, and the charge of the
REM (estimated inside 2w, spot) is 160 nC (10'? elec-
trons). For kwg = 12.5 the values are more modest:
300 TW and 10 nC (6.25 X 109 electrons), and this power
can already be realized nowadays. For the proof-of-
principle experiments, using, e.g., graphene sheets [20]
as a target (/ = 2 nm, « =~ 2) and with a laser spot size
of about w( = A, the laser power of 2 TW is enough. If the
laser pulse has a smooth front, then the electrons of the
REM remain motionless in the longitudinal direction until
the laser amplitude reaches the value aq ~ « [12,17]. After
that, the REM will be formed by the first half-cycle, which
has the amplitude a, larger than @. So for the generation
of a good REM by a smooth laser pulse, the high peak-to-
peak ratios ~4 to 5 are necessary at the front of the laser
pulse [for a Gaussian longitudinal profile, it corresponds to
a full duration at half maximum of about (1.2 ~ 1.4)A].

In conclusion, we propose using a nanofilm for the
generation of a single attosecond high-charge relativistic
electron bunch with predefined parameters. We demon-

strate the feasibility of this approach by the 2D PIC simu-
lations. We reveal the effect of charge freezing, which
guarantees supporting REM surface charge density during
the evolution. We also developed the 1D self-consistent
theory, which takes into account Coulomb interactions,
radiation of the electrons, and laser amplitude depletion.
This theory allows us to calculate dynamical parameters of
the REM electrons and shows a good agreement with the
results of the 2D PIC simulations. According to this theory,
the initial diameter of the REM is equal to the laser beam
diameter 2wy, and the initial charge is proportional to w3«.
The energy and the energy spread of the electrons in the
REM are controlled by a, and «, and the scaling with the
laser field intensity and nanofilm thickness can be derived
from Egs. (4).
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