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Generation of intense coherent attosecond X-ray pulses using

relativistic electron mirrors”

V.V. Kulagin, V.N. Kornienko, V.A. Cherepenin, H. Suk

Abstract. We analyse the steepening of the leading edge of femto-
second petawatt pulses with the use of plasma layers and show that,
at an electron density several times higher than the critical one, an
asymmetric (in time domain) pulse can be produced with an ampli-
tude of the first half-wave differing little from the maximum pulse
amplitude. Using numerical simulation, we have studied the inter-
action of such pulses with nanometre-thick films, including the gen-
eration of relativistic electron mirrors and the reflection of a coun-
terpropagating probe pulse from such mirrors. The resulting coher-
ent X-ray pulses have a duration of ~120 as and a power of ~600
GW at a wavelength of ~13 nm. Our results demonstrate that the
reflectivity of a relativistic electron mirror situated in the accelerat-
ing pulse field is independent of the probe pulse amplitude when it
increases up to the accelerating pulse amplitude.

Keywords: generation of coherent attosecond X-ray pulses, very
intense nonadiabatic laser pulses, relativistic electron mirrors.

1. Introduction

There is currently an immense need for a high-power, com-
pact source of short X-ray pulses. Coherent attosecond X-ray
pulses may find very wide application in the visualisation of
dynamic states of complex molecules, medical diagnostics etc.
One way of generating short X-ray pulses is by using Thomson
scattering of photons by counterpropagating relativistic elec-
trons. This process, however, usually produces incoherent X-ray
pulses. For the generation of coherent X-ray pulses, the elec-
tron beam should have a rather small spatial length. At present,
single electron bunches moving at a relativistic velocity and
having a density approaching the electron density in solids
can be produced using modern petawatt laser systems gener-
ating pulses several tens of femtoseconds in duration [1,2].
Necessary conditions for this are a nonadiabatic laser pulse
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shape (i.e. the pulse leading edge should be shorter than the
field oscillation period) and a sufficient pulse amplitude,
exceeding a certain threshold. For example, when such a pulse
is normally incident on a nanometre-thick film (nanofilm), it
can expell all the electrons from the film in the pulse propaga-
tion direction. As a result, the electrons acquire relativistic
velocities in a time considerably shorter than the laser field
period. The spatial length of the electron bunches thus produced
may be several nanometres. At electron velocities approach-
ing the speed of light in vacuum, this corresponds to an elec-
tron beam duration of about several tens of attoseconds. The
bunch diameter is of the order of several tens of microns (laser
focal spot diameter), which considerably exceeds the bunch
thickness. As a result, such bunches can be used as relativistic
electron mirrors.

At present, the main obstacle to the practical implementa-
tion of the idea of producing relativistic electron mirrors
using nanofilms is the insufficient slope of the leading edge of
accelerating laser pulses. At a low slope of the pulse leading
edge, the electron bunch lifetime is not very long or no bunches
are formed at all. One possible approach for increasing the
leading edge slope is to employ the steepening of a petawatt
laser pulse when it interacts with solid nanofilms [3-5]. The
ability to produce laser pulses of desired shape with the use of
nanofilms relies on relativistic nonlinearity and self-induced
transparency effects [6—12]. The steepening of the leading
edge of an incident laser pulse is due to the following physical
mechanism: When the wave amplitude becomes sufficiently
large, the electrons acquire relativistic velocities, which leads
to a decrease in effective plasma frequency because the elec-
tron mass depends on the electron energy. For this reason,
when the nanofilm thickness is considerably smaller than the
wavelength, the part of the laser pulse with a moderate inten-
sity is reflected, whereas the high-intensity part passes through
the nanofilm. Reflection to transmission switching may occur
in a time comparable to the field oscillation period, and as a
result the leading edge width of the resulting pulse is of the
same order as or even smaller than the laser wavelength.

The reflected pulse parameters can be tuned in a wide
range using plasma layers several laser wavelengths in thick-
ness, with a density 3 to 20 times the critical one [13]. When
having adequate parameters, such layers allow one to sup-
press almost completely the small-amplitude part of the pulse
leading edge (which may be also relativistic), whereas the
largest amplitude part of the pulse may pass through such lay-
ers almost with no loss. Such plasma layers can, in principle,
be obtained from nanofilms using preheating laser pulses with
appropriate parameters, preceding a main pulse.

The classic problem of electromagnetic field reflection from
an ideal mirror was treated as early as 1905 by Einstein [14].
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Theoretical aspects of reflection from an electron beam in the
microwave region were considered by Landecker [15]. The
generation of reflected X-ray pulses using relativistic electron
mirrors produced by exposing a nanofilm to an intense laser
pulse was first proposed and analysed in Refs [16—18], where
one-dimensional (1D) numerical modelling and analytical
estimates were used to demonstrate the potential of the
approach. Various aspects of reflection from relativistic elec-
tron mirrors and modifications of this configuration were
examined in Refs [19-23]. Reflection from a relativistic
plasma mirror containing not only electrons but also ions was
considered by Esirkepov et al. [24], and X-ray generation on
a mirror formed in a wake wave was investigated by Bulanov
et al. [25].

There is also intense research interest in the generation of
single attosecond pulses when intense laser pulses are reflected
from semi-infinite targets (see e.g. Refs [26,27]). The process
is analysed in terms of an oscillating-mirror model. An attrac-
tive feature of this configuration is its simplicity: only one
intense laser pulse is needed and the target thickness can be
several microns or more. This configuration, however, fails to
ensure sufficient control over the parameters of the reflected
pulse, including the shape of its envelope and the phase differ-
ence between the carrier and envelope. Moreover, the reflected
radiation contains all the harmonics of the incident pulse fre-
quency, which requires frequency filtration for obtaining single
attosecond pulses with a particular carrier frequency.

The objectives of this work are to determine the parame-
ters of plasma layers that enable one to produce intense non-
adiabatic petawatt electromagnetic pulses with a leading edge
width smaller than the field period, to model the generation of
relativistic electron mirrors with the use of such pulses and to
investigate reflection of a counterpropagating probe pulse from
the mirrors obtained. In contrast to previous work [22,23],
we consider reflection from a relativistic electron mirror situ-
ated in an accelerating laser pulse field, which ensures better
reflection stability and almost constant reflectivity when the
amplitude of the counterpropagating probe pulse increases up
to the accelerating pulse amplitude.

2. Steepening of the leading edge of a petawatt
laser pulse

In 2D simulations, we used a numerical code based on the
particle-in-cell method. We considered a linearly polarised
laser pulse propagating in the +z direction. The laser wave-
length in vacuum, A, was 1 um, and the dimensionless field
amplitude, ay = |e| Ey/(mcw) (where ¢ is the speed of light in
vacuum; @ and E; are the field frequency and amplitude in
vacuum; and e and m are the charge and mass of an electron),
was 20. The transverse electric field component, E,, of the
incident pulse is related to the transverse coordinate and time
in the beam waist region by

_ ( X — Xg >4
Wo
where X, is the transverse coordinate of the beam centre;
wo = 204 is the beam waist radius (the 1/e focal waist diameter
is 401); 1, = 64/c is the time delay; and © = 34/c is the 1/e pulse
width. Thus, before interaction both the spatial and temporal
envelopes of the pulse were super-Gaussian. The plasma layer
thickness was 1.7 um and the electron density in the plasma

layer was 3.55x 102! cm™ (3.17 times the critical density). The
plasma layer was assumed to be fully ionised (estimates indi-

E.(x,1) = apexp

exp[—(t — o ﬂsin(Zn%z), (1)

T

cate that this assumption is satisfied at the field amplitudes used
in our simulation) and the plasma was considered to be colli-
sionless. The ion mass n; was taken to be 1840m.

Figure 1a shows the time dependences of the field for the
incident and transmitted pulses. The amplitude of the first
relativistic half-wave (near z/A ~ 24) is of the same order as
the maximum pulse amplitude. Before this instant, all half-
waves have nonrelativistic amplitudes and cannot form a rel-
ativistic electron mirror. The spatial structure of a pulse with
a steepened leading edge (Fig. 1b) corresponds to a part of a
planar wavefront, which ensures the formation of a high-
quality relativistic electron mirror. Thus, using plasma layers
with an electron density two to three times the critical one, we
can obtain an asymmetric nonadiabatic pulse with an ampli-
tude of the first half-wave differing little form the maximum
pulse amplitude.

_25 1 1 1 1 1 1 1 1
17 18 19 20 21 22 23 24 25

26 z/A

Figure 1. (a) Normalised transverse electric field component on the axis
of a laser pulse as a function of longitudinal coordinate ( /) in the presence
of a plasma layer and (2) with no plasma. (b) Spatial structure of a pulse
with a steepened leading edge.

3. Formation of a relativistic electron mirror

In addition to the laser pulse shape and amplitude, the prop-
erties (thickness and density) of the nanofilm are essential
for the ability to produce a high-quality relativistic electron
mirror [1, 2]. Namely, a relativistic electron mirror can be
obtained at ay >> a = M(w3/w?)(I/A), where w, = (4nnye’/m)'
is the plasma frequency; n is the electron density in the nano-
film; and /is the thickness of the nanofilm. Moreover, « influ-
ences the relative scatter in the electron energy in the mirror.
For a < 1, the scatter may be several percent, i.e. a quasi-
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monochromatic electron bunch is formed [2]. In view of this,
to produce a relativistic electron mirror, we used a nanofilm of
thickness / = 6 nm, which corresponds to & ~ 0.52 at an elec-
tron density 7y = 3.1x10% cm™.

Figure 2a shows a relativistic electron mirror produced
four field periods after the onset of interaction by a pulse with
a maximum amplitude g, = 10 and a steepened leading edge.
At the initial instant, the nanofilm was located at z = 3. The
thickness of the relativistic electron mirror decreases at the
beginning of interaction and then increases, reaching about
15 nm at the instant corresponding to the conditions of Fig. 2.
The diameter of the flat part of the mirror is 304, which
is slightly smaller than the beam diameter (401). The x—p.
phase space for the electrons of the mirror is shown in Fig. 2b.
The mirror is seen to have good uniformity in longitudinal
momentum. The average longitudinal momentum is ~43 (the
momentum is normalised to mc), with a relative scatter of less
than 1.5%.

x/A, E, x/A
70 70
60 60
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S50F  pulse S50
40 40
30 30
20 20+
10 10
O 1 1
0 2 4 6 zIA =20 0 20 p.l(mc)
a b

Figure 2. (a) Relativistic electron mirror produced four field periods
after the onset of interaction by a pulse with a steepened leading edge
and a maximum amplitude ¢y = 10 using a 6-nm-thick target with an
electron density 7y = 3.1x10%2 ¢cm=. (b) x—p. phase space for the mirror.
For clarity, the field of the accelerating pulse is offset along the vertical
axis.

4. Reflection of a counterpropagating probe pulse
from the relativistic electron mirror formed

The reflection of a counterpropagating probe pulse from a
relativistic electron mirror produced by an accelerating pulse
with a steepened leading edge is illustrated by Fig. 3. A probe
pulse Gaussian in shape in both the transverse and longitudi-
nal directions has a total 1/e width of 24/c, its amplitude is
equal to the amplitude of the accelerating pulse (a; = ag = 10),
and the beam diameter is 164.

The reflected pulse is similar in shape to the probe pulse.
The wavelength of the reflected radiation varies from 12 to
14 nm, which is caused by the variation of the longitudinal
momentum of the relativistic electron mirror in the course of
its acceleration. The 1/e width of the reflected pulse is 120 as
(~three oscillation periods), slightly exceeding the probe pulse
width (two periods), which is caused by the comparatively
large thickness (~15 nm) of the relativistic electron mirror
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Figure 3. (a) Field of a counterpropagating probe pulse (offset along
the vertical axis for clarity) on the axis of a beam of duration 24/c after
a relativistic electron mirror and (b) field of the reflected pulse on the
beam axis on an expanded scale.

at the instant of probe pulse reflection. At the instant when
the largest amplitude part of the probe pulse reflects from the
mirror, the increase in frequency calculated from the velocity
components of the relativistic electron mirror is ~80 times, in
good agreement with the wavelength of the reflected radiation.

Figure 4 shows the spatial field structure corresponding to
Fig. 3, and Fig. 5 shows the reflected pulse on an expanded
scale. It follows from Figs 4 and 5 that the reflected beam
diameter is of the same order as the beam diameter of the
probe pulse. In addition, it is seen in Fig. 5 that the reflected
pulse has a well-defined spatial structure, which points to
good temporal and spatial coherence.

The simulation results for the reflection of a longer pulse
(1/e width of 44/c) from a relativistic electron mirror are pre-

Figure 4. Spatial field structures of a counterpropagating probe pulse
(left) and the reflected pulse (in the ellipse). The simulation parameters
correspond to Fig. 3.
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Figure 5. Spatial field structure of the reflected pulse on an expanded
scale.
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Figure 6. (a) Field of a counterpropagating probe pulse with a 1/e width
of 41/c on the beam axis after a relativistic electron mirror and (b) field
of the reflected pulse on the beam axis on an expanded scale.

sented in Fig. 6. Since the transmitted and reflected pulses are
insufficiently distant from one another at the instant corre-
sponding to the conditions of Fig. 6 (because of the limited
computational resources available), the reflected pulse field
is slightly tilted. In addition, the maximum amplitude of the
reflected pulse is slightly smaller than that of the shorter
reflected pulse (0.37 against 0.64). As for the rest, all typical
features characteristic of the reflection of the shorter probe
pulse (Fig. 3) remain intact.

To obtain high power of short-wavelength reflected radia-
tion, it is important to examine the reflected pulse amplitude
as a function of probe pulse amplitude (conversion nonlin-
earity). The reflection process was simulated for a probe pulse
amplitude, a;, varied from 0.1 to 10, that is, to the accelerat-
ing pulse amplitude. Figure 7 shows the reflected pulse ampli-
tude and the reflectivity of the relativistic electron mirror as
functions of probe pulse amplitude. The reflection process is
seen to be highly linear: the reflectivity changes very little
(from 0.062 to 0.064) when the amplitude of the counter-
propagating probe pulse, a;, increases from 0.01a, up to the
accelerating pulse amplitude, a,. Previously, this was proved
analytically in a 1D model [16].
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Figure 7. (a) Reflected pulse amplitude a.q and (b) reflectivity of the
relativistic electron mirror r,, = dyr/a; as functions of probe pulse ampli-
tude a;.

It is worth noting that not only the reflectivity but also the
shape of the reflected pulse depend little on the probe pulse
amplitude. Figure 8 shows the reflected pulse field on the
beam axis at counterpropagating probe pulse amplitudes
differing by hundred times. The shapes of the reflected pulse
are seen to be almost identical, and the slight discrepancy
at the reflected pulse tail is caused by the deceleration of
the relativistic electron mirror because of the influence of the
counterpropagating probe pulse field and by the correspond-
ing decrease in the frequency conversion coefficient.

5. Discussion and conclusions

The practical implementation of the above scheme for the
generation of coherent attosecond X-ray pulses with tailored
parameters is possible if a number of conditions are fulfilled.
First, nanometre-thick targets are needed. Free-standing car-
bon films 5 nm or more in thickness have relatively long been
used in physical experiments [28]. Graphene nanofilms can
have a smaller thickness, down to the carbon monolayer
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Figure 8. Reflected pulse field on the beam axis (total 1/e probe pulse
width of 24/c) at counterpropagating probe pulse amplitudes a; = (/)
10 and (2) 0.1 [the vertical axis is expanded by a factor of 100 for curve
(2)1.

thickness [29—-31]. In recent years, intensive research effort
has been concentrated on various techniques for the prepara-
tion of carbon nanofilms through ion deposition [32]. The
process used by Bai et al. [33] to fabricate a ‘graphene nano-
mesh’ allows one to produce nanofilms with an effective elec-
tron density lower than that in solids. Thus, the problem of
fabricating a target possessing all necessary properties (thick-
ness, strength, stability to disturbances and others) can be
considered solved. Another condition is a rather high laser
pulse contrast: up to 10'° or even higher. This problem is
being solved using plasma mirrors transmitting the small-
amplitude part of a pulse and reflecting its central part, with
the maximum amplitude, because of the plasma formation on
their surface. The two solutions were implemented in the first
experiments concerned with the generation of relativistic elec-
tron mirrors [34], which demonstrated the formation of quasi-
monochromatic electron bunches when intense laser pulses
interacted with nanometre targets, and in experiments
devoted to the acceleration of ions from a nanofilm [35]. At
the same time, steepening of the leading edge of a laser pulse
for the generation of relativistic electron mirrors has not yet
been demonstrated experimentally. The above results offer
the possibility of planning such experiments.

The present results allow us to estimate characteristic
parameters of X-ray pulses generated when a probe pulse is
reflected from relativistic electron mirrors. The data pre-
sented in Figs 3 and 4 indicate that the reflected X-ray pulse
power is ~580 GW at a pulse duration of 120 as and a wave-
length of 13 nm. With the same accelerating pulse, the beam
diameter for a counterpropagating probe pulse can be increased
to (30-35)A, and the reflected pulse power will then reach
several terawatt. The accelerating pulse power is then ~1 PW,
which can be achieved in modern laser systems. The reflected
pulse frequency can be raised through a reduction in the beam
diameter for an accelerating pulse and the corresponding
increase in beam intensity. For example, when the beam
diameter for an accelerating pulse is reduced by a factor of
2-3, the reflected pulse frequency increases by a factor of 4—9
[2,16], which allows one to obtain X-ray pulses with a wave-
length of 1-2 nm. Numerical simulation of such interactions
requires great computational resources and will be the subject
of subsequent communications.

Thus, we have studied the generation of coherent atto-
second X-ray pulses of controlled shape through the reflec-
tion of counterpropagating laser pulses from relativistic elec-
tron mirrors. We have identified conditions under which
plasma layers can be used to produce an asymmetric pulse
with an amplitude of the first half-wave differing little from
the maximum pulse amplitude. Using 2D numerical simula-
tion, we have investigated the generation of relativistic electron
mirrors through the interaction of such pulses with nanofilms
and the reflection of a counterpropagating probe pulse from
such mirrors. The coherent X-ray pulses obtained have a
duration of ~120 as and a power of ~580 GW at a wave-
length of ~13 nm. Our results demonstrate that the reflec-
tivity of a relativistic electron mirror situated in the accelerat-
ing pulse field is independent of the probe pulse amplitude in
a wide range of its values.
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