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Direct acceleration of electrons in a coherent, intense light field is revealed by a remarkable increase of
the electron number in the MeV energy range. Laser irradiation of thin polymer foils with a peak intensity
of ~1 x 10?° W/cm? releases electron bunches along the laser propagation direction that are postaccel-
erated in the partly transmitted laser field. They are decoupled from the laser field at high kinetic energies,
when a second foil target at an appropriate distance prevents their subsequent deceleration in the declining

laser field. The scheme is established with laser pulses of high temporal contrast (10'° peak to background
ratio) and two ultrathin polymer foils at a distance of 500 ym. 2D particle in cell simulations and an
analytical model confirm a significant change of the electron spectral distribution due to the double foil
setup, which leads to an amplification of about 3 times of the electron number around a peak at 1 MeV
electron energy. The result verifies a theoretical concept of direct electron bunch acceleration in a laser field
that is scalable to extreme acceleration potential gradients. This method can be used to enhance the density
and energy spread of electron bunches injected into postaccelerator stages of laser driven radiation sources.
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The interaction of electrons with very intense light fields
as a fundamental physical phenomenon is studied with
growing interest since lasers can provide extreme values of
field parameters [1-5]. Here, one fundamental question is
how to transform the enormous energy content and field
strength of a focused powerful laser pulse into the gen-
eration of relativistic electrons. The emerging potential of
the direct electron acceleration in relativistic laser fields
originates from its scaling with the laser intensity. Here,
the electrons undergo acceleration potential gradients of
~0.1 TeV/m for ~10 PW laser pulses, and it is suggested
to avoid limitations by the plasma density or laser intensity
[6-8] in contrast to the laser wakefield acceleration in
underdense plasmas [4].

Next to the investigation of fundamental aspects of
relativistic laser and electron dynamics, dense electron
bunches with an ultrashort time structure and relativistic y
factors up to the order of 1000 are the basis of brilliant,
coherent short wavelength light sources [4,9-12] and are
suitable for ultrafast electron diffraction [13]. This pre-
requisite can be met if an intense and linearly polarized
laser pulse interacts with a solid and leads to the emission
of electron bunches within a half cycle of an optical laser
field. In particular, the investigation of such laser created
dense electron bunches is motivated by the search for a
relativistic electron mirror upon which a second laser pulse
could be reflected and then is upshifted in frequency due to
the relativistic Doppler effect [11,12,14—17]. The efficiency
of the relativistic backscattering process is dependent
on a high density and narrow spectral distribution of the
electron layer. These requirements reason recent interests in
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investigating laser accelerated electron bunches from solid
bulk targets [2,3,18] and from ultrathin foil targets [9,19,20].

A general restriction for electron acceleration is given
when electrons interact with a short light pulse without
leaving its electromagnetic field, since an acceleration
and deceleration is determined by the laser field envelope.
Different approaches are studied to circumvent this situation:
The common strategy aims for a decoupling between
electrons and the light field before the deceleration in the
declining laser field sets in [6], thus allowing a net gain of the
kinetic energy. Such a situation is given when electrons are
scattered out of a focal region due to the ponderomotive
potential [21]. In order to obtain more energy from the laser
field, additional concepts are exploited [2,3,9,11,18,19].
For example, the deceleration can be avoided when either
the light field is reflected out of the electron trajectory
[6,12,15,22] or when the electron is injected into the light
field with a specific initial momentum [2,3,23,24].

In the following, we separate the laser field from the
electrons before the deceleration sets in by introducing
a spatial limitation for the light field. The concept was
theoretically suggested [7,15]. Via intense laser-solid ultra-
thin foil interaction, we study the spectral distribution of the
fast electrons that are accelerated in the laser propagation
direction. We show that the electron number (N,) in the
high energy range is remarkably increased with the help of
a second separator foil (F2), that was placed at some
distance (L) behind the laser irradiated foil (F1). This
scheme enables a postacceleration of electrons in the laser
light leaking through the first foil, which later on is blocked
by the second foil. Our experimental findings are analyzed
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with 2D Particle In Cell (PIC) simulations, from which
principle characteristics of the interaction between elec-
trons and the laser field are derived. On the basis of this
simulation we develop a theoretical model for the kin-
ematics of an electron bunch that interacts with a transient
laser pulse in a sub laser-cycle picture. In this picture, an
increase of N, in the high energy range is the consequence
of limiting the duration of the interaction.

Experiments were performed with a Ti:sapphire laser at
the High Field Laboratory of the Max Born Institute,
delivering (30-35) fs pulses with a laser energy of 1.6 J
on the target. A cross polarized wave generation front-end
[25] results in a peak to amplified spontaneous emission
contrast of <107!° [high contrast (HC)] and optional by the
use of a double plasma mirror, in a prepulse free contrast
of <107!* [ultrahigh contrast (UHC)]. The laser pulse was
focused by an f/2.5 off-axis parabola to a focal FWHM size
of ~4 um, corresponding to a peak intensity of I, (HC) =
1 x 102 W/cm? (7 x 10" W/cm? at UHC) and a relativ-
istically normalized laser vector potential of ag~7
(I 2> = 1.37 x 10'8 gy W/cm?/um?), respectively, where
A is the laser wavelength. The experiments used ultrathin
(12-100) nm polyvinylformal (PVF) — (CsH;0,) foils [26]
that were adhered on stainless steel masks with holes 0.6
or 2 mm in diameter. A monolithic double-foil setup with
different spacing between the foils was used [27]. Single foil
experiments were enabled by prior removal of the second foil
enabling a direct comparison. Fast electrons were detected in
single laser pulse measurements with a magnetic spectrom-
eter within a half angle of 1°in the laser propagation direction
[28,29]. Additional measurements using image plates
allowed the detection of the whole electron beam profile,
divergence, and total areal dose. Details of the methods
applied and additional material can be found in Ref. [27].

The electrons’ spectral distribution detected from the
single foil configuration exhibits a spectral maximum bet-
ween (1-2) MeV, which corresponds to the approximation of
the hot electron temperature: E;/m,c ~ (1 + a}/2)'/? —1
[32], where m, and ¢ are the electron mass and the speed of
light, respectively. A typical spectrum is depicted in Fig. 1(a).
Considering the full detection range, the integrated electron
number N, strongly depends on the applied laser contrast,
while the spectral characteristics do not. In the comparison
between UHC to the HC condition, a significant higher
amount of electrons was detected for the HC condition [27].
At this contrast condition, weak prepulses (e.g., 1077 at
50 ps) are not suppressed and the temporal pulse front starts
to rise at 20 ps before pulse peak. In consequence, the target
foil is preheated and starts to expand. It was shown in recent
experiments for solid bulk targets and an oblique laser
incidence angle that a specifically prepared plasma density
gradient increases the number of emitted fast electrons [2,3]
either by an injection of slow electrons into the (reflected)
transient laser field and a followed acceleration, or by a
resonant process in the skin layer [22,33]. This observation
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FIG. 1. (a): Detected electron spectrum from laser interaction at

high temporal contrast (cf. text) with a 35 nm PVF foil and from
the double foil configuration (35 nm F1, 90 nm F2) with a
separation of 500 ym between the first and second foil. Gray
area indicates uncalibrated energy range of detection screen.
(b) Relative comparison between integrated N, detected from
double and single foil target configuration for the spectral range
of 0.2 to 4 MeV and for different distances L, between the first
and the second foil. Green refers to measurements with a target
support with a hole 2 mm in diameter, black to 0.6 mm in
diameter, reference to single foil configuration—red. Values at
the data points give the position of the peak in the electron
spectrum  from single foil configuration, SFWHM =
AE(double)/AE(single) gives the ratio between the spectral
bandwidth (FWHM) between double and single foil configura-
tion. The graph summarizes different experimental runs with
comparable experimental parameters except L.

gives an interesting insight to the concurrent laser ion
acceleration, since the higher ion acceleration efficiency is
obtained with the UHC condition for an optimized foil
thickness [34-36].

Transmission values of the laser light of about 5%—-8%
were measured for the HC condition through a 90 nm
PVF foil (F1). Hence, the transmitted light amounts to an
intensity of up to ~8 x 10'® W/cm? behind the first foil
and >2 x 10'® W/cm? at the second foil (F2). This
intensity level is strong enough to ionize and heat F2,
but it is insufficient to accelerate electrons via the ponder-
omotive force from the second foil up to the MeV range.
Following the idea of suitably separating the transmitted
light field from the electron bunches, Fig. 1(a) gives a direct
comparison between the electron spectra obtained from
single and double foil configuration with a separation
distance of Ly = 500 ym and the laser at HC condition.
In the presence of the second foil, a significant enhancement
of N, by a factor of 3 at the maximum of initial spectral
distribution was detected. Integration over the full detection
range delivered an increase of N, of up to 1.5. Various scans
(22 experimental runs with 167 single measurements)
concerning different foil thickness combinations for Ly =
500 pm corroborated the amplification in N,. The integra-
tion over the full beam area with the help of IP measurements
confirmed the effect [27] and excluded that a modification in
the electron beam profile (e.g., focusing—a well-known
effect for an electron-foil interaction [37]) leads to the
observed N, enhancement in the recorded electron spectra.
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Results obtained with different separation distances are
shown in Fig. 1(b) and provide further evidence that the
higher amount of fast electrons is related to the copropagation
of electrons in the transient laser field.

Even in a comprehensive PIC computation, the simu-
lation box cannot account for the real dimensions of the
experiment, but it can proof the feasibility of our inter-
pretation model, and, it provides a first orientation for the
development of an analytical model incorporating distance
parameters of the experiment. The PIC simulation used the
following laser irradiation and foil parameters:

I, =10 Wem™2, 1, = 33 fs, a laser spot size of about
r;, = 5 um; the thickness of the first foil was L1 = 45 nm
and of the second foil L2 = 1000 nm, with a foil distance
of Ly = 13.5 um. The plasma consists of C®* ions with a
density of n; = 6 x 10?2 cm™3. Computer simulations were
performed with the modified code PSC [38] in 2D geometry
in a 30 x 25 um? simulation box (15000 x 5000 cells) with
30 particles per cell. The step size was about 2 nm in the laser
propagation direction (x), 5 nm in the direction of the electric
field (y), and 2 nm/ ¢ in time. The first foil was located in the
simulation box at x = 15 ym and F2 at x = 28.5 um.

The generation of electron bunches (2 per laser period)
from the laser interaction with the first foil is shown in
phase diagrams in Fig. 2(a). In this simulation, we
obtained a laser transmission through the first foil of
about 10%. Therefore, the released electron bunches start
to copropagate with the transmitted laser pulse at an
intensity of ~10' W/cm?. The red rectangle in Fig. 2(a)
selects the first 4 electron bunches 26.7 fs after the start of
the simulation. In Fig. 2(b) the same bunches are marked
again at later time at 37.3 fs. Comparing the maximum
momentum (p,) of these bunches at different times, one
can already see a deceleration setting in for # > 11 fs. The
second, nontransparent, foil separates the laser radiation
from electrons and conserves a high electron momentum.
This becomes apparent in a change in the electron
spectrum and introduces a significant increase of the
electron number in the energy interval between 0.5 and
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FIG.2. Results of the PIC simulation (parameter cf. text): Phase
diagram of electrons in a double foil setup with 10% transparency
from the first foil, (a) at r = 27 fs simulation time and (b) at
t = 37 fs simulation time. Red rectangle encloses the same group
of electrons and shows their higher momentum due to interaction
with the light field.

3 MeV (cf., Ref. [27]). Out of this PIC simulation, the
enhancement of N, originates from a reservoir of elec-
trons with significant lower («0.5 MeV) kinetic energies.
Hence, the simulation showed that electrons gain energy
in the radiation field between the foils, when the second
foil stops the transmitted laser field and the energy
exchange at a certain time. This scheme describes an
electron acceleration in the copropagating laser field,
which is different than the situation of an interaction with
a crossed laser and electron beam at a separator foil [24].
In contrast to Ref. [24], the laser accelerates the electrons
in the first instance, and the phase between electron
bunches and laser light remains synchronized in the
copropagation after the first foil.

Our analytical model describes the basic acceleration
scheme of an electron bunch in a transient laser field with
decoupling the light field at a certain time. The number of
electrons N generated from the rear side of the first foil is
set as the number located in the skin layer /;, using the
condition w,,,2l;/2wc ~ ay, N(0) = a,ri n.,A, where @, is
the plasma frequency and n,, = m,ey@*/q* is the critical
density with the elemental charge ¢ and ¢, as the dielectric
constant in vacuum, @ the laser frequency, and a; corre-
sponds to the laser intensity at the rear of the partly
transparent foil of about I; 7 = 10'° W/cm?.

The acceleration of the electron bunch is governed by the
equation of motion that permits us to find the electron
bunch energy E as a function of its initial energy E, and
position x: E(E,, x). We use the Lienard Wiechert potential
to describe the electron bunch in an external vector
potential @™ (X, 7) similar to [15], where a\™" (X, 7) is
the field of a linearly polarized laser pulse,

d (B M)
do\\/1—ul—-X*

u, d 1—X ug
= —0y —— = = —O0) .
1—Xdo /l—ug—Xz 1-X

Here 7=wt, X =wx/c, the transversal velocity
y=1v,/c, 0=7—X, and 6y = N/rin.A are used as
normalized variables. The copropagating laser reads

ag sin(0) ol — 0
1+X2/<%)2e < (th)2>’ )

where Ly is the Rayleigh length and 7; the laser pulse
duration.
The normalized electron energy reads as y = 1

\/ l—u%—Xz,
7, =1/V1 — X2,

First, we consider an electron layer (delta function) with an
initial slow, constant kinetic energy of E; = 0.2 MeV.

(1)

u

ai[X(7), 7] =
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The equations of motion take a finite electron bunch density
oo = 0.05 into account. This leads to a specific response,
that is different from the single electron case, since
E(Ey, x — o) = Ejinthelimitof 6y — 0[15]. The second
foil at distance x, is assumed to have at least n., such that
the laser light is stopped. This position corresponds to the
condition, that decoupling of the electrons from the light
field takes place, before the fastest electrons are overtaken
by the laser pulse by more than its temporal width #; .
Figure 3(a) shows the general dependency of the kinetic
energy of the electron layer on the propagation length,
calculated with Eq. (1). It is clearly visible, that at a
propagation length of about 500 gm the maximum energy
gain is achieved, which decreases for a longer propagation.
Thus, a decoupling between electrons and the light field
preserves a high kinetic energy and leads to a higher number
of electrons in a distinct energy interval. Moreover, a small
energy enhancement in the case of a decoupling in the fading
lightfield is visible in Fig. 3(a) for the final value of 3000 yxm.
The experimental result of Fig. 1(b) reflects this behavior.
Now we consider an initial electron distribution function
at the rear side of first target (x = L1), as in the following:

f(Ey,t=0)= NE(O)

N exp(—Ey/Er), (3)

with E7 the hot electron temperature in the thin target foil.
Here, one has to consider the spatial dispersion of the
electron bunches according to their kinetic energy distri-
bution, and on the other hand, their phase in relation to the
divergent laser field which passed through the first target
foil. Let us construct the solution of the kinetic equation
with the initial distribution function of

flr—1Lu,X 1)
= [ 6= 1)), — (X3¢ ~ X(X)
x f(vo, Uy, Xo, O)dyOdMyOdXO’ 4)
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FIG. 3. (a) The energy gain of an electron bunch due to
copropagation in a laser field, according to Eq. (1), with an initial
low energy of 0.2 MeVand as a function of the propagation distance
(parameter, cf. text). (b) The electron energy distribution function
at the cutoff distance of 500 ym (red line) calculated with
Eq. (5) and an initial electron spectral distribution (blue line).

where X(707”)‘O’X0’T>’ 7’(707”yo7X0’T)’ ”y(Vov”yo,Xoﬂ)
are the position, the energy, and the transversal velocity of
the electron layer in the laser field. The initial electron
energy distribution reads now f(yo— 1, u,,X,.0) =
N(0) exp[—(ro — 1)/ (Er/me2)]6(10)3(Xo).

Finally, the electron distribution function is calculated
with the “method of characteristic trajectories” [15] in
respect to x,:

110) = N0 ep (P22

E; dE

N

~—

Er

The integration of Eq. (1) in X, u, and for 7 at the “cutoft”
distance x, = Lo X(y¢. 4y9. Xo.7) = X, is obtained, which
gives the final electron energy distribution function.

Figure 3(b) shows how the electron energy distribution
function changes when the second (separator) foil is placed
at the distance of 500 ym, and with respect to the initial
distribution of Eq. (3). Slow electrons (Ey;, < 0.5 MeV) are
postaccelerated and appear in this case at higher energies.

In the experiment the electron number varies mainly in
the energy interval (0.5-2) MeV when comparing between
single and double foil configuration. In a qualitative agree-
ment, the result of the model calculation [Fig. 3(b)] shows a
significant and complex change in the electron spectrum
between 1 and 2 MeV. In the model, the overall electron
number N, = N(0) does not change per se, because it
includes the electrons in the low kinetic energy range
< 0.5 MeV, which could not be accessed experimentally.

In conclusion, we presented and analyzed an experiment
where a high intensity laser pulse creates electron bunches
from a thin plasma sheet. A small part of the laser pulse is
transmitted through the plasma and provides a postaccel-
eration for slow electrons. We exploited the idea of a partly
transparent target foil that realizes a postacceleration of
electrons in vacuum with the transmitted light field.
The placement of an additional second thin foil in the
beam decouples the electrons from the light field and
avoids a following deceleration. In consequence, a signifi-
cant manipulation of the spectral distribution of the emitted
relativistic electrons was observed. This scheme provides
an inherent synchronization for the electron injection into
the acceleration field. We showed that this process works
with laser pulses with an appropriate high temporal contrast
irradiating ultrathin (<200 nm) plastic foils. The setup
allows increasing electron numbers in an energy range
which scales with the ponderomotive energy of the laser
field and produces a distinct peak in the electron energy
distribution. The introduced temporal limitation of the
copropagation between electrons and the light field enabled
an energy transfer to the electrons, such that it appears as an
amplification of the electron number in a narrow energy
interval. With the developed theoretical model, it is possible
to extrapolate the scheme to laser intensities accessible with
the next generation of ultraintense laser systems. Intensities
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of the order of 10?2 W/cm? are predicted to produce dense
electron bunches at GeV kinetic energy, which could be
enhanced several times in number and energy due to a light
field enclosed in a double foil setup. This parameter range
holds the potential for the generation of extremely bright
bursts of ultrashort x-ray flashes since the efficiency of
relativistic backscattering schemes demands quasimonoe-
nergetic dense electron bunches.
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