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Abstract. Electrons have been accelerated from ultra-thin diamond-like carbon (DLC) foils by an
ultrahigh-intensity laser pulse. A distinct quasi-monoenergetic electron spectrum peaked at 30 MeV is
observed at a target thickness as thin as 5 nm which is in contrast to the observations of wide spectral
distributions for thicker targets. At the same time, a substantial drop in laser-accelerated ion energies is
found. The experimental findings give first indication that relativistic electron sheets can be generated from
ultra-thin foils which in future may be used to generate brilliant X-ray beams by the coherent reflection

of a second laser.

PACS. 52.38.-r Laser-plasma interactions — 52.38.Kd Laser-plasma acceleration of electrons and ions —
52.50.Jm Plasma production and heating by laser beams — 41.75.Jv Laser-driven acceleration

1 Introduction

The interaction of ultra-high intensity laser pulses with
matter has opened new ways to generate relativistic elec-
tron bunches up to GeV energies by bubble formation
in a plasma [1-3]. Besides the efficient electron acceler-
ation, electron dynamics during the laser plasma interac-
tion have been exploited to generate incoherent multi-keV
X-rays [4]. A different approach is the coherent scatter-
ing of laser photons with energy Awg off a dense electron
sheet with electron energies E, = ymc?. Counter prop-
agating photons reflected off such a relativistic electron
mirror would experience an energy upshift to 4y2hw [5],
opening the route towards compact, intense brilliant X-ray
sources with ultra-short pulse duration [6].

Different schemes exist to realize such relativistic mir-
rors. A technique recently demonstrated is to utilize the
electron density spike of a wake wave generated by the
propagation of a laser pulse in an underdense plasma [7].
Here, coherent scattering with v ~ 5 was shown exper-
imentally [8,9]. However, the scaling up to higher v val-
ues may be difficult, as this involves a decrease in plasma
density, corresponding to large mirror structures. Alterna-
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tively, high harmonics up to the keV level have been gen-
erated from a relativistic oscillating plasma layer near the
critical surface, induced by the interaction of a solid den-
sity target with a linear polarized laser [10]. Here, a very
broad spectral bandwidth is inherently generated due to
the ultra-short velocity spike at which coherent emission
only sets in [11-13]. A classical FEL can also be regarded
as a relativistic electron mirror, where the magnetic undu-
lator field is reflected by a sequence of relativistic electron
micro-bunches.

A new concept is the generation of a very dense rela-
tivistic electron sheet induced by the interaction of a high
intensity laser pulse with an ultra-thin foil [14,15]. In con-
trast to thicker targets, ultra-thin foils discussed in this
paper (sub 10 nm), are ab initio partially transparent to
the laser, as the collisionless laser skin depth is of the
same order as the the foil thickness. Here, electrons can
be pushed out of the foil very effectively if the laser field
is stronger than the static electric field, built up by the
charge separation of the electrons and ions [6,16]. Owing
to the ultra-short, high density characteristic of the gen-
erated electron bunches this new scheme of electron ac-
celeration using ultra-thin solid density targets inherently
results in large electron currents I which may be signifi-
cantly higher than any so far achieved in the laser bubble
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acceleration mechanism. Such ultra-high currents are es-
sential for laser driven coherent X-ray sources, as the so
called Pierce parameter, which controls the properties of
an FEL, scales with 1'/3 [17,18]. In our case the chain of
micro-bunches of a classical FEL is replaced by a single
intense micro-bunch, the reflecting mirror. This reflection
off a relativistic electron mirror with density close to a
solid target, may give great opportunity to obtain coher-
ent keV X-rays within a relatively narrow bandwidth.

In this paper, we report on the electron characteristics
observed at the interaction of an ultra-intense laser pulse
with a 5 nm DLC foil. First, we present the experimental
setup, followed by the results. The experimental findings
are discussed, and a brief outlook is finally given.

2 Experiment

The experimental investigation of the regime discussed
here is quite demanding, as the main ingredients being:
(1) a high intensity laser pulse, strong enough to separate
a majority of the electrons from the ions, (2) ultra-thin
foils (<10 nm), resistant to inevitable laser induced tar-
get preheating, (3) an ultra-high laser pulse contrast which
enables the interaction of the main pulse with an undis-
turbed foil.

The experiment was performed at the Trident laser
facility at the Los Alamos National Laboratory (LANL).
The Trident short pulse laser beam delivered ~90 J within
a 500 fs pulse at a central wavelength of A\;, = 1.053 pm.
The linear polarized beam was focused by a f/3 off-axis
parabolic mirror to a 9.4 um FWHM focal spot [19], result-
ing in a laser peak intensity of I, = 2x10%° W /cm?, equiv-
alent to a normalized laser vector potential of ay ~ 12,
with a2 = I [W/em?]A2[um?2]/1.37 x 10'8,

Ultra-thin DLC foils with thicknesses ranging from
3 nm to 58 nm were irradiated under normal incidence
with linear polarized light. DLC is a quasi-amorphous car-
bon state consisting of both diamond and graphite crystal-
lite structure. Nowadays, it can be produced with a high
portion of sp3-bond content, showing exceptional diamond
like properties, i.e. transparency, high mechanical strength
and radiation hardness. These outstanding features make
them ideal for laser applications. For the presented ex-
periment, we used DLC foils with a measured sp3-bond
content of 75% and a density of 2.7 g/cm?® using a low
voltage high current arc discharge [20].

To ensure all electrons pushed by the ponderomotive
force of the laser may escape from the ions, the laser field
FEr, has to be larger than the electrostatic charge separa-
tion field E; [6,16,21]. We normalize E, to Ey = cwpm./e
and find for the condition a;, = Er/Ey > (ne/nc)krd,
where n. is the electron density normalized to the criti-
cal density n. = egmckic?/e?, kr, = 2w /A and d the foil
thickness. For a fully ionized DLC target as thin as 5 nm
we find for a complete electron breakout a; = 23, which
is not far from the experimental condition.

Due to the remarkably high temporal laser contrast
needed to investigate the described regime here, a low-
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Fig. 1. (a) Experimental setup (top view): DLC foils were irra-
diated by linear polarized light in target normal configuration.
Electrons were measured at 6.5°, while ions were diagnosed
along target normal direction using a Thomson spectrometer.
(b) A 6 mm thick Tungsten slit was used as collimator in front
of the electron spectrometer which was equipped with an image
plate (IP) as detector.

gain OPA pulse cleaning scheme has recently been im-
plemented into the Trident laser system at the 250 uJ
level [22]. Here, the initial pulse is split, where one beam
is frequency doubled to use as pump, the other as seed sig-
nal in a subsequent OPA stage. The thus generated idler
beam exhibits an inherent ultra-high contrast owing to
the short pump pulse duration (500 fs). Pre-pulses and
ASE-pedestal are efficiently suppressed within the pulse
amplification due to the cubic relationship between idler
and signal. The laser contrast on target was evaluated per-
forming a target damage threshold measurement for both
500 fs and 1.2 ns pulses. Here, the target was imaged at its
original shooting position and low energy pulses from the
frontends were shot onto a DLC target. Clear target dam-
age was found at 101 W/cm? (500 fs) and 5 x 10® W/cm?
(1.2 ns). Since we observed efficient ion acceleration in full
power shots from DLC targets, we infer that the target
was not destroyed before the main pulse due to insufficient
laser pulse contrast. Hence, the intensity of potential pre-
pulses and ASE pedestal must have been below the target
damage threshold, resulting in an estimated lower limit
for Trident laser contrast of 5 x 10719 for pre-pulses and
2 x 107 '2 for a ns ASE pedestal. These remarkable values
enabled us to shoot ultra-thin DLC targets without using
any additional plasma mirror setup [23,24].

The experimental configuration is shown in Figure 1.
Electrons were measured with a permanent magnet elec-
tron spectrometer [25], installed at 6.5° with respect to
target normal direction due to geometric constraints. A
6 mm thick Tungsten collimator with a 6 mm x 0.3 mm
horizontal slit in the center was mounted ~50 cm away
from the target, giving a solid angle of ~7 x 107% sr. An
image plate (Fujifilm: BAS-SR [26]) placed into the gap of
the two magnets was used as detector. Image plates store
information by stimulated phosphor centers which can be
later on readout via the effect of photostimulated lumi-
nescence (PSL) using commercial scanners (here: Fujifilm
FLA-7000). Their response to high energetic electrons has
been extensively studied and is calibrated over a broad en-
ergy range [27,28]. From that work, we deduce a constant
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calibration factor of 0.01 PSL/electron for electrons above
10 MeV. Owing to the fact that the image plate response is
sensitive to the incidence angle of the electron signal [28],
the detector was bent in such a way that this angle was
held constant (10°) throughout the whole dispersion range
(Fig. 1). As the recorded signal on image plates decreases
in time, the detector was readout with a constant delay of
10 min after each shot. We account for the relatively fast
signal fading during that time by multiplying the read out
values by a factor of 4/3, found from the calibration curve
in [28].

In addition to the electron diagnostic, ion energies
were characterized along target normal direction, using
a Thomson parabola spectrometer, positioned 1.2 m away
from the target, and measuring within a solid angle of
5 x 1078 sr. Ton tracks were recorded using 1 mm thick
CR39 nuclear track detectors equipped with an additional
image plate at the rear side. As high energetic ions result
from electrostatic fields built up by hot electrons bound to
the target, the measured ions are an important diagnostic
for the electron dynamics. An efficient electron breakout
from the target should result in a significant drop of the
observed ion energies.

3 Results

In the presented experiment, DLC foil targets ranging
from 58 nm down to 3 nm in thickness were used. In the
following we discuss particle acceleration results from two
target thicknesses, a 5 nm DLC foil nearly fulfilling the an-
alytical condition for electron breakout as discussed above
and a 42 nm DLC foil being an order of magnitude below
this threshold. The resulting electron spectra are shown
in Fig. 2a. The electrons measured from the 42 nm foil
closely resemble a Maxwellian-like distribution, similar to
what has been observed in previous work studying acceler-
ation from targets in the pum thickness range [25]. The hot
electron temperature can be deduced from an exponential
fit and is found to be kT = 12 MeV.

In contrast, electrons generated from the interaction
with a 5 nm foil exhibit very different characteristics. Here,
a distinct quasi-monoenergetic feature, peaked at an en-
ergy of 30 MeV with 9 MeV rms spread is observed. The
measured charge located within the rms limits of the elec-
tron peak is 7 pC. This number is remarkably high consid-
ering the fact that the spectrometer captured only a small
fraction of the generated electron bunch owing to the lim-
ited observation angle of ~7 x 1075 sr at 6.5° with respect
to target normal direction. Therefore, we expect the total
charge within the peak to be orders of magnitude higher.
In addition, the total energy in the spectrum for electrons
above 20 MeV has increased by more than a factor of 2.5
while decreasing the target thickness from 42 nm to 5 nm.

A strong correlation is seen when comparing the elec-
tron data with the simultaneously obtained ion spectra
shown in Fig. 2b. When the foil thickness is decreased
and the electron energy distribution evolves into a non-
Maxwellian shape peaked at the highest energies, the
corresponding cut-off values for the ions collapse. We
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Fig. 2. Electron (a) and C®F ion spectra (b) as observed from
a DLC foil target of thickness 42 nm (marked in red) and 5 nm
(illustrated in blue). The electron spectrometer was located at
an angle of 0 = 6.5° with respect to target normal direction
whereas ions were measured simultaneously at 6 = 0°. While
the 42 nm foil shows a Maxwellian-like distribution, a distinct
quasi-monoenergetic peak is generated in the case of a 5 nm
thick target. At the same time, the ion acceleration breaks
down severely.

obtained maximum energies of 160 MeV for fully ionized
carbon C%t jons and 37 MeV protons for the shown 42 nm
shot, dropping to 60 MeV and 19 MeV respectively for the
discussed 5 nm case when electrons break out from the foil.
The observed breakdown of efficient ion acceleration be-
comes even more dramatic when taking into account the
total energy content in the measured ion spectra, which
decreases by more than a factor of 20 when integrating
over the whole spectrum compared to the 42 nm case.

4 Discussion

We observed a drastic change in the energy distribution
of electrons from exponential to peaked when decreasing
the target thickness from 42 nm down to 5 nm. At the
same time, we find a substantial decrease in the ion cut-off
energies as well as in the total energy in the ion spectrum.
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For thick targets most of the electrons remain bound to
the foil owing to their self-induced electric fields which in
turn are responsible for efficient ion acceleration. However,
going down to a target as thin as 5 nm we see a signif-
icant drop of ion energies while simultaneously a quasi-
monoenergetic feature in the electron spectrum sets in.
This behavior can be intuitively understood by the col-
lapse of the longitudinal electric field accelerating the ions
when a major fraction of the electron population is per-
manently separated from the foil. Thus, we attribute the
observed features to the fact that a majority of electrons
could escape from the ultra-thin target and state that the
observation of the acceleration of ions provides a direct
fingerprint for the regime of electron breakout.

This interpretation is supported by the fact that for
the 5 nm foil the breakout condition ar, > (n./n.)krd is
nearly fulfilled. It is important to note that this analytical
expression gives an upper limit for the minimum ay, nec-
essary for electron breakout since it represents the thresh-
old where the ponderomotive force of the laser exceeds
the restoring force induced by the complete charge sep-
aration field of all electrons from the ions. Additionally,
the peaked spectral distribution gives evidence that the
majority of the escaped electrons were accelerated in the
same field. This experimental observation points towards
a scenario, where all electrons in one bunch gain their en-
ergy within only one half-cycle of the laser pulse [6,14].
We note that due to the comparably long pulse duration
used in the experiment and the consequently slowly ris-
ing laser amplitude, it is likely that not a single but a
train of multiple electron bunches is generated, separated
in time by At= 7/wr, = 1.8 fs as it was shown in PIC sim-
ulations [29]. However, this process is restricted to only a
few laser cycles by the limited number of electrons located
within the focal volume. In contrast, for thicker, i.e. 42 nm
targets the interaction dynamics is completely different.
Here, the electrons remain bound to the target and are
heated over many laser cycles, resulting in a broad energy
distribution as seen in the experiment.

It is worth mentioning that for long pulses as used in
the present experiment the initially thin foil will eventu-
ally expand prior to the arrival of the peak of the laser
pulse even without the presence of pre-pulses. Nonethe-
less, the condition ay, ~ (ne/n.)krd still remains fulfilled.
This encourages our interpretation of electron breakout.

The observed electron spectrum at 5 nm target thick-
ness is not yet directly understood. Assuming electron
vacuum acceleration during one laser half-cycle at laser
peak intensity (ar = 12), we deduce a maximum electron
energy Epmaz = (1 + 2a2)mec? ~ 150 MeV [6], in con-
trast to the experimentally observed spectral maximum at
30 MeV, which would correspond to a somewhat reduced
laser field amplitude of ~ ay,/2 within this model. Hence,
the electron breakout may have occurred even before the
laser peak intensity was reached, which may also follow
from the given breakout condition if we assume a slight
reduction of the normalized areal electron density owing
to a small expansion of the target during the rise time of
the laser pulse. Besides, it was shown that the final elec-
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tron energy gain for a single electron in a tightly focused
laser beam may be reduced for a given ay, [30,31]. How-
ever, in our case the back reaction of the electron bunch on
the laser fields is rather strong. This will result in strong
changes of the accelerating fields, but the general trend of
a reduction of the electron energy may still occur. In addi-
tion, the induced charge separation field may also reduce
the final energy of the ejected electrons.

As the measurement was restricted to a small obser-
vation angle located at an offset of 6.5° with respect to
target normal (Fig. 1), the angular distribution of the
accelerated electrons remains uncertain. In a simple pic-
ture of single electron acceleration within a half cycle of
a plane wave at peak intensity a; a deflection angle of
the electrons along laser polarization direction given by
© = arctan(1/ar) =~ 5° is predicted [6]. However, when
using a tightly focused laser beam as it was done in the
conducted experiment, the quasi-plane wave approxima-
tion may not hold anymore, and it was shown that addi-
tional longitudinal fields in focus may become strong, lead-
ing to an isotropic ring structure of ejected electrons [32].
Therefore, we expect a significant number of electrons also
being accelerated in the plane perpendicular to the laser
polarization, which may explain the strong electron sig-
nal detected in the experimental configuration (Fig. 1).
Besides, taking into account a spatially and temporally
Gaussian shaped laser pulse as used in the presented ex-
periment, plasma fields come into play and a more com-
plex analysis is needed to describe the angular distribu-
tion.

It should be noted that electrons were detected at a
large distance (1.2 m) with respect to the interaction re-
gion, and therefore Coulomb repulsion will lead to a spa-
tial expansion of the initially highly dense electron bunch.
However, this effect is significantly reduced taking into
account the ultra-relativistic propagation [33].

To finally obtain the full Doppler boost 4v? =
4/(1 — 3?) of backscattered photons from a relativistic
electron mirror, it is important to orient the mirror surface
normal to the electron velocity [11-13,34]. In particular,
due to the transverse symmetry of the mirror, only the
normal velocity 8, = v, /c is important whereas the par-
allel component (3| = vj|/c does not contribute. Thus, the

~-factor of the mirror surface is vs = 1/ \/ 1— /2, and we
obtain: 12 = 1/(1—#2) = 1/(1— 3+ 82) = 1/(y2+32).
Thus, v, ~ v only if y~* > ), and f| really has to be
small for larger v values. This can be obtained by cor-
respondingly tilting the target and (or) tilting the laser
pulse front [35]. Therefore, tilting the relativistic mirror
to an angle such that the electron velocity angle crosses
the mirror angle during the final acceleration may be ex-
perimentally easy to achieve but has to be considered to
reach the full 4v2 Doppler boost.

It is very time consuming to study the breakout
and vacuum acceleration of electron bunches in two-
dimensional particle-in-cell (PIC) simulations, as the
small foil thickness requires very small cell sizes and at
the same time the energy gain of the electrons during a
laser half cycle in the electron rest frame, corresponds to
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many laser wavelength in the laboratory system. Also the
long laser pulse studied in small time steps takes long com-
puting times. Thus, we could not finish such calculations
when submitting this publication, but they should clarify
our understanding.

5 Outlook

Highly brilliant X-ray sources experience a strong demand
in a variety of different fields. Here, coherent Thomson
backscattering may provide a compact technique to obtain
ultra-short X-ray pulses within a largely tunable range,
suitable for research and medical applications. For in-
stance, the coherent scattering of 1.5 eV photons off a rela-
tivistic electron sheet propagating at an energy of 30 MeV
would result in an ultra-short 20 keV X-ray pulse, giving
single molecule imaging a powerful light source, whereas
40 keV coherent X-rays as requested for medical appli-
cations could be generated off a 42 MeV electron sheet.
Additionally, industrial applications like lithography may
come into reach.

In future experiments, a more elaborate electron di-
agnostic is foreseen to obtain a detailed picture of the
electron sheet dynamics. In a second step, this relativistic
electron mirror will be used for first measurements towards
coherent Thomson backscattering. For such experiments,
ultrathin DLC foils are well suited as target material due
to their excellent properties in terms of chemical inertness
as well as mechanical stability and radiation hardness.
Compared to single layer graphene [14,36], sp®-bonded
few layer diamond is more tolerable to imperfections in
the laser contrast, which is absolutely necessary for high
power laser applications. So far, our target fabrication fa-
cility is capable of producing highly stable DLC foils as
thin as 3 nm. To extend the range of target thicknesses
available, we are currently developing techniques to pro-
duce even thinner foils with reduced roughness. This will
enable the generation of laser-driven relativistic electron
mirrors also at systems limited to a somewhat smaller nor-
malized vector potential ay . It is very clear that few cycle,
high-contrast, intense laser pulses are best for the acceler-
ation of the high density electron sheets from DLC-foils.
Circular polarized laser light may be better than linear
polarized light to avoid any heating of electrons during
the short rise time of the laser pulse [37].
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