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On the small divergence of laser-driven ion beams from nanometer thick foils
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We report on experimental studies of divergence of proton beams from nanometer thick diamond-
like carbon foils irradiated by a linearly polarized intense laser with high contrast. Proton beams
with extremely small divergence (half angle) of 2° are observed in addition with a remarkably
well-collimated feature over the whole energy range, showing one order of magnitude reduction of
the divergence angle in comparison to the results from pum thick targets. Similar features are
reproduced in two-dimensional particle-in-cell simulations with parameters representing our
experiments, indicating a strong influence from the electron density distribution on the divergence
of protons. Our comprehensive experimental study reveals grand opportunities for using nm foils
in experiments that require high ion flux and small divergence. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816031]

I. INTRODUCTION

The emission of highly energetic ions from solid targets
irradiated by intense laser pulses has attracted great attention
over the past decades." The short time scale on which the
acceleration occurs along with the small source size enable
extremely high ion densities in the MeV bunches which
could be superior for specific applications.”>® However, such
high density is only maintained close to the source, it drops
quickly due to the angular spread of few tens of degrees.”™
Such large angles lead to large losses using magnetic quadru-
poles,” complicate the beam transport, and therefore trigger
investigations on sophisticated transportation schemes such
as pulsed solenoid'® and laser driven micro lenses.''
Meanwhile, shaped lens target,12 droplets,13 and curved tar-
get'* have been used to manipulate the ions angular distribu-
tion. Experimental approaches were mostly based on target
normal sheath acceleration (TNSA)'> with um thick targets.
Acceleration fields are built at the target rear by the hot elec-
trons generated at the front side of the targets. The diver-
gence of the ions strongly depends on the electron density
and phase space distribution of the electrons behind the tar-
get, which is initially related to the laser profile and then dis-
turbed during the transportation through the targets.'®

Recently, ultrathin foils with thickness down to nm scale
have been investigated experimentally,'’ ™" enabled by the
improvement on the laser temporal contrast. A divergent ion
beam with opening half angle of roughly 10° from 50 nm
ultrathin foils can be inferred from Ref. 18. Proton beams
with divergence of 5-6° have been observed from 800 nm
CH targets.'” These results imply that thinner foils can gen-
erate much more collimated ion emission as compared to um
thick targets.
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In this paper, we present the first detailed study of the
divergence of proton beams accelerated from 5-20nm thick
diamond-like-carbon (DLC) foils.° Divergences as low as 2°
were observed for different target thickness and irradiation
conditions. In comparison to um thick targets, we observed
more than 10 times reduction in the divergence. Meanwhile,
the proton beams show a pronounced collimation over the
whole energy range, which in our case reached up to 6 MeV.
Two-dimensional (2D) particle-in-cell (PIC) simulations sup-
port our experimental findings and suggest that the small
divergence is the result of a steep longitudinal electron den-
sity gradient that seems representative for nm thin foils. The
constant divergence over the complete energy range maybe
attributed to a transverse electron density distribution with
similar function as in longitudinal. As none of the models for
nm-foil ion acceleration'>*'">> makes a prediction about the
expected divergence, we give a simple explanation for the
observation, consists with the simulation results.

Il. EXPERIMENT

The experiments were performed with the ATLAS
Ti:sapphire laser system at Max-Planck-Institute for Quantum
Optics. This system delivers pulses with a duration of 30 fs
full-width half-maximum (FWHM) centered at 795 nm wave-
length. The laser polarization on the target is linear polariza-
tion. The initial laser contrast is 3 x 107 at 2 ps before the
peak of main pulse. A re-collimating double plasma mirror
system was introduced to further enhance the value to 107,
400mJ laser energy was delivered on target. A 90°f/2 off-
axis parabolic mirror focuses the pulses to a measured
FWHM diameter spot size of 3 um, yielding peak intensity of
8 x 10"W /cm?. DLC foils of thickness 5, 10, and 20nm
have been irradiated under normal incidence for varying spot
size, the actual spot size on target in the range of 3-19.2 um
has been adjusted by moving the target along the laser axis.

© 2013 AIP Publishing LLC
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FIG. 1. Experimental setup. The divergence of protons characterized with the magnetic spectrometer and IP. The trajectory of protons through the magnetic
field as well as the magnetic field structure is shown in the setup picture. The resulting isoenergy contours of the magnetic spectrometer are superimposed with
araw image of proton energy-angular distribution as it appears at the IP. The example is obtained with a 10 nm target displaced by 100 um from the laser focal

plane. The dashed lines in the inset indicate the different angles.

Fig. 1 shows the magnetic spectrometer with a gap of
14 cm employed for the proton beam measurements. A long
vertical entrance slit of 300 um width is placed in front of the
magnetic field. This configuration enables angularly-resolved
high-accuracy energy distribution measurement. Fujifilm
BAS-TR image plates (IPs) were positioned at a distance of
30 cm behind the magnets to capture ion phase space over an
angular range of 8°. The IPs have been absolutely calibrated
at MLL Tandem accelerator.”® A Layer of 45 um Al foil was
added in front of the IPs to block heavy ions and to protect IPs
from direct and scattered laser light. Protons with energies
beyond 2MeV are recorded. A typical raw image from a
10nm DLC foil is shown in Fig. 1. The modeled trajectory of
proton beams through the dipole magnets as well as the mag-
netic field is shown in Fig. 1. The resultant isoenergy contours
of the spectrometer shows how the proton propagates through
the spectrometer and form a angular distribution on the detec-
tor. The image of the entrance slit, i.e., the zero line, and the
low energy cutoff line from proton signal allows to extrapo-
late the average magnetic field for different angles, acting as a
calibration process. The modeled 2MeV isoenergy curve
shows fair agreement of the experimental raw image for
2MeV low energy cutoff by the Al foil after the calibration.
Those isoenergy curves are used to transfer the two-
dimensional spatial information from raw image to the energy
angular distribution of protons. Throughout the experimental
campaign, we observed exponentially decaying proton energy
distributions with cut-off energy between 4 and 6 MeV.

The smallest divergence was observed with a 10 nm tar-
get displaced by 100 um from the laser focal plane. Fig. 2(b)
shows the energy-angular distribution of the example from
Fig. 1 after normalization in order to highlight the collima-
tion over the complete energy range. The divergence is
almost constant over the detected energy range, resembling
the aforementioned collimation. The angular distribution is
fitted by a Gaussian function for each energy value. We
define our divergence by the half value of FWHM of the fit-
ting profile and plot these values as a function of proton
energy normalized to the peak energy, as shown in Fig. 2(a)
by the red curve. This enables a comparison to established
results”®'” which are represented in Fig. 2(a) as well.
Compared to um thick targets, the half angle from 10nm foil
is reduced by a factor of 10. Moreover, the typical increasing
of divergence with decreasing energy is not observed.

The results from experiment with 50 nm (Ref. 18) and 800 nm
foils (Ref. 19) are included as well, indicating an overall
reduction of divergence with decreasing target thickness.
Further on, the thickness of the targets and their positions
with respect to the focal plane of the laser were varied. As
shown above, the divergence showed no noticeable depend-
ence on energy. Therefore, we plotted the average value of the
half angle as a function of the target position in Fig. 3(a), the
vertical error bar indicates the standard deviation for each shot
while the horizontal error bar shows the positioning accuracy
of about 10 um, smaller than the Rayleigh length of 25 um
marked by the light blue area. The small divergence combined
with the well-collimation feature is conserved during the whole
parameter scan. The obtained divergences varied in the range
of 2-4.6°, showing comparably small values. The divergence
is maximized with a value of 4.6° in the focus plane for the
thickest foil of 20nm. For thinner foils (5 and 10nm), these
values are reduced to 3.3°, indicating a tendency of reducing
divergence with decreasing of target thickness even in the nm
scale. Moreover, the divergence of the protons decreases with
increasing focal spot size on the target when moving the target
out of focal plane to both sides beyond the Rayleigh length.
The smallest divergence was obtained in the target position of
+100 um, which is our example of Fig. 2. The laser intensity
distribution is single-peaked as shown for three exemplary
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FIG. 2. (a) Beam divergence half angle as a function of proton energy for the
most collimated beam from DLC foils, along with other data published in the
literature from pm thick targets (the light blue area, presented by blue, green,
black, and cyan curves)”*'® and from nm scale thin targets (brown dot and ma-
genta curve).'®!? (b) Experimentally processed result of the data presented in
Fig. 2(a) after normalization, where the color scale denotes the normalized flu-
ence for given energy.
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FIG. 3. (a) Beam divergence (half angle) for varying thickness of DLC foils
and target positions. The lower axis shows the target position, where == means
the foils were placed before/after laser focal plane, as indicated by the small
pictures. While the upper axis denotes the focal spot FWHM diameter D; .
The black curve is an empirical fitting curve showing the divergence scale
with laser FWHM diameter (DL)fl/ 2. The inset presents the total number of
protons for each shot. The Measured laser intensity distribution is shown at
three target positions —50 um (b), 0 um (c), and 50 um (d).

positions in Figs. 3(b)-3(d), which allows us defining a
FWHM diameter D; of the laser focal spot by fitting a
Gaussian function. The measured D; indeed scales as the clas-

sical prediction Dy = Dyg\/1 + (z/zg)* for different target
positions with small deviation of <5%. Here, Dy is the mini-
mum FWHM diameter, z is the target position, and zg is the
Rayleigh length. An empirical scaling is found, showing that
the divergence roughly scales with the laser FWHM diameter

(DL)fl/ %, Note that the maximum energy of protons is little
influenced by the change of target position and varied between
4 and 6 MeV with the highest values preferably attained at
*100 um, which is the same position for minimum diver-
gence. In addition, the measured total number of protons above
2MeV is extracted from the measured proton spectrum and
corresponding divergence from the parameter scan, as shown
in the inset of Fig. 3(a). Interestingly, it increases when enlarg-
ing the target positions, i.e., when the divergence reduces.

lll. SIMULATION RESULTS OF ENERGY ANGULAR
DISTRIBUTION

To get further qualitative insight, 2D PIC simulation
was performed with the KLAP code.?! Solid density
(ngp = 350n., where n,. is the critical density) plasma slab
was considered. The initial temperature of electrons is 1 keV.
The simulation box is 60 A in laser direction (x) and 20 A in
transverse direction (y) in 2D with a resolution of 200 cells/A
and 40 cells//, respectively. Each cell is filled with 400 qua-
siparticles. The spatial resolution and particle number are set
to get sufficient resolution with a reasonable computational
cost. A linearly polarized laser pulse with a Gaussian enve-
lope in both the spatial and temporal distribution with a
FWHM diameter D; of 3 um and a FWHM duration of 33 fs,
is used to approximate the experiment conditions.

Fig. 4(a) shows the 2D simulation result of the energy-
angular distribution of proton from a 40 nm foil with ¢y = 5
at the best focus position after normalization, proceeding in
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FIG. 4. Simulation result for proton angular distribution at t = 100 T after
normalization with ap =5 (a) and ap = 20 (b). Here T corresponds to one
laser cycle, the red rectangles mark the experimental observation window.
The targets are irradiated with the laser at the best focal position. The same
color scale is used in both graph.

the same way as the experimental data. A well collimated
proton beam is observed with a constant value of about 2°
over the whole energy range, showing almost identical
behaviors as the experimental observation [cf. Fig. 2(b)].
Further simulation was carried out with identical parameters
except for a large ap = 20 as compared to our experimental
condition with agp = 5. The simulation result is shown in Fig.
4(b). A larger divergence with a half angle value of about 4°
is observed from simulation, which is a factor of two
increases as compared with the simulated results with ap = 5
(see Fig. 4(a)). Still, the proton beam exhibits a well colli-
mated feature under higher intensity. Those interesting fea-
tures, the small divergence and the well collimation, seem
representative for nm ultrathin foils in a larger range of vari-
ation on laser intensity. In addition, our simulation indicates
that the divergence depends only weakly on the laser inten-
sity with other parameters unchanged, i.e., 6 (10)1/ .

IV. DISCUSSION

Ion acceleration from nm thin foils has been discussed
in a framework of many different mechanisms, including
TNSA,15 radiation pressure acceleration (RPA),Zl’22 break-
out afterburner (BOA),> light sail (LS),** and coherent
acceleration of ions by laser (CAIL).? In our parameter, the
coexistence of a number of these processes is likely.?” More
importantly, none of the existing models describes the diver-
gence of the ions which is our main interest in this paper.

In a very simple picture, the divergence depends on the
electric field direction during the acceleration phase. In turn,
the electric field depends on the electron density distribution
at a given time. Fig. 5(a) shows the longitudinal electron
density distributions for the cases ap = 5 and ag = 20 at t =
30T (when the laser pulse has just left the target) from our
simulations. They are well represented by an exponential dis-
tribution with the longitudinal density scale length [, of
1/12 ym and 1/7 pm, respectively. Both values are much
smaller than the typical values of few um for um targets.”®
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FIG. 5. (a) Longitudinal electron density distribution (z axis) at y=0 at t =
30T with laser intensities ag; = 20 (red) and ag, = 5 (black), respectively.
The targets were initially located at z = 10 um. The dots denote the simu-
lated results while the curves are the fitting functions. (b) Transverse elec-
tron density distribution (y axis) at three different z positions with ap, =5
(as denoted by different color lines in (a)). The transverse density profiles
are fitted by an exponential function with a scale length /, = 1.5 um.

And [ increases roughly by a factor of 2 owing to the higher
electron temperature under higher laser intensity, consistent
with the increase in the divergence of protons (see Fig. 4).

It is this steep longitudinal electron density gradient
which tears the acceleration field forward, i.e., reduces the
divergence with deceasing target thickness from pm to nm,
which can be understood by the following simple picture.
We assume that the local electric field direction is defined as
o=FE, /E., where y and z are the transversal and the longitu-
dinal dimension, respectively. With an exponential distribu-
tion of the electrons, one derives the emission angle of
protons 6 as

o0

arctan <J oF,dt / J Ezdt> A2 arctan(a),

0 0

Oon, /0n,
arctan< By / % >, (1)
where n, is the electron density and the angle bracket
denotes the average along the ion trajectory. Obviously, the
larger the longitudinal density gradient (i.e., the smaller the
scale length), the smaller the angle of divergence 6.

Moreover, Eq. (1) predicts the influence of transverse

electron density on the divergence of ions as well, similar
to Ref. 16. It could even explain the independence of diver-
gence on the energy of protons in our experiments, if we
assume that the transverse electron density distribution has
the same functional dependency as the longitudinal one,
i.e., exponential. As one can see from Fig. 5(b), the results
from PIC results are not contradicting this hypothesis. With
the transverse scale length /, obtained from our fitting
curves, a constant value of 6 oc arctan(ly/ly) ~ 3.2°, inde-

pendent on the energy and the trajectory of ions, is
obtained.

0
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V. CONCLUSION

In conclusion, we investigated the divergence of proton
beams generated from ultrathin DLC foils in detail. We dem-
onstrated experimentally well collimated proton beams with
divergence half angle as low as 2°. This constitutes the small-
est value reported so far and one order of magnitude lower
than achieved with um targets. As a consequence, 100 times
increase in proton fluence is observed.”” Moreover, the proton
beams are well-collimated over the complete energy range
and can be further optimized by adjusting the focal spot size.
Our study substantially extends the parameter range studied
so far."®!? The obtained experimental results indicate a reduc-
tion of divergence with foil thickness in the nm-range.
Understanding the exact mechanisms responsible for this ben-
eficial behavior motivates future investigation. We expect
these observations to be of particularly interest for applica-
tions. For example, investigations on the fundamental research
in warm dense matter which request an intense and short ion
bunch to heat solid dense material,14’30 can benefit from high
flux due to the small divergence. The high flux could also be
beneficial to fast ignition”> and neutron generation.®'
Furthermore, a small angle of divergence relaxes the require-
ment of beam transportation which is essential in specific
applications of ions, for example, ion cancer therapy.’
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