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Abstract. Highlly collimated energetic protons whose energies are up to 4MeV are generated by
an intense femtosecond Titanium Sappheire laser pulse interacting with a 7.5, 12.5, and 25um-
thick Polyimide tape target and Spm-thick copper target. We find no clear difference on the
proton spectra from 7.5, 12.5, and 25um Polyimide tape target. The highest conversion
efficiency from laser energy into protons of ~3% is observed with a 7.5um thick Polyimide
target. The quality of the proton beam is good enough to obtain a clear projection image of a
mesh having 10um line and space structure, installed into the passage of the beam. We obtain
clear vertical lines on the proton intensity profiles from the copper target, which are considered
to be transferred from the surface of the copper target. From it, we can restrict the size of the
proton emitting region to be ~20um.
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INTRODUCTION

We have observed significant progress on the generation of fast protons from the
interaction between a short-pulse-intense laser and a thin foil target (see review
articles [1, 2]). Those fast protons generated from a laser-driven plasma have
significant features. Among them, the most unique one is that more than 10'' protons
are emitted from the source having a size of ~10um, within a time-scale of ~1 ps at a
source [3-5]. Such an intense beam has never been achieved by conventional
accelerators. The laser-driven proton beams have extremely low transeverse emittance,
compared with those of the beams from conventional accelerators [3-5]. The proton
beams have quite large divergence angle of >10~20° at Full Width at Half Maximum
(FWHM). The energy spectra of those protons exhibit wide energy spread. Because of
such peculiar features, the proton beams from a laser-driven plasma have great
potentiality as to be used in many applications. For example, such a proton source is
applicable to an injector for a conventional accelerator [6], a table-top stand-alone
accelerator of charged particles [7, 8], and high-resolution proton radiography
system[9]. They are also applicable to the field of material science [10] and the
production of short-lived isotopes for medical and industrial applications [11, 12].

However, for the practical use of the proton beams in specific fields, we have to
overcome important issues, such as the extension of the maximum energy of the
protons and the improvement of the conversion efficiency of the laser energy into
kinetic energy of the protons. In addition to that, we have to deliver the proton beams
repetitevely and stably for the applications.

By the laser-driven ponderomotive force, the electrons are accelerated upto the
relativistic speed. Those electrons penetrate the target from front to rear surfaces and
form quasi-static electric field at the rear surface. lons from the contaminant layer at
the surface of the taget are then accelerated by this acceleration field [13].

The maximum energy of protons obtained with the laser-plasma interaction so far is
58 MeV by using the combination of single shot base Peta-watt laser system [13-15].
In this experiment, CH targets with thickness of 70um were used. The conversion
efficiency of the laser energy into those of protons (with the energy range of E>10
MeV) was 12%. Total laser energy of ~400 J is concentrated within 500 fs duration to
achieve such high maximum energy of protons and conversion efficiency.

After the proof of principle studies, systematic studies have been extensively
carried out experimentally for obtaining higher energy as well as higher intensity
protons by changing experimental parameters, such as target material, target thickness,
laser intensity, laser energy, laser duration, pre-pulse conditions, and so on. Among
these parameters, duration and intensity of prepulse due to the amplified spontaneouse
emission (ASE) play an important role.

It is strongly desired that the density gradient at the target rear surface should
remain steep for obtaining higher energy protons as well as higher conversion
efficiency. Theoretical studies also predict that the proton acceleration could be more
efficient by using extremely thin targets [20, 21]. It is shown experimentally that
proton energy could be increased by decreasing the target thicknesses [16, 19].
However, when the intensity of the laser increases, the leading edge or the pedestal
caused by an ASE also increases to reach the level of 10'> Wem™, at which level, a
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shock wave propagates through the target from front to rear surfaces. The shock
destroys the steepness of the density gradient at the rear surface of the target or even
disassembles the target itself at the time of the main pulse arrival.

Mackinnon et al. [16] have obtained protons with a maximum energy of 25 MeV.
In order to decrease the pre-pulse intensity, the second harmonics of the Ti:sapphire
laser was used. An Al target with the thickness of 3um was used. The total laser
energy is ~1 J and the pulse width is 100 fs with sharp pulse rize time of ~10 fs.
However, the conversion efficiency remained ~1% for the protons within total energy
band.

In order to use thinner target, plasma mirrors and fast Pockels cells were used to
decrease the ASE level and adjust the duration of the ASE [24, 25]. Antici et al. [25]
have obtained maximum proton energy of ~7.3 MeV and energy conversion efficiency
of ~4% (protons with the energies of E>1.8 MeV) by applying the laser pulse, whose
energy, duration and the ASE level of 1 J, 320 fs, and ~10"°, onto an extremely thin,
such as, 30 nm thick SiN planar membranes target. They used double plasma mirrors
to realize the higher contrast of the laser pulses. It is by far the highest energy
conversion efficiency from laser to kinetic energies of protons obtained with a ~100
TW-class laser system.

In order to apply the proton beam from a laser driven plasma for many applications,
it is desired to obtain proton beams with higher energies and higher energy conversion
efficiencies by repetitive operations. In this paper, we report on experiments
performed to obtain the proton beams with high energy conversion efficiency of up to
~3% (to the protons with the energies of >0.8 MeV) with the maximum energy of 4
MeV. We realize repetitive production of a proton beam with such a high conversion
efficiency with simplified system, such as the combination of a 100 TW class laser
system and the tape target system. We use relatively thick target, such as, 7.5, 12.5,
and 25pm-Polyimide target as well as Sum -copper target, instead of very thin target.
The tape target system realizes the repetitive supply of the fresh surface to the focal
spot [17].

EXPERIMENTAL SETUP

The experiment is carried out at Advanced Photonics Research Institute, Gwangju
Institute of Science and Technology (GIST), Korea. The experimental setup is shown
in Fig.1. A Ti:Sapphire laser system delivers p-polarized pulses, whose energies and
pulse durations on taget are 1.7 J and 35 fs, respectively. A central wavelength is 800
nm. The laser pulses are focused onto the target with an F/3.3 off-axis parabolic mirror
(OAP) with an incident angle of 45°. About ~63% of the laser energy is contained
within a 1/¢* focal spot of ~9um. The resultant laser intensity at the focal spot is
~3x10" Wem™. Polyimide [(C;sHgO4N3),] targets with the thickness of 7.5, 12.5, and
25um are used. A fresh surface of the target is delivered to the focal spot at each shot
by the tape target driver [17]. The position of the target in the target normal direction
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FIGURE 1. Experimental setup. "TOF" stands for time of flight proton energy spectrometer. TOF-
0°and TOF-22.5° represent one which is placed normal to the target rear surface and at 22.5°from the
normal.

is monitored by the X-ray pinhole camera which delivers us an X-ray image of
theplasma on the target surface in ~keV region. The target is placed always within
+10pm from the 1st shooting point in the target normal direction, which is sufficiently
smaller than the Rayleigh length of the parabolic mirror of ~200pum.

The contrast ratio of ASE-pedestals are 1x10™'" before the Pockels cell switching
time and 4x10™® after the Pockesl cell switching time before the main pulse
respectively. The duration of the ASE-pedestal is controlled by adjusting timing of
Pockels cell to be 1.5 ns or 3 ns. A pre-plasma which is generated by the interaction
between a pre-pulse as well as an ASE-pedestal and the target before the arrival of the
main pulse is monitord by an interferometer system using a 800 nm wavelength beam
[18]. The probe pulse of the interferometer system probes pre-plasma 50 ps before the
main pulse arrival. Protons are measured by the online time-of-flight (TOF)
spectrometers [22] which are placed at the target rear side. One of them is placed at
target normal direction (hereafter TOF-0°) and the other is at the angle of 22.5°
(hereafter TOF-22.5°) with respect to the laser propagation direction. Each TOF
spectrometer consists of a plastic scintillator whose thicknesses are 0.5 mm and 0.2
mm for TOF-0° and TOF-22.5°, respectively. The scintillators are covered with Al
filters whose thicknesses are 2 um for both TOF spectrometers in order to reject the
contamination of the laser light into the signal. As a result, protons whose energies are
between ~300 keV and 6 MeV are detected with TOF-0° and ~300 keV and 4 MeV
with TOF-22.5°. The TOF-0° has an aperture of 35 mm in diameter and the TOF-
22.5° has an apeture of 42 mm in diameter. Protons are detected at the above
scintillators after passing through the flight distance of L=2.1 m. Dipole magnets are
installed onto the passage of the protons in order to reject the electrons from the
plasma to be detected on the scintillators. The magnetic field provided from this dipole
magnet is neglisibly small so that the effect on the motion of the protons is weak. The
optical signal from the scintillator is converted into the electric signal by
photomultiplier tube (PMT). The detection resolution of the TOF system is
determined by the rising time of the PMT signal in our case. The rize time of TOF-0°
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and TOF-22.5° are 1 and 2.7 ns, respectively. The resultant energy resolution of TOF-
0° and TOF-22.5° is 0.1 and 0.25 MeV at 3 MeV. The detection efficiencies of the
TOF-0° and the TOF-22.5° systems were calibrated using monoenergetic proton
beams from the ion accelerator at Kyoto Univ. [22].

RESULT AND DISCUSSION

We optimize the target position relative to the target normal direction to make the
proton spectra exhibit higher energy. At the same time, we simultaneousely observe
the soft x-ray (~keV range) image of the focusing spot for the case of 7.5um-
Polyimide (Fig.2 (a) ) and Sum-copper (Fig.2 (b)). The sizes of the x-ray images of the
focusing spot exhibit minimum at a position where the cutoff energy of proton spectra
show maximum (x=0.0~um). The laser energy is absorbed firstly into the electrons at
the target, thus, an electron distribution should be reflected back to the laser spot
shapes. At the same time, an X-ray image tells us the information on the electron
distribution. Those electrons at the same time contribute to make the acceleration field
of protons. Typical energy spectra of protons observed by the time-of-flight (TOF)
spectrometers are shown in Fig.3. Panel a) shows the spectra observed by TOF-0°
which is installed at target normal direction. Panel b) shows the spectra observed by
TOF-22.5° which is installed at 22.5° from the target normal direction. In both panels,
red, black, and blue lines show the data obtained with a 7.5um, a 12.5um, and a 25um-
thick Polyimide-target, respectively. All through the experiment, we observe higher
maximum energy of proton spectra and higher proton flux from TOF-0° spectrometer.

120um
—_—

i I i

120um =~

-400um  -200 um 0 um 200 um 400 um
target position X

FIGURE 2. Soft x-ray (>1 keV) images of the target front surface of a) Polyimide 7.5 um and b)
copper 5 um targets, depending on the target position. Position 0.0 um corresponds to the position
where the proton spectra shows maximum energies of ~4 MeV. At position 0.0 um, the plasma size
seen in the x-ray images takes the minimum size. We observed brighter and smaller in size x-ray spots
for the case of copper target than that of the Polyimide target.
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The maximum energy of the protons observed with TOF-0° is up to 4 MeV for 7.5um
and 12.5um-Polyimide-targets. We observe maximum energy of ~3.5 MeV for 25um -
target. We observe highest proton flux with a 7.5pum—target. We also observe small
change in the maximum energy of proton and the conversion efficiency of laser energy
into proton kinetic energy when we change the target thicknesses mentioned above.
We investigated the maximum proton energy dependence on the duration of the ASE
pedestals by changing the timing of the Pockels cell's switching time to be 1.5 ns or 3
ns before the main pulse arrival. We obtain higher energy protons with shorter
duration of the ASE pedestals.

TOF-a : target normal direction TOF-b:22.5

-- Polyimide 7.5um
- 12.5pm
- 25um

-- Polyimide 7.5um
- 12.5,,1”’1
- 25um

Number of protons[1/MeV/msr]
Number of protons[1/MeV/msr]

1 2 3 4
Energy[MeV] Energy[MeV]

FIGURE 3. Typical energy spectra of protons observed by the time-of-flight (TOF) spectrometer.
Panel a) shows the data from TOF-0° installed at target normal direction and panel b) from TOF-22.5°
at 22.5°from the target normal direction. In both panels, red, black, and blue lines show the data with
7.5pm, 12.5pm, and 25pum -target, respectively.

We measure the transverse intensity profile of the proton beam with a 7.5um -thick
target at specific energy ranges, such as, >0.8 MeV, >1.8 MeV, >2.3 MeV, and >2.8
MeV by placing the CR-39 nuclear track detector (Nagase-Landauer Ltd.
BARYOTRAK) installed at 82.3 mm from the target position as are shown in in Fig.4
(a),(b),(c), and (d). The CR-39 detectors are covered with Mylar or Al range filters
whose thicknesses are determined for detecting the protons in each energy range as is
shown in Fig.4, where the darker region corresponds to the higher intensity region.
Each image in Fig.4 is recorded by single shot. The angular divergence of the beam is
determined by the single-track-counting of the etch-pits on the CR-39 images for the
protons whose energies are >1.8 MeV, >2.3 MeV, and >2.8 MeV, respectively. In
Fig.4(f), the angular distribution of the protons with energies of >1.8 MeV is shown.
The data points except the one at an angle of 0° are deduced from the single-track-
counting on the CR-39 detector. However, the data points at an angle of 0° is deduced
by integrating the data taken by the TOF-0° spectrometer, because the number of
etch-pits at the central part of the patterns is too many to count the accurate number of
protons. By fitting with the gaussian for the transverse proton intensity distribution,
we determine the divergence angle to be ~30 degree (1/¢”) for the protons with
energies of >1.8 MeV, >2.3 MeV, and >2.8 MeV. For the protons with energies of
>0.8 MeV, the image recorded on the CR-39 detectors shows annular pattern. This
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FIGURE 4. Angular distribution of the protons produced using the 7.5 um -Polyimide target. Panels
show the proton patterns on the CR-39 track detector with energies a) >0.8 MeV, b) >1.8 MeV, ¢) >2.3
MeV, and d) >2.8 MeV, respectively. Brighter region in these panels contain etch-pits of the protons.
Protons with higher energies show the narrower angular distributions. Panel ) shows the smooth
surface profile of the Polyimide target taken by an electron microscope. Panel f) shows the angular
distribution of the protons with energy of >1.8 MeV obtained by the single-track counting. We fitted the
measured distribution with a Gaussian yeilding the half divergence angle of ~14° at the 1/e* magnitude.
Because the region near the center is filled with too much etch-pits, we extract the data point at the
center by accumulating TOF spectrum.

pattern is coming from the saturation of the CR-39 detectors at the center of the beam
pattern [23]. It is difficult to carry out the single-track-counting from every place in
the image. We, therefore, determine only the low intensity part of the beam with
energies of >0.8 MeV to be >40°. The total numbers of protons are 1x10'% 2x10'°,
9x10°, and 3x10° in the proton energies of >0.8 MeV, >1.8 MeV, >2.3 MeV, and >2.8
MeV, respectively. The conversion efficiencies from laser energy into the kinetic
energies of protons are determined to be up to ~3%, ~0.4%, ~0.3%, and ~0.1%, in the
energy ranges of >0.8 MeV, >1.8 MeV, >2.3 MeV, and >2.8 MeV, respectively. By
using a relatively simplified experimental setup in combination with the 100 TW class
laser system, such a high conversion efficiency from laser energy into the kinetic
energies of protons has been achieved.

The obtained proton beam is shown to be emitted in a laminar fashion. The quality
of the beam is good enough to be used for the proton radiography. Figure 5 shows the
experimental setup used for obtaining the proton radiography of the copper mesh. We
use CR-39 detectors covered with Al filters to detect copper mesh image of the proton
radiography. The energy band of the protons for the radiography is >2.3 MeV. The
mesh used is originally the test pattern of an electron microscope i.e., H7 Reference
Pattern, 400 Mesh fabricated by Maxtaform Co. Ltd., whose pitch and bar width are
63um and 12pm, respectively. The actual pitch is measured to be 62.5£0.6um with
an optical microscope. The thickness of the mesh is 12pum, which is smaller than the
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stopping range of 2.3 MeV protons in the copper (=22.5um). We obtain clear image of
the copper mesh as is shown in Fig.6. In order to determine the proton beam quality in
terms of transverse emittance, we measure the magnification of the mesh image from
the experimental data which are obtained by changing the distance between the target
and the detector (L), such as 82.3+0.5, 168.3£0.5, and 254.3+0.5 mm. The distance
between the target and the mesh is fixed to d = 7.5+0.5 mm. The fact that the beam
which is emitted in laminar fashion from the actual source position on the target can
be explained that the beam is emitted from the virtual source with finite size which is
located at distance x behind the target (Fig.5) [3]. The virtual source position X is
determined by the experimental data and the expression, Mey, = (x+d)/(x+L). We,
therefore, can determine the position of the virtual source position to be 0.4~0.5 mm.
If we assume that the virtual source size can be estimated with the technique similar to
that used in geometrical ray optics [26, 27], where the scattering of a proton at the
edge of the bars in the mesh-structure is ignored, the virtual source size can be
detemined to be ~20um from the spatial resolution of the radiography. As a result, the
transeverse emittance is detemined to be ~0.03 © mm mrad.

i ‘/
e e R
7

virtual soﬂrc}t(e

FIGURE 5. Angular distribution of the protons produced using the 7.5 um -Polyimide target. Panels
show the proton patterns on the CR-39 track detector with energies a) >0.8 MeV, b) >1.8 MeV, ¢) >2.3
MeV, and d) >2.8 MeV, respectively. Brighter region in these panels contain etch-pits of the protons.
Protons with higher energies show the narrower angular distributions. Panel e) shows the angular
distribution of the protons with energy of >2.8 MeV obtained by the single-track counting. We fitted the
measured distribution with a Gaussian yielding the half divergence angle of ~14° at the 1/e” magnitude.
Because the region near center is filled with too much etch-pits, we extract the data point at the center
by accumulating the TOF spectrum.
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FIGURE 6. A Cu mesh is backlighted in a single shot with protons whose energies are > 2.3 MeV.
whiter regions in the image correspond to the etch pits of the proton bombardments. On the other hand
the blackened parts are shadow of the mesh in which less proton bombardment is found. A magnified
section of the image for the case of magnification of ~20 is shown. The scale is in object-plane units.
The letter “O” is visible at the lower-left corner on the image. The scales of the bars and holes in the
mesh are 12 pym and 51 pm.

We performed 2-Dimensional Hydro-Dynamic (hereafter 2D HD) simulation of the
evolution of the 7.5um -Polyimide-target irradiated by an ASE pedestal and a pre-
pulse using the PINOCO code [28].

The pre-pulse and the ASE pedestals are incident on the target at right angles. They
are in the Gaussian distributions in the transverse direction with the FWHM waists of
10pum. The measured condition is shown with the solid line in Fig.7 (hereafter
condition-1). The ASE pedestals change their intensity at the time of the switching
time of the Pockels cell. The pre-pulse whose intensity and the duration are 3x10™
and 34 fs irradiates the target 4.2ns before the main pulse arrival, followed by the ASE
pedestals whose intensity (duration) are 3x 10° (continues from 4.2 ns to 0.8 ns before
the main pulse) and 1.2x10' (continues from 0.8 ns to just before the main pulse
arrival). The dotted line in Fig.7 shows the pre-pulse condition with ASE pedestals
with lower intensity (hereafter condition-2). The electron density profile just before
the main pulse arrival derived from 2D HD simulation is shown in Fig. 8(b) and (c) for
condition-1 and condition-2. Figure 8 (a) shows the typical plasma image from an
interferometer with the 800-nm probe 50ps before the main-pulse arrival. We observe
no clear fringe shifts n both sides of the target surfaces. The effective pre-pulse
condition might be related not to condition-1 but condition-2. One possible
explanation is that the effective absorption of the laser light into Polyimide target is
lower than expected because Polyimide target is transparent to 800 nm wavelength. In
our acceleration regime, the target rear surface might remain in the solid density and
stay at the initial position.
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FIGURE 7. Condition of the pre-pulse which is the leakage from the regenerative amplifier and ASE
pedestals. The ASE pedestals change their intensity at the time of the switching time of the Pockels cell
(-0.8ns). The measured condition is shown with the solid line (hereafter condition-1), which is the case

for the copper target. The effective condition (hereafter condition-2) is shown with the dotted-line,
which is the case for the Polyimide targets.

FIGURE 8. (a)Typical plasma image from interferometer with the 800-nm probe 50ps before the main-
pulse arrival for the 7.5um-Polyimide target. (b)The electron density profiles at initial time (rectangular
profile) and just before the main pulse arrival with the ASE condition-1. (c) Same as (b) but with ASE
condition-2.
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Figure 9 (a)-(d) shows the intensity profile of the proton beam from 5pm-copper
target. It is clear that many lines in the vertical direction are seen in the intensity
profile (Fig.9 (b)-(d)). The intensity profile is saturated again, in the lowest energy
range (Fig.9 (a)). The structures seen in Fig.9 (b)-(d) are considered to be transferred
ones from the surface structures of the copper target [4, 29].

The plasma image and the electron density profiles from the 2D HD simulation just
before the main pulse arrival is shown in Fig.10 (a) and (b). The ASE condition-1 was
assumed for the Spm-copper target. We observed no fringe shifts on both sides of the
target. The simulation results tell us that the rear side of the target remains in the solid
density and stays at the initial position. These are the evidences which strongly
support the fact that the structures at the rear side of the target is transferred to the
intensity profile of the proton beam. Figure 9 (e) shows the close look up of the Sum-
copper target surface taken with an electron microscope. There exist many grooves in
the vertical direction which are coming from manufacturing process of the copper tape
itself. The grooves are ~2 pum in pitches and <Ium in depths. We observe ~8-10 lines
within the intensity profile of the beam. From this information we can restrict the size
of the proton emitting region to be ~20 um. It is about the same order but somewhat
larger than the size of the focal spot of ~17 um (1/¢* diameter).

Copper target surface

wripz

20um

FIGURE 9. Intensity profiles of the proton beam from a Sum-thick copper target with proton energies

a)>0.8 MeV, b) >1.8 MeV, ¢) >2.3 MeV, and d) >2.8 MeV, respectively. €) Microscopic observation of

5 um -copper tape target. Many grooves other than spots are on the surface of the target which are due
to the manufacturing process of the target itself. Grooves are ~2 pm in periods and <I pm in depths.
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FIGURE 10. (a)Typical plasma image from an interferometer with the 800-nm probe 50ps before the
main-pulse arrival for the Sum-copper target. (b)The electron density profiles at initial time (rectangular
profile) and just before the main pulse arrival with the ASE condition-1.

SUMMARY

We have demonstrated the high-flux proton generation with energy of up to 4 MeV
with the conversion efficiency of ~3%, using 1.7 J, 34 fs, 3x10"° Wem? laser pulses
repetitively irradiating on the relatively thick 7.5, 12.5 and 25 pm-Polyimide targets,
by keeping the ASE levels not to blow out the target rear surfaces.
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