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We report the development of a laser-driven quasi-monoenergetic proton beamline for the purpose of cell

samples irradiation. Laser pulses are focused to an intensity of 5� 1019 W=cm2 onto a polyimide foil

target of 7:5�mm thickness. The emitted proton spectrum is continuous up to a maximum energy of

4 MeV. Energy selection for transport to cancer cells is determined by four pairs of dipole magnets, which

consists of a pair of permanent magnets generating a central magnetic field of 0.78 T. Protons are steered

by the first magnetic field, and again by the second one, such that transmitted proton trajectories in the

middle of the four dipoles are shifted laterally from the target normal axis by an energy-dependent

displacement. Proton energy is selected by a pinhole in this middle plane and subsequently steered

downstream by the other two dipole magnets. We have obtained 2.25 MeV proton beams with an energy

spread of 0.66 MeV (FWHM) and single bunch duration of 20 ns. The dose given in a single proton bunch

was 0.2 Gy, hence, the single bunch dose rate is estimated to be 107 Gy/s. At the 1 Hz repetition-rate cell

samples were irradiated with successive proton bunches with integrated dose levels up to 8 Gy.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

It has been widely recognized that the use of particle ion beams
in cancer radiotherapy has the physical advantage of delivering
longitudinally a more localized dose deposition associated with the
well-known Bragg peak phenomenon [1]. Further benefit of the ion
beam radiotherapy (IBRT) is based on the increased relative
biological effectiveness (RBE) within the Bragg peak region [2].
To date, more than 52,000 patients have treated by ion beams at 25
institutes all around the world. However, the high capital cost of
IBRT facilities remains a primary hurdle to a more widespread
access to this treatment modality. Recently, high-intensity laser
acceleration has been suggested as a potential, cost-saving alter-
native technology [3] to conventional ion accelerators for
radiotherapy.

A unique feature of laser acceleration is the extremely-high peak
current attributed mostly to the short duration of a single proton
bunch. We reported the first demonstration of DNA double-strand
breaking of human cancer cells by laser-driven proton bunches
of short duration and high single bunch current [4]. Several
investigations have subsequently reported radiobiological effects
of high dose rate irradiation by laser-accelerated protons [5–7].
ll rights reserved.

.

Experimental studies [4–6] to date have used protons with a large
energy spread which is characteristic of laser-accelerated ions at
the source (laser target). While it has been demonstrated that
transport line optics downstream of the ion source are energy-
selective and can consequently deliver quasi-monoenergetic
beams [8], such beam lines have not yet been applied to radio-
biological studies. Quantitative evaluation radiobiological effects
critically require quasi-monoenergetic irradiation.

To address the problem above, we have developed a laser-
driven quasi-monoenergetic proton beamline that consists of sets
of miniature permanent magnets. In this paper, we describe a
precise setup of the beamline and results of generating 2.25 MeV
proton beams with an energy spread of 0.66 MeV (FWHM) and
single bunch duration of 20 ns.

The J-KAREN Ti:sapphire laser system [9] at JAEA provided the
intense laser pulses for target irradiation. J-KAREN is a femtosecond
high-intensity laser system that combines both Ti:sapphire chirped
pulse amplification (CPA) and optical parametric CPA (OPCPA)
techniques. The system consists of two successive CPA stages,
where the second one includes a three-pass Ti:sapphire final
booster amplifier pumped with the second harmonic from a
high-energy Nd:glass laser. Prior to the peak of the main femto-
second pulse the contrast exceeds 1010 on the subnano-second
time scale, and is near 1012 on the nanosecond time scale. For the
present study, laser pulses were delivered to the experiment
chamber at a repetition rate of 1 Hz and the final booster amplifier
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Fig. 1. Experimental setup of the laser-driven quasi-monoenergetic beam line.

Fig. 2. (a) The proton-energy spectrum obtained without the dipole magnets. (b) Results of beam-energy selection by the four dipole magnets observed with a TOF

spectrometer for different energy tunes.
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was not used. The configuration of the irradiation system is
seen in Fig. 1. Laser pulses of 1 J energy and 45 fs duration are
focused to an intensity of � 5� 1019 onto a polyimide target foil of
7:5�mm�thick. Compatible with the 1 Hz laser repetition-rate a new
target area is provided for each pulse by advancing the foil tape with a
servomotor. At the foil source the initial proton spectrum is con-
tinuous with a 4 MeV maximum kinetic energy, as shown in Fig. 2(a).

The proton beam line consists of four dipole magnets, described
by Luo et al. [10] in their design of therapy machine. Each dipole
magnet consists of a pair of rectangular permanent magnets,
generating a central magnetic field of 0.78 T. The second and third
magnetic fields are parallel with each other and oriented antiparallel
to the first and fourth ones. Protons are collimated by an entrance
pinhole and laterally displaced from the target normal axis in the
midplane (midway between the second and third magnets) by the
first two magnets. Proton energy and energy spread is set by a
movable 5 mm diameter pinhole that is located in this midplane. The
final two magnets steer protons back to the target normal axis. The
transverse beam profile is adjusted by a pinhole. Protons are finally
extracted from vacuum into air through a thin polyimide window of
7:5�mm�thickness and 10 mm diameter.
As seen in Fig. 1, the capsule of cell samples is located close to the
vacuum window. The cell capsules used during the irradiation were
specially designed for our experiments. The capsule (30 mm in
diameter) consisted of a vessel and a lid made of heat-resistant
plastic, which were sterilized with an autoclave. Beam irradiation
enters through the 7 mm diameter aperture on the bottom. Cell
samples are cultured on a polyimide cell dish of 7:5-mm thickness at
the bottom of the capsule. To irradiate these cells protons must pass
through the first 7:5-mm�thick polyimide vacuum window, 3-mm
of laboratory air and the 7:5-mm�thick cell dish, keeping their
kinetic energy to be high enough to penetrate the cell monolayer.
2. Beam energy tunes

The proton energy spectrum transported through the beam line
is measured with online single bunch Time-of-Flight (TOF) spectro-
metry [11]. The TOF detector is a plastic scintillator (42 mm in
diameter) with an upstream 5-mm diameter collimator to dupli-
cate the cell capsule aperture. Fig. 2(b) shows the tunable quasi-
monoenergetic proton spectra transported through the beam line.
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The central energy could be tuned from 1.5 to 3 MeV by moving the
midplane pinhole position laterally between 22 and 10 mm from
the target normal axis. The 2.25-MeV protons were used for cell
irradiation.

To assess the shot-to-shot fluctuation of single bunch current
we recorded TOF spectra for 20 successive laser shots before and
after cell irradiation on a single day as seen in Fig. 3(a) and (b),
respectively, (single-shot spectra are individually shown in gray
and the averaged spectrum is displayed in black). The shot-to-shot
reproducibility of spectral shape is reasonable at 1 Hz. The energy
spread of the averaged spectrum is 0.66 MeV (full width at half
maximum, FWHM). The variation (standard deviation, sfluc) of
proton number over 20 shots is 12.9% and 12.3% in Fig. 3(a) and (b),
respectively. This is attributed to the short term stability of the
laser intensity. Over the duration of one measurement cycle (that
included irradiation of 14 samples and CR-39 measurements) the
proton number of the averaged spectra of Fig. 3(a) and (b) reveal a
longer term drift of 10.5%.

The areal distribution of protons was observed before and after
cell irradiation with CR-39 track detector film alternatively placed
at the cell sample position. Fig. 4(a) displays a CR-39 image (after
KOH chemical etching) indicating the proton distribution. The large
circular white region, whose diameter matches that of the cell
capsule aperture, is induced by proton bombardment. Cancer cells
were located on the center of this proton irradiation field as
indicated by the red circle (5 mm in diameter) in the figure. The
areal distribution profile is determined by counting the number of
proton-induced etch-pits (tracks) with a microscope along the
Fig. 3. Energy spectra of protons monitored before (a) and after (b) cell irradiation.

Fig. 4. (a) A beam-spot image near the cell sample position (red circle) measured with CR

proton distributions used for the cell irradiation using the 1801 cell rotation are shown wi

reader is referred to the web version of this article.)
horizontal (A-B) and vertical (C-D) lines of Fig. 4(a). The distribution
of proton areal density in displayed as dots in Fig. 4(b) and (c) in
units of 105/mm2 for the A-B and C-D lines, respectively. The
nonuniform areal proton density distribution is observed as a tilt.
After the first ten of twenty shots the cell capsule was therefore
rotated by 1801 to reduce this nonuniformity. A more uniform
density distribution ðsarea ¼ 8:0%Þ was achieved by the rotation as
seen in the solid lines of Fig. 4(b) and (c) for the A-B and C-D lines,
respectively.
3. Proton dose

The absorbed dose D integrated over n bunches is determined by
the following equation:

D½Gy� ¼ n

Z
E0

dE0 �
C � NðE0Þ � EdðE0Þ

QDx
� 1:602� 10�7: ð1Þ

Here C ¼ 7:20� 104 mm�2: the averaged density of proton number
cross-checked by TOF and CR-39 detectors, Q ¼ 1 g/cm3: the mass
density of liquid water and Dx¼ 5 mm: the thickness of the cell
monolayer. E0 is the proton energy in vacuum (i.e. before entering
the thin-foil window) and NðE0Þ is the normalized energy distribu-
tion of protons satisfying

R
NðE0Þ dE0 ¼ 1. We determine NðE0Þ from

the averaged TOF spectrum seen in Fig. 3(a, b). EdðE0Þ is the energy
that is deposited in the cell layer (in keV units) by protons with
energy E0. The dynamics of energy deposition are simulated with
the 3-dimensional (3D) Monte-Carlo TRIM code [12]. We calculate
the energy loss of protons in a multilayer target consisting of the
7:5�mm�thick polyimide window, 3-mm of air, the 7:5�mm�thick
polyimide cell dish and 5�mm of liquid water (assumed to be
equivalent to the cell monolayer). Typically, protons of E0 ¼

2:25 MeV are decelerated down to 1.9 MeV at the entrance of cell
layer. From Eq. (1), the single bunch dose is estimated to be 0.2 Gy
corresponding to a single bunch dose rate of 107 Gy/s. At the 1 Hz
repetition-rate this amounts to a duty factor of 2� 10�8 with an
average dose rate of 0.2 Gy/s. We estimate the statistical error of
the integrated proton dose (n shots) according to be

DD¼D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs2

flucþd
2
Þ=nþs2

area

q
ð2Þ

where the first standard deviation, sfluc (12.9 %) is the shot-to-shot
fluctuation of proton number, the second one, d (10.5 %) is its long
term drift and the third one, sarea (8.0 %) is the areal proton density
fluctuation. The statistical error decreases with the increasing
number of proton shots n. We obtain DD¼ 9:6% for 2 Gy (n¼10)
and DD¼ 8:4% for 8 Gy (n¼40).

The proton LET (linear energy transfer) in the cell monolayer is
evaluated with the 3D TRIM code. We obtain a volume-averaged
-39. (b,c) A proton areal densities along the axes, A-B and C-D, respectively, of (a). The

th solid lines. (For interpretation of the references to colour in this figure legend, the
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LET which is

LET ¼

Z
E0

dE0
NðE0Þ � EdðE0Þ

Dx
: ð3Þ

Taking into account the proton energy spread of 0.66 MeV (FWHM),
the LET is determined to be 17:172:8 keV=mm.
4. Summary

We have developed a laser-driven quasi-monoenergetic proton
beamline that consists of four miniature dipole magnets. Laser
pulse intensities at the 5� 1019

�W=cm2 level provide the source
and acceleration field for protons that are subsequently trans-
ported by four energy-selective dipole magnets. The transport line
delivers 2.25 MeV protons to the cells with an energy spread of
0.66 MeV. The single bunch dose was 0.2 Gy corresponding to a
single bunch dose rate of 107 Gy/s. At the 1 Hz repetition-rate this
amounts to a duty factor of 2� 10�8 with an average dose rate of
0.2 Gy/s. The statistical error of the integrated proton dose was 8.4%
in standard deviation for 8-Gy (40 shots).
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