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Experimental demonstration of a laser proton accelerator
with accurate beam control through image-relaying transport
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A compact laser plasma accelerator (CLAPA) that can stably produce and transport proton ions with
different energies less than 10 MeV, <1% energy spread, several to tens of pC charge, is demonstrated.
The high current proton beam with continuous energy spectrum and a large divergence angle is generated
by using a high contrast laser and micron thickness targets, which later is collected, analyzed and refocused
by an image-relaying beam line using a combination of quadrupole and bending electromagnets.
It eliminates the inherent defects of the laser-driven beams, realizes precise manipulation of the proton
beams with reliability, availability, maintainability and inspectability (RAMI), and takes the first
step towards applications of this new generation of accelerator. With the development of high-rep rate
Petawatt (PW) laser technology, we can now envision a new generation of accelerator for many

applications in the near future soon.
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I. INTRODUCTION

The concept of laser acceleration was first invented by
Tajima and Dawson [1] in 1979, and was soon extended
from accelerating electrons using gas targets to accelerating
ions using solid targets. When an ultrahigh-intensity laser
irradiates on a solid target, the established acceleration field
can exceed TV/m, accelerating ions to relativistic energy
within tens of micron distance. It can significantly shrink
down the size and the cost of the traditional radio frequency
accelerators. The laser-driven high-current ion sources may
enable significant advances in tumor therapy [2], radio-
graph for high density physics [3], isotope generation for
positron emission tomography [4], warm dense matter [5]
and fast ignition of fusion cores [6]. However, many
scientific and technical challenges for laser acceleration
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need to be overcome before a real laser accelerator with
reliable operations can be built and applied to these
applications.

For proton accelerations, target normal sheath acceler-
ation (TNSA) [7,8] and radiation pressure acceleration
(RPA) [9-15] or breakout afterburner (BOA) [16] are the
most widely employed mechanisms. In TNSA mecha-
nisms, the acceleration field is established by laser-
produced thermal electrons, which is simple and reliable.
The proton energy is proportional to the square root of laser
intensity and the maximum proton energy of 85 MeV was
achieved by using a huge laser system with ~100 J per shot
[17]. Nanometer thin foils are used in RPA or BOA regimes
for bulk acceleration and near 100 MeV proton beams were
demonstrated [18,19]. As a high contrast laser pulse and
ultrahigh laser intensity are necessary for the RPA/BOA
regime, therefore so far quite few results are reported.
Although significant progress has been made in this field,
argument also exists that the laser accelerator will not be
able to replace conventional ones any time soon because of
the proton energy, flux, shot-to-shot reproducibility, accu-
rate dose control, and so on [20]. For example, the typical
exponentially decaying spectrum of laser-accelerated pro-
tons is far from performance levels for many applications.
A few experiments have demonstrated monoenergetic
proton beams using microstructured target [21,22] or

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.22.061302&domain=pdf&date_stamp=2019-06-24
https://doi.org/10.1103/PhysRevAccelBeams.22.061302
https://doi.org/10.1103/PhysRevAccelBeams.22.061302
https://doi.org/10.1103/PhysRevAccelBeams.22.061302
https://doi.org/10.1103/PhysRevAccelBeams.22.061302
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

J.G. ZHU et al.

PHYS. REV. ACCEL. BEAMS 22, 061302 (2019)

gaseous target [23,24], but with poor reproducibility or
energy flexibility. To implement the application of the laser
accelerated protons, massive efforts have to be made to solve
the broad energy spread, the large divergence angle, the poor
reproducibility and flexibility, which are necessary condi-
tions to raise “laser acceleration” to “laser accelerator.”

To grapple with these problems of laser-driven proton
beams, at first step, permanent magnet quadrupole lenses
[25-27], solenoid magnets [28-30] and laser-triggered
microlenses [31] are demonstrated as the focusing compo-
nents. Later on, various beam lines have been proposed at
several institutes. For instance, the light beam line at GSI
Helmholtz Center has demonstrated a multi-MeV proton
beam with high peak intensity, subnanosecond pulse
duration [32] and improved homogeneity [33]. The
ELIMED beam line installed in Prague uses magnet
chicane as the energy selection unit, aiming to deliver
controllable proton beam up to 60 MeV for therapeutic
purposes [34]. Masood proposed a compact gantry design
with pulsed magnets for the laser-driven proton radiotherapy
[35]. However, a complete magnet beam line which prop-
agates the high current and dense proton beam with 1%
energy spread and with reliability, availability, maintain-
ability and inspectability (RAMI) has never been reported in
any experiment yet. Laser accelerated ion beam normally has
a high peak current, broadband energy spectrum and large
divergence angle, which are the bottlenecks for beam trans-
port. Furthermore, laser-accelerated ion beam may contain
energy-space correlation, which must be considered.

To overcome these obstacles thoroughly, a beam line
consisting of quadrupole and bending electromagnets has
been designed and built at Peking University. Comparing
with the beam lines that use quadrupole sets [36] or chicane
of dipoles [34,37] for energy manipulation, the object-to-
image point analyzing system can realize the separation of
protons with different divergence angles and energies,
ensuring the accuracy of proton beam energy selection.
Here we report the realization of laser-driven proton beam
of different energies less than 10 MeV with 1% energy
spread using image-relaying transport beam line. The
proton beam parameters, such as energy, energy bandwidth,
uniformity and diameter are precisely controlled. Although
the proton energy demonstrated here is still far from
meeting the requirements of some applications, such as
cancer therapy, realizing precise manipulation of the
monoenergetic proton beams with RAMI is still an impor-
tant step, which lays the foundation for subsequent experi-
ments, such as precise biological dose deposition, space
irradiation environment simulation, measurement of energy
stopping in warm dense matter, detection device calibration
and measurement of proton beam parameters.

II. EXPERIMENT SETUP

The experiments were carried out on a compact laser
plasma accelerator (CLAPA) platform at Peking University,

as shown in Fig. 2. The whole platform is built on a three
meter thick reinforced concrete foundation to ensure the
stability of the system. The p-polarized laser pulse with
1.8 J energy and 30 fs duration was focused onto the
1.2 ym thickness plastic target using an f/3.5 off axis
parabola at an incident angle of 30 degrees with respect to
the target normal direction. The spot diameter (FWHM) of
the laser was 5 um with 25% of total energy, corresponding
to an intensity of 8 x 10" W/cm? on target. The laser
contrast was 107'% at 40 ps before the main pulse using an
cross-polarized wave generation (XPW), which ensured the
effective acceleration. A high magnification imaging sys-
tem was used to ensure the accurate coupling between the
laser focal spot and each target, with a spatial resolution of
0.1 micrometer. A Thomson spectrometer, coupled with a
microchannel plate (MCP) and electron-multiplying
charge-coupled devices (EMCCD), is placed at 14 cm
behind the target to measure the energy spectrum of the
protons. Figure 1(a) shows the typical energy spectrum
measured by the Thomson spectrometer (black curve).
During the beam line experiment, this Thomson spectrom-
eter was replaced by a quadrupole triplet lens. Then an
insertable radiochromic film (RCF) stack positioned 4 cm
behind the target was used to measure the original spatial
and energy distribution of the protons. Figure 1(b) shows
typical images of one RCF stack based on a 1.2 um plastic
target, where three types of gafchromic film (HD-V2,
MD-V3, EBT-3) were used due to the exponential decay
of the particle numbers from low energy to high energy.
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FIG. 1. (a) The typical energy spectrum measured by the
Thomson spectrometer (black curve) and the RCF stack (red dots)
basedona 1.2 um plastic target. (b) Images in one RCF stack, where
three types of gafchromic film (HD-V2, MD-V3, EBT-3) were used.
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The corresponding energy spectrum extracted from the
RCF stack is shown in Fig. 1(a) (red dots), which is quite
consistent with the Thomson spectrometer measurement.

III. PROTON BEAM TRANSPORT

A. Generation of monoenergetic proton beam

A magnet lattice consisting of quadrupole and bending
electromagnets is specially designed to deliver laser-driven
proton beam with energy of 1-15 MeV, as shown in Fig. 2.
The protons are first collected and focused by a quadrupole
triplet lens placed 19 cm behind the target with a collection
angle of +50 mrad, then analyzed by a 45-degree sector
magnet, and finally refocused by a quadrupole doublet lens
onto the irradiation platform. The parameters of each
magnetic component are shown in Table I. For the selected
beam energy, the focal point of the quadrupole triplet
lens overlaps with the object point (Slit#1) of the sector
magnet, whose image point (Slit#2) is 20 cm in front of the
quadrupole doublet. The beam line incorporates three beam
profile detectors (the first two using scintillators, the third
using MCP), located near the focal plane of the triplet lens,
the image point of the sector magnet and at the irradiation
point respectively (labeled BPD#1, BPD#2 and BPD#3
respectively in Fig. 2). The focal plane of the triplet lens can
be precisely adjusted onto BPD#1 or onto the first slit, and
the image point of the sector magnet can be adjusted onto
BPD#2 or onto the second slit for switching between beam
measurement and transport. This flexibility is crucial to

Envelope evolution of proton beam in the beamline

enable effective beam diagnostics without impacting
applications.

The inserted graph in the top left in Fig. 2 shows the
simulated envelope evolution of proton beam along the
beam line using the TRACK program. The initial beam is set
with 10 yum diameter, 100 mrad divergence angle and
energy of 15 MeV with £1% energy spread (consistent
with the cutoff energy measured by CR39). Part of the
beam is blocked in the triplet lens due to the aperture
limitation. As the quadrupole triplet lens is placed 19 cm
behind the target to make room for laser/target/proton
measurements, the collection efficiency of the triplet lens
is about 88% for protons within =50 mrad. After the triplet
lens, the transport efficiency of the beam with +1% energy
spread is nearly 100%.

Figures 3(a) and 3(b) are the simulated and experimental
results of the proton beam profile on the BPD#I after
focused by triplet lens. The focused central energy is set at
5 MeV. Slit#1 is put at the object point of the bending
magnet, which can partially screen the unwanted energies,
leading to about +10% energy spread of the beam within
3 cm? transverse area. One can note that the beam spot
distribution at BPD#1 has a cross shape with blurred
boundary, due to the chromatic aberration and large
acceptance angle of the initial beam.

Following this, a 45-degree sector magnet is used to select
the energy at the image point in the x direction (horizontal
direction). This is an object-to-image point transport system,
meaning protons from the same object point with the same
energy and different angular divergence converge to the same

BPD #3
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FIG. 2. Layout of compact laser plasma accelerator based on a high power laser. The proton beam is accelerated by using a high
contrast laser and micro-thickness foil; it is then focused by a quadrupole triplet lens, analyzed by a bending electromagnet and
refocused by a quadrupole doublet lens with selected energy onto the irradiation platform. The inserted graph in the top left is the
simulated envelope evolution of the proton beam with a central energy of 15 MeV. X is the horizontal direction and Y is the vertical
direction. The radius of the initial beam spot is set as 5 ym and the acceptance angle is +50 mrad.
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TABLE 1. The CLAPA beam line parameters. 5 MeV are dispersed aside. For example, beam with £2%
energy spread is dispersed to =11 mm while beam with
Type Length  Aperture Max B # tums Current 4 g energy spread is dispersed to £5.5 mm. So by
Ql 100 mm 30 mm 5 KGs/cm 16 300 A controlling the opening width of slit#2, which is installed
Q2 200 mm 64 mm 25KGs/em 20 540 A at the image point of the sector magnet, the energy spread of
Q3 100 mm 64 mm 2.5 KGs/cm 20 540 A protons can be precisely controlled.
(Bzi 2(1)(1) mm 701111(1)11 (gap) 0 7271 15( g ) 23 g;g : In the last, a quadrupole doublet lens is used to focus the
mm mm . s/cm . T . X .
Q5 300mm 110 mm 0727 KGs/em 44 220 A monoenergetic protons to the irradiation point with desired

image point at the x axis, while protons with different
energies are separated in the x direction. This means that
the sector magnet, together with the triplet lens, can effi-
ciently capture and analyze the protons generated in laser
acceleration, and the influences of large divergence angle,
large energy spread and angular-dependent distribution of
initial protons are removed at the image point. In this system
energy chirp does not impact the transverse distribution of
protons. Figures 3(c) and 3(d) are the simulated and the
experimental spatial distributions of the proton beam at the
BPD#2. They both show a bow tie profile with 5 MeV
protons at the knot, which indicates the chromatic aberration
in the y direction, and the ones with energies deviated from
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FIG. 3. Parts (a), (¢), (¢) and (b), (d), (f) are the simulated and
experimental results of the proton beam profile on BPD#1,
BPD#2 and BPD#3, respectively. The selected proton energy
is 5 MeV and the energy spread is +-1%. The red dots in (c) from
right to left represent protons with energy deviated —2%, —1%,
—0.5%, 0%, 0.5%, 1% and 2% from 5 MeV respectively.

spot size. Figures 3(e) and 3(f) show the simulated and
experimental spatial distributions of the proton beam at the
BPD#3 (5 MeV and £1% energy spread). The final focused
beam profile can be adjusted as required, for the quadrupole
doublet lens has the advantages of controlling envelopes
independently in the x and the y direction.

The energy spectrum evolution of the proton beam
through the beam line is presented in Fig. 4, which
demonstrates how the initial broadband beam energy is
gradually confined to +£1% energy spread after each
electromagnet. The black curve is the original energy
spectrum deconvolved from the RCF data shown in
Fig. 1(b), by using a Monte Carlo ion transport code
SrRiM26. The black dashed curve is the energy spectrum
entering the beam line, taking into account the +50 mrad
acceptance angle. The green, purple, blue and red curves
are the simulated spectra, respectively, at BPD#1, BPD#2
and BPD#3 (the irradiation platform). In the experiment, by
varying the width of Slit#2 from 3 to 54 mm (the
corresponding energy spread is increased from +0.5% to
+4%), and the final charge was tuned correspondingly.

B. Adjustment of the beam line

To show tunability of this CLAPA beam line, by fixing
the opening width of Slit#2 at 14 mm, and by fine adjusting
the current of the electromagnets, proton beam with
different central energies and +1% energy spread were
transmitted and focused onto BPD#3. Figure 5 shows how
the measured proton charge on BPD#3 varies with energy.
As the proton energy increased from 3 to 9 MeV, the charge

Proton energy spectrum
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— — enter the beam line

at BDP#1

at BDP#2

— at BDP#3 with slit#2 open +/-35 mm
at BDP#3 with slit#2 open +/-7 mm

10"

1010_ ~

—

o
©
1

dN/dE (arb.units.)

108 +————
6 7 8 9 10

Energy (MeV)

FIG. 4. Evolution of the proton energy spectra along the beam
line. The central energy is 5 MeV.
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FIG. 5. Scaling of the proton charge with different central

energies on the irradiation platform (BPD#3). The inserted
pictures show beam profiles at different energies. The slit width
is 14 mm and the corresponding energy spread is £1%.

was reduced from 30 to 0.2 pC. The more than 2 orders of
magnitude reduction is consistent with the RCF measure-
ment. The charge and the spot size of the nine consecutive
shots of protons with 7 MeV central energy and +1%
energy spread are shown in Fig. 6. The averaged charge is
2.8 pC with 8% charge rms deviation and the averaged
diameter is 3.4 mm with 11% rms deviation. The stability
can be further improved by increasing the quality of the
laser pulse, the uniformity of the solid target, and the space
coupling of the laser with the target.

Besides charge and energy tunability, a uniform beam
profile is also necessary for many applications. For exam-
ple, dose distribution of protons in organic tissue will be
uneven, and the effectiveness of cancer therapies will be
unreliable if the proton distribution is malformed. By
manipulating the beam waist position in the y direction,
radially symmetric proton distributions at the irradiation
platform are realized [38]. In the experiments of trans-
porting 5 MeV proton beams with 1% energy spread onto
the irradiation platform, by adjusting the magnetic fields,

L e B
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Shot number
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FIG. 6.
platform with 7 MeV central energy and 4+1% energy spread for
nine shots in series. (b) The corresponding fluctuations of the
proton charge and spot diameter.

(a) Repeatability of proton beams on the irradiation

2000

1500
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X (mm)

FIG. 7. Demonstration of the spot size adjustment of 5 MeV
proton beam with 1% energy spread refocused at the irradiation
point. The diameter of the black dashed circle is from 5 mm in
(a) to 20 mm in (d).

the beam spot can be regulated with different sizes and
shapes, as marked by the black dashed circles, while
maintaining radially symmetric distributions, as shown in
Fig. 7. So with an extra central aperture (or mask), radially
symmetric monoenergetic pencil beams can be obtained by
laser accelerator without extra beam scattering equipment.
This ability is very important for expanding the application
field of laser accelerator.

IV. SUMMARY

In summary, the CLAPA experimental results show that
the laser plasma accelerator integrated with a magnet lattice
can reliably deliver protons with beam qualities suitable for
many applications, such as 1% energy spread of different
energies and good uniformity. The experiment demon-
strates precise adjustment of the laser accelerated proton
beam in terms of energy, charge and diameter with
repeatability and availability. It raises the laser acceleration
to laser accelerator of ~10 MeV protons through beam
control since the invention of laser acceleration in 1979.
The setup of sector magnet properly integrated with triplet
and doublet quadrupole lenses can overcome inherent
drawbacks of the laser-driven beams, and paves the way
for laser accelerator in a wide range of applications. With
the radially symmetric monoenergetic beams demonstrated
at CLAPA, primary biomedical cell irradiation experiments
and material irradiation experiments to emulate the space
conditions are under way. With the development of high-
rep rate Petawatt (PW) laser technology [39], the proton
energy and current will be soon available for the applica-
tions such as cancer therapy. This image-relaying technol-
ogy can be easily applied to the 200-230 MeV high energy
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protons, resorting to pulsed magnets or superconducting
magnets. It is hoped that a compact beam therapeutic
machine of cancer treatment based on laser accelerator can
be developed in the near future.
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