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A new high transmission efficiency, easily tunable, and cost-effective beam collection system is
proposed for laser-accelerated proton beams with large divergence angles and wide energy spectra. In
previous experiments conducted at the compact laser plasma accelerator platform of Peking University, a
beamline was initially constructed with a collection system based on an electromagnetic quadrupoles
(EMQs) triplet. However, due to the limited acceptance angle, the EMQs exhibited a monoenergetic
transmission efficiency of only 10% to 20% for laser accelerated proton beams. Permanent magnet
quadrupoles (PMQs), known for their high magnetic field gradients, compact size, and lower expenses, are
well suited for integration with other readily adjustable transmission elements like EMQs and solenoids,
effectively enhancing the beam collection capabilities of the system. In this paper, we show that by
introducing a pair of centimeter-sized PMQs in front of the EMQs for beam prefocusing, the beam’s
transverse size is quickly compressed, enabling transmission of highly divergent protons. Experimental
results demonstrate that the prefocusing by PMQs increased the system’s transmission efficiency by a
factor of 2.44 to 6.01 compared to the original setup, while also enhancing the energy selection based on
stronger chromatic effect. This method can be extended to 100 MeV high-energy proton beamlines and is
crucial for applications of laser plasma accelerators.

DOI: 10.1103/PhysRevAccelBeams.27.052801

I. INTRODUCTION

Laser plasma acceleration (LPA) has emerged as a
powerful contender for future accelerators [1–3] and
compact radiation sources [4], owing to its acceleration
gradient exceeding that of traditional accelerators by three
orders of magnitude [5]. It harnesses the interaction
between ultraintense lasers and target materials, driving
the collective motion of a large number of electrons within
the target to generate an extremely strong longitudinal
electric field, capable of accelerating proton beams up to
near 100 MeV (currently) within micrometer distances [2].
LPA proton beams offer unique qualities, like low emit-
tance (∼10−3 mmmrad) [6–8] and high current (1013

protons within picoseconds) [9], making them valuable

in diverse fields, such as cancer treatment [10–13], materi-
als science [14–16], imaging [17], and high-energy physics
[18]. Generally, these applications require proton beams
containing large numbers of particles and with specific
energies. However, the high gradient and transient nature of
laser acceleration make it highly susceptible to nonlinearity
and instability. Therefore, LPA proton beams typically have
exponentially decaying energy spectra (100%) and large
divergence angles (hundreds of mrad). Capturing, trans-
porting, and focusing these proton beams pose the most
significant challenges.
Themainstream transmission elements include permanent

magnet quadrupoles (PMQs), electromagnetic quadrupole
(EMQs), and solenoids. PMQs offer advantages such as high
magnetic field gradients of order of 100 T=m, compact size,
vacuum compatibility, and cost-effectiveness. Nonetheless,
their fixed magnetic field makes the energy adjustment
process complex and limits the range [19–22]. EMQs offer
adjustable electromagnetic field through current control but
have larger sizes and weaker focusing capabilities [23].
Pulsed or superconducting solenoids provide axial symmetry
focusing and larger collection angles but require complex

*lc0812@pku.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 052801 (2024)

2469-9888=24=27(5)=052801(9) 052801-1 Published by the American Physical Society

https://orcid.org/0000-0002-2603-2858
https://orcid.org/0000-0003-4337-1787
https://orcid.org/0009-0004-4549-3782
https://orcid.org/0009-0002-8956-0313
https://orcid.org/0000-0001-5174-1579
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.27.052801&domain=pdf&date_stamp=2024-05-03
https://doi.org/10.1103/PhysRevAccelBeams.27.052801
https://doi.org/10.1103/PhysRevAccelBeams.27.052801
https://doi.org/10.1103/PhysRevAccelBeams.27.052801
https://doi.org/10.1103/PhysRevAccelBeams.27.052801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


power or cooling systems, making them expensive and
challenging to overcome high repetition rate limitations
[24–26]. Currently, several beamlines based on the above
elements and their performance have been reported. For
instance, the extreme light infrastructure beamlines, using a
set of PMQs in the collection section, achieves a 15%
transmission efficiency for proton beams with an initial
half-divergence angle of 87 mrad [27,28]. The beamline of
GSI Helmholtz Center, based on two pulsed solenoids,
achieves up to 37% transmission efficiency for proton beams
with an initial divergence angle of approximately 170 mrad
[29,30]. The CLAPA-T high-energy achromatic beamline is
designed to use three superconducting solenoids for collec-
tion, with a target collection angle of 50mrad [31]. However,
because of the inherent limitations of each transmission
element category, these beamlines constructed solely with a
single type of collection element find it challenging to
simultaneously achieve high transmission efficiency, strong
energy adjustment capabilities, and low cost.
A compact laser plasma accelerator (CLAPA) with EMQs

triple as the beamline collection section has been built at
Peking University [32,33]. The EMQs triple provides excel-
lent stability and adjustability. However, its transmission
efficiency is only 10%–20%, due to limitations in the
magnet’s focusing power, aperture size, and spatial volume.
A significant amount of high divergence angle protons are
unable to enter the beamline or strike the beamline walls,
leading to losses. Considering that PMQs offer strong
focusing ability within a compact structure, an increased
transmission efficiency collection system schemewith strong
tunability and affordability has been theoretically proposed
[34], which utilizes PMQs closer to the target for precol-
lection, promptly constraining the beam divergence, and
achieves the final focusing in combination with the existing
EMQs triple. By synchronously changing the positions of
PMQs and currents of EMQs, the centrally transmitted
energy of the system can be easily adjusted.
In this paper, we present an experimental study of the

high transmission efficiency of collection system, a sig-
nificant enhancement in the beam density and charge with

the addition of PMQs for prefocusing in the system
compared to the case with only EMQs triple was observed.
Furthermore, the combination of PMQs and solenoids for
the CLAPA-T 100 MeV high-energy medical beamline is
also discussed, demonstrating the widespread applicability
of the PMQs prefocusing scheme.

II. EXPERIMENTAL SETUP

The experiments were conducted on the CLAPA plat-
form at Peking University. Its main design features are
presented in Fig. 1. The proton beam generated by laser-
target interaction was emitted along the z direction and
focused by the collection system consisting of PMQs and
EMQs (PMQ1, EMQ1, and EMQ3 for x direction focusing,
PMQ2 and EMQ2 for y direction focusing). Radiochromic
films (RCFs) or scintillators in the focus detection plane
were used to observe the particle collection status, and a 45°
bending magnet was used to further energy and emittance
analysis of the focused beam. A detailed description of the
experimental setup and methods is provided below.

A. Proton source

A p-polarized laser pulse with energy EL ¼ 1.3 J and
duration τ ¼ 30 fswas focused into a spotwith a fullwidth at
half maximum diameter of 5 μm (with 25% of the total
energy, corresponding to an intensity of 5.5 × 1019 W=cm2)
and was incident onto a 7 μm thick aluminum target with an
incident angle of 30° to the target normal direction. The
accelerated protonswere detectedwith calibratedRCFstacks
[35]. Due to protons depositing the most energy at the Bragg
peak, RCF can be utilized to detect a monoenergetic proton
beam whose Bragg peak aligns with the active layer. The
RCF stacks in the experiment were composed of either two
pieces of HD-V2 RCFs covered with 10 μm aluminum foil
or one piece of HD-V2 RCF covered with 55 μm aluminum
foil, allowing for detection of 1.0, 2.5, and 3.1 MeV protons
according to theMonteCarlo programSRIM [36] simulation
results. The particle number spectrum dN=dE per unit
energy is assumed to satisfy the exponentially decreasing
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FIG. 1. Experimental setup at CLAPA.
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distribution dN
dE ¼ N0

E exp ð− E
kBT

Þ [37,38], and the divergence
angle θ ¼ a · Eþ b follows a linearly decreasing distribu-
tion [39,40]. By fitting the three data points measured by
RCFs (N0 ¼ 2.3 × 1010, kBT ¼ 0.8 MeV, a ¼ −22.7 and
b ¼ 223.4), the proton energy spectrum and divergence
angle were obtained, as shown in Fig. 2.

B. Magnet parameters determination, characterization,
and simulation verification

Key parameters that determine the collection capability
and focusing energy of the collection system primarily
include the hardware specifications of PMQs (radii, lengths,
and magnetic field gradients) and adjustable parameters of
the drift regions’ lengths (ldrift1; ldrift2, and ldrift3) aswell as the
magnetic field gradients of EMQs. Taking into account the
laser shooting results, our objective is to maximize the
transmission efficiency η of MeV-level energy protons.
Here, η is defined as the ratio of the number of protons
within the focal spot (with a distance from the center of the
beam spot less than �10 mm) and having the designated
energy to the initial number of protonswith that energy. In the
first step, we assumed hard-edge models for the magnetic
fields and, with constraints, such asmaximummagnetic field
strengths, magnet volumes, and magnetic attraction forces
[28], we introduced a genetic optimization algorithm for
preliminary parameters determination [34].
According to the design parameters, two PMQs were

fabricated. We used a Halbach structure, where each PMQ
was assembled from 16 neodymium iron boride magnetic
poles. To prevent demagnetization of the permanent mag-
netic material due to beam irradiation, 10 mm thick
stainless steel plates were installed at the front and rear
of the PMQs for shielding, and 4 mm thick shielding pipes
were installed inside the PMQs’ inner apertures, effectively
blocking the passage of MeV protons. In addition, in order
to avoid the temperature increase of the shielding pipes
caused by long-term dose deposition and affecting the
magnetic field of PMQs, based on the calculation consid-
ering the specific heat of the material, the number of

consecutive shooting shots needs to be controlledwithin tens
of thousands [28]. We conducted magnetic field measure-
ments using theHall probe, and the obtained longitudinal and
transversemagnetic field distributions are shown inFigs. 3(a)
and 3(b), respectively. These real magnetic field data were
incorporated into the optimization algorithm for fine-tuning
the adjustable parameters, and the final parameter set was
determined. For instance, when the target proton energy for
collection is set to 3.5 MeV, the corresponding optimal
parameter set is listed in Table I, where Rlinear field represents
the radius of the region where the magnetic field exhibits an
linear distribution, covering approximately 60% of the bore
of the PMQs.Theparameter values highlighted in bold in this
table are tailored to the 3.5MeV proton specifications, while
the remaining values are fixed parameters.
These parameters were then input into the beam transport

simulation program TRACK, with an initial divergence angle
of 150 mrad and an energy spread of �5% for the proton
beam. The resulting beam envelope and beam spot at the
focal point from the combination of PMQs and EMQs
focusing is illustrated in Fig. 4(b). For comparison,
Fig. 4(a) presents the beam transport scenario with only
EMQs focusing. The star-shaped beamprofiles are due to the
combined effects of chromaticity effect and the nonlinear
fringe magnetic fields of the magnet [19,41]. In the case of
EMQs triplet, a notable proportion of protons have diverged
excessively after traveling through the drift section and are
lost at the entrance and on the walls of EMQ1. Coupled with
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FIG. 2. Proton energy spectrum and divergence angle measured
by RCF stacks located 40 mm behind the target, along with the
corresponding fitted curves.
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the losses stemming from the asymmetrical focusing of the
quadrupole lens, only 16.1%of the protons can be effectively
transmitted through the EMQs triplet. The integration of
PMQs reduces the initial drift region length, effectively
suppresses beam divergence using their strong focusing
capability, and significantly enlarges the acceptance angle
of the system. Although there is still some beam lost on the
walls of PMQs due to the quadrupole lenses’ asymmetric
focusing, the system’s transmission efficiency has been
elevated to 64.6%, approximately 4 times that of the
EMQs-only system.

C. Experimental methods and mover system

The precise control of PMQs’ positions is a crucial
aspect of the experiment, so we have designed a magnet
displacement system. As shown in Fig. 5(a), the PMQs
are equipped with carriages, guides, and vacuum motors.
These components allow for adjusting the relative distances

between magnets and tuning the system to transfer various
energies.
Additionally, in our setup, PMQ1 is positioned very

close to the target, approximately 4 cm away. This
proximity could potentially obstruct the operation of other
devices located behind the target, such as cameras for
observing the focused lasers, RCFs, and imaging plates
used for diagnosing the proton source. To address this
concern, we have designed the rotating system depicted in
Fig. 5(a). It mounts the PMQs and related components on a
rotatable support, allowing for their collective movement.
This facilitates the convenient alteration of the operational
status of the PMQs and other post-target devices and also
makes it convenient for conducting comparative experi-
ments with or without PMQ prefocusing.
The error analysis presented in Figs. 5(b) and 5(c)

demonstrates that when PMQs exhibit certain lateral posi-
tional errors denoted as Δx or Δy, it leads to a decrease in
transmission efficiency. Additionally, because PMQ1 pro-
vides focusing in the x direction and PMQ2 in the y direction,
misalignments in PMQ1’s x position and PMQ2’s y position
have a more pronounced impact. These misalignments may
arise frommechanical installation errors of the PMQsbut can
also occur due to the magnetic center not aligning with the
geometric center of the PMQs. To address this, the entire

TABLE I. Key parameters of the enhanced collection system
with 3.5 MeV central transmission energy.

Element Length (mm) Rlinear field (mm) Field gradient (T/m)

Drift1 37.4
PMQ1 40 6 200.25
Drift2 27.4
PMQ2 40 10 110.28
Drift3 135.2
EMQ1 100 12 17.33
Drift4 59
EMQ2 200 28 17.17
Drift5 52
EMQ3 100 28 12.51
Drift6 2355
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system has undergone precise position calibration using
collimated lasers, allowing us to control installation errors to
within 0.5 mm. Furthermore, the dipole field component
magnitudes [42] measured using the coil rotation method for
PMQ1 and PMQ2 are 80 and 17 Gs, respectively. This
indicates that the displacement between the magnetic and
geometric axes is estimated to be approximately 40 μm and
15 μm [19], respectively, which has negligible effects on
transmission efficiency. This implies that the system has met
the experimental requirements.

III. EXPERIMENTAL RESULTS

We have conducted the beam transport experiments. The
charge density distributions of beam spot were detected by
scintillators and are shown in Fig. 6, exhibiting the same
star-shaped beam profile as the previous simulation results.
Each column corresponds to the beam spot signals at center
focusing energies of 1.59, 1.9, 2.5, and 3.33 MeV, respec-
tively. The top row represents results from EMQs triplet
focusing and transport alone, while the bottom row
represents results from combined PMQs and EMQs focus-
ing. For protons in the energy range of 1.59 to 3.33 MeV,
with the assistance of PMQs for focusing, the maximum
charge density is increased by a factor of 1.01 to 3.46
compared to focusing with only EMQs.
By quantifying the total charge within each beam spot

and comparing it with the measured proton source charge,
the system’s transmission efficiency η for different proton
energy ranges can be obtained, as shown in Fig. 7. The
dashed line represents the transmission efficiency obtained
from TRACK simulations, where the initial divergence angle
variation with energy was considered. The points represent
experimental values, which match the simulation results
well. The results indicate that the inclusion of PMQs allows

for the collection of protons over a larger angular range,
resulting in an increase in transmission efficiency by a
factor of 2.44 to 6.01.
After the collection system focuses the proton beam, it

forms a waist in the horizontal direction (x axis) at the
system’s image point. This image point also corresponds to
the object point of the bending magnet in the x direction.
After undergoing energy analysis by the bending magnet,
protons of different energies separate along the x direction
at the bending magnet’s image point. In the vertical
direction (y axis), the bending magnet has no impact on
protons in linear optics. Due to chromaticity, the protons at
the central energy form a waist at the image point of the
bending magnet, while the others do not. This results in a
butterfly-shaped pattern with a narrow center and gradually
widening wings on both sides. On the one hand, monitoring
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the beam’s signal postbending magnet offers insights into
the energy spread permitted by the collection system, as
depicted in Figs. 8(a) and 8(b). With PMQs for prefocusing,
two notable effects are observed. First, the beam intensity at
the central energy of 2.5 MeV is enhanced by about 4 times,
further verifying its collection efficiency improvement
effect. Second, the wings of its butterfly-shaped beam
profile significantly widen because the difference in ampli-
fication factors for protons of different energies increases.
Counting the number of protons at various energy levels
within the defined focusing range (where the y direction
width is within �10 mm), as seen in Fig. 8(c), if we
consider the range exceeding 90% of the maximum value
as the dispersion range, the energy dispersion for the EMQs
system is 13.2%, while for the PMQsþ EMQs system, it is
only 2.0%. This implies that the permanent magnet
prefocusing system further enhances its energy selection

capability, offering the advantage of more precise control
over the specific energy of the transmitted beam in proton
beam applications. On the other hand, single-shot emittance
measurements based on the bending magnet can be achieved
[43,44], as the beam’s root-mean-square (rms) size in the y

direction σy;n;rmsðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R11ðEÞ2σ2y0 þ ðεy;n;rmsβσy0
Þ2R12ðEÞ2

q

,

where Rij refers to the element of the transport matrix,
σy0 is the beam source size, and εy;n;rms represents the rms
emittance in the y direction. Calculations reveal that the
normalized rms emittance after passing through EMQs is
0.057 mmmrad, while it increases to 0.084 mm mrad when
PMQs are added to the system. This emittance growth can be
attributed to both the collection of protons with a wider
angular spread and the increased fringe fields generated by
the additional PMQs.

IV. CONCLUSION AND OVERLOOK

The aforementioned system parameter design and
experiments were tailored for the CLAPA experimental
system using a 60 TW laser to generate MeV-level proton
beams [45]. We also verified the feasibility of this method
for scenarios where higher proton energy needs to be
transmitted and the main focusing element is not a quadru-
pole lens. Take the example of CLAPA-T, a novel proton
therapy facility being developed at Peking University. It
will utilize a 2 PW laser to yield proton beams in the
100 MeV range. The beamline collection segment of
CLAPA-T is devised with three superconducting solenoids
to gather and transform the initially divergent proton beam
into a quasiparallel beam [31]. As portrayed in the
simulation results depicted in Fig. 9, due to the confined
magnetic field strength of the solenoids, the collection
angle of the solenoids group is about 50 mrad, and a
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notable portion of protons is lost at the wall plane and
entrance of the second solenoid. For a proton beam with a
150 mrad initial divergence angle and 100 MeVenergy, the
corresponding transmission efficiency for this collection
section stands at 24%. However, we found that the compact
and high-gradient PMQs can also present a solution for
augmenting the transmission efficiency of this system. By
prefocusing with three PMQs featuring magnetic field
gradients of 514, 218, and 100 T=m, along with lengths
of 6, 8, and 6 cm, respectively, the system’s collection angle
can be elevated to 90 mrad, leading to a 2.1-fold enhance-
ment in transmission efficiency. According to Ref. [19],
PMQs with these parameters are achievable. In the realm of
laser proton therapy, this implies that achieving therapeutic
effects could require fewer shots, thereby effectively
reducing costs and saving time.
In summary, we presents a scheme for enhancing the

transmission efficiency of the laser-accelerated proton
beam collection system by implementing PMQs for pre-
focusing. Based on the system parameter design using
genetic algorithms and a reliable magnet mover mechanical
system, experiments have confirmed that the prefocused
collection system incorporating PMQs successfully
increases the particle count and narrows the energy
spectrum range in the transmitted beam. The emittance
of the focused beam is also discussed. Furthermore, a
prospect and simulation for improving the transmission
efficiency in the context of 100 MeV high-energy medical
beamline is presented. This solution is cost-effective,
space-saving, and highly adjustable, offering the potential
to further expand the application scenarios of laser-
accelerated proton beams.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grants No. 12122501, No. 11975037,
No. 61631001, and No. 11921006) and the National Grand
Instrument Project (No. 2019YFF01014404).

[1] I. J. Kim, K. H. Pae, I. W. Choi, C.-L. Lee, H. T. Kim, H.
Singhal, J. H. Sung, S. K. Lee, H. W. Lee, P. V. Nickles
et al., Radiation pressure acceleration of protons to
93 MeV with circularly polarized petawatt laser pulses,
Phys. Plasmas, 23, 070701 (2016).

[2] A. Higginson, R. Gray, M. King, R. Dance, S. Williamson,
N. Butler, R. Wilson, R. Capdessus, C. Armstrong, J.
Green et al., Near-100 mev protons via a laser-driven
transparency-enhanced hybrid acceleration scheme, Nat.
Commun. 9, 724 (2018).

[3] S. Steinke, J. Bin, J. Park, Q. Ji, K. Nakamura, A.
Gonsalves, S. Bulanov, M. Thévenet, C. Toth, J.-L. Vay
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