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A new laser-driven proton therapy facility is being designed by Peking University. The protons will be
produced by laser–plasma interaction, using a 2-PW laser to reach proton energies up to 100 MeV. We hope
that the construction of this facility will promote the real-world applications of laser accelerators. Based on
the experimental results and design experience of existing devices in Peking University, we propose a beam
transmission system which is suitable for the beam produced by laser acceleration, and demonstrate its
feasibility through theoretical simulation. It is designed with two transport lines to provide both horizontal
and vertical irradiation modes. We have used a locally-achromatic design method with new canted-cosine-
theta (CCT) magnets. These two measures allow us to mitigate the negative effects of large energy spread
produced by laser-acceleration, and to reduce the overall weight of the vertical beamline. The beamline
contains a complete energy selection system, which can reduce the energy spread of the laser-accelerated
beam enough to meet the application requirements. The users can select the proton beam energy within the
range 40–100 MeV, which is then transmitted through the rest of the beamline. A beam spot with diameter
of less than 15 mm and energy spread of less than 5% can be provided at the horizontal and vertical
irradiation targets.
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I. INTRODUCTION

With the increasing demand for accelerators with higher
energies and smaller footprints, the research of novel
particle acceleration mechanisms is attracting more atten-
tion in the accelerator community. Ultraintense and ultra-
short laser-driven accelerators have become one of the most
attractive topics in the accelerator community in recent
years, due to their high accelerating gradients [1]. Since the
first experiments on interactions between high-intensity
laser pulses and solid targets, new research into different
acceleration regimes has produced some meaningful exper-
imental results [2–7]. Laser-driven accelerators with radi-
ation pressure acceleration (RPA) have generated proton
energies up to 93 MeV [8–10]. Such results indicate that
laser accelerators could be utilized for various applications.
One of the most important applications is radiotherapy.
Several facilities for laser-driven proton therapy are being
built or in preparation for construction around the world,
including ELIMED (the ELI-beamlines medical and
multidisciplinary applications) in the EU [11,12], and

the Center for Advanced Laser Applications (CALA) in
Germany [13].
CLAPA-T is a new proton therapy facility under devel-

opment by Peking University, based on the research
experience of the Compact Laser Plasma Accelerator
(CLAPA) [14,15], and supported by China’s Ministry of
Science and Technology. The layout of the facility and its
beam transport system are shown in Fig. 1.
A key technology for CLAPA-T is the near-critical-

density target [16], which consists of self-sustained foil
material and carbon nanotubes. The laser system will be a
2-PW, 1-Hz Ti:sapphire system using chirped pulse ampli-
fication (CPA) technology delivering pulses with 60 J
energy, 30 fs duration, and a contrast of 1010 at 100 ps.
Utilizing this petawatt laser system, we will be able to
repeatedly generate proton beams with high peak flux and
short temporal duration on the energy level of many
hundred MeV.
The project will be completed in two phases. The first

phase, as described in detail below, is to produce a
100 MeV proton beam with pulses of more than 108

particles and continuously adjustable energy with 5%
spread. Such a beam passing through the transmission
system can meet many of the therapeutic requirements. In
the second phase, the facility will be upgraded to produce
200 MeV proton beams.
Compared with traditional accelerator beams, laser-

driven beams have certain distinct characteristics [17–19]:
(a) short pulse widths; (b) wide energy spectra; (c) large
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angular spread; and (d) a spectrum of secondary particles.
Designing a proton therapy system tailored for these
characteristics is a challenging task [20].
As experimental data for laser-driven accelerators at the

energy range of the CLAPA-T facility are not yet available,
we have carried out a careful dynamics design for the
beamline, considering operational reliability, flexibility and
compactness. We use an achromatic lattice to control the
envelope growth caused by the large dispersion and energy
spread, and use superconducting solenoids and curved
canted-cosine-theta (CCT) magnets to make the vertical
beam line lighter and more compact [21], as part of an
exploration for the subsequent construction of a super-
conducting gantry.

II. MAIN PARAMETERS AND OPTICS DESIGN

For the dynamics design, we used the TraceWin code [22],
which has been used in many laser-driven accelerator
transport line designs. This code combines fast beam
envelope calculations with full multiparticle simulations
to balance efficiency with accuracy.
Considering the above characteristics of laser-driven

beams and the requirements for the first phase of the
project, we determined the design objectives as follows:
(a) proton beams with energy in the range 40–100MeV can
be transmitted, fulfilling the treatment requirements
planned for phase 1; (b) beamlines can provide both
horizontal and vertical irradiation, to reach tumors in
different parts of the body; (c) beam spot with energy
spread of less than 5% and diameter of less than 15 mm can
be formed at the irradiation terminal. These criteria are a
compromise between the control of irradiation and char-
acteristics of beams produced by laser acceleration.
Although the beam energy generated in this first phase
of the project is lower than beam of the traditional
accelerator therapy device, it is sufficient to treat some
shallow cancers and most childhood cancers [23]. In future,

smaller beam spot sizes could also be obtained by using a
collimator in front of the patient location.
To meet the different transport requirements, we treat the

horizontal and vertical beam transport lines separately.
Each entire beamline is required to perform particle
collection, transport and delivery. First, the beamline needs
to collect the laser-accelerated proton beam with its large
angular divergence. Then, the beam transmission process
requires energy selection and beam steering. Finally, the
beamline in front of the patient location must include beam
shaping and matching, as well as beam scanning.
We extrapolate the initial conditions for the beam based

on experimental data from laser-generated proton beams at
lower energies. Referring to the experimental experience
from CLAPA, combined with theoretical simulations, we
set the initial transverse radius of the beam spot as 5.0 μm,
which is almost identical to that of the laser spot [24]. We
set the initial divergence angle and beam energy spread to
�50 mrad and �10% respectively. The distance from the
laser target to the first element is 250 mm. For the
macroparticle calculations, we model the initial beam with
uniform distributions in the 4D transverse space and a
Gaussian distribution in energy. Longitudinally, we focus
on the selection of energy and control of energy spread
rather than on the particular longitudinal distribution.
Along the beamline, the longitudinal distribution is almost
unchanged, so this can be assumed constant for the rest of
the beamline.

A. Beam collection section

The collection section of the transport system is used to
focus the initial large divergence angle beam and make a
preliminary energy selection. It consists mainly of three
superconducting solenoids [25], which can collect the
beam with a wide range of energies and divergence angles.
We use the solenoid chromatic effect to control the energy
spread [26], by positioning two adjustable apertures
between the three solenoids. This arrangement of two

FIG. 1. Layout of CLAPA-T and its transport system. The overall layout of the beam transport system is in the red dotted box.
Different sections of the beam transport system are circled by dashed lines of different colors.
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apertures provides a variety of options for controlling
situations that may emerge during the operation of the
device. Based on our simulations, we expect to mainly
make use of the first aperture for control of the energy
spread during operation, with the second aperture being
held in reserve for extra control if needed. Drawing on the
operational experience of CLAPA [24], we simulated the
transmission of a beam with 5% Gaussian energy spread
through the aperture to investigate the relationship between
aperture size and energy spread selection range.
Figure 2 shows the results of these simulations. Although

the distribution of energy of these simulations is not
representative of the expected laser-generated spectrum,
these simulation results demonstrate the ability to select an
energy range and limit the energy spread transmitted to the
next section. By adjusting the size of the aperture, particles
with incorrect energy can be filtered out. Through this
process, we obtain a proton beam with energy spread
reduced to approximately �1%. By the end of the collec-
tion section, we can convert the laser-generated beam with
a radius of 100 μm and divergence angle of 50 mrad to
quasiparallel beams with a radius of approximately 5 mm.

During operation, it is the aperture here that will exclude
the majority of the unwanted particles.

B. Beam deflection and energy selection (DES) section

Charged particle therapy requires proton beams with a
small, controllable energy spread. This means that the
energy selection section is a very important part of a laser-
driven accelerator. The deflection and energy selection
(DES) section of our transport line accurately selects the
treatment energy, and also removes uncharged particles by
changing the beam direction. The irradiation depth in the
patient tissue can be controlled effectively by selecting the
appropriate beam energy. The required energy is selected
from a different range of the broad-energy beam produced
by the laser acceleration.
The collection section focuses the proton beam to form a

beam waist in transverse space at the entrance of the DES
section. The beamline splits into separate horizontal and
vertical beamlines from the DES section onwards, and the
deflection elements in each beamline guide the beam to the
desired patient treatment location. The beam conditions
after the collection section are listed in Table I. An
adjustable slit set between the magnets removes protons
with incorrect energies and stray neutral particles produced
by laser acceleration.
When particles with an energy deviation pass through the

deflecting dipole magnet, their trajectories gain an angular
perturbation [27]. Under this influence, the transverse and
longitudinal motion of the beam will be coupled together.
Although it can be proved that this transverse–longitudinal
coupling does not result in the increase of six-dimensional
phase space volume, the increase in emittance in the
projection space also results in an increase in the beam
envelope. Thismeans that themomentum spread of the beam
will cause an increase in the transverse beam envelope.
This can be expressed as:

ax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2x;0 þ

�
Dx

Δp
p

�
2

s
ð1Þ

where ax and ax;0 are the beam envelope with and without
dispersion respectively, Δp=p is the relative momentum
deviation, and Dx is the dispersion function, which satisfies
the equation [27]:

(a)

(b)

FIG. 2. Simulation results in the collection section, showing
(a) relationship between aperture size and energy selection for the
two apertures; and (b) final phase–energy distribution from
multiparticle simulation when adjusting the first aperture.

TABLE I. Main beam parameters at the start of the deflection
and energy selection (DES) sections.

DES-H DES-V

αx −0.89 −0.25
βx (mm/mrad) 12.18 12.87
xmax (mm) 7.23 7.77
αy −0.89 −0.25
βy (mm/mrad) 12.18 12.87
ymax (mm) 7.33 7.69
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Here ρ is the bending radius of the dipole magnet and B
is its magnetic flux density. As dispersion also makes the

envelope of the beam sensitive to its energy spread, we have
used an achromatic lattice design. This method can
effectively limit the dispersion to local segments to reduce
its influence [28–30].
In the horizontal beam line section (DES-H), two 45°

bending magnets and two quadrupole magnets form an
overall achromatic beam line. Figure 3(a) shows the change
of final Twiss-beta and dispersion functions along the
whole horizontal beamline for the final beam envelopes
after optimization. The dispersion function emerges at the
starting point of the first dipole magnet arc, reaches its
maximum value between the two dipole magnets, and
drops to zero at the exit of the second dipole. The Twiss-
beta functions in both the x and y directions decrease with
the increase of the dispersion function and reach their
minimum values where the dispersion function is maxi-
mized. This approach minimizes the effect of dispersion on
beam envelope and instability. We have placed a moveable
high-precision slit in the middle of DES-H to carry out the
fine energy selection and removal of neutral particles.
Figure 3(b) shows the simulation results for the relationship
between the half-width of the movable slit and the final
energy spread. The different colored lines represent sim-
ulations with different values for energy spread preselected
in the collection section.
In the vertical beam line section (DES-V), we make use

of curved canted-cosine-theta (CCT) magnets [21,31,32],
which are composed of multiple pairs of alternately tilted
solenoid windings. Compared with traditional magnet
structures, the inclined solenoid coil structure is lightweight
and the magnetic field quality is superior, allowing us to
significantly reduce the weight of the vertical beamline. In
this project, we will use multiple nested coil pairs in the
CCT magnets to produce a hybrid field with both dipole
and quadrupole components. The dipole field is distributed
throughout the whole length of the CCT magnets, whereas
the quadrupole field is applied within a range near the
entrance and exit of the CCT magnets, and can be
independently adjusted. To simulate this complex field
in TraceWin, we use separate 3D field map files for the dipole
and quadrupole fields, including fringe fields, and calculate

FIG. 3. Beam parameters in the DES-H section, showing
(a) Twiss-β and dispersion functions along the z axis; and
(b) Final energy spread against slit width for different initial
energy spreads.

TABLE II. Main parameters of CCT magnets.

CCT1 CCT2 CCT3 CCT4 CCT5 CCT6

Total length (mm) 785 785 785 785 785 785
Bending angle (degree) 45 45 45 45 45 45
Bend radius (mm) 1000 1000 1000 1000 1000 1000
Aperture (mm) 36 36 36 36 36 36
Dipole field strength (T) −1.48 −1.48 1.48 1.48 1.48 1.48
Dipole length (mm) 785 785 785 785 785 785
Inlet quadrupole field gradient (T/m) 17.22 −25.22 17.22 −25.22 17.22 −25.22
Outlet quadrupole field gradient (T/m) −25.22 17.22 −25.22 17.22 −25.22 18.50
Inlet quadrupole length (mm) 200 200 200 200 200 200
Outlet quadrupole length (mm) 200 200 200 200 200 200

WANG, ZHU, EASTON, LI, LIN, and YAN PHYS. REV. ACCEL. BEAMS 23, 111302 (2020)

111302-4



a linear superposition to produce the combined field
sections. The dipole-only segments of the CCT magnets
use the built-in dipole elements. This is a common method
to check the rationality of the magnetic field design in
traditional accelerators. The vertical beamline design con-
tains three locally achromatic cells using six of these curved
CCT magnets. The main parameters of the CCT magnets
are given in Table II.
Figure 4(a) shows the change of the Twiss-beta and

dispersion functions through the DES-V section. By

adjusting the distribution of the quadrupole field within
the CCT, we can constrain the dispersion function to be
nonzero only between each pair of neighboring CCT
magnets. As in the DES-H section, we use a high-precision
slit for further particle selection, located where the beam is
first deflected in the DES-V section. Figure 4(b) shows the
simulation results for the relationship between and the half-
width of the DES-Vmovable slit and the final energy spread.
In summary, the horizontal DES-H section comprises

two 45° bending magnets, four quadrupole magnets and

FIG. 4. Beam parameters in the DES-V section, showing (a) Twiss-β and dispersion function along the z axis; and (b) Final energy
spread against slit width for different initial energy spreads.

FIG. 5. Upper: simulation results for the transverse phase space at the exit of the horizontal beamline. Plots from left to right are the
phase space diagrams in the x and y directions, and a cross-section of the beam at the irradiation point. Lower: beam envelope evolution
along the z axis. The blue line represents the x-direction, and the red line represents the y-direction.
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one moveable slit. Six 45° superconducting CCT magnets
and one moveable slit constitute the vertical DES-V
section. In Fig. 1, the DES section component layout is
circled with the blue dotted line.

C. Application section

After the DES section, the beam enters the final
application section with the correct energy and direction
of motion. This final section shapes the beam to be ready
for irradiation. We use normal-conducting quadrupole
magnets, with two installed in the vertical beamline and
three in the horizontal beamline. The application section
can tailor the beam to the desired shape when it reaches the
irradiation area, and continuously adjusts the beam spot
size to keep it within a certain range. Scanning magnets in
the x and y directions are positioned after the quadrupole to
perform spot scanning for radiotherapy. In Fig. 1, the
application section component layout is circled with a
purple dotted line.
We simulated the beam transmission at full energy using

the TraceWin code, with 100 000 macroparticles. This sim-
ulation allows study of the impact of nonlinear effects. The
central energy of the particles is 100 MeV, and the energy
spread is within 5%. The expected beam current is 10 nA,
and for such low currents, the space charge effect can be
neglected. We also ran simulations at lower energies in the
specified range 40–100 MeV, by adjusting the element
magnetic field strength according to the ratio of magnetic

rigidities. Results were consistent with the full energy
simulation results presented here.
Figures 5 and 6 show the simulation results. The beam

envelope stays within 20 mm and varies linearly throughout
the entire transmission process. By adjusting the two

FIG. 6. Upper: simulation results for the transverse phase space at the exit of the vertical beamline. Plots from left to right are the phase
space diagrams in the x and y directions, and a cross-section of the beam at the irradiation point. Lower: beam envelope evolution along
the z axis. The blue line represents the x-direction, and the red line represents the y-direction.

TABLE III. Main parameters for the focusing elements of the
beam transmission system.

Section Element
Length
(mm)

Radius
(mm)

Max field
or gradient

Collection Solenoid 1 500 30 9.05 T
Solenoid 2 500 30 8.23 T
Solenoid 3 500 30 6.51 T

DES-H Quad. 1 150 36 7.90 T/m
Quad. 2 150 36 −11.06 T/m
Quad. 3 150 36 11.43 T/m
Quad. 4 150 36 11.45 T/m

Application-H Quad. 5 150 36 −14.11 T/m
Quad. 6 150 36 15.07 T/m
Quad. 7 150 36 −3.17 T/m

DES-V Quad. 1 150 36 −13.69 T/m
Quad. 2 150 36 −14.41 T/m
Quad. 3 150 36 −13.91 T/m
Quad. 4 150 36 −14.29 T/m
Quad. 5 150 36 −14.21 T/m

Application-V Quad. 6 150 36 −18.31 T/m
Quad. 7 150 36 3.07 T/m
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quadrupole magnets at the end of the vertical and horizontal
beamline correspondingly, we can gather the beam in the
transverse space into the required diameters of 5 mm and
10 mm respectively. For the longitudinal space, we can keep
the energy spread below 5% by adjusting the first moveable
slit in the collection section and the two moveable slits in the
DES sections. Table III lists the basic parameters for the
focusing elements of the 100 MeV proton beamline: length,
aperture and magnetic flux density.

III. SUMMARY

In this paper, we have detailed the design of the beamline
for CLAPA-T phase 1. This beamline is scheduled to be
completed by 2025. The beamline design includes both
horizontal and vertical irradiation beam lines. The length
and bending angle of the horizontal beamline are 12.96 m
and 90°, and for the vertical beamline these values are
22.56 m and 270° respectively. By adjusting load current of
the elements in the beamline, we can transmit proton beams
with energies in the range 40–100 MeV. We use a variety of
energy selection elements to effectively filter both particles
with large energy variation and stray neutral particles. We
can constrain the final energy spread to stay below 5% and
can continuously adjust the energies within a certain range.
Each bending element of the beamline is locally achro-
matic, which allows us to significantly limit the envelope
growth of the beam due to dispersion. The use of CCT
magnet technology in the vertical beamline can provide
design experience for follow-up work with a superconduct-
ing gantry. The next phase of work will focus on the
enhancement of the maximum transmission energy and the
uniformity of beam profiles. If the whole project is
successfully completed, it will play a great role in promot-
ing real applications of laser-driven accelerators.
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