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Abstract

Because of its excellent dose distribution, proton therapy is becoming increasingly popular in the medical application of
cancer treatment. A synchrotron-based proton therapy facility was designed and constructed in Shanghai. The synchrotron,
beam delivery system, and other technical systems were commissioned and reached their expected performances. After
a clinical trial of 47 patients was finished, the proton therapy facility obtained a registration certificate from the National
Medical Products Administration. The characteristics of the accelerator and treatment systems are described in this article.
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1 Introduction

At the well-known characteristic Bragg peak [1], protons
and heavy ions lose most of their energy at the end of their
traveling range in matter [2]. Because of the Bragg peak, the
entrance that protons and heavy ions pass receives a very
low dose. For therapy, the most important feature is that
there is almost no dose after the Bragg peak of proton, so
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the important organs can be free of irradiation there. But,
there are still several doses after the Bragg peak of heavy
ions. Owing to these features, proton therapy can reduce
the side effects of radiotherapy, or doctors can also use it to
increase organ-at-risk constraints based on the concept of
the dose—volume relationship to make improved high-dose
target coverage possible. Since the first dedicated proton
therapy was built in 1990s [3], the requirement and applica-
tion of proton therapy have grown rapidly, especially in the
past decade. The number of proton therapy centers in opera-
tion and under construction increased to 103 and 37 centers
in the world, respectively, by 2022, and more than 280,000
cases have been treated with proton therapy [4]. The typical
energy range of a proton therapy is 70-235 MeV, corre-
sponding to a 4-34 cm distance in water. Range shifters are
used for the tumors whose depth is less than 4 cm. Recently,
proton computed tomography (CT) is being developed, and
more than 330 MeV of beam energy is required. Two main
accelerator types are used for proton therapy: cyclotrons and
synchrotrons. The extraction beam current of the former is
continuous and high, thus providing a high dose rate. How-
ever, the beam energy is fixed, and a degrader and energy
selection system are used to obtain the required beam energy.
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Thus, the beam passes through the block materials generates
much more radiation and radioactivation. The synchrotron is
just the opposite. It can directly provide the required beam
energy but with a pulsed beam current. Because the maxi-
mum energy of a synchrotron can be very high, the carbon
therapies in use are all based on synchrotrons.

As shown in Fig. 1, Shanghai Advance Proton Therapy
(SAPT) [5] is a synchrotron-based proton therapy facil-
ity located at the Shanghai Ruijin hospital proton therapy
center. The construction of the facility can be divided into
two phases. Four beam lines are built in three treatment
rooms in the first phase: an ocular beamline, an experimen-
tal beamline, a fixed beam line, and a 180° rotating gantry
beam line. In the second phase, a 360° rotating gantry room
and a new injector are developed. The SAPT phase I project
was founded in 2012. The installation of accelerator equip-
ment began at the end of 2016 and took four months. Then,
the beam commissioning started at the end of April 2017
[6]. The equipment installation of the fixed beam treatment
system and that of the 180° rotating gantry beam treatment
system were finished in October 2017 and July 2018, respec-
tively. After three years of commissioning, optimization, and
third-party inspection, the first registration unit, consisting
of accelerator systems and the fixed beam and 180° rotat-
ing gantry beam treatment systems, passed the acceptance
test of Shanghai Ruijin hospital. Then, a clinical trial of 47
patients was performed from November 2021 to June 2022.
Finally, the facility obtained its registration certificate from
the National Medical Products Administration (NMPA) in
September 2022. In this article, the design, construction, and
commissioning results of the facility are described. Table 1
shows several general specifications of this facility.

Table 1 SAPT general specifications

Parameters Value
Energy range (MeV) 70-235
Number of energies 94
Range in water (cm) 0-34.0
Dose rate (Gy/min/L) 1

Spot size (mm) 3-7
Beam position accuracy (mm) 1

Dose stability (day) 1%
Range stability (mm) <05
Extraction beam intensity per spill >5x%10'°
Maximum field size (cm?) 3040

Beam delivery system Spot scanning

2 Accelerator

The SAPT accelerator system includes a 7-MeV proton
LINAC, a synchrotron, two different gantries, a low-energy
transport beamline (LTB) and a high-energy transport beam-
line (HTB).

2.1 LINAC

The LINAC (AccSys, USA) consists of a dual ion source,
a 3.5-MeV radio frequency quadrupole LINAC (RFQ), and
a drift tube LINAC (DTL). The LINAC is compact, with
a length of less than 5.5 m. There is only an einzel lens
between the ion source and RFQ. The RFQ is mounted
directly on the DTL. The maximum beam current of the
LINAC is larger than 10 mA.

Fig.1 Layout of SAPT
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2.2 Synchrotron

The synchrotron is the core part of the accelerator system.
Its output energy ranges from 70 to 235 MeV with the maxi-
mum accelerated protons exceeding 10'!.

2.2.1 Magnetic lattice

The SAPT synchrotron accelerates the proton beam from
7 MeV to the required energy in several million turns. Its cir-
cumference is 24.6 m, and the designed maximum extracted
beam energy is 250 MeV, but the maximum extracted beam
energy of daily operation is 235 MeV. The synchrotron must
achieve a high stored beam intensity to increase the final
dose rate at the target. The space charge effect [7] limits the
maximum stored beam intensity, because of tune shift and
beam loss. The tune shift is inversely proportional to the
beam emittance. In a hadron synchrotron, the beam emit-
tance is determined by injection and acceptance. Larger
acceptance means a larger magnet gap or smaller beta func-
tion. Therefore, to suppress the beta function, the lattice
structure of the SAPT synchrotron is carefully selected from
dozens of different candidates. There are eight dipoles and
12 quadrupoles in this designed synchrotron [8], as shown in
Fig. 2. In this configuration, multiple quadrupoles and their
short focal lengths make the beta function less than 5 m in
the dipoles, which means that this synchrotron has a good
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Fig.2 Magnetic lattice structure of the SAPT synchrotron (QF:
focusing quadrupole, QD: defocusing quadrupole, FQD: fast defo-
cusing quadrupole, SD: defocusing sextupole, RFK: radio frequency
kicker, BEND: dipole magnet, BUMP: bump magnet, BPM: beam
position monitor, PROF: profile monitor, NPCT: current transformer,
IES: injection electrostatic septum, IMS: injection magnetic septum,
EES: extraction electrostatic septum, EMS: extraction magnetic sep-
tum)

acceptance. Figure 3 shows the Twiss parameters. In com-
missioning, the maximum accelerated particle number per
spill reached 1.3x 10! at 70 MeV. Four long and four short
sections are used for accommodating injection and extrac-
tion, the radio frequency (RF) cavity, the beam diagnostics,
and vacuum elements.

The main parameters of the SAPT synchrotron are listed
in Table 2. The tune is selected to be close to 2/3 reso-
nance for the slow extraction scheme. To reduce the beam
loss at the electrostatic extraction septum, the Hardt condi-
tion that aligns the separatrices of different momentums
[9] is satisfied on the lattice. The protons remain below
the transition energy during the whole ramping process,
and to avoid head-tail instability, the chromaticity should
be negative. This means the horizontal dispersion and its
derivative should have different signs. Two sextupoles are
used to correct the chromaticity. The phase advances of
these two sextupoles are nearly 360°; thus, they affect the
resonance-driven term very little if their strengths are the
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Fig.3 (Color online) Twiss parameters

Table 2 Main parameters of the SAPT synchrotron

Parameters Value
Energy at injection (MeV) 7
Energy at extraction (MeV) 70-235
Extracted beam number per spill >5%x 1010
Tune, vy/vy Injection 1.7/1.45
Extraction 1.67/1.46
Natural chromaticity, &,/E, —-1.50/-1.26
Maximum beta, Bx/By (M) 5.5/6.27
Maximum dispersion, 1, (M) 2.17
Transition gamma, 7, 1.576
Max RF voltage, V,; (kV) 2
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same. Two sextupoles with different signs are used to drive
the resonance and do not cause a chromaticity change.

2.2.2 Injection

Because the beam current from the LINAC is only approx-
imately 10 mA, a multiturn injection scheme is employed
for the accumulating beam to reach the required beam
intensity [10]. The injection system includes a magnetic
septum, an electrostatic septum, and two bumps. The first
two elements bend the injection beam into the synchrotron
ring. The bumps cause the stored beam orbit close to the
injection beam to achieve acceptance. The other advantage
of multiturn injection is that one can enlarge the beam
emittance by filling the acceptance of the synchrotron,
which is called “painting”. Because of the betatron oscil-
lation, horizontal phase space painting is performed if the
relative injection position changes when the orbit bump
is decreased. However, as the bump height decreases, the
injection beam hits the electrostatic septum after several
turns and is lost. Because of this process, the efficiency of
multiturn injection is not high. Figure 4 shows the rela-
tionship between the effective turns (the ratio of the accu-
mulated particle number and the particle number from the
LINAC in one turn) and the turn number of the injection
process and bump height. Increasing the injection turns
decreases the efficiency, but the effective turn increases.
To balance the efficiency and accumulated particle num-
ber, 30 turns were selected. Vertical phase space painting
is realized using the Twiss parameters and orbit mismatch.
The final injection efficiency is approximately 35%, and
the maximum particle number after injection is more than
2 x 10" during commissioning.

Effective turn

s

Turns

Bump height (mm) e il

Fig.4 (Color online) Relationship of effective turns, bump height,
and injection turns
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2.2.3 Acceleration

The beam in a synchrotron is accelerated by the electric
field established by the RF system. The SAPT RF system
includes a nanocrystalline-FINEMET-core-based broadband
RF cavity and a low-level RF control system. The cavity
and RF transmitter work at un-resonance mode, and the
control can be simplified significantly. Because the work-
ing frequency of the LINAC is significantly higher than the
synchrotron revolution frequency, the proton beam after
injection is nearly coasting; therefore, the beam should
be bunched before acceleration. An adiabatic capture pro-
cedure, employing a special RF voltage curve, is used to
increase the bunched particle number.

Once the beam is bunched, the magnet current, RF fre-
quency and voltage are synchronously increased to “ramp”
the beam to high energy [11-13]. The mismatch of these
parameters causes beam loss and reduces the ramping effi-
ciency (the beam number accelerated to the desired energy
via the beam number at the defined time). The rapidly
changing magnetic field generates an eddy current in both
the vacuum chamber [14] and the magnet [15]. The eddy
current in the dipole results in a significant magnetic field
delay. According to the measurement results, the dipole cur-
rent is changed to compensate for this field error. The timing
delays and shape of the magnet power supply and RF curves
are also carefully tuned to increase the maximum particle
number after ramping. Second- and third-harmonic RF volt-
ages are used to flatten the RF bucket and reduce the maxi-
mum bunched beam intensity [16]. The space charge effect
is suppressed, and the ramped proton number is approxi-
mately twice larger. Figure 5 shows the particle number in
the ramping process. The main beam loss occurs in several
milliseconds just after capture because of the space charge

28

28

24

1011

22t

Particle number

1034
Yo1a?

12 -

1 1 1 1 1 1

500 1000 1500 2000 2500 3000

Time (ms)
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effect. The ramping efficiency is more than 80% after 0.1 s.
Another beam loss occurs at 0.4 s when the second- and
third-harmonic RF voltages are turned off. The accelerated
particle number is only approximately 6 x 10'° without sec-
ond- and third-harmonic RF voltages.

2.2.4 Extraction

Usually, the beam delivery system controls the dose by
counting the number of electrons produced by protons in
the ion chamber. Then, to increase the control accuracy, the
extraction proton beam current should be kept constant, con-
trollable, and able to be turned off quickly enough. Third-
order resonance slow extraction makes such beams possible
for a synchrotron. During the third-order resonance slow
extraction scheme, the QF and QD current is first changed to
move the tuning closer to the resonance line. Then, the reso-
nance sextupoles are turned on to drive the resonance term
to create an unstable region. The protons that have a large
oscillation amplitude enter the unstable region. After several
turns, as shown in Fig. 6, they enter the electrostatic septum,
are deflected by the electric field, and then pass through
quadrupoles, dipoles, and the magnetic septum. Finally, they
are extracted to the high-energy transport beamline.

The third-order extraction is a nonlinear progression,
which is influenced by several factors, including the tune,
sextupole strength, beam orbit, angle and strength of the
extraction electric septum, and RF voltage. The beam sep-
aratrix step and angle at the entrance of the electrostatic
septum differ when the tune and sextupole strength change.
The beam orbit leads to beam center position and motion
direction error at the entrance of the electric septum. All
these parameters affect the extraction efficiency. The beam-
based alignment method in which the sextupole is turned
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Fig.6 Simulated extraction orbit

on and off is used to measure the closed orbit. If the beam
does not pass through the center of a sextupole, it detects a
quadrupole field and changes the tune. The beam offset from
the center is calculated and corrected by the correctors. The
extraction efficiency is optimized to approximately 75% in
the commissioning. Figure 7 shows the sextupole scanning
result.

The extraction beam current is decided by the rate at
which particles enter the unstable region. The radio fre-
quency kicker (RFK) is used to enlarge the beam emittance
[5, 17]. The frequency of the RFK is near the betatron tune.
The enlarging rate of the proton beam emittance and, thus,
the extraction beam current is controlled by the amplitude
modulation of the RFK voltage, as described elsewhere [17].
The amplitude during the extraction is changed to make the
extraction beam current constant. Figure 8 shows the meas-
ured extraction beam current at the HTB. The dose accuracy
requires the extracted beam to be turned off rapidly [18]. The
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Fig.7 (Color online) Sextupole optimization

Fig.8 (Color online) Measured extraction beam current at HTB
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Fig.9 (Color online) Cutoff time after received signal

cutoff time has been studied well, and the result is shown
in Fig. 9. After the beam delivery system sends a turnoff
signal, the beam is cut off to approximately zero in less than
0.32 ms.

2.3 Transport line

The transport line mainly includes the LTB and the HTB.
The transport line on the gantry is described in the next
section.

(1) LTB

The LTB transports proton beams from the LINAC to the
injection systems of the synchrotron. There are several beam
diagnostic elements in the LTB to measure the beam param-
eters of the LINAC. A debuncher, which is used to reduce
the momentum spread and increase the injection efficiency,
is installed in the LTB.

(2) HTB

The HTB transports extraction beams from the synchro-
tron to the required treatment room. The HTB can be divided
into a match sector and several extensible repetition sectors
according to the different functions. The beam optics at the
exit of the match sector are dispersion-free and beam waist.
The extensible sectors include the beamline in each treat-
ment room and some parts in the accelerator tunnel. The
vertical and horizontal beam sizes are determined by the
beta function and phase advance, respectively.

2.4 Gantry

A medical physicist often requires more beam direction
to reduce the dose at the organ at risk. A rotating gantry
is a large mechanical device that rotates the beam trans-
port line and treatment nozzle to different beam irradiation
angles. The size and shape of the gantry are determined

@ Springer

by the beam transport line. Two different gantries, namely
a 180° rotating gantry and a 360° rotating compact gan-
try, were designed based on the round beam method [19].
The beam transfer matrix from the entrance to the exit of
the 180° rotating gantry beamline is an identity matrix,
so the beam profile at the exit of this gantry is the same
as the one at the entrance. The beam optics do not need
to change while the gantry rotates. Figure 10a shows the
measured beam size when the gantry is at 270°, kept
within a 15% tolerance. Tumors at almost all body posi-
tions can be treated easily with the 180° rotating beamline

Beam Size (mm)

2 " L L L s L
60 80 100 120 140 160 180 200 220 240

Energy (MeV)

(@

90

270  Angle (degree)
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Fig. 10 (Color online) (a) Beam sizes at 270° and (b) beam position
errors at different angles and different energies
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in cooperation with the rotation of the couch. The advan-
tage is the large open space for patients and technicians.
However, this characteristic causes many mechanical dif-
ficulties because of the unbalanced structure, such as the
support and deformation control of the gantry. The instal-
lation position of the orthogonal X-ray system is also dif-
ficult to choose. The rotated part weighs 96 tons, and the
total gantry weight is less than 170 tons [20]. When the
gantry rotates, the measured mechanical and beam posi-
tion errors at the isocenter are within 1 mm. Figure 10b
shows the distance from the measured beam position to the
isocenter at different angles and energies when the beam
is irradiated to the nominal zero point. Currently, there are
six gantry angles: 0°, 330°, 315°, 270°, 225°, and 180°.
The different colors stand for 94 energies. The distances
are all less than 1 mm.

The distance from the end of the last dipole to the iso-
center decides the gantry size. The distance is shortened
to reduce the gantry size. If the scanning magnets are
placed after the dipole, the radius of the gantry is large.
If the scanning magnets are placed before the dipole, the
radius is small, but the gap and weight of the last dipole
are large. A combined function dipole magnet can also be
introduced to compress the beta function. This reduces the
total weight of the magnets from 23 to 13 tons. Figure 11
shows a side view of the 360° rotating gantry, and the
total weight and rotation weight of this compact gantry
are 130 and 93 tons, respectively. The measured mechani-
cal errors of the 360° rotating gantry at the isocenter are
within 0.2 mm, which is considerably smaller than that of
the 180° rotating gantry.

Fig. 11 (Color online) Side
view of the 360° gantry

AT

3 Treatment rooms and treatment system

There are four treatment rooms in SAPT, each requiring
corresponding treatment systems. The treatment systems
include a beam delivery system, positioning system, treat-
ment control system (TCS), image-guided radiotherapy
(IGRT), treatment plan system (TPS), oncology information
system (OIS), and quality assurance (QA).

The positioning system includes a robot couch and several
laser lamps. The couch supports the patient or QA equip-
ment. The movement and rotation accuracy of the couch are
less than 1 mm and 0.2°, respectively. The laser lamps indi-
cate the position that must be moved to. The OIS receives
treatment plans and CT information from the TPS and then
sends them to the IGRT and TCS, respectively. Finally, the
OIS receives and confirms the results after positioning or
treatment. The TCS controls the irradiation workflow, treat-
ment room switch, and interlocks. The TPS generates irra-
diation plans, such as spot positions, spot doses, and energy
layers, according to the target delineation results and beam
model. The beam delivery system, OIS, TPS, and TCS of
the fixed room, 180° gantry room, and 360° gantry room
are almost identical. The control system and structure of the
couches are slightly different.

3.1 Beam delivery system

The beam delivery system controls the proton beam irradia-
tion process according to the treatment plan. Owing to its
excellent 3D conformability, the scanning method is widely

@ Springer
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used in hadron therapies. Several different scanning meth-
ods exist, including spot scanning, raster scanning, and line
scanning. In the SAPT facility, the beam delivery system of
eye treatment room uses double scattering method. The noz-
zle has a range modulator, first scatterer, second scatterer,
aperture, collimator, and three dose monitors. The scatter-
ers spread the beam transverse profile and create a flat dose
distribution. The range modulator is a rotating wheel with
different depths. When the proton beams pass different posi-
tions of the wheel, they lost different energy and then pro-
vide the required depth dose distribution.

The fixed beamline and rotating beamlines employ spot
scanning [21]. There are two scanning magnets, two dose
monitors, one position monitor, and their control cabinet
in the SAPT irradiation system [22]. The scanning mag-
nets kick the proton beam to the target position, while the
magnetic field is measured and controlled [23]. The beam

Table 3 Dose performances

Parameters Value
Dose linearity <3%

Dose repeatability <1%

Dose stability <1%
Range stability <0.3 mm
Single spot dose error (RMS) <30 counts
Spot position error <1 mm
Beam size error and asymmetry <15%

Fig. 12 Dose errors of different

position is monitored by the position ion chamber. The con-
trol system measures and controls the dose according to the
main dose ion chamber, and the secondary dose ion chamber
provides the dose signal for verification [24]. Any one of
these three measurement quantities (main dose, secondary
dose, and beam position) exceeding the threshold can trigger
an interlock to stop the irradiation. Depth direction modula-
tion is realized by the energy change through the accelera-
tor control system. However, there is no beam available for
irradiation during the ramping process, which makes the
synchrotron less efficient.

The beam delivery system represents the performance of
a proton therapy facility. Almost all the important param-
eters are measured from the system [25]. The standard IEC
62667 prescribes the measurement method for these param-
eters. The measured dose performances at the isocenter are
listed in Table 3. Figure 12 gives the dose errors of different
energies and different doses per spot. The maximum dose
per spot is 0.15 monitor units (MU), and the minimum dose
per spot is 0.006 MU. The absolute dose errors of a single
spot are almost the same at large and small doses per spot,
so the relative dose error is large at a small dose.

3.2 Treatment rooms

1) Eye treatment room

This room focuses on ocular tumors and maculopathy.
The treatment systems are different from those in other treat-
ment rooms. There is a double scattering nozzle, treatment
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chair, orthogonal x-ray system, nozzle control system, and
treatment control system. Because of the double scattering
and the tumor being shallow, the beam energy is 75 MeV.
The different beam delivery method leads to a different data
type being transferred from the TPS to the OIS and TCS.

2) Fixed treatment room

The beam direction in this room cannot be changed and
focuses mainly on head, neck, and pelvic tumors. Multifield
treatment can be provided in conjunction with the rotation
of the couch.

3) 180° gantry treatment room

Because of the rotation of the gantry, a much greater
irradiation angle can be used to treat the tumors, such as
thoracic, abdominal, and spinal tumors. The couch can be
turned to match the angle of the rotating gantry. The 180°
gantry room has a respiratory gating system to monitor
patient movement. This system sends beam on and off sig-
nal to control the irradiation according to the movement
threshold.

4) 360° gantry treatment room

A cone beam computer tomography (CBCT) system is
installed in the compact gantry room. CBCT can achieve a
more accurate positioning result. Because of the full rota-
tion, the angle of the couch does not need to change much.
It is more convenient and efficient, but there is less space for
the patient and technicians. A CT-on-rail will be installed
in this room.

[Reference] ME2145 BEAM1-1

Zmm]

Tools ~
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4 End-to-end test and third-party
inspection

The treatment systems were carefully integrated. Many
end-to-end tests and real clinical plans were used to check
the functioning and performance of the facility.

The real treatment plan is more complicated than that
in the IEC62667 cases. Dose calculation [26], the beam
model [27], and different techniques [28] are carefully
considered by the clinical team of Shanghai Ruijin Hos-
pital. Figure 13 shows a typical measurement result. The
gamma pass rate is a parameter that shows the overall per-
formance. The dose distribution is measured by a 2D array
ion chamber [29] and compared with the planned dose at
different depths. The space between the two ion cham-
bers is 7.5 mm. A gamma pass rate of higher than 95% at
a=+3%/+3-mm level is a common requirement. The left
top figure shows the measured dose distribution at a given
depth, and the left bottom figure shows the designed dose
distribution. The top right figure shows the statistics of the
measured dose, where each pixel stands for an ion cham-
ber. The bottom right figure shows the dose error between
the measured and designed doses.

The IEC 60601-2-64 standard [30] provides the safety
requirements, including interlock and additional dose. All
the performances and safety approaches of the fixed beam
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line and the 180° rotating beam line passed the third-party
inspection and acceptance testing of the hospital. Serving
as a clinical equipment, the electrical safety, electromag-
netic compatibility [31], and TPS [32] also had to pass
third-party testing and examination.

According to the regulatory requirements, a clinical trial
of 47 patients was conducted after the acceptance testing.
The target tumors were distributed in the chest, abdomen,
pelvic area, spine, and head and neck. The patient ages
ranged from 32 to 80 years. The irradiating fractions ranged
from 5 to 38. After three months of follow-up, the local
control rate of the tumor was 100%, and there were no grade
3 or higher adverse reactions.

During the clinical trial, the SAPT facility worked well.
The total beam time of the clinical trial was nearly 2000 h,
the beam interlock number during the trial was 147, and
most of the interlock only needed a reset. The longest fault
time was 90 min, with nine faults of more than 20 min. The
facility availability was more than 98.5%.

5 Conclusion

A synchrotron-based proton therapy facility was success-
fully developed in Shanghai. Owing to the hard work of the
project team, Ruijin hospital team, and third-party medical
device testing team, this facility was carefully commissioned
and reliably operated during its clinical trial. The beam
parameters of the fixed beam and rotating beam treatment
systems reached their specifications. The third-party testing,
acceptance testing, and clinical trial were completed. The
first registration unit obtained its medical device registration
certificate issued by the NMPA and was opened for patient
treatment in July 2023.
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