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Design of a compact ring for proton radiation applications
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Abstract:

system and extraction system, for radiation applications.

This paper presents the design of a compact proton synchrotron, including lattice structure, injection

The lattice is based on a DBFO cell and shows good

properties like small Gmax and decent kick arm. Radiation applications require relative strong and continuous beam,

S0 we propose strip injection and resonance extraction for the design. A phase space painting scheme is designed and

simulated by ORBIT. The scheme achieves good uniformity in phase space. The extraction system is designed and

optimized by multi-particle tracking.

Keywords:
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1 Introduction

Proton beams have many applications, like isotope
production, proton therapy and single event effect (SEE)
studies. For applications like proton therapy and SEE
studies, it is preferred that beam energy should vary from
60 to 250 MeV. A compact proton synchroton can fulfill
this requirement well.

The difficulties of designing such a compact proton
synchrotron include: (1) limited free space to accommo-
date RF, injection and extraction system; (2) small kick
arm; (3) beam intensity limited by strong space charge
effect during injection stage; and (4) controlling the rip-
ple of the extraction beam. In this paper, we present a
design which can solve these obstacles. The lattice struc-
ture is based on a DBFO cell. A strip injection section is
adopted to achieve relatively high beam intensity. Beam
extraction using 3™ order resonance and RF-Knockout
(RF-KO) technology is designed and optimized to realize
good spill quality.

2 Lattice design

The gap between circulating beam and extraction
beam at a magnetic septum can be given by

A33MS =0 vV 51(65 sin A/Lk,s (1)

where 6 is the deflection angle at the wire septum, [y
is the value of the horizontal betatron amplitude func-
tion §, at the wire septum, [, is the value of the hor-
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izontal betatron amplitude function 3, at the magnetic
septum, and Apy  is the horizontal phase advance be-
tween the wire septum and magnetic septum. We define
kick arm as /3, 3. sin Apy .. Small kick arm will increase
the strength required of the wire septum. A good design
of lattice structure for energy level of 250 MeV should
solve the problems of limited free space and kick arm.
There are several available lattice designs for reference
[2-7], each of which has its considerations and advan-
tages. Some designs use just a dipole with edge angle to
build the ring, which provides much free space. However,
this may cause relatively small kick arm and difficulty in
working point adjustment. Some designs have adopted a
strong focusing structure and leave free space by putting
quadrupoles close to dipoles. These designs provide good
adjustment ability but may still have a disadvantage in
kick arm.
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Fig. 1.

(color online) Schematic layout of the ring.
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In our design, we use a DBFO cell as the basic com-
ponent, where “D” and “F” represent defocusing and fo-
cusing quadrupole, “B” represents dipole, and “O” rep-
resents drift space. The optics of a DBFO cell are similar
to those of a FODO cell, so it can easily be changed by
tuning the strength of the quadrupoles to satisfy different
requirements during the injection and extraction stages.
DBFO cells also have the merit of leaving a long continu-
ous free space to accommodate each accelerator system.
The ring is composed of 6 identical DBFO cells. Dur-
ing the extraction stage, the horizontal phase advance of
one cell will be tuned to about 100°, making the ring’s
horizontal tune v, ~5/3, so we can adopt 3" order res-
onance extraction. The magnetic septum is placed near
the focusing quadrupole to achieve large §,. The wire
septum is placed one cell before the magnetic septum,
and the position is chosen to make Ay . close to 90°.
This arrangement can also give (, a reasonably large
value. We can therefore achieve a decent kick arm, as
Eq. (1) suggests.

A toy lattice based on this idea was published in a
previous paper [1]. After that, we modified the struc-
ture to satisfy the requirements of magnet construction.
The final layout is shown in Fig. 1. The circumference
of the ring is 30.9 m with dipole length of 1.6 m. The
dipole is designed to be rectangular type, with sagitta for
easy construction. Correctors and BPMs are installed in
the gaps between dipoles and quadrupoles to leave more
space in the longer drift for injection and extraction de-
vices. The main parameters of the ring are summarized
in Table 1. The optical function of one cell is shown in
Fig. 2.

Besides its merits in free space and kick arm, this lat-
tice shows other good properties. Its 3 function is well
controlled, with the maximum value below 6 m in both
planes, decreasing the requirement on magnet aperture.
With a strong focusing structure, its transition energy
~r = 1.64 is much higher than the maximum extraction
energy 7Yas0 Mev = 1.27.
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Fig. 2. The optical function of one DBFO cell. We
choose FINT=0.5 in the design, while the focusing
quadrupole can be used to compensate the realis-
tic fringe field integral after the dipole is built.

Table 1. Parameters of the lattice.
parameter value unit
circumference 30.9 m
bending radius 1.519 m
dipole edge angle 30 °
injection energy, Eip;j 7 MeV
extraction energy, EFmax 250 MeV
Be/By/ D 5.7/6.0/2.6 m
tune, vg /vy 1.68/1.78
chromaticity, Cr/Cy -0.2/-2.3
transition energy, vy 1.64

1 ﬁ; and By are the peak value of horizontal and vertical 8
function, respectively. Dy is the peak value of the horizontal
dispersion function.

3 Injection system

The maximum intensity a medium energy proton syn-
chrotron can reach is limited by the strong space charge
effect during the injection stage. A typical intensity re-
quirement for proton therapy is 1x10*! protons per pulse
(ppp). This target can be reached by multi-turn proton
injection or multiturn strip injection. We prefer strip
injection because it can reduce beam loss and provide
better control over the beam emittance.

The space charge effect can be characterized by inco-
herent tune shift. Assuming the transverse distribution
of the beam is Gaussian, incoherent tune shift is esti-
mated by

FpNpry

Ao = TGoyic @

where Fg = C/ V2mo, is the bunching factor, C is the
circumference of the ring, o, is the root mean square
bunch length, Ny is the number of particles per bunch,
ro is the classical radius of proton, and € is the emit-
tance of the beam. As a typical criterion in low energy
synchrotrons, the tune shift should not exceed 0.25. The
systematic 4th order space charge resonance at 1.5 can
be avoided by setting the v, at injection above 1.75. To
reduce construction costs, the energy of the injector is
usually 7 MeV. Fy is about 2 after longitudinal capture.
To accumulate 2 x 10! protons in one working period,
beam emittance should be about 807 mm mrad to keep
tune shift below 0.25.

3.1 Layout of injection system

Fig. 3 shows a schematic view of the injection system.
The injection system is mainly composed of two types of
bump magnet. One type is the chicane magnets (Chl-
3). Chicane magnets are used to produce a permanent
horizontal offset at the injection point where carbon foil
is installed. The other type is the pulsed dipole magnets
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used for phase space painting. Two pulsed dipole mag-
nets (Bumperl-2) installed on the ring with 180° phase
advance can form a local horizontal bump. A pulsed
dipole magnet (Bumper3) installed on the injection line
180° upstream of the injection point will produce an an-
gle change in the vertical plane.

bumper 3
foil: 5 pg/cm? /" begin of bump
I
end of bump
bumper 2 QD Ch3 Ch2 Chl QF bumper 1
Fig. 3. (color online) Schematic view of injection

system. The orbit varies from the positive side to
the negative side during the painting process, to
make full use of the focusing quadrupole aperture.

3.2 Painting scheme

The painting scheme is shown in Fig. 4. By gradu-
ally varying the orbit, the circulating beam is filled from
the center to the boundary in horizontal phase space.
The horizontal beam ellipse of the injection beam does
not match the ring’s, making the injection beam stay
near the edge of acceptance of the circulating beam,
and thus making the injection more uniform. Since the
lattice design does not have reflection symmetry, the
closed orbit will reach the maximum bump at the focus-
ing quadrupole. To reduce the aperture of the focusing
quadrupole at the injection section, the negative bump
method is applied as shown in Figs. 3 and 4. The fields
of the chicane magnets and bumpers do not ramp with
the dipole and quadrupole, so the negative bump will
gradually disappear with the ramping process. In the
vertical plane, phase space is painted from outside to in-
side with the decay of vertical injection angle. The time
function of the painting process is an exponential decay

’ o
xpaint - ‘rmax

T paint = zmax(2e’$ -1,
Ypaint = 0, y;aint = _yr,naxe7% (4)

where (Zmax, Zl,.) and vy, are the maximun phase
space offset caused by the pulsed magnets, and 7 is the
decay time of the offset. The beam intensity of the linac
is chosen to be about 5 mA, so 20 turns (about 16 ps)
injection is sufficient to accumulate 2x10*! protons, with
7 about 30 pus to match the design of transverse painting.
The painting process is simulated by ORBIT [10].
Fig. 5 presents the painting result. In the vertical plane,
the painting process achieves good uniformity. In the
horizontal plane, however, as the dispersion function

is not zero and a momentum spread (0,,, = 0.15%) is
included in the simulation, the final beam distribution
looks like a Gaussian distribution with a long tail. Tune
spread of the beam after injection is shown in Fig. 6. The
initial distribution of the beam in the longitudinal direc-
tion is uniform, so the tune distribution is concentrated
and the maximum shift is about 0.1 in both planes.
After RF capture, with the bunching in the longitudi-
nal direction, tune spread grows and reaches a maximum
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Fig. 4. (color online) Injection painting scheme
in (a) horizontal phase space, (b) vertical phase
space.
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Fig. 5. (color online) Particle distribution after the

painting process in (a) horizontal phase space and
(b) vertical phase space.
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shift of about 0.2 in both planes. The simulation re-
sult shows our painting scheme has achieved better uni-
formity than Gaussian distribution, keeping tune shift
below 0.2. Thus we have set the horizontal work point
around 1.70 during injection to avoid resonance at 1.50.
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Fig. 6. (color online) Tune spread after injection.
The horizontal work point has been tuned to 1.70
in the simulation.

4 Extraction system

We propose slow extraction using 3'® order resonance
and RF-KO. The basic principle of this method is to ap-
ply a transverse RF field which resonates with the hori-
zontal betatron tune of the particle, then the particle is
kicked out of the separatrix produced by sextupoles. The
transverse distribution of the extraction beam can keep
constant by applying RF-KO and keeping the magnetic
field constant. RF-KO can also provide good beam time
structure with proper frequency modulation (FM) and
amplitude modulation (AM)[11].

The parameters of the extraction system are listed in
Table 2. The acceptance of the separatrix is set at 307
mm mrad to accommodate beam at the lowest extrac-
tion energy of 60 MeV. With a good kick arm of about 3
m, the design kick angle of the wire septum is 11 mrad,
so the length and gap voltage of the wire septum is well
below the critical value of the wire septum [12].

Table 2. Parameters of the extraction system.
parameter value
separatrix
extraction work point(x/y) 1.678/1.783
separatrix acceptance 30T mm mrad
spiral step 5 mm
septum
kick angle of wire septum 11 mrad
gap width of wire septum 15 mm
length of wire septum 0.8 m
maximum gap voltage of wire septum 90 kV
thickness of magnetic septum 15 mm
RF-KO
RF-KO FM method dual FM
central tune of RF-KO, vyex 0.675
tune bandwidth of RF-KO, Avy;cx 0.015

4.1 Layout of extraction system

As discussed in Section 2, the location of the sep-
tums is fixed to optimize the kick arm. The remain-
ing problem is making a triangular separatrix suitable
for beam extraction. As shown in Fig. 1, a sextupole
pair (SEA1/SEA2) is used for resonance driving and an-
other sextupole pair (SEQ1/SEQ2) is used for chromatic-
ity correction. Both pairs are arranged near the focus-
ing quadrupoles to minimize their effects on the vertical
plane. The position of the sextupole pair (SEA1/SEA2)
is slightly away from the focusing quadrupole to adjust
their phase advance to the wire septum. The normal-
ized separatrix at the wire septum and magnetic septum
are obtained by single particle tracking using MADS, as
shown in Fig. 7. The numbers in the figure label the
edge of separatrix; “1” is the path along which the beam
comes to the wire septum. By tuning the strength of sex-
tupole pair (SEQ1/SEQ2), the orbits of particles with
different momentum deviation at path “1” at the wire
septum coincide, and thus the Hardt condition is satis-
fied.
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Fig. 7. (color online) Normalized separatrix at the
septums: (a) at the wire septum and (b) at the
magnetic septum. Red, blue and green dots cor-
respond to particles with momentum deviation -
0.001, 0.000, and 0.001 respectively.

4.2 Properties of extraction beam

FFT analysis of particle motion shows that, from the
center to the separatrix boundary, betatron tune drops
from 1.678 to 1.673. We applied the dual FM method
to cover this tune region [14]. The dual FM method can
be viewed as two single FMs with 180° phase difference.
Each FM has a period of Try. The main component
of ripple introduced by the dual FM method has a fre-
quency of 2/Try. To increase the ripple frequency, we
propose a Tgy of 2500 turns. Corresponding to extrac-
tion energy of 60—250 MeV, 2/Tw\ ranges from 2.66 kHz
to 4.77 kHz, high enough for seconds-level radiation ap-
plications.

The properties of the extraction beam are further
studied through multi-particle tracking. We have devel-
oped a tracking code in C++ language to conduct the
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simulation. The tracking method we use is symplectic
integration [16], which can preserve the nonlinear prop-
erties of the lattice and avoid numerical heating in long
time simulations. The time structure of the extraction
beam with different v and Avgg was simulated. For
each simulation set, 16000 particles were launched and
extracted in 50000 turns. The strength of transverse RF
was modulated during the extraction process to make
the beam’s time structure more uniform [13].

In Fig. 8, we present the extraction efficiency with
different parameter settings. The system shows a narrow
response bandwidth. Extraction is most efficient when
Viiek 18 0.676 and Avy, is 0.005. The parameter setting
of best extraction efficiency is exactly consistent with
the tune spread of the separatrix obtained from single
particle tracking.
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Fig. 8. (color online) Extraction efficiency with dif-

ferent ik and Avigek

The uniformity of the extraction beam’s time struc-
ture is strongly affected by Awye, as shown in Fig. 9.
The ripple caused by FM is significantly weaker when
Avgee is 0.015 than when it is 0.005 or 0.020. We in-
vestigate this phenomenon by studying snapshots of the
phase space, as shown in Fig. 10. The particle distribu-
tion has a dense core surrounded by a sparse and uniform
region when Ay is narrow. The distribution is chaotic
when Auvy, is wider. It is inferred that the frequency
component outside the particle’s tune region has con-
tributed to the motion, making distribution chaotic and
suppressing the ripple of FM. When Aw; . gets too large,
the effective kick occupies only a small part of the FM
period. Although the particle distribution is chaotic, the
extraction can happen only when the kick is effective, so
the FM ripple will re-dominate the time structure.

The extraction beam ripple is evaluated by

Obin
R= 5
Mbin ( )
where i, is the average number of events in the his-
togram bins, and oy, is the standard deviation of the
number of events. The ripple level of each simulation set
measured by R is presented in Fig. 11. The bin width

is 100 turns, small enough to evaluate the ripple caused
by FM. With sufficient simulation particles, each bin has
accumulated enough events to reduce statistical fluctu-
ation. R is calculated with bin index from 200 to 300
(corresponding to turns 15000 to 25000) to exclude the
effects of global beam ripple. The statistical result shows
that, for ripple level consideration, vy, around 0.675 is
better than other options. The ripple level drops sig-
nificantly when Awvy grows from 0.005 to 0.010, and
reaches a minimum value when Avygg is around 0.010—
0.015.
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Fig. 9. (color online) Time profile of extraction
beam with different Aviick. Vkick 1s 0.676 for each
case, and Auvyick is (a) 0.005, (b) 0.015 and (c)
0.020. The width of each bin is 100 turns. The
red lines plot the extraction percentage with in-
creasing number of extraction turns. The first
5000 turns are used for sextupole ramping, so few
particles are extracted.
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Fig. 10. (color online) Phase snapshots with dif-

ferent Aviick. Viiek is 0.676 for each case, and
Auvyiek is (a) 0.005 and (b) 0.015. The snapshots
were taken when extraction efficiency was about
60%.
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Fig. 11. (color online) Beam ripple level with dif-
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In conclusion, we choose ;g to be 0.675 and Avygac
to be 0.015. While losing some power efficiency, wide
Ay has improved the quality of the extraction beam.
For long time extraction, the kick angle each turn is
around the prad level, so the power wastage should not
cause serious problems. Methods like the separate func-
tion method [14] can be applied to further improve the
quality of the extraction beam.
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