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Strip injection for carbon ion synchrotrons
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Requirements and effects of strip injection of C** at 6 MeV/u into carbon ion synchrotrons are
studied. The setup is composed of three chicane dipoles, one Lambertson septum, and one carbon
stripping foil at a thickness of 60 ug/cm?. The required length of the injection section is about
4.1 m. The emittance growth due to multiple Coulomb scatterings is studied. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2786933]

Since the proposal of using fast protons for radiotherapy
by Wilson in 1947, protons and light ions have been used
for clinical treatment during the past few decades. Due to its
advantageous energy deposition (Bragg peak) in tissues, pro-
ton beam has been widely used for therapy and, in fact, over
40 000 patients have been treated (up to 2004).? Efforts have
also been devoted to examine the suitability of different
kinds of light ions for radiotherapy. The relative biological
effectiveness (RBE) lying between lithium and carbon ions
was found to be optimal for therapy. The convincing results
from carbon ion therapy3’4 encourage investment in building
carbon machines. Since 1994, there are three carbon ion
therapy facilities around the world, the Gesellschaft fiir
Schwerion forschung (GSI) in Germany and the Heavy Ion
Medical Accelerator (HIMAC) and the Heavy Ion Beam
Medical Center (HIBMC) in Japan. They are all synchro-
trons, but other types of accelerators, such as the fixed field
alternating gradient (FFAG) accelerators,” have also been
proposed.

At present all carbon ion facilities use an electron cyclo-
tron resonance (ECR) ion source for injection,6 where C**
ions are produced by an ECR ion source. The ions are usu-
ally accelerated by a linac to around 6—7 MeV/ u.” The C**
ions are stripped to C%* before being injected and accumu-
lated into a synchrotron. Multiturn injection with phase space
painting is adopted for accumulation up to a desired inten-
sity. The injection intensity is thus limited by the aperture of
the machine and the septum thickness; the injection effi-
ciency is usually poor and high beam loss occurs at the sep-
tum magnet.

In this article, we study and propose an innovative injec-
tion scheme for light ion medical synchrotrons, where the
C* ions are injected into a synchrotron by electron stripping
in a stripping foil. Due to the difference in charge to mass
ratio of C** and C®*, their magnetic rigidities are different.
This difference will be utilized to separate the injecting and
circulating beams in the middle chicane dipole magnet. We
will use the C** beam extracted from either the FFAG low
energy ring5 or the linac’ as the source for injection into the
synchrotron.

When a beam of fast moving particles enters a matter,
electrons of the particle can be stripped away or the particle
can capture electrons from atoms in the matter. The fraction
F; of a charge state i of the beam particles is given by
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where a;; is the cross section from the charge states i to j and
x is the target thickness.

When the projectile velocity is much larger than the
Thomas-Fermi velocity ZZTBac of target atoms, where Z; is
the electron number of the target atoms, a=1/137 is the fine
structure constant, and c is the speed of light, the capture
cross section has a much smaller stripping cross section, i.e.,
0;;<<o;; where j>i. The stripping normally occurs in two
body interaction, and thus o;;,, <0, ;. With these approxi-
mations, the C** charge-stripping process becomes
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where F,, Fs5, and Fg are fraction of charge states 4+, 5+, and
6+, respectively. Given an initial 100% C**, the population
of C%* is

o
Fo(x) =1 — e 75" = ——2— (2 745" 4 ¢756Y) (3)
045~ 056
We use Gillespie’s formula for the stripping cross section as
follows:”
Ostripping = 8wa(2)(alﬁ)21a (4)
where ay=5.29 X 107! m is the Bohr radius, Sc is the speed
of the particle, and

1.247
I~ e L(140.105Z,- 5.4 X 10722 (5)
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is the collision strength introduced to fit experimental data
and Z, is the charge state of the projectiles.

Since the multiple Coulomb scatterings can induce emit-
tance growth, it is advantageous to use low Z materials for
the stripping foil. Thus we choose carbon foil for electron-
stripping medium. The foil thickness to reach 95% stripping
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FIG. 1. (Color online) Bottom: fraction of C®" vs the foil thickness (x) for
injection energies of C**:6 and 7 MeV/u, respectively. Top: fractional in-
crease of emittance, Ae/ (177 mm mrad), per passage of the stripping foil vs
the stripping foil thickness.

efficiency is 60 wug/cm? for both 6 and 7 MeV/u injection
beam energies, as shown in the bottom plot of Fig. 1.

For a multiturn stripping injection, the closed orbit of the
circulating beam is bumped to near or on the stripping foil,
where the injecting beam merges onto the bumped orbit.
When the beam is accumulated in multiturn injection, the
circulating particles in a synchrotron may pass through the
stripping foil several times. Each time when the beam passes
through the foil, small angle multiple Coulomb scatterings
cause average beam size to increase. Using Moliére’s
formula'® and assuming a typical betatron amplitude func-
tion of 8,=16 m at the stripping foil, the fractional emittance
growth in each foil hit is shown in the top plot of Fig. 1 for
two candidates of C** injectors: the 6 MeV/u low energy
FFAG accelerator’ and the 7 MeV/u linac.”

The FFAG low energy accelerator can provide about
5.9x10° particles with emittance 8.877 mm mrad/pulse at
200 Hz. To accumulate 10'! particles with a rms emittance of
177 mm mrad, one needs 19 injection turns with a tolerable
foil hit about 10, which can be achieved by proper beam
manipulations.11 The linac can deliver a beam current of
130 A C* with emittance 6.477 mm mrad at 7 MeV/u, and
thus we expect to accumulate 4 X 10® particles per injection
turn. For the entire pulse length of 300 us, one can accumu-
late 6 X 10'° carbon ions in 150 injection turns. At 7 MeV/u,
the beam can tolerate about 12 foil hits, which is challenging
but possible. If the horizontal and the vertical betatron am-
plitude functions are designed with smaller values at the
stripping foil location, the effect of emittance dilution can
also be reduced.

The ionization energy loss due to the passage of the
carbon foil can result in energy loss and straggling. Particles
passing through the stripping foil (thickness of 60 wg/cm?)
ten times will lose a total of 0.11 MeV/u. The momentum
spread increment due to the stripping foil is small.

Exploiting the difference in magnetic rigidity of the C**
and C%, we use chicane magnets in a straight section for
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FIG. 2. (Color online) A schematic drawing of the injection scheme with a
chicane. Three injection chicane dipoles have angular kick angles 6, 6,
+6,, and 6,, respectively.

stripping injection. Figure 2 shows a schematic drawing of
key components in the injection straight section, where the
chicane magnets (three dipoles) provide an orbit bump to
merge the incoming beam. The kick angles of the middle
chicane dipole are, respectively, 6, + 6, and %(01+ 0,) for the
circulating C®* and the injecting C** beams. The angular
divergence of these two beams at the entrance of the magnet
is %(01+ 6,). At a distance yL away from the middle chicane
dipole, a Lambertson septum (or a current sheet septum)
separates the injection beam line from the synchrotron.

The requirements for these injection components to fit
into a straight section are

1

5(01 + 02)yL = 3(0-inj + 0-cir) + Aseplum7 (6)
()C - y)Lgseptum =H, (7)
(1-x)L=1m, (8)

where oy, and o, are the rms beam sizes of the injecting
and the circulating beams, Ay, is the septum thickness,
and H is the height of the nearest magnet to avoid. The first
condition (6) shows that the beam should clear the Lambert-
son septum. Assuming the Lambertson septum thickness of
5 mm and using the 8,~ 16 m with emittances of the injec-
tors and the circulating beams, we find that yL=1.3 m,
where we use 6,+6,=0.2 rad; the angular deflection can be
attained by a 15 cm dipole magnet at 1 T flux density. The
bending radius of the middle chicane dipole is py=0.75 m.

The second condition (7) demands the injecting beam
line to avoid the obstruction of the first chicane dipole. As-
suming H=0.8 m and 6gp,m=0.6 rad, which can be ob-
tained by a 0.5 m Lambertson magnet with field strength of
1.2 T, we find xL=yL+1.33=2.7m; and we find L
=4.1 m with x=2/3. Finally, condition (8), intended to pro-
vide enough space for the stripping foil equipment, is natu-
rally satisfied. Furthermore, the C** injection beam line is
parallel to the circulating beams with the choice of x=2/3 or
02:201.

We now examine the aperture requirement of the middle
chicane dipole. Figure 3 shows the beam separation versus
the dipole bending angle in a rectangular chicane magnet for
carbon and oxygen ions, assuming that these ion beams
merge at the exit. We note that the beam separation at the
entrance is small in the case of py=0.75 m for chicane
dipoles.

We can also use the main dipole to separate the injecting
and circulating beams, where the bending radius is typically
po=~4.23 m, the beam separation shown in Fig. 3 becomes
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FIG. 3. (Color online) The beam separation of ions with different rigidity vs
the bending angle of a magnet.

too large. It is difficult to use main dipole for beam separa-
tion, unless special magnets are made to accommodate the
injecting beams.

Since the ratio of the magnetic rigidities of O®* and O%*
is %, which substantially differs from that of carbon ions, the
designed carbon channel cannot be used for the oxygen ion
injection. This problem can be solved by using a large aper-
ture Lambertson magnet. The beam separation between C*
and O%" is about 2 cm at the Lambertson magnet. A larger
aperture (4 cm) Lambertson septum can accommodate both
ions. Alternately, one may also use another straight section
for other light ion injection.

In conclusion, we have studied the feasibility of the
strip-injection scheme and proposed a realistic device design
for injecting C** ions into light ion medical synchrotrons.
Making use of the difference between magnetic rigidities of
C* and C® beams, we design a chicane magnetic system to
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demonstrate the feasibility of this injection scheme. The re-
quired drift space length is about 4.1 m. The injection pro-
cess should be able to maintain excellent beam emittance by
carefully manipulating the injection process. Our injection
scheme has advantage over the existing phase space painting
accumulation scheme in higher efficiency and a smaller
emittance. For example, one can get an emittance of
177 mm mrad for more than 20 injection turns, to be com-
pared with a minimum of 1007 mm mrad for the phase
space painting scheme. This proposed injection scheme
should greatly benefit future facilities.
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