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Abstract

We have experimentally demonstrated that an ion beam with a hollow transverse distribution can be formed using
multipole magnets in a beam transport line. It has been shown experimentally and numerically that the hollow beam has
a steep peak at the peripheral edge and high contrast between the edge peak intensity and the intensity near the beam
center. Moreover, we have found that the cross-sectional shape of the hollow beam varies diversely depending on the
order and strength of the applied multipole magnets. An analytical expression to predict the phase-space shape of the
beam focused with octupole magnets is derived, and its validity is confirmed by particle tracking simulations. The present
beam-manipulation method, enabling the beam shaping that can never be realized through conventional linear beam optics,
is applicable to various charged-particle beams of different parameters such as the particle species, kinetic energy, and
time structure, because the source of the nonlinear force is the magnetostatic field produced by multipole magnets.
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Figure 1: Model of the theoretical analysis of a particle travelling in a beam transport line that contains two thin octupole
magnets (integrated field gradient: Ky; and Kg,). (x4, p;) isaninitial coordinate of an arbitrary particle at the entrance
of the first octupole magnet. (x,,p,) and (x,p;) are the coordinates of the particle at the entrance of the second
octupole magnet and target, respectively. @ and B are the Twiss parameters in the linear beam optics. ¢ and 6 are
the linear-optics phase advances from the first octupole magnet to the second and from the second one to the target,
respectively. M and T are the transfer matrices of the same sections.
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Figure 2: Schematic layout of magnets and transverse
beam envelope calculation near the target of the LB line.
The root-mean-square (rms) emittance assumed is 2w
mm-mrad in the horizontal direction and 17 mm-mrad in
the vertical direction. Two sets of sextupole and octupole
magnets have been installed beside the finial quadrupole
doublet. The detailed parameters of the beam line and
multipole magnets are summarized in Ref. [3].
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Figure 3: Spatial intensity distributions of the 10-MeV
proton beam focused with one or two octupole magnets.
The strengths (Kocri, Koctz2) of the two octupole magnets
are (a) (0 m™, 3100 m™), (b) and (c) (—10500 m™, 3100
m™*). The left and right panels are the cross-sectional and
vertical axial distributions of the beams, respectively.
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Figure 4: Dependence of the hollow beam profiles on the
emittance. A '2C°" ion beam of 15.8-MeV/n was focused
with two octupole magnets. (a) Lower-emittance beam. (b)
Higher-emittance beam, which was multiply-scattered
using an aluminum foil of 0.8 um in thickness. The energy
loss of the beam due to multiple Coulomb scattering is
sufficiently small (~0.1%), according to the SRIM
simulation [10]. In both cases, the parameters of the beam
transport line are the same except for the scattering in (b).
Lower panels are the axial distributions in the horizontal
direction.
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Figure 5: Tracking simulation result of the 10-MeV proton
beam focused using two octupole magnets. The beam-line
parameters are the same as those in Fig. 3(b). (a) Relative
intensity distribution of the beam cross-section. (b)
Vertical axial intensity distribution in (a). (c) Phase-space
distribution in the vertical direction. An analytic result of
Egs. (1) and (2) has been also plotted as a pink dashed
curve.
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