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Beam Loss Studies at the High Energy Beamlines of the RAON Accelerator
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The RAON accelerator is currently under construction to generate and accelerate stable ions and
rare isotopes for various kinds of scientific programs, and it will be completed by the end of 2021.
In the RAON accelerator, the beams generated by using ion sources such as electron cyclotron
resonance ion source and isotope separation on-line can be used in high energy experiments such
as a beam irradiation system and a muon spin rotation/relaxation/resonance system after having
been accelerated by low energy and high energy superconducting linacs. After the high energy
superconducting linac, the beam passes through the high energy beamline and then collides with
the target. In 2015, the lattices of the high energy beamlines were designed achromatically to
minimize the emittance growth. However, as the specification of magnets in the beamline was
changed after first lattice design, a beam dynamics simulation has been performed newly, and beam
loss studies have also been conducted. Here, we will present the simulation results for the beam
dynamics and describe the beam loss studies performed on the high energy beamlines of the RAON

accelerator.
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I. INTRODUCTION

The RAON accelerator has been constructed to pro-
vide stable ions and rare isotopes for various scientific
programs such as nuclear physics, particle physics, bio-
medical science, and so on [1]. The beams generated by
the isotope separation on-line (ISOL) and the electron
cyclotron resonance ion source (ECR-IS) are accelerated
through the low-energy and the high-energy linear accel-
erator sections (SCL1, SCL2, SCL3) consisting of super-
conducting RF cavities and are transmitted to the tar-
get in the experimental hall after having passed through
the beamlines. The layout of the RAON accelerator is
shown in Fig. 1. The RAON accelerator is currently un-
der construction with the goal of being completed by the
end of 2021. By next year, the low-energy accelerator
equipment will be installed, after which the high-energy
accelerator equipment will be installed at the tunnel. In
addition, the beam commissioning at the injector section
will start next year, and the beam commissioning at the
superconducting linac will be continued according to the
equipment installation schedule.

While the development of the accelerator equipment
is in progress, the lattice design and the beam dynamics
studies have been also carried out for the RAON ac-
celerator [2,3], and each beamline to the experimental
halls was also designed as satisfying the target require-
ment in 2015 [4,5]. Among the beamlines, there are two
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beamlines to high energy experimental hall; one is the
beamline to the beam irradiation system (BIS), and the
other is the beamline to the muon spin relaxation / res-
onance (muSR or puSR) system. Recently, as the beam
pipe size of the quadrupole was adjusted from 4.0 cm to
3.2 cm, the beam stability needs to be identified newly.
For this reason, the beam optics has been calculated to
decrease the beam size for each beamline by using the
ELEGANT code [6]. Also, the particle tracking simula-
tions and beam loss studies were carried out carefully by
using the TRACK code [7].

II. BIS BEAMLINE

RAON accelerator

Fig. 1. Layout of the RAON accelerator.
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Fig. 2. Layout of the BIS beamline.

Table 1. Carbon beam parameters at the BIS beamline
simulations.

Characteristic Value Unit
Energy 430 MeV/u
Magnetic rigidity 6.6 Tm
Velocity in unit of ¢ 0.729 -
Ex,rms,norm. 0.19 mm.mrad
Ey,rms,norm. 0.19 mm.mrad
Be.y,0 2.0 m

Qa,y,0 0.01 -

Energy spread 0.3 %

Beam distribution 6D water-bag -

Number of macro-particles 100k -

1. Beam dynamics simulation

Figure 2 shows the layout of the BIS beamline. The
positions of the magnets were determined in 2015 by con-
sidering the building wall, and the field strength was also
calculated. There are 10 quadrupoles and 4 dipoles, and
the lattice is designed with mirror symmetry. Recently,
however, the beam pipe size was newly adjusted from 4.0
cm to 3.2 cm, so a beam optics calculation is necessary
for beam stability. The carbon beam, 2C67, is used as
a reference beam at the BIS beamline, and the beam
parameters used for following simulations are listed in
Table 1.

If the horizontal beam size is to be decreased, the hori-
zontal dispersion should be reduced. The horizontal and
vertical dispersion functions are shown in Fig. 4. The
maximum value of the horizontal dispersion is decreased,
and the vertical one is kept at zero, satisfying the achro-
matic condition.

Figure 3 shows the beta functions along the BIS beam-
line, as calculated by using the ELEGANT code. Com-
pared to the results in 2015, the maximum vertical beta
functions are reduced significantly. The maximum value
of the horizontal beta function was small enough, so
those values are almost same.

After the beam optics calculation, the particle track-
ing simulation was carried out by using 100,000 macro-
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Fig. 3. Beta functions along the BIS beamline. In the fig-
ure, a green box, a black box, a cyan diamond, and a magenta
star mean a dipole, a quadrupole, a corrector, and a BPM,
respectively.
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Fig. 4. Dispersion functions along the BIS beamline.
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Fig. 5. Transverse rms. beam size obtained using the
TRACK code at the BIS beamline.
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Fig. 6. Transverse rms. emittance obtained using the
TRACK code at the BIS beamline.
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Fig. 7. Average beam loss percentage vs. quadrupole
transverse misalignment error for 100 random seeds.
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Fig. 8. Beam loss count vs. quadrupole transverse mis-
alignment error for 100 random seeds.

particles with the TRACK code. Figure 5 shows the
transverse root-mean-square (rms.) beam size, and the
transverse rms. emittance is shown in Fig. 6. The max-
imum value of the beam size was decreased after the
new calculation, and the horizontal emittance was also
decreased at the dispersion section.

2. Beam loss simulation

Many kinds of machine errors can cause orbit dis-
tortion. Among them, transverse misalignment of a
quadrupole is a dominant source. The kick, A#, caused
by a quadrupole transverse misalignment is given by

A0 = KLAm, (1)
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Fig. 9. Beam loss along the BIS beamline for a transverse
quadrupole misalignment of 1.0 mm for 100 random seeds.

Table 2. Error tolerance at the BIS beamline.

Error tolerance Value Unit
Launch error x(y) +1.1 (£0.2) cm
Launch error x, (yp) +4.4 (£1.6) mrad
Quadrupole misalignment x,y +0.8 cm
Quadrupole misalignment z +1.8 cm
Quadrupole tilt +3.8 mrad
Dipole misalignment x,y +1.3 cm
Dipole tilt +1.9 mrad

where K is the quadrupole strength, L is the quadrupole
length, and Am is the transverse displacement of a
quadrupole. For that reason, the orbit distortion was
simulated for varying quadrupole transverse misalign-
ment. The magnet error used for the simulations has
a uniform distribution and a peak-to-peak type error.

Figure 7 shows the beam loss percentage for the
quadrupole transverse misalignment with 100 random
seeds. We used 100,000 macro-particles, and one macro-
particle corresponds to about 0.5 W power. At this sim-
ulation, the beam loss becomes larger than 1 W/m after
transverse misalignment 0.85 mm.

For each quadrupole misalignment, the occurrence of
the beam loss depends on the random seed of errors.
Figure 8 shows the beam loss count for each quadrupole
misalignment per 100 random seeds. After a quadrupole
misalignment of 0.8 mm, the beam loss count increases
rapidly.

The location of the beam loss occurrence along the
beamline is also an important issue to correct the dis-
torted beam orbit. Figure 9 shows the number of lost
particles along the BIS beamline for a quadrupole trans-
verse misalignment of 1.0 mm. The beam loss occurs
mainly at the end of the bending section, therefore the



Beam Loss Studies at the High Energy Beamlines of the RAON Accelerator — Hyunchang JIN et al. -391-

2 . . ;

| ——before

—after
'30 10 20 30
s [cm]

Fig. 10. Horizontal beam centroids before and after the
orbit correction for the quadrupole transverse misalignment
of 1.0 mm along the BIS beamline.
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Fig. 11. Steering magnet strength for the transverse

quadrupole misalignment of 1.0 mm at the BIS beamline.

orbit correction should be carried out more carefully at
this section.

Although weaker than the quadrupole transverse mis-
alignment, other machine errors can also affect the beam
orbit and result in the beam loss. The tolerances of other
such errors, including launch errors, quadrupole errors,
and dipole errors are listed in Table 2. The tolerance
is determined by the beam loss larger than 1 W/m at
the BIS beamline. As listed in the table, the quadrupole
transverse misalignment is a dominant source for orbit
distortion and beam loss.

3. Orbit correction

The orbit correction was carried out by using six steer-
ing magnets and six BPMs, and the steering magnets and
BPMs were distributed one-to-one along the BIS beam-
line. Figure 10 shows the horizontal orbit distortion
before and after the orbit correction for a quadrupole
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Fig. 12. Layout of the muSR beamline.

Table 3. Proton beam parameters for the muSR beamline
simulations.

Characteristic Value Unit
Energy 623 MeV
Magnetic rigidity 4.2 Tm
Velocity in unit of ¢ 0.801 -
Ex,rms,norm. 0.13 mm.mrad
Ey,rms,norm. 0.13 mm.mrad
Br,y,o 2.0 m

Az, y,0 0.01 -

Energy spread 0.3 %

Beam distribution 6D water-bag -

Number of macro-particles 400k -

transverse misalignment of 1.0 mm. The distorted or-
bit decreased dramatically, and the calculated kick angle
of the steering magnets used at this time is shown in
Fig. 11. For the carbon beam after the SCL2, the maxi-
mum kick angle of the steering magnets under consider-
ation is about 1.0 mrad. Therefore, the distorted orbit
caused by quadrupole transverse misalignments less than
1.0 mm can be corrected by using the steering magnets.

III. MUSR BEAMLINE

1. Beam dynamics simulation

The layout of the muSR beamline is shown in Fig. 12.
There are 18 quadrupoles and 4 dipoles, and the lattice
has also been designed with the mirror symmetry condi-
tion. Like the BIS beamline, the beam pipe size has also
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Fig. 13. Beta functions along the muSR beamline. In
the figure, a green box, a black box, a cyan diamond, and a
magenta star mean a dipole, a quadrupole, a corrector, and
a BPM, respectively.
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Fig. 14. Dispersion functions along the muSR beamline.

been adjusted from 4.0 cm to 3.2 cm, and the beam op-
tics calculation is required newly. The proton is used as
a reference beam at the muSR beamline, and the beam
parameters used at simulations are listed in Table 3.

Figure 13 shows the beta functions along the muSR
beamline. Compared to the results in 2015, the maxi-
mum horizontal and vertical beta functions are reduced
slightly by adjusting the quadrupole strength.

As satisfying the achromatic condition, the dispersion
functions are also calculated as shown in Fig. 14. The
maximum value of the horizontal dispersion is decreased
slightly, and the vertical one is kept at zero to satisfy the
achromatic condition.

The particle tracking simulation was conducted by us-
ing 400,000 macro-particles. The transverse rms. beam
size along the muSR beamline is shown in Fig. 15, and
the transverse rms. emittance is shown in Fig. 16. The
maximum value of the beam size was decreased slightly
after new calculation, and the maximum value of the
horizontal rms. emittance was also decreased at the dis-
persion section.
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Fig. 15. Transverse rms. beam size obtained using the
TRACK code at the muSR beamline.
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Fig. 16. Transverse rms. emittance obtained using the
TRACK code at the muSR beamline.
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Fig. 17. Average beam loss percentage for quadrupole
transverse misalignment error with 100 random seeds.

2. Beam loss simulation

The beam loss percentage for the quadrupole trans-
verse misalignment with 100 random seeds is shown
in Fig. 17. We used 400,000 macro-particles, and one
macro-particle corresponds to a power of about 1.0 W.
At this simulation, the beam loss becomes larger than
1 W/m after transverse misalignment of 120 pum, and
this value is lower than the result of the BIS beamline
because of the difference of the beam energy and total
length of each beamline.

The beam loss count for each quadrupole misalign-
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Fig. 18. Beam loss count for quadrupole transverse mis-
alignment error per 100 random seeds.
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Fig. 19. Beam loss along the muSR beamline for the trans-
verse quadrupole misalignment of 300 pm for 100 random
seeds.

ment per 100 random seeds is shown in Fig. 18. After a
quadrupole misalignment of 120 wm, the beam loss count
increases rapidly. Therefore the orbit correction should
be carried out more carefully than the case of the BIS
beamline.

Figure 19 shows the number of lost particles along the
muSR beamline for a quadrupole transverse misalign-
ment of 300 wum. Most of the beam loss also occurs at
the end of the bending section, therefore the orbit cor-
rection was carried out more carefully at this section.

The error tolerances at the muSR beamline are listed
in Table 4. At the muSR beamline, the errors affect
the beam loss more than they do for the BIS beamline
because the number of magnets is larger and beamline
length is longer. For that reason, the orbit correction for
the muSR beamline should be carefully conducted.

Table 4. Error tolerance at the muSR beamline.

Error tolerance Value Unit
Launch error x(y) +1.2 (+£0.2) cm
Launch error x;, (yp) +4.2 (£1.0) mrad
Quadrupole misalignment x,y +0.11 cm
Quadrupole misalignment z +3.3 cm
Quadrupole tilt +1.6 mrad
Dipole misalignment x,y +0.43 cm
Dipole tilt +0.6 mrad
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Fig. 20. Horizontal beam centroids before and after the
orbit correction for the transverse quadrupole misalignment
of 300 pm along the muSR beamline.

3. Orbit correction

Including the steering magnets and the BPMs used at
the BIS beamline, the orbit correction was carried out
by using the 11 steering magnets and 11 BPMs. Fig-
ure 20 shows the horizontal orbit distortion before and
after the orbit correction for a quadrupole transverse
misalignment of 300 um. The distortion of the orbit was
decreased after the orbit correction, and the calculated
kick angles of the steering magnets used at this time,
which is less than 1.0 mrad, are shown in Fig. 21. For
the proton beam after the SCL2, the maximum kick an-
gle of the steering magnets under consideration is about
1.3 mrad. The alignment of the magnets in the tunnel
will be performed within 150 pm, therefore, the distorted
orbit induced by the errors can be corrected by using the
steering magnets and the BPMs.

IV. CONCLUSION

We have presented the simulation results for the beam
optics calculation and the beam dynamics with new
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Fig. 21. Steering magnet strength for the transverse
quadrupole misalignment of 300 um at the muSR beamline.

quadrupole specifications at the BIS beamline and the
muSR beamline. As the quadrupole pipe size decreases,
the beta functions and the dispersion functions were cal-
culated to keep the beam size small, after which the
particle tracking simulations were conducted for verifi-
cation. After these simulations, beam loss studies were
carried out carefully for the quadrupole transverse mis-
alignment, which is the dominant source of orbit distor-
tion, and orbit corrections were also made using steer-
ing magnets and BPMs at each beamline. After the or-
bit corrections, the beam loss was seen to have disap-
peared upto the quadrupole misalignments of 1.0 mm at
the BIS beamline and of 300 um at the muSR beam-
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line, respectively, within the maximum kick angle of the
steering magnet. The tolerances of the other errors, like
quadrupole tilt, dipole errors, etc., were also verified.
The research to determine the locations and the num-
bers of steering magnets and BPMs will continue.
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