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Abstract: In order to further obtain the information of three-body force (TBF) from 200-400 MeV /u 2C+'2C

elastic scattering, we plan to perform this experiment on a SHARAQ spectrometer.

Based on the experimental

condition of the Radioactive Ion Beam Factory (RIBF)-SHARAQ facility, a simulation is given to find a compromise

between the better energy and angular resolutions, and higher yield by optimizing the target thickness, beam transport

mode, beam intensity and angular step. From the simulation, we found that the beam quality mainly limits the

improvements of energy and angular resolutions. A beam tracking system as well as a lateral and angular dispersion-

matching technique are adopted to reduce the influence of beam quality. According to the two angular settings

of SHARAQ as well as the expected cross sections on the basis of the theoretical model, the energy and angular

resolutions, and statistical accuracy are estimated.
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1 Introduction

The understanding of the interaction between com-
posite nuclei is one of the key issues in studying vari-
ous nuclear reactions. Elastic scattering, which is one
of the nuclear reactions, is well described by the optical
model. Generally the optical potential in the low energy
region has an attractive real part together with an ab-
sorptive imaginary part. However, the optical potential
depends on the incident energy. High energy deuteron
scattering showed an attractive-to-repulsive transition of
optical potential [1]. Besides this, there is no such study
about the attractive-to-repulsive transition of the opti-
cal potential on the theoretical and experimental parts of
the scattering of composite projectiles. Recently, Furu-
moto et al calculated the optical potential of composite
projectiles on the basis of the complex G-matrix. The
calculated double-folding model potential revealed the
attractive-to-repulsive transition of the real part of the
optical potential with the increase of incident energies
[2]. Tt is found that the angular distribution of *C+'C
elastic scattering shows a strong diffractive oscillation
pattern at 300 MeV/u with a three-body force (TBF)
effect and at 400 MeV /u without a TBF effect, respec-
tively. However, at 200 MeV /u with and without TBF
there is no such strong diffractive oscillation. So the TBF
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effect can be explored from the angular distribution of
200400 MeV /u 2C+'2C elastic scattering. Meanwhile,
when considering the effect of the coupling channel [3],
the inelastic scattering should be measured. As a result,
in one laboratory we require not only a 200-400 MeV /u
12C beam but also a spectrometer with high energy reso-
lution. So we prepare the experiment of 200-400 MeV /u
12C+12C scattering on the Radioactive Ion Beam Factory
(RIBF) beam line by using the magnetic spectrometer
‘SHARAQ’ at RIKEN in Japan.

The SHARAQ spectrometer is a high resolution spec-
trometer. It has a good angular resolution in not only
horizontal but also vertical directions, which is a great
advantage for high energy heavy-ion scattering in order
to precisely determine the scattering angle at the forward
region. Its design parameters are described in [4]. In this
experiment the elastic and inelastic channels need to be
separated while the diffraction pattern of the angular
distribution is required to take measurements precisely,
thus the high energy and angular resolutions are desired.
For this purpose we need to optimize the target thick-
ness, beam intensity, beam transport mode and angular
step, etc. So we use the Monte Carlo method to simulate
these procedures [5]. It will provide a good support for
the experimental design. Then during the experiment
the SHARAQ spectrometer can clearly separate elastic
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and inelastic channels. The final experimental data will
provide decisive evidence for the repulsive nature of the
heavy-ion optical potential and the TBF effect, as well as
information about the energy region where the attractive
to repulsive transition occurs.

2 Simulation process

The main experimental conditions in our simulation
are indicated in Table 1. The most severe restrictions for
120+412C experiment are the energy and angular resolu-
tions as well as production yield. First, beam momentum
spread and beam emittance, which are determined by the
beam facility, will directly affect the energy and angular
resolutions. To obtain better energy and angular resolu-
tions, the thinner target is preferred to reduce the multi-
ple Coulomb scattering. However, the yield is decreased.
In addition, low beam intensity can be helpful for the
beam tracking operation. However, adequate statistical
information is required. Therefore, a compromise should
be made among these requirements [6]. On the premise
that enough statistical information is provided, the prin-
ciple of our simulation is to achieve a good energy and
angular resolution by optimizing the target thickness,
beam transport mode, beam intensity and angular step.
In this section, these parameters are described in detail.

Table 1. The experimental condition in the RIBF-
SHARAQ facility.

experimental condition assumed value

beam emittance 3 mm-mrad in o

beam intensity up to 107 /s
beam momentum spread 0.05% in o
position resolution of focal plane detector 100 pm in o

0.2 mrad in o
500 Hz

angular resolution of focal plane detector

trigger rate

To know how these factors affect the energy and an-
gular resolutions, there are two procedures to be consid-
ered. First, the position X; and angle 6; of the scattered
particles are calculated at the focal plane (FP) of the
spectrometer by Eqgs (1) and (2). Then we can deduce
the scattering angle 05, and momentum P,, of scattered
carbon from the target by using Eqgs (3)—(5).
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here Xy, 6, are the beam position and angle before the
target, respectively. 63 and 0¢ are the real scattering an-
gles from the target and the setting central angle of the
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P
spectrometer, respectively. —- is the offset factor for

the central momentum P,. (detector), and (detector),
are the position and angular resolutions of the FP de-
tector, respectively. 6y g. is the deflection angle through
multiple scattering in the target. The components of the
angle brackets denote the matrix elements of SHARAQ.

Equations (3)—(5) illustrate that the beam emittance
(Xo, 6o), multiple scattering effect and resolutions of
the FP detector ((detector),, (detector)y) have an influ-
ence on the resolution of the measured scattering angle,
while the energy resolution is affected by the momentum

spread (?), X, and (detector),. From our calculation,

the beam quality (emittance and momentum spread),
which is a designed parameter of the beam facility, be-
comes a dominant factor limiting the angular and energy
resolutions. Therefore, on one hand, the 6,5, should be
as small as possible to improve the angular resolution.
The angular distribution of multiple Coulomb scattering
is roughly Gaussian distribution with a width given by
(7, 8],

g = BOMV TR [1+0.0381n (Xi)} rad], (6)

Bep 0

here p, B¢, and z are the momentum, velocity, and charge
number of the incident particles, respectively. /X, is the
thickness of the scattering medium in radiation lengths.
For 100 mg/cm? '2C target, ous, is about 1.33 mrad
(much less than emittance). On the other hand, the en-
ergy straggling caused by multiple scattering increases
the momentum spread after the target, and then the en-
ergy resolution deteriorates. As a result, the thinner tar-
get is preferred to reduce the multiple scattering effect.

Considering the effect of the beam quality, it is nec-
essary to use beam tracking to observe the beam trajec-
tory and momentum before the target. The higher an-
gular and energy resolutions can be expected using this
information. However, the beam intensity must be kept
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under 10°/s for proper detector operation [9], otherwise
it leads to lower yield. Another solution for keeping the
energy resolution is to use lateral and angular dispersion-
matching optics, which can compensate the momentum
spread. But the angular resolution will remain bad with-
out beam tracking. In a word, the beam intensity, beam
transport mode and production yield should be consid-
ered to find a compromise.
The yield can be estimated as follows

, do
dN:mxIstxd.Q, (7)

d
where dN' is the number of events, £ is the differen-

tial cross section of *C+'2C elastic scattering. I and
Ns are the beam intensity and the number of target per
square, respectively. df2 is the solid angle. The theo-
retical cross sections of 200-400 MeV /u 2C+'2C elastic
scattering are estimated by FRESCO program. To ob-
tain higher yield, the higher beam intensity, the thicker
target and the larger acceptance of the solid angle are
needed. Beam intensity and target thickness have al-
ready been discussed. The solid angle is calculated ac-
cording to the angular step and vertical acceptance of
SHARAQ. The angular step is determined by angular
resolution. The larger solid angle means the worse an-
gular resolution. Meanwhile, the yield should be limited
considering the typical trigger rate (500/s) of the data
acquisition system. Therefore, a balance needs to be
found between the beam intensity, target thickness, an-
gular resolution and yield.

3 Results and discussions

To achieve the compromise between the angular and
energy resolutions as well as the production yield, we de-
cide to give the two angular settings of SHARAQ which
are shown in Table 2.

Table 2. The setting parameters of SHARAQ spec-
trometer for 200-400 MeV/u '2C+'2C elastic
scattering.

Set 1 Set 2
angular region 2.4°£1.7° 3.5°40.9°
target thickness 30 mg/cm? 100 mg/cm?
beam intensity  10%/s (beam tracking) 107 /s

transport mode achromatic mode dispersive mode

angular step 0.3° 0.7°

Our interesting angular range is 1.0°—4.0°. The hori-
zontal acceptances of SHARAQ in achromatic mode and
dispersion-matching mode are £30 mrad (1.7°) and +17
mrad (0.9°), respectively. To avoid the incident beam
directly entering the FP detector, the most forward an-
gle of the spectrometer has to be larger than 0.7° which
corresponds to 4 o of the angular spread of the beam

(3 mrad in o). So the central angle of Set 1 is designed
as 2.4°. Set 1 covers the main interesting angular re-
gion, and Set 2, which is designed as 3.5°£0.9°, is used
for correction. Fig. 1 shows a schematic view of angular
acceptances of two different angular settings. The tar-
get thicknesses 30 mg/cm? and 100 mg/cm? are selected
through the overall consideration of beam intensity, mul-
tiple Coulomb scattering, yield and total trigger rate.
For Set 1 we use the achromatic beam transport mode
to the target with the beam tracking system. The ex-
pected tracking resolutions of position, angle and mo-
mentum on the target are 0.3 mm, 0.5 mrad, and 0.02%
in o, respectively. By substituting those values into
Eq. (4), the angular resolution better than 1 mrad is
achieved. The improvement is far better than that with-
out beam tracking. The excitation energy spectra in-
cluding ground and the first excited states of '2C are
illustrated in Fig. 2 for 200-400 MeV/u 2C+'2C scat-
tering to show the energy resolution in Set 1. We can
see that the two states can be clearly separated at 200
MeV /u and 300 MeV/u. At 400 MeV /u incident energy
it is no clearer than those at 200 MeV /u and 300 MeV /u.
However, two peaks can be evidently observed. As a re-
sult, a good fitting can be used to distinguish them.

/)

Set2| 7 Setl

‘ e =30+ *
Fig. 1. Two different angular acceptances and the
zenith angles with 0.5° step. Here the center of
the circles is the beam position. Solid and dashed
squares are angular acceptances of Set 1 and Set
2, respectively.

Set 2 uses a dispersive mode with lateral and angular
dispersion-matching optics. The better energy resolution
could be expected than that in Set 1. A higher beam in-
tensity up to 107/s is used to compensate the lower cross
section in this region. On the other hand, angular resolu-
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Fig. 2. The excitation energy spectra of *2C+'2C

elastic at 200 MeV /u (upper), 300 MeV /u (mid-
dle) and 400 MeV /u (lower) including the ground
and the first excited (4.44 MeV) states in Set 1.

tion is assumed 3 mrad in o due to the worse beam emit-
tance. But it is enough for the purpose of data check.
The theoretical and expected angular distributions of
12C+12C elastic scattering at 200, 300 and 400 MeV /u
are shown in Fig. 3. Both settings have enough overlap
region with different angular resolutions. At the forward

angle setting, we can observe a clear diffraction pattern
with 0.3° angular step. When keeping the statistical er-
ror 3% at around 2°, the beam time of 20 h is required
for each energy. At a backward angle setting, from 3°
to 4° region 0.7° angular step is used. When keeping
the statistical error 3%, the beam time is 10 h at each
energy. After considering changing the incident energy,
background measurement and detector setting, the total
beam time is about 120 h (5 days).
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Fig. 3. Upper: Theoretical results of the angular

distribution of *C+'2C elastic scattering at 200,
300 and 400 MeV /u on the basis of global poten-
tial. Lower: The expected angular distribution
in frame of expected statistical errors at 200, 300
and 400 MeV /u incident energies. 0.3° and 0.7°
angular steps for forward and backward angle set-
tings, respectively.

4 Summary
In order to obtain the good energy and angular res-

olutions as well as high production yield for the 200—
400 MeV/u 2C+'2C elastic scattering experiment, we
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use the Monte Carlo method to simulate the kine-
matic process based on the experimental condition in
the RIKEN-SHARAQ facility. After taking into account
target thickness, beam intensity, beam transport mode,
detector resolution and so on, the two angular settings
are designed. Set 1 uses an achromatic beam transport
mode with beam tracking. The ground state of '*C can
be clearly distinguished from the first excited state. Set
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