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A multi-purpose experimental instrument, called as KoBRA (Korea Broad acceptance Recoil spectrometer
and Apparatus), has been constructed for low-energy nuclear physics experiments at RAON (Rare Isotope
Accelerator complex for ON-line experiments), and is being prepared in order to produce rare isotope beams
at an energy of about 20 MeV/nucleon during the first beam commissioning phase. A test was performed
to measure the positions of “He ions at the dispersive and achromatic foci of KoBRA using an **'Am a-
source placed at the production target position, so as to examine the momentum dispersion and ion beam

transport. We report on the results of the test and the detailed design of KoBRA including ion optics, together
with the status of detectors for particle identification of rare isotopes.

1. Introduction

KoBRA [1] is a multi-purpose experimental instrument using stable
or rare isotope (RI) beams for low-energy nuclear physics experiments
at the Korean heavy ion accelerator facility RAON [2-6]. The stable
ions are delivered to KoBRA after acceleration by SCL3 (superconduct-
ing linear accelerator 3) up to a few tens of MeV/nucleon. KoBRA
will be employed to produce and separate RI beams using a stable ion
beam with a production target. An ISOL (Isotope Separation On-Line)
facility constructed at RAON will also provide RI beams to KoBRA for
nuclear physics and nuclear astrophysics experiments, where SCL3 is
used as a post-accelerator of the ISOL facility. The potential physics
program using the RI beams produced at RAON has been discussed in
Refs. [7-10].

A schematic view of KoBRA is shown in Fig. 1. KoBRA consists
of a beam swinger used to control the incident angle of the pri-
mary beam onto the production target, a production target chamber,
a primary beam dump chamber, two curved-edge bending magnets,
fifteen quadrupole magnets, two hexapole magnets, three focal plane
chambers, and one velocity filter (Wien filter). The specification of
KoBRA is summarized in Table 1.

KoBRA was installed on June of 2021 except for the Wien filter,
and the area upstream of F2 was radiation shielded with concrete
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blocks. Since the Wien filter is being manufactured at present [11],
a beam pipe was installed in its place instead. Hence, the first beam
commissioning of KoBRA will be performed without the Wien filter.

An “OAr beam will be used as a primary beam for the RI beam
production, during the first beam commissioning of KoBRA. Since the
40Ar9*+ beam can be accelerated by SCL3 up to about 27 MeV/nucleon,
an RI beam can be produced via the multi-nucleon transfer reactions
described as in Refs. [12-15].

The secondary beam following reactions of the 40Ar primary beam
of energy about 20 MeV/nucleon with the production target can
be identified particle-by-particle by employing the Bp-TOF-AE tech-
nique. The magnetic rigidity (Bp) is determined from the position
measurement at the dispersive focus F1. The time-of-flight (TOF) of
the secondary beam is measured between the double achromatic foci
F2 and F3 with thin plastic scintillator detectors. The energy loss (4E)
is measured using a thin silicon detector placed at F2 or F3. We have a
plan to perform an experiment to measure the production cross sections
of secondary beams with the commissioning beam.

In this paper, we report on the recent progress in the construction
of KoBRA. The detailed design parameters of KoBRA are described
along with the present construction status. The result of an a-particle
transport test of KoBRA is also reported. A comparison of the measured
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Table 1
Specification of KoBRA. The first order magnification and dispersion are denoted by
M and D, respectively.

Magnetic rigidity 0.25 - 3.0 Tm
Horizontal angular acceptance +40 mrad
Vertical angular acceptance +100 mrad
Momentum acceptance +4%
Momentum resolving power D,/2M, at F1 2092

Mass resolving power D, /2M, at F3 790"

Tilting angle of ion beam on the production target +12°P

aThis value is for Se'** at an energy of 1 MeV/nucleon with zero momentum disper-
sion at F3. The mass resolving power depends on the energy and the mass-to-charge
ratio.

bMaximum angle for 3 Tm magnetic rigidity.
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Fig. 1. Schematic view of KoBRA.

Table 2
Magnification and dispersion of KoBRA for each focus.
M, M, D,
Dispersive focus F1 0.98 -10.3 4.10 m
Double achromatic focus F2 -2.60 3.16 0.0 m
Double achromatic focus F3 3.30 3.80 0.0 m

and simulated position distributions of the a-particles is indicative of
KoBRA successfully operating in terms of ion beam transport. The
designed momentum dispersion at F1 was confirmed from the position
measurement.

2. Ion optical design of KOBRA

KoBRA is a two-bend achromatic spectrometer consisting of two 45
degree bending magnets, combined with the Wien filter. Quadrupole
triplet magnets are located both upstream and downstream of the Wien
filter. There are one momentum dispersive focus (F1) and two double
achromatic foci (F2 and F3) as shown in Fig. 1. The F3 focus can be
used as a mass dispersive focus with the Wien filter switched on. All
the foci have satisfied the point-to-point focus conditions with zero
angular dispersion in the first order ion optics, in both vertical and
horizontal directions. A homogeneous or curved energy degrader can
be inserted at F1 for further separation by employing the energy-loss
achromat technique. The first order horizontal and vertical magnifi-
cations (M, and My) and horizontal momentum dispersion (Dp) are
listed in Table 2. The magnifications at F2 and F3 are changed when
the homogeneous energy degrader is used with an additional ion-optics
tune to give a double achromatic focus at F2.

The ion optical design of KoBRA was performed using the code
cosy INFINITY [16]. The effective field lengths and the fringe field dis-
tributions of magnets were calculated using the three dimensional
finite-element code orera3p, and reflected in the ion optics calcula-
tion. The calculated three dimensional magnetic field maps of the
quadrupole and hexapole magnets were decomposed into the leading
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Fig. 2. Horizontal and vertical rays of KoBRA with the Wien filter switched off
calculated from the fifth order ion-optics calculation. Beam trajectories are shown with
an angular spread of +40 mrad (+100 mrad) and beam size of +1 mm in the horizontal
(vertical) plane with a momentum spread of +4%.

and the higher-order pseudo terms as described in Ref. [17]. The
leading terms extracted from the three dimensional magnetic field maps
were used for the ion optics calculation. Fig. 2 shows the selection of
rays of a fifth order ion optics calculation with the Wien filter switched
off.

Since KoBRA is a large acceptance spectrometer, the minimization
of the high order aberrations was one of main tasks for the ion op-
tical design. We introduced the two curved-edge bending magnets to
minimize the high order aberrations up to fourth order, combined with
the two hexapole magnets. Such a curved-edge bending magnet has
been used in the SHARAQ spectrometer [18-20] and the recoil mass
separator SECAR [21,22], which is useful to eliminate higher-order
terms without multipole magnets. The entrance and exit curves of the
bending magnets of KoBRA are described by fourth order polynomial
functions. The details of the bending magnet will be described in the
following section.

3. Magnets and wien filter of KOBRA

The detailed design parameters of the magnets and Wien filter
are listed in Table 3. The beam swinger consists of two rectangular
dipole magnets (SW1 and SW2). The direction of tilting angle on the
target is variable by using bipolar power supplies. The relative field
homogeneity of SW1 and SW2 is 102 in the horizontal good field
region (HGFR) within 10 - 100% field excitation range. The tails of
the fringe fields are cut off by field clamps on both the entrance and
the exit sides.

Small and large aperture quadrupoles magnets (SQ and LQ), as well
as the hexapole magnet (H) were designed in accordance with the ion
optical design. The aperture radii (Ry,,.) of SQ, LQ, and H are 105, 205,
and 205 mm, respectively. The effective field lengths (L) of SQ, LQ,
and H are 668.5, 640.5, and 527.5 mm, respectively. The quadrupole
and hexapole magnets were designed so that the variation of the L
is £0.5 mm in 2 - 100% field excitation range.

The bending angle (¢) and bending radius (p) of the curved-edge
bending magnets (D1 and D2) were determined to be 45° and 2 m,
respectively, from the ion optics. The relative field homogeneity of D1
and D2 is 2 x 10~ in a magnetic field range of 0.125 < B < 1.5 T. The
shapes of the pole face perpendicular to the beam axis are described
by the fourth order polynomial functions mentioned earlier, and were
carefully determined to minimize the high order aberrations in the ion
optical design taking into account the fringe field distributions of all
the magnets. Fig. 3 shows a photograph of the pole piece of D1. The
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Table 3

Design parameters of the magnets and Wien filter for KoBRA. The maximum magnetic field strength and the full gap are denoted by B, and g, respectively. L

is a length of the return yoke along the beam direction.
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yoke

B, (D Vyom &V) g (mm) Ry,pe (mm) L (mm) Lyy. (mm) ¢ (°) p (m) HGFR (mm) VGFR (mm)

SW1 1.20 70 550.8 534.0 130

SW2 1.51 60 857.0 836.0 260

SQ 0.80° 105 668.5 592.0

LQ 0.70° 205 640.5 496.0

H 0.25° 205 527.5 428.0

D1, D2 1.50 184 1570.8 45.0 2.0 400

WF 0.20 +150 150° 2500.0 2380.0 150 100

aMaximum field strength at pole tip.
PFull gap between electrodes.

Fig. 3. Photograph of the pole piece of the curved-edge bending magnet D1. The shapes
of the effective field boundaries on the entrance and exit pole faces are expressed with
fourth order polynomial functions.

Rogowski function [23] was introduced on all the sides of the pole
piece in order to reduce field saturation. The Rogowski shape provides
better field saturation properties than the round shape, reducing the
field strength dependence of the effective field boundary curve. The
tails of the fringe fields are cut off by the field clamps.

The Wien filter (WF) is a device to select the velocity of charged
particle with perpendicularly oriented electric and magnetic fields. The
inside view of the Wien filter is shown in Fig. 4. The effective field
length of the Wien filter was determined to be 2.5 m with a 150 mm
full gap between its electrodes. The nominal electric potential (V,,,,) on
the electrode is +150 kV corresponding to the electric field strength of
2 kV/mm. The dipole magnet can be excited up to 0.2 T. The horizontal
and vertical good field regions (HGFR and VGFR) are 150 and 100 mm,
respectively. The relative homogeneity of magnetic and electric fields
is 5 x 10~ for both HGFR and VGFR. The design concept of the Wien
filter is similar with that of SECAR [21,22].

4. Installation of KoOBRA

The weight of the curved-edge bending magnet is about 50 tons.
Since the lifting capacity of the overhead crane in the experimental
hall is 10 tons, it was segmented into several pieces weighing less
than 10 tons, and delivered to the experimental hall of RAON. All
the magnets were aligned with a tolerance of less than 100 pm after
the fabrication of KoBRA. The radiation shielding concrete blocks with
a thickness of about 0.8 m were carefully mounted around KoBRA
during about two months after the alignment. The power supplies
of the magnets were installed in the basement of the experimental
hall. The power and control cables and the coolant hoses for KoBRA
were laid on cable trays, and connected to each device. The detectors
were mounted and aligned in the vacuum chambers. The signal and
high voltage cables for the detectors were connected to NIM and VME
electronics for signal processing. A control room was constructed in the
basement. KoBRA can be monitored and controlled in the control room,
using the TCP/IP protocol via an Ethernet connection. Fig. 5 shows
photographs of KoBRA after installation.
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Fig. 4. Inside view of the Wien filter of KoBRA. The effective length of both electric
and magnetic fields is 2.5 m.

- Beam swingep:
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Fig. 5. Photographs of KoBRA. (top) Photograph around the production target. (mid-
dle) Photograph around the F1 chamber. (bottom) Photograph around the F3
chamber.
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Fig. 6. Photograph of inside of the F3 chamber. The plastic detector, silicon detector,
and small PPAC were installed between the slits.

5. Charged particle detectors for particle identification

We have developed multiple parallel plate avalanche counters
(PPAC), two plastic scintillator detectors, and two silicon detectors for
the position, the timing, and the energy loss measurements, respec-
tively. A large PPAC with 40 x 20 cm? active area reported in Ref. [24]
was installed in the F1 chamber for the position measurement. An
additional large PPAC can be installed in the chamber for angle
measurement. Two small PPACs with 10 x 10 cm? active areas [25]
were installed in both F2 and F3 chambers for the position and angle
measurements. Two 50 pm-thick plastic scintillators with 10 x 10 cm?
area were mounted in both the F2 and F3 chambers for the TOF
measurement. A 2-inch wide photomultiplier tube was attached at both
sides of the scintillator. Two 50 pm-thick 16 strip silicon detectors with
5 x 5 cm? areas were installed in both the F2 and F3 chambers. All
detectors can be moved up and down inside the vacuum chamber by
pneumatic actuators. Fig. 6 is a photograph of inside of the F3 chamber,
showing the small PPAC, plastic detector, and silicon detector.

Performance of a prototype for PPAC with 20 x 20 cm? active
area was tested using 3 MeV/nucleon 12C and 10 beams at Kyushu
University tandem accelerator laboratory, as described in Ref. [24]. A
position resolution of about 0.8 mm in full width at half maximum
(FWHM), and a detection efficiency of 94% were measured with an
incident beam intensity of 2 x 10° particles per second, satisfying the
design requirements.

All detectors were tested using a standard 2*!Am a-source, from
which the position, the timing, and the energy resolutions were deter-
mined. The position resolution of the PPAC is about 0.8 mm in FWHM
with 10 Torr of C4H;, gas. The timing resolution of the plastic detector
was measured to be about 0.1 nsec in FWHM. The energy resolution of
the silicon detector was determined to be about 1.6% in FWHM from
a-particle energy measurements.

6. a-particle transport in KoBRA

We performed an a-particle transport test in KoBRA using a standard
241Am q-source. The 24! Am a-source with an active area of 5 mm in
diameter was mounted at the production target position FO, and aligned
with a tolerance of less than about 0.5 mm. The main a-emissions from
241Am at 5.486 MeV (84.8%), 5.443 MeV (13.1%), and 5.388 MeV
(1.66%) were detected and position measurement was made with the
large PPAC located at the dispersive focus F1. The a particle was
transported from FO to the F3 chamber, and the position distribution of
the a particle was measured using the small PPAC placed at the double
achromatic focus F3.
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Fig. 7. (a) Position distribution of the « particles at F1. The solid line represents
the simulated position distribution normalized to the experimental yield of the alpha
particles. (b) Measured position distribution at F3. (¢) Simulated position distribution
at F3, which was normalized to the experimental yield of the « particles.

The position distribution of the «a particles at F1 is shown in Fig. 7(a)
with statistical errors. Two peaks are clearly visible at around 0 and
—16 mm, which correspond to the a-particle energies (E,) of 5.486 and
5.443 MeV, respectively. A small peak of a particle of E, = 5.388 MeV
is also shown at —36mm.

The momentum dispersion, D, at F1 can be deduced from the
following equation:

p-— 4

P (Bpy—Bpy/Bp;
where d is the position distance between the peaks at 5.486 and 5.443
MeV in Fig. 7(a). Bp, and Bp, are the magnetic rigidities of the a par-
ticles for E, = 5.486 and 5.443 MeV, respectively. The distance d was
determined to be 16.07 mm by fitting two Gaussian functions. The Bp,
and Bp, were calculated to be 0.33741 and 0.33608 Tm, respectively,
from which the dispersion was deduced to be D, = 4.08 + 0.03 m,
confirming agreement with the design. The quoted error comes from
the uncertainty in the fitting. The solid line of Fig. 7(a) represents the
results of a Monte Carlo simulation with the code usg™™ [26] taking
into account the geometry of KoBRA, the detector resolutions, and
the fifth order transfer matrix elements, which is consistent with the
measured distribution. In the simulation we assumed that 2*'Am is
homogeneously distributed on a disk of diameter 5 mm.

@

Fig. 7(b) shows the two dimensional position distribution measured
at F3. The distribution of Fig. 7(c) was obtained from the same Monte
Carlo simulation used for Fig. 7(a). The non-elliptical shape of the
position distribution is mainly due to spherical aberrations caused by
the large angular distribution of the a particles. The two dimensional
position distributions of Fig. 7(b) and (c) are consistent with each other,
which evidence that the a particles were successfully transported from
FO to F3 in KoBRA.



K. Tshoo et al.
7. Summary

In summary, we have constructed KoBRA for low-energy nuclear
physics experiments. KoBRA was fabricated and installed in the ex-
perimental hall of RAON without the Wien filter. The construction of
the Wien filter will be completed by 2024. The momentum dispersion
of KoBRA was experimentally determined to be 4.08 + 0.03 m with
an 2! Am a-source, confirming the design parameter. The results of
a-particle transport are indicative of successful ion transport.

KoBRA will produce RI beams using a primary “°Ar beam at about
25 MeV/nucleon with a graphite production target during the first
beam commissioning. In addition, we also have a plan to design a
further extension of KoBRA, as reported in Ref. [1]. We expect that
KoBRA will provide an opportunity to study the nuclear structure of
exotic nuclei and astrophysically interesting nuclear reactions.
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