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RISP and RAON
RISP = Rare Isotope Science Project

Plan & build Rare Isotope accelerator and experimental facilities in Korea
RAON (라온) = Name of Rare Isotope accelerator complex

Pure Korean word: meaning “delightful”, “joyful”, “happy”

•Brief History
-International Science-Business Belt (ISBB) plan (Jan. 2009)
-Preliminary Design Report (Mar. 2009 - Feb. 2010)
-Conceptual Design Report (Mar. 2010 - Feb. 2011)
-International Advisory Committee (Jul. 2011)
-Institute for Basic Science (IBS) established (Nov. 2011)
-Rare Isotope Science Project (RISP) launched (Dec. 2011)

✓Rare Isotope accelerator complex is the representative facility of IBS
-Technical Advisory Committee (May 2012)
-Baseline Design Summary (Jun. 2012)
-International Advisory Committee (Jul. 2012)
-Technical Advisory Committee (May 2013)
-Technical Design Report (Present: Sep. 2013)
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Why Rare Isotope Beam?

Double Magic 132Sn

rapid n-capture process 
(r-process)

Symmetry studies with Fr
Super heavy element

Modification of shell structure

Fission limits

Large neutron excess

Origin of heavy elements

Limit of nuclear stability?

Known nuclei
(yellow)

Stable nuclei
(black)

Based on the nuclear chart 
from RIA white paper

In periodic table
• ~100 elements
• ~300 stable isotopes
• ~3,000 unstable isotopes
About 3,000 ~ 6,000 

unknown isotopes yet to 
be discovered
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RAON Location

Daejeon

Seoul

Pusan
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RAON Location

Daejeon

Shindong

Seoul

Pusan

RAON/RISP

IBS

Daejeon
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RAON/RISP Site

Seoul

Pusan
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Rare Isotope Beam Production
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Stopping
Stopped Beam 

Experiment
(Traps)

ISOL(Isotope Separator On-Line)
proton ➛ thick target (e.g. Uranium Carbide) ➛ spallation or fission of target nuclei (low energy)

RI Ions Reacceleration RI Beam

Cyclotron
Proton 70 MeV,  70 kW

IF(In-Flight Fragmentation)
Heavy stable isotope beam ➛ thin target (e.g. Carbon) ➛ fragmentation of projectile (high energy) 

RI Beam Fast Beam
Experiment

Driver LINAC
Heavy ion 
e.g. U : 200MeV/u, 400 kW



RAON Layout
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High-Energy Experiments
(Ebeam > 18.5 MeV/u)

Nuclear Structure
Symmetry Energy

Low-Energy Experiments
(Ebeam < 18.5 MeV/u)

Nuclear Structure
Nuclear Astrophysics

Material Science
β-NMR

Accelerator Driver LinacDriver Linac Post Acc. Cyclotron

Particle proton U+78 RI beam proton

Beam energy 600 MeV 200 MeV/u 18.5 MeV/u 70 MeV

Beam current 660 μA 8.3 pμA - 1 mA

Power on target 400 kW 400 kW - 70 kW

ECR-IS (10keV/u, 12 pµA)LEBT

RFQ (300keV/u, 9.5 pµA)

MEBT

SCL1 (18.5MeV/u, 9.5 pµA)
 

SCL2 (200MeV/u, 8.3 pµA for U+78)
(600MeV, 660 µA for p) 

SCL3 (18.5MeV/u)

ECR-IS

RFQMEBT CB HRMS

RF
Cooler

ISOL
Target

Cyclotron 
(p, 70 MeV, 1mA)

IF Target

Fragment Separator

Charge
Stripper

Driver Linac

Post Accelerator

IF
(In-flight 
Fragmentation)
system

ISOL
(Isotope Separation
On-Line)
system

µSR
Medical Research

Atom/Ion Trap
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RAON Accelerator Operation Modes
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Stable isotope beam
SHE search, …

IF mode
high energy RI beam, …

ISOL+IF mode
high energy 
exotic RI beams, …
(SI beam at the same time)

ISOL mode
low energy 
high purity RI beam, …

IF+ISOL mode
low energy 
exotic RI beams, …

400 kW ISOL mode
(with 600 MeV p)

IF/ISOL independent mode
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Science and Applications with Rare Isotopes
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 Nuclear Physics
 Exotic nuclei near the neutron drip line
 Superheavy Elements (SHE)
 Equation-of-state (EoS) of nuclear matter
 Nuclear structure

 Nuclear Astrophysics
 Origin of nuclei
 Paths of nucleosynthesis 
 Neutron stars and supernovae

 Atomic/Particle physics
 Atomic trap
 Fundamental symmetries

 Material science
 Production & Characterization  of new materials
 β-NMR / µSR

 Medical and Bio sciences
 Advanced therapy technology
 Mutation of DNA
 New isotopes for medical imaging

 Nuclear data with fast neutrons
 Basic nuclear reaction data for future nuclear energy
 Nuclear waste transmutation 
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RISP Project and Experiments at RAON
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99 people
70 Researchers
23 in experimental systems
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Heavy Ion Experiment
Study of Nuclear Matter
1.Exploring the phase diagram of strongly interacting matter

–Phase transitions (liquid ↔ gas, hadron ↔ QGP)

HIM Meeting2013-05-24
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Heavy Ion Experiment
Study of Nuclear Matter
1.Exploring the phase diagram of strongly interacting matter

–Phase transitions (liquid ↔ gas, hadron ↔ QGP)
2.Determining Equation of State (EOS) of the strongly interacting medium
    below and above the saturation density up to 𝝆 ~ 2𝝆0

–Isospin dependence

Liquid-gas
coexistence

0

1

Supernova IIa
Neutron stars

Z/N
HIM Meeting2013-05-24
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Heavy Ion Experiment
Study of Nuclear Matter
1.Exploring the phase diagram of strongly interacting matter

–Phase transitions (liquid ↔ gas, hadron ↔ QGP)
2.Determining Equation of State (EOS) of the strongly interacting medium
    below and above the saturation density up to 𝝆 ~ 2𝝆0

–Isospin dependence
3.Modification of hadronic properties in dense medium

Liquid-gas
coexistence

0

1

Supernova IIa
Neutron stars

Z/N
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Heavy Ion Experiment
Study of Nuclear Matter
1.Exploring the phase diagram of strongly interacting matter

–Phase transitions (liquid ↔ gas, hadron ↔ QGP)
2.Determining Equation of State (EOS) of the strongly interacting medium
    below and above the saturation density up to 𝝆 ~ 2𝝆0

–Isospin dependence
3.Modification of hadronic properties in dense medium
4.Importance for astrophysics

–Supernovae and neutron stars
–Nuclear synthesis and

          exotic nuclei near neutron drip lines
–QGP at colliders (not for RISP)

Liquid-gas
coexistence

0

1

Supernova IIa
Neutron stars

Z/N
HIM Meeting2013-05-24
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Physics Observables
for Heavy-Ion Experiment at RAON
Important to measure system size (Ca, Ni, Ru, Zr, Sn, Xe, Au, U), energy 
(lowest to top energies), centrality, rapidity & transverse momentum 
dependence
1.Pygmy and Giant dipole resonances

•Energy spectra of gammas
•Related to the radius of n-skin for unstable nuclei

2.Particle spectrum, yield, and ratio
•n/p, 3H/3He, 7Li/7Be, π-/π+, etc.

3.Collective flow
•v1 & v2 of n, p, and heavier clusters
•Azimuthal angle dependence of n/p ratio w.r.t the reaction plane

4.Various isospin dependent phenomena
•Isospin fractionation and  isoscaling in nuclear multi fragmentation
•Isospin diffusion (transport)

HIM Meeting2013-05-24
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Pygmy and Giant Dipole Resonances

HIM Meeting2013-05-24

LAND/ALADIN: slope parameter,  
L between 30 ~ 60 MeV for 132Sn  

2013-02-21 5 위탁과제 점검회의 

LAND/ALADIN: slope parameter,  
L between 30 ~ 60 MeV for 132Sn  

2013-02-21 5 위탁과제 점검회의 

TAO, MA, ZHANG, CAO, FANG, AND WANG PHYSICAL REVIEW C 87, 014621 (2013)

FIG. 10. (Color online) Mass number dependence of GDR (a)
and PDR spectra (b) for Ni isotopes. In calculations, we use Ein =
100 MeV/nucleon, b = 24 fm, Csym = 32 MeV, and the soft EOS
without MDI.

PDR, the FWHM of both GDR and PDR show increasing
behavior with A, except for smaller A for GDR.

Finally, the fraction of the EWSR m1% is also extracted.
Figure 12 shows the calculated results which clearly illustrate
that with the increases of mass number A or neutron-skin
thickness, the PDR component increases almost linearly. A
similar phenomenon has also been reported earlier for some
isotopes with the random phase approximation phenomeno-
logical approach [20,31,34,35].

IV. SUMMARY

In summary, we have applied the IQMD model to study
giant and pygmy dipole resonances in Ni isotopes by Coulomb
excitation. Similar to the method to calculate the giant dipole
resonance in our previous IQMD calculation, we extend it
to calculate the PDR in the same model. We first showed
that very stable initial projectiles and targets can be obtained
with the soft momentum-dependent EOS, which assures the
performance of GDR and RDR calculations. After we got

FIG. 11. (Color online) Mass number dependence of Ni isotopes
of GDR (left panels) and PDR (right panels) parameters. In calcula-
tions, we use Ein = 100 MeV/nucleon, b = 24 fm, Csym = 32 MeV,
and the soft EOS without MDI.

a satisfied calculated PDR result for 68Ni which agrees
with the experimental data very well, then we performed
a systematic calculation for GDR and PDR with different
beam energy, EOS, and symmetry energy parameters for the
68Ni + 197Au situation. It is found that the peak energy and
strength for both GDR and PDR show a decreasing trend
with the incident energy, which can be understood by the
excitation extent due to Coulomb field in different energies.
When the equation of state becomes harder or the momentum
dependent interaction is taken into account, the increasing
behaviors of peak energy, strength, and FWHM emerge for
both GDR and PDR. Concerning the symmetry term of the
EOS, it shows a strong positive correlation with the GDR’s
peak energy and FWHM, but it plays a relatively weak role on
the PDR. By fitting to other mean-field calculations of EWSR
vs the slope parameter at saturation Ls and assuming 15%
uncertainty of Ls , i.e., Ls = 60–81 MeV, we can obtain the
range of symmetry energy coefficient Csym ≈ 23.3–37.3 MeV,
and symmetry energy at saturation is around 24.2–31.2 MeV
and in the IQMD model, which gives a constraint for the

FIG. 12. (Color online) Calculated EWSR PDRm1/GDRm1 % for
Ni isotopes (solid circles) together with a linear fit (line).
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with the experimental data very well, then we performed
a systematic calculation for GDR and PDR with different
beam energy, EOS, and symmetry energy parameters for the
68Ni + 197Au situation. It is found that the peak energy and
strength for both GDR and PDR show a decreasing trend
with the incident energy, which can be understood by the
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When the equation of state becomes harder or the momentum
dependent interaction is taken into account, the increasing
behaviors of peak energy, strength, and FWHM emerge for
both GDR and PDR. Concerning the symmetry term of the
EOS, it shows a strong positive correlation with the GDR’s
peak energy and FWHM, but it plays a relatively weak role on
the PDR. By fitting to other mean-field calculations of EWSR
vs the slope parameter at saturation Ls and assuming 15%
uncertainty of Ls , i.e., Ls = 60–81 MeV, we can obtain the
range of symmetry energy coefficient Csym ≈ 23.3–37.3 MeV,
and symmetry energy at saturation is around 24.2–31.2 MeV
and in the IQMD model, which gives a constraint for the

FIG. 12. (Color online) Calculated EWSR PDRm1/GDRm1 % for
Ni isotopes (solid circles) together with a linear fit (line).
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Ni+Au collision

C. Tao et al., PRC 87, 014621(2013)

Giant dipole resonance:
oscillation between non-deformed, 
incompressible proton and neutron 
spheres

Pygmy dipole resonance:
neutrons at the nuclear surface 
(neutron skin) oscillating against the 
isospin neutral proton-neutron core

TAO, MA, ZHANG, CAO, FANG, AND WANG PHYSICAL REVIEW C 87, 014621 (2013)

FIG. 4. (Color online) Time evolution of the inverse of the
distance (1/RPT ) between the c.m. of protons of a projectile and c.m.
of protons of the target at different incident energies per nucleon. The
meaning of the lines is illustrated in the insert. In calculations, we use
b = 24 fm, Csym = 32 MeV, and the soft EOS without MDI.

compared to the EOS without MDI, all the peak energy,
strength, and FWHM in the EOS with MDI are also larger.
In this sense, MDI has a similar effect to make the EOS
harder. From this figure, we learn that dipole γ emission is
very sensitive to the stiffness of EOS.

Many works have demonstrated that the symmetry energy
plays an important role in understanding the mechanisms of
many exotic phenomena in nuclear physics and astrophysics.
Dipole oscillations between all neutrons and all protons or
between the excess neutrons and a core composed of an equal
number of protons and neutrons involve the asymmetry of
the neutron and proton, which could be influenced by the
symmetry energy term of the EOS. To this end, we change
the value of Csym in the IQMD model to address its effect on
GDR and PDR. In order to see a clear trend of GDR and PDR
toward the symmetry energy coefficient, we choose a larger

FIG. 5. (Color online) Incident energy dependencies of GDR
(left panels) and PDR (right panels) parameters for 68Ni. From the
upper panel to bottom panel, it corresponds to the peak energy (Ec

γ ),
strength (Sc

γ ), and FWHM ("c
γ ), respectively. In calculations, we use

b = 24 fm, Csym = 32 MeV, and the soft EOS without MDI.

FIG. 6. (Color online) EOS dependencies of GDR (left panels)
and PDR (right panels) parameters for 68Ni. In calculations, we use
Ein = 600 MeV/nucleon, b = 24 fm, and Csym = 32 MeV.

range of Csym in the calculations, i.e., from 16–64 MeV. In
between, a value of Csym around 36 MeV has been thought
reasonable to describe the property of ground state of nuclei
in many previous studies. Figure 7 shows time evolution
of dipole moments for GDR (upper panel) and PDR (lower
panel) in different symmetry coefficients Csym. It shows that
the frequency of GDR oscillations becomes faster and the
amplitude tends to be smaller with the increasing of Csym,
which leads to an increasing of peak energy and decreasing of
strength as shown in next figure. On the contrary, the frequency
of PDR oscillations becomes slightly slower, but the amplitude
tends to be smaller as well as GDR with the increasing of Csym,
which induces a decreasing of peak energy as well as strength
as shown in next figure.

Figure 8 shows the calculated results of PDR and GDR pa-
rameters with the different Csym parameters. With the increases
of Csym, the peak energies of GDR show a linear increase, but
those of PDR shows a little decrease. However, considering
the obvious different scale in the y axis for GDR and PDR,

FIG. 7. (Color online) Csym dependence of of dipole moments
for 68Ni. The upper panel for GDR and the bottom one for PDR. In
calculations, we use Ein = 600 MeV/nucleon, b = 24 fm, and the
Soft EOS without MDI.

014621-4Energy dependence

System size dependence
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Pygmy and Giant Dipole Resonances
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4 days of beam time
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Pygmy and Giant Dipole Resonances
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Particle Spectrum and Yield
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Particle Ratio

HIM Meeting2013-05-24

Example:
N/Z(106Sn + 112Sn) = 1.18
N/Z(132Sn + 124Sn) = 1.56
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Collective Flow
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Collective Flow
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Design of Detector System

•We need to accommodate
Large acceptance
Precise measurement of momentum (or energy) for variety of particle 
species, including π+/- and neutrons, with high efficiency
Gamma detection for Pygmy and Giant dipole resonances
Keep flexibility for other physics topic

•Two setups
Low-energy (E < 18.5 MeV/u) setup for the day-1 experiment
High-energy (E > 18.5 MeV/u) setup

•Beam
State beam: p, 12C, 40Ca, 58Ni, 96Ru, 96Zr, 112Sn, 132Xe, 158Au, 238U, and 
more up to 200 MeV/u
RI beam: Ca, Ni, Ru, Zr, Sn, Xe, and more up to 250 MeV/u
✴for commissioning
❖when it is available
❖if it is possible

HIM Meeting2013-05-24
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RAON Design (Accelerator and Experiments)

HIM Meeting2013-05-24

Low Energy
LAMPS

High Energy
LAMPS
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Low Energy LAMPS Experimental Setup

HIM Meeting2013-05-24

132Sn + 124Sn @ 18.5A MeV
Particle and Heavy Ion Transport code System 
(PHITS) event simulation

154 V. 3. Nuclear Science Facilities

(a) Charged particle polar angle distribution. (b) Proton polar angle distribution.

(c) Deuteron polar angle distribution. (d) Triton polar angle distribution.

Figure 3.47 Charged particle, p, d, t polar angle distributions in PHITS simu-
lated events.

3.2. Large Acceptance Spectrometer 155

(a) 3He polar angle distribution. (b) 4He angle distribution.

(c) Neutron polar angle distribution. (d) � polar angle distribution.

Figure 3.48 3He, 4He, n, � angle distributions in PHITS simulated events.

3.2. Large Acceptance Spectrometer 153

and the isospin neutral proton-neutron core. In Pygmy dipole resonance, the
symmetry energy acts as an excitation of the neutron-rich skin against the isospin
symmetry core.

Si-CsI Detector Produced charged particles from nucleus-nucleus collisions can
be measured and identified by the correlation between energy loss (�E) at Si
detector and deposited energy (E) at CsI detector. In addition to this, the energy
of gamma from Pygmy/Giant dipole resonances can be measured by CsI detector.

Particle and Heavy Ion Transport code System (PHITS) Simulation
If there are too many incident particles at detector at the same time, the detector
cannot resolve them and it can cause false information. One can avoid such a
problem with proper geometrical detector arrangement. In order to calculate proper
Si-CsI detector geometry, Particle and Heavy Ion Transport code System (PHITS)
was used for generating events from 132Sn + 124Sn collisions at 18.5A MeV. The
generated events were evaluated by looking at polar angle distributions of various
particle species and calculating particle occupancy of them within certain polar
angle ranges. The polar angle ranges were set to be averaged particle occupancy
below 0.1 for all particles and those polar angle ranges are criteria for proper Si-CsI
detector geometry.

Figures 3.47 and 3.48 show particle polar angle distributions of 132Sn+ 124Sn at
18.5A MeV events from PHITS simulation. Table 3.10 is the summary of particle
multiplicities per event in 4⇡ of 132Sn + 124Sn at 18.5A MeV events from PHITS
simulation.

Figure 3.49 shows the result of averaged occupancy for charged particles, p, �
given polar angle ranges and all of them is below 0.1 of averaged occupancy which
used for Si-CsI geometry.

Table 3.10 Particle multiplicity per event in 4⇡

Particle Species Multiplicity per Event (4⇡)
charged particle 16

p 10
d 2
t 2

3He 1
4He 2
n 33
� 3
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Low Energy LAMPS Experimental Setup
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132Sn + 124Sn @ 18.5A MeV PHITS event simulation

156 V. 3. Nuclear Science Facilities

Figure 3.49 Averaged occupancy of charged particles, p, � as a function of polar
angle in 132Sn + 124Sn at 18.5A MeV events from PHITS simulation.

Si-CsI detector unit coverage of polar angle tuned to be <occupancy> < 0.1
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Low Energy LAMPS Experimental Setup
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Beam

17.5o

145o

15o cone to allow 
neutron detection

25o cone to allow target installation

93 Si-CsI units at r = 40 cm

17.5o

145o

11.5o

11.5o

120 plastic scintillator neutron 
detector  units at z ~ 3.25 m
Solid angle = 133.3 mSr 

Ebeam < 18.5A MeV
For PDR/GDR Experiments

Required energy resolution
Si: 0.5% of FWHM
CsI: 2.0% of FWHM

For PDR/GDR Experiments:
50,54Ca, 68,70,72Ni, 106,112,124,130,132Sn RI beam
+ 197Au/208Pb (stable target)
+ 12C/no target (background control)
❖could be possible from ISOL
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Low Energy LAMPS Experimental Setup
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Ebeam < 18.5A MeV
For PDR/GDR Experiments

Geant4 simulation and detector R&D are ongoing
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Low Energy LAMPS Experimental Setup
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17.5o
145o

10 cm wide window to allow 
neutron detection along equator

153 neutron detector units at r = 2.0 m
Solid angle = 382.5 mSr 

17.5o

145o

- 4.0o

148o

86 Si-CsI units 

10 cm wide window to allow 
neutron detection along equator

Geant4 simulation is ongoing 
for the final tune

Ebeam < 18.5A MeV
For HI Experiments:
50,54Ca, 68,70,72Ni, 106,112,124,130,132Sn RI beam
+ 40Ca, 58Ni, 112,118,124Sn stable target
❖could be possible from ISOL
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High Energy LAMPS Experimental Setup
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Solenoid 
Magnet

Time 
Projection 
Chamber

Neutron Detector Array
15 m away from target

Dipole 
Magnet

Collimator

Target

Si-CsI 
Detectors

z

x

Solenoid 
Spectrometer

Dipole Spectrometer

Superconducting dipole magnet 

Quadruple 
Magnets

Scintillators

Focal Plane Detector
MWDC+ToF

18.5A MeV< Ebeam < 250A MeV
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High Energy LAMPS Experimental Setup
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18.5A MeV< Ebeam < 250A MeV

For Symmetry Energy Experiments:
106,112,118,124,132Sn + 112,118,124Sn
96,100,104Ru(88,92,96Zr) + 96Ru(96Zr) ➔ when it is available



Neutron Detector Array

Dipole 
Magnet

z

x

Dipole Spectrometer

Superconducting dipole magnet 

Quadruple 
Magnets

Focal Plane Detector
MWDC+ToF𝜸-array

Recycle LAMPS-L?
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High Energy LAMPS Experimental Setup
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18.5A MeV< Ebeam < 250A MeV

For PDR/GDR Experiments:
50,54Ca + 197Au/208Pb, 68,70,72Ni + 197Au/208Pb, 124,130,132Sn + 197Au/208Pb
One can also try the proton-rich side using (γ,p): (p,p’), (p,2p), (p,pn)
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Solenoid Magnet
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Solenoid Magnet Field Distribution The last step for cylindrical solenoid
magnet design was to check magnetic field distribution at modulated, radial and
longitudinal directions.

(a) Modulated magnetic field distributions at R
= 0 cm.

(b) Modulated magnetic field distributions at R
= 50 cm.

Figure 3.41 Modulated magnetic field distributions as a function of longitudinal
direction for solenoid magnet at R = 0 cm and R = 50 cm.

The modulated magnetic field distributions of solenoid magnet at R = 0 cm
and R = 50 cm with three di↵erent conditions, solenoid coil only, solenoid coil
with return yoke, and solenoid coil with return yoke and bump coils, are shown
at Figure 3.41. Figure 3.41(a) shows the modulated magnetic field distributions
as a function of longitudinal direction at the center of solenoid (R = 0 cm) and it
is clearly indicated that 0.5 Tesla of homogeneous magnetic field can be achieved
overall TPC area (from -60 to 60 cm) by solenoid coil with bump coils and return
yoke. Other cases are failed to fulfill the requirement of solenoid magnet at LAMPS.
Figure 3.41(b) shows the modulated magnetic field distributions as a function of
longitudinal direction at R = 50 cm where the boundary of TPC and there is
small deviation of magnetic field from ⇠ ±30 cm for the solenoid coil with bump
coils and return yoke condition. Here is again, other cases are not fulfilled for the
requirement of solenoid magnet at LAMPS.

Table 3.6 shows the summary of maximum deviation of modulated magnetic
fields within ±75 cm in longitudinal direction.

The longitudinal and radial magnetic field distributions of solenoid magnet at R
= 50 cm where the boundary of TPC with three di↵erent conditions, solenoid coil
only, solenoid coil with return yoke, and solenoid coil with return yoke and bump
coils, are shown at Figure 3.42. Figure 3.42(a) shows the longitudinal magnetic field
distributions as a function of longitudinal direction and there is small deviation of
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Table 3.6 Deviation of modulated magnetic field.

Solenoid
-75 ⇠ 75 cm Solenoid Coil Solenoid with Return Yoke

with Return Yoke & Bump Coil
�B

mod

(R = 0 cm) 0.107 T 0.062 T 0.006 T
�B

mod

(R = 50 cm) 0.103 T 0.070 T 0.008 T

(a) Longitudinal magnetic field distributions at
R = 50 cm.

(b) Radial magnetic field distributions at R =
50 cm.

Figure 3.42 Longitudinal and radial magnetic field distributions as a function of
longitudinal direction for solenoid magnet at R = 50 cm.

magnetic field from ⇠ ±30 cm for the solenoid coil with bump coils and return yoke
condition. Other cases are failed to fulfill the requirement of solenoid magnet at
LAMPS. Figure 3.42(b) shows the radial magnetic field distributions as a function
of longitudinal direction and it is clearly indicated that there is very small amount
of radial magnetic field component overall TPC area (from -60 to 60 cm) by solenoid
coil with bump coils and return yoke. Other cases are shown large radial component
of magnetic field and it is not fulfilled for the requirement of solenoid magnet at
LAMPS.

Table 3.7 Deviation of longitudinal and radial magnetic fields.

Solenoid
-75 ⇠ 75 cm Solenoid Coil Solenoid with Return Yoke

with Return Yoke & Bump Coil
�B

z

(R = 50 cm) 0.110 T 0.072 T 0.008 T
�B

r

(R = 50 cm) ±0.076 T ±0.043 T ±0.008 T
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condition. Other cases are failed to fulfill the requirement of solenoid magnet at
LAMPS. Figure 3.42(b) shows the radial magnetic field distributions as a function
of longitudinal direction and it is clearly indicated that there is very small amount
of radial magnetic field component overall TPC area (from -60 to 60 cm) by solenoid
coil with bump coils and return yoke. Other cases are shown large radial component
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magnetic field from ⇠ ±30 cm for the solenoid coil with bump coils and return yoke
condition. Other cases are failed to fulfill the requirement of solenoid magnet at
LAMPS. Figure 3.42(b) shows the radial magnetic field distributions as a function
of longitudinal direction and it is clearly indicated that there is very small amount
of radial magnetic field component overall TPC area (from -60 to 60 cm) by solenoid
coil with bump coils and return yoke. Other cases are shown large radial component
of magnetic field and it is not fulfilled for the requirement of solenoid magnet at
LAMPS.

Table 3.7 Deviation of longitudinal and radial magnetic fields.

Solenoid
-75 ⇠ 75 cm Solenoid Coil Solenoid with Return Yoke

with Return Yoke & Bump Coil
�B

z

(R = 50 cm) 0.110 T 0.072 T 0.008 T
�B

r

(R = 50 cm) ±0.076 T ±0.043 T ±0.008 T

Requirement
Cylindrical shape
To cover TPC (r = 50 cm, l = 1.2 m)
with homogeneous B-field
Boperation = 0.5/0.6 T
Bmaximum ~ 1 T
ΔB/B < 2 %

bump coils

return yoke
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Time Projection Chamber (TPC)
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•Time Projection Chamber (TPC)
-1 x 1.2 m2 cylindrical shape
-GEM based & pad readout in 
end-caps
(~100 k readout channels)

-Large acceptance (~ 3π Sr)
-Complete 3D charged particle 
tracking

➡Particle identification 
and momentum 
reconstruction

-Prepare to build 1st Protoype
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trapezoidal shaped units which is octagonal shape overall. GEM unit detector is
made by several layer of GEM foil and readout pad. GEM foil is consisted of 50 µm
thickness of kapton film and 5µm thickness copper layer on both sides of kapton
film. GEM foil has 35 µm radius of amplification hole where avalanche is occurred
when electron passing through it and distance between holes is 57.5 µm.

Figure 3.58 Structure of GEM foil.

Figure 3.58 shows the structure of GEM foil which is going to use for TPC.

GEM Simulation

� Single GEM Simulation

Garfield++ [19] was used for the simulation of signal gain with single GEM
case.

Figure 3.59 shows the result of Garfield++ simulation for single GEM TPC gas
gain with P10 gas (Ar 90% + CH

4

10% and 550 V applied high voltage at the one
end of GEM (the other end is 0 V). Histogram in the Figure 3.59 is well described
by red line which is fitting result using empirical Equation (3.1):

dN

dm
/
p

m exp


�(x� x

0

)2

2�2

�
(3.1)

where m is a variable of gain.
Produced electrons by ionization of mixed gas in the TPC can be di↵used

perpendicularly with respect to moving direction while they are drifting along
electric field.

Figure 3.60 shows the result of Garfield++ simulation for single GEM TPC gas
gain di↵usion with P10 gas (Ar 90% + CH

4

10% and 550 V applied high voltage at
the one end of GEM (the other end is 0 V). Ionized electrons in TPC gas volume

Gas Electron Multiplier (GEM)

Single and triple GEM gain simulation with Garfield++
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� Triple GEM Simulation

In order to get higher TPC gas gain, triple GEM was used for Garfield++
calculation. In triple GEM Garfield++ calculation, we adopted same characteristics
of TPC prototype for PANDA experiment at GSI in Darmstadt, Germany which
are Ar 90% + CO

2

10% and 450 V applied high voltage.

Figure 3.65 TPC gas gain simulation for single (left) and triple (right) GEM.

Figure 3.65 shows the TPC gas gain simulation results for single (left) and
triple (right) GEM cases. Mean gas gain for single GEM is ⇠ 100 and one for triple
GEM is ⇠ 1.4⇥ 106.

Figure 3.66 shows the result of Garfield++ simulation for triple GEM TPC
gas gain di↵usion with Ar 90% + CO

2

10% and 450 V applied high voltage at
the one end of GEM (the other end is 0 V). Ionized electrons in TPC gas volume
can be moved maximum ⇠ 60 cm to reach GEM and RMS of gas gain di↵usion is
maximum radius below 3 mm which was shown at the upper plot in Figure 3.66.
This RMS value of gas gain di↵usion is more than 25% smaller than the one for
single GEM with P10 gas. The lower plot in Figure 3.66 shows that the di↵usion
distribution is well described by empirical Equation (3.2) and D

r

/v
d

is 6.4 µm
which is much smaller value compared to 17.6 µm for single GEM with P10 gas.

Figure 3.67 shows the results of drift time as a function of drift length with
triple GEM for Ar 90% + CO

2

10% gas mixture and 450 V applied high voltage.
Drift velocity is ⇠ 50 µm/ns and it is much faster than results from single GEM.
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Figure 3.60 Single GEM TPC gas gain di↵usion simulation with P10 (Ar 90% +
CH

4

10% and 550 V high voltage case. x is gain or m in the equation.

Figure 3.61 Drift time as a function of drift length with three di↵erent gas
mixtures in Garfield++ simulation with single GEM.

170 V. 3. Nuclear Science Facilities

Figure 3.66 Triple GEM TPC gas gain di↵usion simulation.

Figure 3.67 Drift time as a function of drift length with triple GEM.

Ar 90% + CO2 10%

Single GEM

Single GEM Triple GEM

Triple GEM
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• Hit Data and Digitization

Figure 3.68 TPC hit information after digitization with Ar 90% + CO
2

10% gas
and triple GEM. Left plot is with 2.5 mm hexagonal readout pads and right plot
is with 5 mm hexagonal readout pads, respectively.

Figure 3.68 shows the TPC hit information after digitization with 1 event from
Au + Au at 250A MeV of IQMD model. Hexagonal shape of readout pad designs
were used with two cases for di↵erent length of hexagon side (e.g. 2.5 mm and
5 mm). Color code on the right side of plots is the number of collected ionized
electrons on pad.

TPC Prototype One of detector R&D processes requires building prototype
to gain experiences and learn characteristics on it. Small size TPC prototype was
built for studying TPC detector and electronics characteristics.

Figure 3.69 shows the TPC prototype CAD design in 3D. TPC prototype is
consisted of readout, triple GEM, and field strip. Overall size of TPC prototype is
20⇥ 20⇥ 25 cm3 and active volume is 10⇥ 10⇥ 25 cm3.

Figure 3.70 shows the TPC prototype readout and triple GEM CAD design.
Triple GEM has a function of amplification of ionized electrons and readout collects
electrons and converts them to charge.

Figure 3.71 and Figure 3.72 show the TPC prototype readout CAD design and
the photo of GEM foil. Rectangular readout has 10⇥ 10 cm2 active area with 635
hexagonal Cu pad readout channels. Readout is made of multi-layer PCB board
which allows to evenly distribute signals from readout pads to outside connectors.
The other side of readout has electric connectors to attach flat signal cables. GEM
foil is consisted of 50 µm tick polyimide layer with 5 µm tick Cu on both sides
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• Hit Data and Digitization

Figure 3.62 shows the TPC hit information before digitization with 1 event
from Au + Au at 250A MeV of Isospin Quantum Molecular Dynamics (IQMD)
model. It was selected above certain threshold value of energy loss for charged
particles within P10 gas inside TPC gas volume.

Figure 3.62 TPC hit information before digitization with P10 gas and single GEM.

Figure 3.63 TPC hit information after digitization with P10 gas and single GEM.
Left plot is with 2.5 mm hexagonal readout pads and right plot is with 5 mm
hexagonal readout pads, respectively.

Figure 3.63 shows the TPC hit information after digitization with 1 event from
Au + Au at 250A MeV of IQMD model. Hexagonal shape of readout pad designs
were used with two cases for di↵erent length of hexagon side (e.g. 2.5 mm and 5
mm). Total numbers of readout pads are 90000 for 2.5 mm length of hexagon side
and 20000 for 5 mm length of hexagon side.

Au + Au @ 250A MeV
Isospin Quantum Molecular Dynamics Events
2.5 mm pad ~ 300 K readout channels
5 mm pad ~ 100 K readout channels
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500 µm

500 µm

Si-CsI module
Si: 2 x 8 pad readouts
CsI: 4 x 4 APD readouts
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Figure 3.80 shows the Correlation between �E and E
tot

. (a) is for �E = E
1

,
(b) is for �E = E

1

+ E
2

, (c) is for �E = E
1

+ E
2

+ E
3

, respectively. All cases are
for energy resolution = 0 which means ideal case. The results show that particle
identification looks better with more Si layers used for �E but limitation of low
energy particle identification is getting larger due to short penetration range of
heavier particles. Thus, �E = E

1

has to be used for low energy particles and
�E = E

1

+ E
2

+ E
3

is better to use for high energy particles, in order to identify
lager Z particles.

Figure 3.81 Similar as 3.80 but with finite energy resolutions of Si and CsI(Tl).
Finite energy resolutions of Si and CsI(Tl) used in simulations are indicated inside
plots. �E is E

1

+ E
2

+ E
3

.

Figure 3.81 shows the Correlation between �E = E
1

+ E
2

+ E
3

and E
tot

with
finite energy resolutions of Si and CsI(Tl) detectors. Plots (a) ⇠ in Figure 3.81 are
shown for the case of 0.5% FWHM of energy resolution for Si layers and varying
from 0.5% to 5.0% FWHM energy resolution for CsI(Tl) detector. The results are
clearly indicated that there is strong dependence with energy resolution of detectors.
For instance, energy resolution of CsI(Tl) is required below 2.0% FWHM in order
to separate oxygen isotopes (Z = 6) up to 500 MeV. In addition to this, plot (d)
in Figure 3.81 is shown for the comparison with others in case of 2.0% FWHM
of energy resolution for Si layers and 0.5% FWHM energy resolution for CsI(Tl)
detector. The results shows that energy resolution of Si layer is more important
than one of CsI(Tl) detector.
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Figure 3.82 Magnified plots of 3.81(b) for small Z particles without veto Si layer
(a) and with veto Si layer (b).

Figure 3.82 shows the magnified plots of 3.81(b) for small Z particles without
veto Si layer (a) and with veto Si layer (b). There are unexpected correlation
band around 100 ⇠ 300 MeV for Z = 1 and 450 ⇠ 900 MeV for Z = 2 in plot (a)
of Figure 3.82. The cause of these bands are from punch through (not stopped)
particles at Si-CsI(Tl) and they make a di�culty of particle identification due to
overlap with real bands. In order to remove unexpected correlation bands, 300 µm
thick veto Si layer is employed after CsI(Tl) block as shown 3.79(d). If veto Si layer
sees any particle, particles are removed from the calculation of �E�E

tot

correlation
and plot (b) of 3.82 shows the result. One can clearly see that unexpected bands
can be removed by veto Si layer.

Figure 3.83 shows the detection e�ciency as a function of kinetic energy for
proton, deuteron, and triton in case of �E = E

1

+ E
2

+ E
3

. In the estimation of
detection e�ciency, di↵erence between produced energy and deposited energy E

tot

has to be below 5% and the result shows that e�ciency is getting higher at higher
kinetic energy for heavier particles. For instance, e�ciency of triton is over 70%
up to 300 MeV for triton but e�ciency and energy range of proton are much lower
than triton.

veto Si detector can clean up 
unexpected correlation
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Dipole Spectrometer

•Multi particle tracking capability of isotopes for p, He, and heavier fragments
-Focal Plane detector for low momentum particles

•Plastic scintillator ToF
-σt < 100 ps (essential for Δp/p < 10-3 @ β = 0.5)

For B = 1.5 T,
p/Z ~ 0.35 GeV/c at 110o

For B = 1.5 T,
p/Z ~ 1.5 GeV/c at 30o

HIM Meeting2013-05-24
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Table 3.8 Specification of quadruple magnet, 1st and 2nd dipole magnets.

Magnet Strength of Magnetic Field
Q1 length = 23 cm aperture = 0.3 m 2.0 T/m
D1 pole gap = 35 cm radius = 1.2 m 0.47 T
D2 pole gap = 35 cm radius = 1.3 m 0.57 T

Table 3.8 shows the summary of specification of quadruple magnet, first and
second dipole magnets.

QQD Concept Figure 3.46 shows the result of K-trace spectrometer optics
calculation with 2 quadruple and dipole magnets. First quadruple magnet is
apart from the end of solenoid magnet downstream side with the distance of 1.3
m. Distance between first and second quadruple magnets is 0.1 m and distance
between second quadruple and dipole magnets is 0.2 m. According to the result
of the calculation, 10 ⇠ 40 MeV of kinetic energy and 137.4 ⇠ 276.9 MeV/c of
momentum for proton can be measured at the focal which is same as QDD concept
but total length of spectrometer is ⇠ 0.5 m shorter than QDD concept.

Figure 3.46 QQD concept spectrometer optics calculation with K-trace.
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Table 3.9 Specification of 1st and 2nd quadruple magnets, dipole magnets.

Magnet Strength of Magnetic Field
Q1 length = 50 cm aperture = 0.3 m 0.5 T/m
Q2 length = 50 cm aperture = 0.4 m 1.1 T/m
D1 pole gap = 40 cm radius = 0.9 m 0.82 T

Table 3.9 shows the summary of specification of quadruple magnet, first and
second dipole magnets.

Dipole Magnet Design Magnet concept for dipole spectrometer at LAMPS
is considering as QQD arrangement. Currently, K-trace spectrometer optics cal-
culation is completed and the result is being crosschecked by other spectrometer
design software GICOSY [3]. Based on K-trace spectrometer optics calculation,
two of quadruple magnets are considered to be normal magnet and dipole magnet
could be superconducting. Currently, dipole magnet designs at LAMPS is sent to
domestic and foreign superconducting magnet manufactures to evaluate possibility
for production.

Detector System

Heavy-ion collision experiment at the RAON facility is mainly focused on symmetry
energy study on the EOS of nuclear matter. The LAMPS experimental setup is
designed for covering entire RAON energy range:

Low energy nuclear physics area (E
beam

< 18.5A MeV) to measure Pygmy
and Giant dipole resonances

High energy nuclear physics area (E
beam

> 18.5A MeV) to measure produced
particles (e.g. ⇡±, p, d, t, 3He, 4He, other heavy fragments and n) from
nucleus-nucleus collisions within large acceptance simultaneously.

Low Energy

At low energy heavy-ion collision experiment, LAMPS is going to measure Pygmy
and Giant dipole resonances for studying symmetry energy on the EOS of nuclear
matter. Giant dipole resonance can be considered as the collective oscillation
between nondeformed, incompressible proton and neutron spheres in which number
of protons and neutrons is same. In Giant dipole resonance, the symmetry energy
acts as the restoring force. In contrast, Pygmy dipole resonance can be considered
as the oscillation between the weakly bound neutron skin at neutron-rich nucleus
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Forward Neutron Detector Array
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Charged particle veto: 5 x 5 x 200 cm3

20 BC-408 10 x 10 x 200 cm3/layer
4 – 5 coupled layers

½ length prototype produced and 
tested with source
Beam test is planed
Real size prototype will be produced
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� Position and Time Resolutions

In heavy-ion collision experiment, position and time information are used in
order to get the energy of incident neutrons at neutron detector. Thus, it is
important to estimate intrinsic position and time resolutions of neutron detector.
Neutron detector prototype was tested for checking its intrinsic position and time
resolutions with 60Co source, in which back-to-back photons are emitted with
energy of 1.17 and 1.33 MeV. 60Co source was placed in between trigger detector
and prototype with collimator to localize injected photons on prototype. Data were
taking with position scanning in step of 10 cm and time and charge information
from both ends of prototype. Time and charge information from one end are
indicated as t

L

, Q
L

and from the other end are shown as t
R

, Q
R

, respectively.

Figure 3.92 Time di↵erence �t = t
L

� tR as a function of photon incident
position from neutron detector prototype with 60Co source. Left plot is with VTD
and right plot is with CFD

Figure 3.92 shows the time di↵erence �t = t
L

� t
R

as a function of photon
incident position from neutron detector prototype with 60Co source. Left plot
of Figure 3.92 is for VTD data and right plot of Figure 3.92 is for CFD data.
Correlation between time di↵erence �t and photon incident position x is fitted by
liner function x = ↵�t + � where ↵ and � are free parameters. ↵ is indicated as
propagation velocity of photon in scintillator and � is explained by systematic error
(e.g. asymmetry of left-right for experimental setup). The fitting results are shown
with solid lines on plots in Figure 3.92 and data is well described by liner function.

Table 3.14 shows the summary of fitting result for correlation between time
di↵erence �t and photon incident position x. �

x

in Table 3.14 is the result of
position resolution with 60Co source placed at the middle of neutron detector
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show some linear correlation existed. Solid lines in Figure 3.93 are fitting results
with using liner function. One can correct this e↵ect (time-work) with flatted
correlation between time information and charge. After time-walk correction, time
resolutions are improved about 5% for VTD data and 7% for CFD data.

Figure 3.94 Time distribution of neutron detector prototype with 60Co source.
(a) is from VTD data and (b) is from CFD data. Solid line is indicated by
Gaussian fitting.

Figure 3.94 shows the averaged time distribution (t
avg

= (t
L

+ t
R

)/2) of neutron
detector prototype after time-walk correction. (a) in Figure 3.94 is from VTD data
and (b) in Figure 3.94 is from CFD data. Solid lines at plots are indicated as
fitting result with Gaussian function and the width of fitting result of � is time
resolution. Time resolution from VTD data is 786 ps and one from CFD is 577
ps. However, these results are including time resolution of trigger detector (�

trg

),
thus one has to subtract it from above results when calculating intrinsic time
resolution. In order to estimate �

trg

, 60Co source is placed in between two identical
trigger detectors and data were taken. Time di↵erence between two identical
trigger detectors was measured as 436 ps and time resolution of trigger detector
�

trg

was calculated as 436/
p

2 = 308 ps. In conclusion, intrinsic time resolution of
neutron detector prototype with 60Co source is

p
7862 � 3082 = 723 ps for VTD

and
p

5772 � 3082 = 488 ps for CFD.

� Energy Spectrum of Neutron

In order to estimate capability of neutron detection for neutron detector proto-
type, 252Cf source was used. 252Cf generates 3.76 neutrons within energy range
of 0.04 ⇠ 15 MeV per nuclear fission and their average kinetic energy is 1.7 MeV.

σt = 723 ps σt = 488 ps
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In addition to this, 252Cf emits 8 photons with average energy of 0.87 MeV per
nuclear fission as well. In the test setup, 252Cf source was placed at 1 m away
from the middle of neutron detector prototype and trigger detector was located
very close to 252Cf source in order to enhance trigger rate.

Figure 3.95 Time distribution of neutron detector prototype with 252Cf source.
(a) is from VTD data and (b) is from CFD data.

Figure 3.95 shows the averaged time distribution (t
avg

= (t
L

+ t
R

)/2) of neutron
detector prototype after time-walk correction. In Figure 3.95, dotted lines are
indicated by Gaussian fitting of � and neutron and dashed line is fitted background
with polynomial function. Also, solid lines are sum of dotted and dashed lines
and they well describe data. The results shows that one can well separate � and
neutron with their time information from neutron detector and extract neutron
energy spectrum from Figure 3.95.

Figure 3.96 shows the neutron energy spectrum of neutron detector prototype
with 252Cf source. Band above 6 MeV in Figure 3.96 is indicated systematic
error from the di↵erence between CFD and VTD data. 6 MeV is lower limit of
measurable neutron energy in current test setup. If distance between 252Cf source
and neutron detector prototype reduces to below 1 m, one can measure neutron
spectrum of below 6 MeV but energy resolution can be worse than current setup,
thus separation of � and neutron can be di�cult. One can compare data with
empirical Watt spectrum:

dN

dE
/ e�aE sinh(

p
bE) (3.3)

where a and b are free parameters. Watt was using a = 0.88± 0.05 MeV�1 and
b = 2.0 ± 0.2 MeV�1 to explain neutron energy spectrum for 252Cf source and
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Figure 3.96 Neutron energy spectrum of neutron detector prototype. Solid line
is empirical Watt spectrum.

solid line in Figure 3.96 was plotted with a = 0.88 MeV�1 and b = 2.0 MeV�1.
Watt spectrum in Figure 3.96 is well disturbed data.
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LAMPS Schedule
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추진일정 (전체) 

• KOBRA 

• LAMPS 
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Summary

•RAON is RI beam accelerator in Korea
-RAON will provide high purity, high intensity various RI beams (e.g. 108 pps 132Sn at 250 
Mev/u)

•RISP is on going for establishment of RAON accelerator and experimental facilities

•Large Acceptance Multi-Purpose Spectrometer (LAMPS) at RAON
-Study of nuclear symmetry energy with RI and stable beam
-Two detector setup for low and high energy
‣Low energy: gamma detector + Si-CsI detector + neutron detector
‣High energy: TPC + Si-CsI detector + neutron detector + MWDC + ToF + Solenoid 
magnet + Dipole magnet
✓To cover entire energy range of RAON with complete event reconstruction within 
large acceptance

-Detail detector simulation and prototyping are in progress
-Getting more collaborators from both domestic and oversea
‣Forming International collaboration

HIM Meeting2013-05-24


