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Part 1.

Introduction to EoS & symmetry energy




Phase diagram of ordinary matter
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States or Phases: Solid (ice), Liquid (water), Gas (vapor)
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Equation of state of ordinary matter cepatl

Definition of the equation of state (EoS)

= The relation among the thermodynamical variables such as pressure (n), temperature
(t 'Q™Y, and volume () to describe the state of matter

Basic examples

= Vapor pressure equation (or Clausius-Clapeyron equation)

QfQr 0] T30 (0: latent heat, 3:0dthe volume change when one molecule is
transferred from liquid to gas)

nCY n AABPOX0 Pforv | U andfw U ¥
= Van der Waals equation of state: The simplest model of a liquid-gas phase transition
M U Fo)lw 0 0t
where
axjlong-range attraction between two molecules
(Ilj,short-range repulsion between two molecules

[Ref.] Undergraduate textbook, e.g., “Thermal Physics” by C. Kittel & H. Kroemer
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Phase diagram of nuclear matter

Variables: (Nhoht) © (" ht) with the net baryon density ”

PHASE DIAGRAM OF NUCLEAR MATTER.
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Equation of state of nuclear matter ggyxm

One of the possible EoS’s, using the differential thermodynamic identity, can be
\ ey RS T“ P T TNy LN T
nC hth ) [T_cj na i) ™M'Fh) Té (ChN)
h

"O Helmholtz free energy, 'Y Average energy of the state,,  Entropy

: Total baryon density, | ( ’ )7( ” ): Isospin asymmetry
Using the baryon density”  O0fwand! otr ",

A LTOCHMI®] [ 168
nehm ) [deﬁ [ o ]ﬁ [T T"]ﬁ

= At low temperatures, the second term becomes negligible.
Practical approach is to calculate the average energy per nucleon for EoS
SR ) K YC R ) 6
= Theoretical approach: Estimate - (" hth ) by some density functional forms (e.g., Hartree-Fock)
and variational calculations.

» Experimental approach: Constrain EoS by using the controlled Lab. Expts. at specific densities.
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Equation of state and symmetry energy GEMW

Total energy of nuclei or nuclear matter
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Symmetry energy

Two components of the symmetry energy

cepatl

Present constraints on symmetry
energy compiled by H. Wolter

!O (n) “Y”) _!O (11 T; ) T !O (n)
¢ ” . . X rn ’ 80
where O (") is often parameterized as 0 (" 7’ ) |4 ouster o flow
®m Zhang n/.p flow:
A useful empirical expansion around ” < 0 HIC SneSn Stff v o
g " 7 Russotto
(@) (" ) Y - (_) ( ) ~ 40 | Em ASY-EOS
e *mass fits
> B N T
” 5 ; () slope P " ‘- | Z :
u —U o} prezsure L o0 L ls;ﬁm Xiao et al. éo#tzf“ ]
.. \E*analﬂg“states ' pions
0 o5 () curvature P Clusters ;% “HIColi] |
compressibility 0 05 1 15 2

= Important constraints on the nuclear effective
interactions
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= [here are other
predictions showing
different trends.




Symmetry energy and neutron stars GENW

Symmetry energy helps to understand

= Stability of neutron stars against
gravitational collapse

= Stellar density profile and internal
structure of neutron stars

©w

= U vs. Yrelationship of neutron stars
A Sensitive to EoS and O
= Various observational consequences
such as
A Cooling rates of proto-neutron stars

A Stellar masses, radii & moment of
inertia from temperatures &
luminosities of X-ray bursters

We need to provide systematic
constraints from the controlled

laboratory experimentat specific”’s

s (Mo)

Mass

J.M. Lattimer, J.M. Lattimer & Y. Lim,
Ann. Rev. Nucl. Part. Sci. 62, 485
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Phase diagram of nuclear matter with RIB
Variables: (nhthw) © (" hth )
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Part 2.

Observables




Observables sensitive to symmetry energy GA’W

Hadronic observables

= Particle spectra and yield ratios for €] ), 3H/3He, Li/’Be, “ |
= Collective flow: 0 & U of €, 1), and fragments

= Azimuthal angle dependence of €] ) ratio relative to the reaction plane

= |soscaling phenomenon in nuclear multi-fragmentation process
(Jung Woo Lee in this Workshop)
= |sospin transportation: isospin diffusion and migration (or drift)

, etc.

Electromagnetic observables

= Dipole (Qp) emissions (pygmy and giant dipole resonances): peak position and magnitude
A Some theories suggest that PDR is sensitive to the neutron skin radius for unstable nuclei.
= Angular dependence of the gamma emission

Systematic investigation for the EoS and symmetry-energy experiments
= Change of the system size and U ] wof the collision system
= Change of the beam energy to cover a wide range of " | ”
= Analyze any variable as functions of the collision centrality and kinetic energy
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Isospin transportation

Difference between neutron and proton currents

. O
Q Q0 CT . )n” O N

= N7 effect (isospin diffusion): Asymmetric flow from projectile and target for
isospin equilibration

= N7 effect (isospin migration or drift): Asymmetric flow from projectile and target
towards low-density region (neck), which would be more important at Fermi
energies and below

@/V@ 4

TLF necky

(from M. Colonna)
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Isospin tracer parameter GMW
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Recent hadron data from SZRIT

SitRIT experiment @ RIKEN

= SAMURAI + TPC for 108,112,124,1325n4 112,1245n @ 270 AMeV

Results on “

of light charged particles

cepatl

yield ratio, production of (=1 isotopes, and isoscaling phenomenon

Double Ratio (DR)

4.0

3.5

3.0

2.5

2.0

1.5

PRL126, 162701 (2021)

1o region at Am,, = 0.0046
I dcQMD calculations ¢
- ¢ +
' o ( )
oY
( )
0 50 100 150 200 250 300

pr (MeV/c)

PLB822, 136681 (2021)

1= (a) d/p single ratio (¢) d/p double ratio

Ry

SR ARG

< {
£
Il‘f|l\

+ Exp. data for 'Sn+'*sn +- Exp. data

L s AMD asy-soft
02 & Exp. data for "®Sn+'%Sn Ry =
C | S R S RN L

. AMD asy-stiff

|-(b) #/p single ratio

—asy-soft '“Sn+'Msn y-stiff ")

RZl

EPJASS, 201 (2022)
J. W. Lee in the next session
o =0.29 |
l,
pT/A <280 MeV/e
Il ] L | | 1
0 1 ) 0 I 2
N N
- Op
- B=-023
\\ Od
e WK IF o At
_ U‘x,\ N =2 ) ;+ "He
- i ""“ S 4
: = Mol &= 4 "He
N =0
1 2 3 1 2 3
Z Z

24-26 November 2022

Focused Workshop on RI Physics

16



Dipole emission
Origin of dipole (Op) emission depends

=

Isovector dipole response

on the beam-energy range
« u(p 18 ABO): Oscillation in fusion
« v (um- A6O): Diffusion

1
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— sai ¢
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Isoscalar dipole response

[ pygmy region

« Uk ¢ m- AjBO): Nuclear structure —f
(neutron skin, PDR, and GDR) = 4f
« u( ¢ matABd): Isospin equilibration =
in nuclear stopping = |
PDR is sensitiveto O s
— HF+RPA with various Skyrme potentials
shows that a larger L gives a larger _30F
strength in the PDR region. >
It is necessary to study systematically “”i 20}
using € -rich systems: o
= XCa beams with X=50, 54, 60, ... 2 10]
= XNi beams with X=68, 70, 72, ... S
= XSn beams with X=112, 124, 130, 132, ... 0f

(b) ]
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Dipole emission in fusion reactions

Examples of the existing data

= XAr+96Zr with X=36 (reference) and > 40

= XS+100Mo with X=32 (reference) and > 40

= Model calculations assuming stiff and soft O  compared with the LNS data

3 T T T T T T - T T T T T T
4.0x10°F B SVoexp 4.0x10 _ _ .
15 10_3_ ® ArtZrexp 3.5x10°k | | B S+Moexp | D. P|err0utsakou et al,
SRV —o— Ar+Zr asy-SOFT EOS p=0.14 fm™ - “local" p ® ArZrexp |
Al --+-- S+Mo asy-SOFT EOS p=0.14 fm” | 3 - — - Ar+Zr asy-STIFF EOS PRCSO; 024612 (2009)]
3.0x10°F .— Ar+Zr free nn cross section - 3.0x107F Ar+Zr asy-SOFT EOS |
S S+Mo free nn cross section T 5 S+Mo asy-STIFF EOS |
2.5x107F o ArtZrasy-STIFF EOS p=0.14 fm* 7 .. 2.5X10°F “--- S*Moasy-SOFTEOS
< — +— S+Mo asy-STIFF EOS p=0.14 fm® | = 5 ]
2.0x10°F - 2.0x10° .
1.5x10°F é BT 1.5x10°F 0 :
1.0x10°F o L . 1.0x10°F e ———— 1
i “ T 1 e ® ]
5.0x107" O s 1
ool M o,o'.*...........'ZBeamenergyrange
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18 £SCL3 at RAON
Eja (MeV/nucleon) Ejap (MeV/nucleon) o d

We need the precise data, even for the light systems, on the dipole emission.
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Symmetry pressure and radii

. v v 0.25
Neutron skin (Y vs. O
= U islargerif O  strongly varies with " : o 02 Sl e
- . () Ta *
v v 015+ softer “® tiffer -
y y ; hog (Wt mW
v °
—> Symmetry pressure repels neutrons and attracts 005 oo
protons: a stiff symmetry energy gives a larger
radius for neutron skin. %20 02040608 1 1214
= Direct way to measure the neutron radius is using 0 (- AjpAEl)
0 O X O JO in@® !, for example, " -
PREX/PREX-II/CREX experiments at Jefferson Lab. ol reative pigmy strength >
[PRL108, 112502 (2012)] S| =
= But there is no electron beam at RAON! S| a3
Thus, we may take the indirect way: 3 7 % %
—> Theoretical (e.g., RPA) prediction: Astrong =~ £ of =
correlation between the difference between € &1 5 st B
radii and the fractional strength in PDR. 2l 8+
= Measure the yield ratio s of PDR and GDR. 2 . . . . =
0.15 0.2 0.25 0.3 0.35 04
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Dipole emission in n-rich nuclei

A. Carbone et al., PRC 81, 041313 (2010)
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I Nuclear models show a strong

correlation between the
fractional dipole strength of
PDR and symmetry pressure
(or D).

Required detectors for the EoS & symmetry-energy

experiments

= Beam diagnostic detectors for tracking and reference timing
= Large acceptance tracking detector for the charged particles

(from pions to fragments)
= Neutron (and gamma) detectors
= Event characterization detector for centrality & reaction plane

24-26 November 2022
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Part 3.

LAMPS:

Large Acceptance Multi-Purpose Spectrometer




Uniqueness of LAMPS

Low-energy
Expt. hall B
(NDPS)

LAMPS catake all availabletheamscRADN!

High-energy
Expt. hall B
(BIS, uSR)

Ultra low-energy Expt. hall
(MMS, CLS)

SCL2 (2nd Phase)

Low-energy
Expt. hall A
(KoBRA)
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High-energy

Expt. hall A
= SIB: ECR IS->SCL3->SCL2->1F(w/o target)
4 = RIB (ISOL): ISOL->SCL3->SCL2->1F(w/o target)
@ = RIB (IF): ECR IS>SCL3->SCL2->IF
= RIB (ISOL+IF): ISOL->SCL3->SCL2->IF
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Overview of LAMPS

Large Acceptance Multi-Purpose Spectrometer

= Beam energies up to 250 MeV/u for 132Sn with high intensity

Comprehensive detector system to investigate EoS and symmetry energy

All detector components and magnet were already developed, manufactured, and assembled.
Integration and commissioning of the whole LAMPS system is being planned at the end of 2022.

Time Projection Chamber

(TPC)
Starting Counter \
(SC)

>

Beams from

IF separator Vacuum

Beam Drift Chamber
(BDC)

Superconducting
Solenoid Magnet

Chamber \
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Time-of-Flight &
Trigger Array
(BTOF/FTOF)

Neutron Detector Array
(NDA)
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TPC: Performance test with prototype

Y size of real TPC design
Outer Field Cage

GEM : 3 layers

Cathode

PAD

Inner Field Cage

490 mm

Bottom to fix PAD & GEM : Al
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TPC: Construction of

A Pad Dim.:3 10 mm?
A Ch. #: 2,618/sector
8 sectors = 21,584
A FEE (GET electronics):
11 AsAD/sector
8 sectors
= 88 AsAD

24-26 November 2022

Cathode GEM

real detector

5.9 keV X-rays

Drift region: 5 mm
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Transferregion: 2 mm
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nduction region: 2 mm

Readout PAD
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TPC: Drift velocity with cosmic rays

Cosmic muon trigger

= Coincidence of two scintillators (scintillator size: 20 x 20 cm? each)
= Trigger position : 30, 60 and 90 cm

= Measured drift field points: 115, 125 and 135 V/cm

cepatl

Drift velocity data (preliminary)
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Neutron Detector Array (NDA): Structure

2m

Hamamatsu (H7195)

QOS (Polyvinyltoliene)

Veto wall

ENEEENENEEEEENEEN

!

e

Cross section: 10 X 10 cm?
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NDA: Performance test with prototype

Beam test at RCNP (2016)

//
/ /1 00 m tunneI/

" 450 cm

150 c/m///

-':E; 400; —— Data E
8 350 - "Li(p,n, )'Be (6g=5.1MeV) E
300F- — — "Li(p.n_)'Be |
250E - TLip niHe)He E
200F- E
'OF 392 MeV
100F
50¢ .

330340 550 360 330380 300 400 410

E. (MeV)

Beam specifications
Production reaction: p+’Li — n + ’Be

Neutron beam flux:p p 1 1j OjO#

Neutron energy: 65 and 392 MeV
Background neutrons above 3 MeV is < 1%
[NIMA 629, 43 (2011)]

e

c
-]
o

3
450X‘19......‘..‘...........‘..‘:
400 —=— Data =
3505 — Li(p.n, )'Be (6:=0MeV) =
300f " Li(p.n, )'Be (6¢=0.35MeV)[] E
250F. — = 'Li(p.n, )'Be E
Y "Li(p, n’He)’He 3
150
100 65 MeV

50k

Significant energy-loss effect in the Li target at 65 MeV

Low-energy background dominated by the 3-body decays,

Energy resolution (FWHM): 3.1% @ 392 MeV, 1.3% @ 65 MeV
Focused Workshop on RI Physics
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NDA: Construction cepall

Installation of all modules in the frame at the Sejong campus of Korea University in Dec. 2018.

The full system was dissembled and transported to the RAON site in Mar. and assembled again
in Sept. in 2022.

The fuIIy assembled system will take the cosmic rays again for testing the performance.

i

1
| | \

PER \,
AL

o8 1 | —

K‘s

== "

2 3

e "- & ‘gm\_-‘

s P i ," Norieel

P = ‘ - | 500 MHZ
' o T

N

Assembled detector system at the NaBSoZy f | AR First station assembled at the high-energy
Sejong Campus of Korea Univ. B/ '/ ¢ N8 experimental hall of RAON
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Time-Of-Flight/Trigger Arrays (BTOF/FTOF)

Number of scintillators & dimensions:
= BTOF: (48) 1500 X 90 X 10 mm?3 each — —
= FTOF: (48) 500 X (90, 24) X 5 mm?3 each

MPPC readout from both ends

N \‘ B \:w PR

Installation completed in 2022 b A T .. . e W‘TYE’" N
The performance test with cosmic et AR . P o N [ 17,;%; 4

muons is in progress.
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Beam Drift Chamber (BDC)

Anode wire ¢ 20 um Au-W

Potential wire ¢ 80 um Cu-Be or Au-W
Cathode 2 um-thick Al-mylar, 9 layers
Cell size 5 mm (max. drift length 2.5 mm)
Active area 170 x 170 mm?

Anode configuration  XX'YY’XX’'YY’, 8 layers - o i '

Number of channel 256 (32 wires/plane, 8 planes)
Operation gas i-C4,H,, below 1 atm
P10 (Ar 90% + CH, 10%) at 1 atm

High voltage 2 channels for cathode & potential wires
Readout ASD(RP-2125)+TDC(V1190A)+QDC(V792)
Body dimension 490(L) x 360(H) x 100(W) mm?3

Beam window 12 um Al-mylar (up to 20 kPa)

(variable) 50 um Al-mylar (up to 50 kPa)

HV & vacuum tests completed

Preliminary results with the source demonstrated that

the time resolution wasX 80 psin, (Goal: 100 ps).
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Starting Counter (SC)

Primary function
= Providing an accurate reference time (, M 100 ps)
for entire experiment when actual beams arrive.
Structure & dimensions
= Two sets of (1 SC + 4 Veto counters)
= SC: 210X 210 X 0.2 mm?3 (Active area: 200 X 200 mm?)
= Veto: 410 X 210 X 5 mm?3 (Adjustable area)

Material
= SC & Veto: EJ-230 polytoluene-based scintillator
= Lights collected by MPPC on a sensor board

A2 sensor boards on a SC scintillator & 1 board for Veto

A33 MPPCs on a sensor board for SC & 24 MPPCs for
Veto

Electronics
= Conventional CAEN TDC, QDC for the time and
charge information
Installation & a source (?**Am) test

= Full system installed in the vacuum chamber
= , D130 ps = Using two SC’s, D92 ps is achievable.
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AT-TPC and SC magnet 7.z

Superconducting magnet AT-TPC: Construction of prototype
=0 =15T = # of pads: 64 X 16 = 1024
»= Diameter & length of the = Pad size: 1.9 X 11.9 mm? (gap between pads: 0.1 mm)
detector space = 60 cm each = Performance test is on going using cosmic muons & alpha source.
= Conductive cooling = Beam test using (| M) reaction at CRIB is forseen in 2023.

= Construction done in 2019

Event display for cosmic muon events
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AT-TPC: Design of real detector
- __Pad plane geometry
Triple GEM = ﬁ F /.
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T g # of pads: 65 X 65 = 3,300
- N i o Pad width & height: 6 mm each
\, gas: *He P ™ Gap between pads: 0.5 mm
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KHALA: LaBr; g-detector array gl

KHALA: Korea High-resolution Array of LaBr;(Ce)
Total 36 [LaBr;(Ce)+PMT] modules Byul Moon in this Workshop
Y <150 ps (fast timing measurement), 'Y < 3.5%

Formed IDATEN Collaboration = KHALA at CENuM + FATIMA in Europe.
= |IDATEN will perform extensive campaign experiments at RIBF in 2023. IDATEN
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Si+Csl charged particle detector

FAZIA: A charged-particle detector for heavy-ion collisions at intermediate beam energies
Each telescope consists of Si;+Si,+Csl with cross-sectional dimensions of 2 2 cm?.

New Si detectors and electronics are being developed in Korea.

PID from 80Kr+40-48Ca at 35 AMeV in the New 750 um thick Si detector modules

A ;‘ ol 1S, . .. H H
- ¥ l::. IsoFAZIA experiment @ LNS, Catania in 2015 (Processed in CiS, Germany)
g Mg
7 B 1S 3~ O
B Ny 2zt N e meeens
al ﬂ lF i S< D . T o N o
= = s ¥ | FAZIA identification map Zvs N OOoO00Enno0000000
g e Yoty i B H
A AN Y 0 o
N '. l‘! B z-28 O = - mia I
4l . 11) 5“@ q = o
13 RAN ) Z identification I i Bl 100000000 O
! . 'lj 401 <A> possible 0] B
A T OO 22! o o o ol
Jdl B Rnnbng S —
' W™ | & A identificati e . EREEEE
BRY R R identification opgoE —EEEEEEEREE
RRL BUE (BN REser- | GEERSEERS
gih mid I -
W 1R Um N i 42 Co0
asglh ilk [0t ] 10
! B 6] 000
O : 3 | O O
F - —— N=28
f B N=20

36

Focused Workshop on RI Physics



Si+Csl charged particle detector cepatl

Design and construction of the new (thick) Si detectors

= The detailed structure, dimensions, and doping profiles are finalized by intense simulations.
= Low total current, " (p 1@ 1), is expected in the working-voltage region.

= Sj wafers are being processed at ETRI in Korea.

Development of the new FEE card Assembly of quartetto
= QOriginal schematics were provided by the FAZIA Collaboration. |
= Several changes were implemented for more effective functioning.

The next step is to design and produce the 150 ‘ | thick detectors.

Abs(TotalCurrentDensity-V) (A*cm”-2)

P 2087&-02
3978&-07 ) _

" 445: —_—a Wire-bonding flexi-cables
2’5“-2‘ p to the Si-chip pad
5247e-26

N* Current-density distribution on

'I 000e-30
the side region from simulation

Analogue stage Digital Stage Converters stage
The FAZIA setun. NIMA. Volume 930. 2019. Paaes 27-36
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Summary

Purpose of LAMPS

= Detailed investigation of nuclear equation of stateEp$

= Precise measurement of symmetry energgs a function of the baryon density
= Structure of exotic nuclei

Status of the LAMPS detector system
= All detector systems were developed, manufactured and assembled.
= The performance tests with cosmic muons and radiation sources are in progress.

= First machine commissioning of the integrated LAMPS system with the trigger
electronics is expected in the end20R2

Plan

= |n the beginning we will concentrate on the low-energy experiments because the
high-energy beams from RAON will be available in 2029 or later.

= We will have a meeting soon to discuss what to do with LAMPS until the high-energy
beams are available.
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