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RAON and Nuclear Reactions
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RAON and Nuclear Reactions

<Overview : Synthesis of Super Heavy Element>
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<Candidates for Day-1 experiments at KOBRA>
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RAON and Nuclear Reactions
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RAON and Nuclear Reactions

Direct Reactions
~1020 sec ' ~10716 sec

Non-equilibrium aspects ° EqU|I|brated (decay statistically)

‘*.»’.;’ 2 °O°.

9 o
.

Low and intermediate energy regime : ~ 700 Mel/n FELALE A=h/p |
Energy

- fusion, quasi-fission (multinucleon transfer) 1 MeV 3x10"% m

, fragmentation 10MeV 9 x 1015 m
Relativistic regime : 700 Mel/n ~ a few Gel/n
100 MeV 3 x 10" m

- production of hadrons, collective flow phenomena 1 GeV 7 x 107 m
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Transport Model?

Transport model : Model to treat non-equilibrium aspects of the
temporal evolution of a collision.

".»ﬁ,»’ '..

v' Many-body problem with nucleons
v" Numerical simulation
v" Direct reaction regime (compound nuclear reaction -> statistical model)

v' Different methods with different energies




Various Codes

—

Boltzmann : Collision term
Uehling & Uhlenbeck, Nordheim : Pauli blocking
Vlasov : Mean field w/o collision
Landau : Averaged collisions
BUU Type- Many names,
Boltzmann-Uehling-Uhlenbeck : BUU
BNL , VUU, LV, ...
Isospin dependent BUU : IBUU
Relativistic BUU : RBUU

Transport @

Classical Molecular Dynamics : CMD
Quantum Molecular Dynamics : QMD
Antisymmetrized MD : AMD
Fermionic MD : FMD

Constrained MD : CoMD

Improved QMD : ImQMD
Ultra-relativistic QMD : UrQMD

YVVVVVVYVYVY VYVVVVYVY

[




Introduction to Transport Model
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e {5
p=po|l+exp -

R=1.12AY2 a=0.53 [fm]

—
T
£
=
c
o
L
o
=)
c
=
—
—
=
=Y

r [fm]

<Phase Space Density and Wigner Transforamtion>

« Both a position and a momentum of nucleons are needed.
> Phase space density!!
- Wigner transformation

i) = [ aCeplinef (r+50=5).  C=n—m =

2 2 2
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Introduction to Transport Model

> BUU Model

= Semi-classical approach : point particles
= Test particle method : 1~500 test particles per nucleon

» Randomly distributed !

» QMD Model

a\ = Gaussian wave packets

| exp{i[pio - (r — rio) — pit/2m]} 2
Je—>\ D (T. Din. Tin. 1) = i xpl—[r — rig — piot/m]? /AL
/ \ i(r, Pio, Tio. t) x2L2L (1) exp{—[r — rjo — piot/m] /4L(t)}
AN
\

T 1
L=1.08 fm? f(r,p, 1) = (27)3
-> ry=1.8 fm 1 5 5
= — exp|—(r — rj0 — piot/m)”/sL — (p — pi)” - 2L]
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Introduction to Transport Model

2. Propagation

Boltzmann-Uehling-Uhlenbeck equation

d J
T UL IGO0 OO f = I
it~ ot R S el

drift term accelerating term collision term
cf) RBUU eq. : [p, 0% + (pp I + m* (9m™) Il ] f (2, p*) = Leon
» BUU Model
Equation of motion

1 fm
or; _ P Ip; _ U B
ot m’ Ot ni _1 fm

Density dependent mean field
(Unit box for

Ulp) = alp/po) + B(p/po)’ density estimation)
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Introduction to Transport Model

» QMD Model

Instit

Equation of motion

d d p3 7
ri={r.H}h —pi={piH}  H{r,.p.}= Z +Z‘ (Jr; = 15)

dt )
i<j

Nucleon-Nucleon interaction
: Skyrme , Volkov , Gogny ,
ex) Skyrme force

V' = Lo(r,—ry) +t,8(r, — r,)8(r, — ;)

» U™ =a(plp,) + B(plp,)’
ex) Gogny force

vij = Y vor(Wi + Bx Py — HyPr — My Py PT) exp[—(r; — 1})*/aj]
k=1

I
+ E’”{Wp + B,P, — H,P; — M, Py P;)p(1r;)? 8(r; —1;),
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Introduction to Transport Model

3. Collision

0 Interaction radius = T(r; + r,)?
ng

1
e_- —\/Jt"t(\/g) » Scatter with probability 1 !
T

Pauli blocking factor
Leon = f dedVrdVT\Vg - VI‘J(Q){QW)S‘S(DI T P2 — P — DQ*)

i for (1= f1)(1 = f2) £ fifa(l — fir)(1 — for)]

/

In-medium cross-section

<Elastic and In-elastic scattering>

NN -> NN , NN -> NAK, NN -> NA,
NA ->NA , A -> Nt , ..

® .
IS 21z ez
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Introduction to Transport Model

> BUU Model

<Parallel ensemble method>

_ \ )
Orp= Onn/Nrp Y

N, ensembles

~NppA?

"'(ANTP)2
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Introduction to Transport Model

4. Clustering
N~ o

Identifications of collision fragments are performed |
° 0 by clustering nearby nucleons.

Projectile

a9
AfewMeV/nC | :

Target Fusion

1bS 71xerez
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Introduction to Transport Model

Initialization

Particle
identification




EOS and Symmetry Energy

Equation of State

E(p.0) = E(p.6 = 0) + Egym(p)0” + O(6")
Pn— Pp

Pn + Pp

(=]
[=]

Neutron matter

where, § =

E/A (MeV)

T Nuclear matter

» Astrophysics (super novae, neutron star)
» Giant monopole resonance
» Heavy-ion collisions

Ref) A.Steiner et al. P.Rept 411 (2005) 325

Incompressibility of symmetry nuclear matter at its saturation density P =~ 0-16 fm

Ky =231 +5 [MeV] » from Giant Monopole Resonance

ilS2tuezy edp




EOS and Symmetry Energy

<The multifaceted influence of the nuclear symmetry energy>

To explore the EOS of
— — Isospin asymmetric
— matter from heavy-ion
reactions induced by

-- neutron-rich beams,
we need appropriate

theoretical tools.
-- -> Transport Model !!

Ref) A.Steiner et al. RRept 417 (2005) 325
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CoMD and ImQMD

Typical QMD + constraints -> less CPU time

Constrained Molecular Dynamics (CoMD)

f;=1 (forall 7),
Restriction

on phase space density

fi=2 8, .08, f filepd*rdp.
I i»'j CiYj hj

Improved Quantum Molecular Dynamics (ImQMD)

a p\ B p’ C}J'(pp—-pn}z \ f
T —_ o o o +
{T_Hoc 7 E <p[}>f+3 E < 2>-+ 3 0 d’r

g * \ Po

2 2
p P ng . 2.3
) = —) + | = (Vp)dr,
2 <p§>3— EE <Pg>z 2 e
» Consideration of surface energy
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CoMD and ImQMD

Testing stability of nuclei Fusion cross-sections

t=200fm/c

19Ca4+*zr

&
N

0
X (fm)

N.Wang — Phys.Rev.C 65 (2002) 064608
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FMD and AMD

Fermionic Molecular Dynamics (FMD)

Antisymmetrized Molecular Dynamics (AMD)
AMD wave funCtlon Anti-symmetrization
|P(Z) >= det;; [exp {—.U (r — — )mz
Slater Determinant

Ex.) 2C in AMD ,
X N Equation of motion for the wave packet centroids Z

d Az, OH
_Z ={Zi. H}py and zﬁZ Z Clio jir dtj _@Zw

7=1 T=rx.y,2

3a structure (c.f. Cigjr = 0ij05r in QMD)

Better fermionic nature -> more CPU time!

® >
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FMD and AMD

O .
AMD/Gogny

<Binding energies of nuclei>

A.Ono — Prog.Part.Nucl.Phys 53 (2004) 507

Institute for Basic Science it < 2 A
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The charge distribution of the produced
clusters in 2°Xe+Sn at 50 MeV/n
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Transport Model for RAON

Unstable nuclei ‘ r 11243 eg.11j js bigger than 2%Pb

Nuclear Structure !!

SHE &

Properties of very heavy nuclei
54Cr o 248Cm = 298.299120
SOTi + 249Cf 9 295.296120
.with RI beams

Nuclear astrophysics

"Be(p.y)*B
50(ay)'"Ne
150(2p.y)"Ne
'*Ne(2p.y)**Mg
26m Al(p.y)27Si
45V(p,’Y)46C1'
UTi(a;py"V
ZKr(2p,y)"*Sr
80Zr(2p.y)¥*Mo

S-process

rp-process

Nuclear structure

144Ye + ZOSPb 9 206-218pt (Z=78)

~——— number of protons
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ransport Codes and Super Computer

Cluster at RISP : 480 CPU cores

i . SERVER SYSTEM STORAGE SYSTEM (0ST-120TB) I a c hyo n I I at KI S I I
2 - = A ‘ j Client HELE(1) 23Q:E(1), Parallel Storage System -Lustre File System
intranet HIA==(30 Nodes), Full HA Storage Configuration . 2 5 40 8 ‘ P U c o re S
L]

}f =
DELL PERBZ0+30 Nodes R"“k_’ LS

L=y 270l E
DELLPER620 DELL PER620

e : - f——

Giga Ethernet Switch Infiniband FDR Switch
0SS #1 0SS #2
DELL PC6248 * 2Set DELL PE R720 Mellanox SX6036
- 36PORT

" Physical Capacity: q § MDT Storage

hy 6. ngauty 1 DELL PV MD3200 0ST Stcmge6
L < 4 DELL PV MD3260
. Usable42TB .

‘ Legend ‘ Infiniband FDR (56Gb) Giga Intranet L§% (1Gb) m— Giga Ethernet LH% (1Gb) ————  SAS HBA-Active Path (24Gb) ——— SAS HBA-FailOver Path (24Gb)
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Summary and Outlook

< RAON facility will provide opportunities to study isospin asymmetric
matters and exotic nuclei by heavy-ion collisions induced by
neutron-rich beams.

% As a reliable theoretical tools, we need a transport model.

% Transport model is a model to treat non-equilibrium aspects of the
temporal evolution of a collision.

% Many transport model codes are developed for different energy
regions and observables.

% To simulate HIC at RAON, we need a transport model which
describes well low energy reactions and nuclear structures.

1bS Z1xneaiy P
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<Schematic View of the Fusion Process>
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Super Heavy Elements at RAON




