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INTRODUCTION: Interests for multinucleon transfer reactions

» Transfer reaction Ex.) **Ni+2*Pb reaction
5

BNi+2%Ph —> “Ni+*’Pb (Op, +1n) ‘

TCo+2"Bi  (-1p, On) J
“Fe+*'"Po (-2p, On) 208Pb‘ + sign

*Ni
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Experimental data: )Ni, +°°Pb __at E},,=328.4 MeV

Production cross sections for *Ni-like fragments [ RERes R LI R A TR LT X )

S8NTS
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{ - Horizontal axis: Mass number in smaller fragment (incident **Ni) ‘

- Labels “(-xp)”, x=0, ..., 6: Number of removed protons from **Ni ‘ >
+ sign
208Pb
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Experimental data: )Ni, +°°Pb __at E},,=328.4 MeV

Production cross sections for *Ni-like fragments [ RERes R LI R A TR LT X )

58Ni
- Horizontal axis: Mass number in smaller fragment (incident **Ni) '
- Labels “(-xp)”, x=0, ..., 6: Number of removed protons from **Ni ’ >
+ sign
208Pb

¢ (mb)
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Mass Number of PLF |

Transfer of 8 neutrons
N1 « 2%Ph
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Experimental data: )Ni, +°°Pb __at E},,=328.4 MeV

Production cross sections for *Ni-like fragments [ RERes R LI R A TR LT X )

58Ni
- Horizontal axis: Mass number in smaller fragment (incident **Ni) '
- Labels “(-xp)”, x=0, ..., 6: Number of removed protons from **Ni ’ >
+ sign
208Pb

¢ (mb)
E-

107!
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| Mass Number of PLF

Transfer of 6 protons Transfer of 8 neutrons
58Ni > 208Pb 58Ni ¢« 208Pb

‘ » Transfer of several nucleons have been identified experimentally '
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Quantum tunneling Neck formation & breaking
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» Two types of transfer mechanisms
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» A new means to produce neutron-rich unstable nuclei
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INTRODUCTION: Interests for multinucleon transfer reactions

Figure was taken from Rept. Prog. Phys. 70, 1525 (2007)

» Production of N-rich unstable nuclei which are important
to understand heavy-element synthesis in the r-process
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INTRODUCTION: Interests for multinucleon transfer reactions

1201

1|53— 238U +248Cm
Eem = 750 MeV

V.1. Zagrebaev and W. Greiner, Phys. Rev. C 83, 044618 (2011)
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Outline

2. TDHF calculation for multinucleon transfer processes in **Ni+°**Pb reaction

3. TDHF calculation for multinucleon transfer and quasi-fission processes

4. Summary and Perspective
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2. TDHF calculation for multinucleon transfer processes in *Ni+**Pb reaction

/

o

a) Transfer dynamics described by the TDHF theory
b) How to calculate transfer probabilities from a TDHF wave function

c) How to evaluate excitation energy of produced fragments

K. Sekizawa
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About the TDHF theory

v (Multi-)Nucleon transfer reactions had not been studied, seriously.

Brief historical table about the TDHF theory

/

1930:
1976:

~1980s:

1988:

2000~

The theory of TDHF was proposed by Dirac.
The first application to nuclear dynamics P. Bonche et al., PRC13(1976)1226

A number of applications were reported. J.W. Negele, Rev. Mod. Phys. 54, 913 (1982)

Inclusion of the spin-orbit force resolved so called fusion window anomaly.
P.-G. Reinhard et al., PRC37(1988)1026

Linear response calculations; Full 3D, full Skyrme interaction;

Calculation of a nucleus-nucleus potential from TDHF dynamics.

A.S. Umar et al., PRC74(2006)021601; K. Washiyama et al., PRC78(2008)024610
For a recent review, see C. Simenel, Eur. Phys. J. A 48, 152 (2012)
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About the TDHF theory

v We employ ordinary TDHF theory:

52;? [ / dt <<1>‘m% ~Hy,.

c1>>] =0

Variation
L 0¢i(r,0,q,t) :
1R (:)t’ ) J — hSkyrme [,0, 7,7,8, 7T, Juy}qﬁi(r, o, q,t) : TDHF eq.
Slater determinant Single-particle wave function

CID(azl,--- ,ZEN,t):%det{qbi(xj?t)} gbi(r707Q7t)

e Real space: 3D box discretized into a uniform mesh
e Real time: Taylor expansion method of 4th order

e Contact type (Skyrme) effective interaction

e No adjustable parameter specific to the reaction dynamics
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About the TDHF theory

a’i » U 7t 7 .
ih e (Taj %:1) = |5 lkyrme [,0, 7,.7,8,T, Jﬂy}gbi(r,a,q,t) : TDHF eq.

Slater determinant Single-particle wave function

(I)(xlv T 737N7t) — ﬁdet{gbi(xﬁt)} Qbi(rvo-a%t)

Time evolution: t = t+At

di(r,0,q,t + At) ~ e—iBSkyrme(t—l—%)At/h@ (r,o,q,t) fori=1,.., Np+Ny

Update of mean-field potential N

]AlSkyrme(t + At) — iLSkyrme[[)(t + At), ]

plrit+A8) =" |gi(r,0 gt + A, .

Z?O-7q
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

82
K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

-
3D-grid: 60x60%26 (48 fmx48 fm*20.8 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, At 0.2 fm/c, Initial separation distance: 16 fm
Calculated impact parameter: 0 = b= 10 fm

Fusion reactions (b = 1.38 fm), Binary reactions (1.39 fm = b)
N )

Density evolution obtained from the TDHF calculation

b=1.38 fm b=1.60 fm b=4.00 fm

Projectile: **Ni

(3O

Target: ***Pb
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

82
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

RY)

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

-
3D-grid: 60x60%26 (48 fmx48 fm*20.8 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, At 0.2 fm/c, Initial separation distance: 16 fm
Calculated impact parameter: 0 = b= 10 fm

Fusion reactions (b = 1.38 fm), Binary reactions (1.39 fm = b)
N )

Density evolution obtained from the TDHF calculation

b=1.38 fm b=1.60 fm b=4.00 fm

Fusion (b = 1.38 fm) Transfer(1.39 fm = b)
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

RY)

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

-
3D-grid: 60x60%26 (48 fmx48 fm*20.8 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, At 0.2 fm/c, Initial separation distance: 16 fm
Calculated impact parameter: 0 = b= 10 fm

Fusion reactions (b = 1.38 fm), Binary reactions (1.39 fm = b)
N )

Density evolution obtained from the TDHF calculation

b=1.60 fm b=4.00 fm

(Average number of nucleons in Vp

<N>PLF - /Vpd"“ p(r)
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

Average number of nucleons transferred from **Pb to **Ni TKEL: Total Kinetic Energy Loss

Neutron —e—
Proton

TKEL (MeV)
b2 W = Lh
o o o o

[a—
<

<o

‘ > There appear two types of transfer dynamics depending on the impact parameter '
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

Average number of nucleons transferred from **Pb to **Ni
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+ sign
4 25ph
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58Ni e 208Pb
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p

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

TKEL: Total Kinetic Energy Loss

Charge equilibration

oo n  p

-
i

‘ » There appear two types of transfer dynamics depending on the impact parameter '
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

Average number of nucleons transferred from **Pb to **Ni TKEL: Total Kinetic Energy Loss

- . S8NTs
10 E — sign N1
oy ' of O
6 F ‘J
% 4 08Pl + sign
2
ok e Atlarge impact parameter (3fm <b)  Charge equilibration
2F Neutron: *Ni € **Pb n D
__60F Proton: *Ni = **Pb
U
= 40
3 30 E
Ej 20 E e At small impact parameter (b < 3 fm) Neck breaking
- 2
10 om } Neutron: ssNj € 205pp
0 0 1 2 3 4 5 6 7 8 Proton: >Ni € **Pb I:>

b (fm)

‘ » There appear two types of transfer dynamics depending on the impact parameter '
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

Average number of nucleons transferred from **Pb to **Ni

TKEL: Total Kinetic Energy Loss

10 E ‘SSNi

8 E Neutron —e—

6 E Proton @~ J

: - + sign

2 4f Pb

2 F |

- e Atlarge impact parameter (3 fm < b)  Charge equilibration

2 Neutron: *Ni € **Pb n _p °e n
__60F Proton: *Ni = **Pb | |
U H \ - |
= 40 ®e
— 30 E
Ej 20 E e At small impact parameter (b < 3 fm) Neck breaking
~ :

10 5 Neutron: ssNj €= 28pp

0 Proton: °*Ni € **Pb |:> I

‘ > There appear two types of transfer dynamics depending on the impact parameter '
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Property of the TDHF wave function to be analyzed

Time evolution obeying the TDHF equation

v

Target |Projectile
region: |region:

Vo

Projectile region:
Vp

TargQgion: Vo

Initial state: ®;,;( (t = o) Each s.p.w.f can extend Final state: ®g,,1(t = tf)

to the other nucleus

Before the collision (t=t,) After the collision (t=t;)

The initial state: An eigenstate of both N pand Nt | The final state: NOT an eigenstate of both N p and Nt

NP (I)init — AP (I)init NP (I)ﬁnal 7é AP (I)ﬁnal
NT(I)init — AT (I)init NT(I)ﬁnal 7£ AT (I)ﬁnal
The TDHF wave function after collision is a superposition of states
with different particle number distributions

Ex.) *Ni+**Pbreaction  ®pna = Clop,+10) P (*'Ni; **"Ph) ‘SgNi
+ C(—lp,On)(I)(57CO; 209Bi)

+ C(_Qp,on)@(%Fe; 210PO) 2ngb‘l+sign
4.
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How to calculate the transfer probability

Particle number projection method

- v Particle number projection operator

C. Simenel, Phys. Rev. Lett. 105, 192701 (2010)

Projectile region: Vp

. 1 [? - ;
P,=— [ dfen—Ne)o k_)
27T 0

N p : Number operator of the spatial region Vp
Np+Nr Y
Np = [ d®r Z 5(r —m;) Targetregion: Vy

N=Np +Nr: Total number of nucleons

. » Probability P,;: n nucleons are in the Vp and N-n nucleons are in the Vp

P, = (®|P,|®)
= 5 | 40 det{(6ilos) v, + o)y, )
Slater determinant Single-particle w.f. Overlap integral in respective regions
O(xy, -+, 2N) = \/% det{¢p;(x;)} ¢i(x) = ¢i(r,0) (il @j), —/dgaj ¢; (x)¢;(x)
. t=1,--- ,Np + N ! T:VPOI'VT
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

Transfer probabilities

P, = (®|P,|®) = 1

27

27
/ d '’ det{(¢i|d;),. +e (di|¢;),, } : The projection method
0

1.0 T T ] T ] 7 I
'y : S8NT;
7/ Neutron ] ‘ :
e ]
: . E ‘ + sign
1 04 E 208Pb 5
?_,;2_? o —_.-‘: LY ]
0.0 PEELE Ml Sty 1

I 2 3 4 5 6 7
b (fm)

o0
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)
Transfer probabilities

2m
D) = — / d '’ det{(¢i|d;),. +e (di|¢;),, } : The projection method
0

@
ZOSPb‘ + sign

-
e Atlarge impact parameter (3 fm < b)

Charge equilibration

0.0
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)
Transfer probabilities

2m
D) = — / d '’ det{(¢i|d;),. +e (di|¢;),, } : The projection method
0

T

4 )
e Atlarge impact parameter (3 fm < b)

Charge equilibration

e At small impact parameter (b < 3 fm)

Neck breaking

. J
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)
Transfer probabilities
1

2m
P, = (®|P,|®) = 2—/0 do ¢’ det{($i]d;).. +e¢ (¢i|¢j)y, } : The projection method

T

T 7! T - .
! %/Neutron (b) — sign N
7 o % e @
/ +10n --- 7 + si1gn
7 0-4/ +1In -~ 208ph
/ e 120 -
77’? : 0.2 % TS AN e S p—
i 0.0 / BN
O bt T (. . \
Proton (d)3 [ e Atlarge impact parameter (3 fm < b
0-8% +1p -4
0.6 % EE = Charge equilibration
+21p -_f
0.4 %. PO 5p 1 | e Atsmall impact parameter (b < 3 fm)
0.0 /%4 R | ,11|q.|\ le bompe I..E K NeCk breaklng )
| 1.5 2.0 2.5
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

Transfer probabilities

2m
P, = (®|P,|®) = —/0 do ¢’ det{($i]d;).. +e¢ (¢i|¢j)y, } : The projection method

1
27

1.” iy L | ™ 1.0 AT v T [ T T T T
// ] " ] 58NT3
3{ Neutron 1 @/ Neutron (b)3 N1
7 S
0.8 &7 5 087/ I P
. ﬁf”; 1 ?’j”f +8n ]
fih 0.6 ;‘:%‘E ..... 3 0.6 gﬁ% Iﬁn - {S.gn
wn v/ 1 A +10n == 3 1
0.4 7 i 1 0497 +11n - 208ph
0.2 —fr} PR L 3 0.2 g TR =
0” ) T A e | {}0 AR e o g [y o
1” i‘}{ LI 3 10 :;ﬁj/-”ﬁ T T T T 1 LI B B |: i \
0.8 [ Proton 1 087 Proton (d)§ |[e Atlarge impact parameter (3 fm < b)
Y 1 7 LT oh S
o/ 3 o0&t : = arge equilibration
2069 1 0677 13p e ge eq
0.4 7 1 ) s, Sp "3 | o Atsmall impact parameter (b < 3 fm)
0.2 M\ : 302 i = .
RV A ) . 7 R ] Neck breakin
0.0 %"*‘1 o |\"f BTINTY R T ot S AN N B 0.0 L I L W Tt TR S \ g j
] 2 3 4 5 6 7 8 1.5 2.0 2.5

b (fm) b (fm)
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Results of the TDHF calculation: )Ni, +°7°Pb _at E},,=328.4 MeV

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)

13 (LM e R (0 RO G ) R (O MU BRIt S Sll  Exp.: L. Corradi et al., Phys. Rev. C 66, 024606 (2002)

o (Z,N) =27 / b Pép )(b)Pj(\? )(b) db : Production cross section

brnin

- Horizontal axis: Number of neutrons in lighter (**Ni-like) fragments

- Labels “(- x p)”, x=0, ..., 6: Number of removed protons from **Ni

Exp. L

N AR

2832364044 2832364044 2832364044 2832364044 2832364044 2832364044 2832364044
Neutron number of **Ni-like fragments

» TDHF reproduces measurement reasonably, when number of transferred nucleons is small
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Possible origin of discrepancy: Particle evaporation

Effects of particle evaporation

» If produced nuclei via multinucleon transfer processes are highly-excited,
these nucle1 may de-excite by particle evaporation processes.

28 32 364{)44 2832364044 2832364044 2832364044 2832364044 2832364044 2832364044
NEUTRON NUMBER of PLF
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Possible origin of discrepancy: Particle evaporation

Effects of particle evaporation

» If produced nuclei via multinucleon transfer processes are highly-excited,
these nucle1 may de-excite by particle evaporation processes.

Proton evaporation

) : b4
107 ) : 7 7
107 Y » 1
2832364044 28 INeutron evaporation 33364044 2832364044 2832364044 2832364044

NEUTRON NUMBER of PLF

Particle evaporation processes may remedy the discrepancy
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Possible origin of discrepancy: Particle evaporation

Effects of particle evaporation

» If produced nuclei via multinucleon transfer processes are highly-excited,
these nucle1 may de-excite by particle evaporation processes.

Proton evaporation

107 § , '_ :
107 Y » L
2832364044 28 INeutron evaporation 33364044 2832364044 2832364044 2832364044

NEUTRON NUMBER of PLF

Particle evaporation processes may remedy the discrepancy

To evaluate the effect of particle evaporation,
we need to calculate excitation energy of produced fragments for each transfer channel

» We applied the particle number projection method
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How to calculate energy expectation value of produced fragments

icati ot K. Seki d K. Yabana, I tion.
Application of the projection method ekizawa an abana, In preparation

Recall: The final w.f. is a superposition of different particle number states Projectilg region: Vp

Ex.) **Ni+°”*Pb reaction Pppal = C(Op 1) & (59Ni; 207Pb)
-+ O(—lp,On) P (5700; 209Bi)
+ C(—2p,0n) P (56F€; 21OPO)

_ <(I) ‘ H Ap n ’(I)> | b, = S 2;9 ¢!(n=Ne)0 - Particle number projection operator
" (®|B,|®) S A

2m
_ ! /deei"‘)detB(e)/d3rﬂ(r,6’)+
0

Energy of fragment in Vp with n nucleons Energy of fragment in Vr with N-n nucleons

B(6 = (¢;| D —i0 b BrH(r o) - Energy density functional
(BO), = @lot @y, [@rfio): Bee ety ficiona

J

e p;i(r,0) if reV T _ Al , 1
oi(x,0) = { zﬁgﬁg; £ ; VE oi(x,0) _;qu(m,e) (B (0))
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How to include effects of particle evaporation

Outline of our approach

Stepl. Evaluation of excitation energy of produced fragments

K. Sekizawa and K. Yabana, In preparation.

~
1. Translational motion of each fragment: Stopped by multiplying plane waves

. . 2m
2. Internal energy: The projection method EF 5 1P / df e det B(6) / dr H(r,0)
>y Jo Vi

P

3. Excitation energy: Subtract the g.s. energy
E)* = E, — E&*

.

Step2. Estimation of number of particles to be emitted by using a statistical model

~

v We use a model developed by Dostrovsky et al. [ 1] from LeCouter's evaporation model [2]
based on Weisskopf's statistical theory [3].

v Excitation energy of produced fragments evaluated from the TDHF wave function after collision
is used as an input of the evaporation calculation.

[1] I. Dostrovsky et al., Phys. Rev. 116, 683, (1959).
[2] K.J. LeCouter, Proc. Phys. Soc. (London) A63, 259 (1950).
[3] V. Weisskopf, Phys. Rev. 52, 295 (1937).
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Results of the TDHF calculation: Ni, +°0Pb_at E},,=328.4 MeV

K. Sekizawa and K. Yabana, In preparation.

13 (LM e R (0 RO G ) R (O MU BRIt S Sll  Exp.: L. Corradi et al., Phys. Rev. C 66, 024606 (2002)

- Horizontal axis: Number of neutrons in lighter (**Ni-like) fragments (Preliminary)
- Labels “(- x p)”, x=0, ..., 6: Number of removed protons from **Ni
Exp. L]
TDHF w/o evap.
TDHF w evap. -

28 32364044 2832364044 283236 4{}44 2832364044 28323640 44 2832364044 2832364044
Neutron number of **Ni-like fragments

» The discrepancy is somewhat remedied, but not enough.

'

It may indicate the importance of correlation effects beyond the mean-field level.
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2. TDHF calculation for multinucleon transfer processes in *Ni+**Pb reaction

/

o

a) Transfer dynamics described by the TDHF theory
b) How to calculate transfer probabilities from a TDHF wave function

c) How to evaluate excitation energy of produced fragments

K. Sekizawa
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Outline

3. TDHF calculation for multinucleon transfer and quasi-fission (QF) processes

/
a) A systematic investigation of QF processes in **Xe+'"*Pt reaction

b) Orientation dependence of QF dynamics in **U+'**Sn reaction

c¢) Orientation dependence of QF time-scale in “Ni+>*U reaction
o
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B e+*Pt reaction

N/Z =152 (**Xe), 1.54 (“®Pt) ; ZpZp = 4212




Objective experiment

cf. S.C. Jeong et al., KEK Report 2010-2 (2010)

» KISS project (2010-2015) (KISS: KEK Isotope Separation System)

Aim: To measure lifetime of neutron-rich unstable nuclei
with A~200 along the neutron magic number N=126

Q
SN
'b,r ® 7».-:)
(b&, p N o
A Q‘«/ / E Known mass
oS d S
& A / [0 Known halflife
*‘:}' J,f | ¥
A . . 1 -
;‘\b Vs _' A },/ 0 r—process waiting point (ETFSI-Q)
DL \ /
A 0/ LY
O N RN 1 oo
& NS
oy ~ ]
:‘\}' . N / o2 I I
N %5\ - / . oo = : :
D &y J s JARYY o — :
J TR T C
2 & A et fmeand  ©Xe+ Pt reaction
) 5 / i H hsoref
o) A */_Q _ 76 HH 1:E;:‘j boHH= T
E \\:, . / _\k‘j 72--1 TTT HHH E E'_'EE 1-53321'-'0"1'-'4 5»204 o"
= J I i HHHE SPYPH
! ./ P JEREARBEE - T
/ P jma _:::ﬁ.:': y5d® N = =
g _/; '\'B\‘Zn:ﬁ4 H —:EE:.,-%-IE-'_JI-I—:JL&@*.“. jl'/[u[ 3 -~ = H 2O3Ir E
o ¥ BT H _\—:{fq-&g‘e S t]f’, , | N = =
o= S/ SE[TT 12 Sel che | H
/ ssrrg ] 3 Tee DDT ~ = 202
= b ol i A Tap ¥ ™0s
O BT EH _‘3_6'21 14 \’ltlI:— E
= T N=126 s ["Re
TT _";E. - ::
'»2200\/\15
l T
| Siiiierl N=82 120 121 122 123 124 125 126

N=50

Neutron number N

Figure was taken from Rept. Prog. Phys. 70, 1525 (2007)
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10 MeV/A, b=3 fm
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10MeV/A, b=3 fm
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10 MeV/A, b=3 fm

Xe € Pt, A~10 transferred

K. Sekizawa Time-dependent Hartree-Fock calculations for multinucleon transfer processes Tue., 15 April, 2014



. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10MeV/A, b=3 fm
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10MeV/A, b=3 fm

Xe = Pt, A~10 transferred
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fm*x56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLyS5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10MeV/A, b=3 fm

0
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

What we have done

v TDHF calculations for **Xe+'**Pt reaction at various impact parameters and incident energies

(E =5,6,...,9,9.5,10 MeV/A (680, 816, ..., 1224, 1292, 1360 MeV), b=0,0.5, 1.0, ..., 10 fm)

3D-grid: 70x70%30 (56 fmx56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10 MeV/A, b=3 fm

Xe € Pt, A~20 transferred
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

v What nuclei are produced (direction of transfer or scission point of the neck)
depends much on the incident energy and the impact parameter.

3D-grid: 70x70%30 (56 fmx56 fm*x24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10 MeV/A, b=3 fm

Xe € Pt, A~10 transferred Xe = Pt, A~10 transferred Xe € Pt, A~20 transferred
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

v What nuclei are produced (direction of transfer or scission point of the neck)
depends much on the incident energy and the impact parameter.

Average # of nucleons in Vy 3D-grid: 70x70%30 (56 fmx56 fm*24 fm), Mesh size: 0.8 fm
<N >TLF / dr p(r)
Vp

E=8 MeV/A, b=5fm E=9 MeV/A, b=4 fm E=10 MeV/A, b=3 fm

Skyrme force: SLy5, 4t 0.2 fm/c, Initial separation distance: 25 fm

Calculated impact parameter: 0 = b= 10 fm

Xe € Pt, A~10 transferred Xe = Pt, A~10 transferred Xe € Pt, A~20 transferred
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

Average # of nucleons in Vt

Average # of nucleons in heavier ('**Pt-like) fragments (N)rLp = /v dr p(r)
skx-axis: Impact parameter b (fm) \
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. . 136 198 :
Results of the TDHF calculation: " [Xe + Pt reaction

Average # of nucleons in heavier ('**Pt-like) fragments

x-axis: Distance of closest approach d=d(b,E) (fim) \
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> Results with different initial conditions show a similar behavior as a function of d(b,E)
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: : : 136 198 _
Comparison with experimental data: ;) Xe,+ (Pt  at E;p,=8 MeV/A

Production cross sections for lighter (“**Xe-like) fragments [y
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Comparison with experimental data: ;) Xe,+ (Pt  at E;p,=8 MeV/A

Production cross sections for lighter ('*°Xe-like) fragments

K. Sekizawa
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28U0+'%Sn reaction

N/Z = 1.59 (**U), 1.48 (**Sn) ; ZpZr = 4600




Objective experiment: *U, ' 24Sn,, at E,,;,=5.7 MeV/A
Exp.: W. Mayer et al., Phys. Lett. 152B, 162 (1985)

Production cross sections for lighter ('**Sn-like) fragments

10 120 130 140 150

A
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Objective experiment: *U, ' 24Sn,, at E,,;,=5.7 MeV/A

Exp.: W. Mayer et al., Phys. Lett. 152B, 162 (1985)

Production cross sections for lighter ('**Sn-like) fragments

10 120 130 140 150

A

238U 9 124SI,1

Neutron ~ 10 transferred

Proton ~ 15 transferred
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Objective experiment: *U, ' 24Sn,, at E,,;,=5.7 MeV/A
Exp.: W. Mayer et al., Phys. Lett. 152B, 162 (1985)

Production cross sections for lighter ('**Sn-like) fragments

238U 9 124Sn

Neutron ~ 10 transferred

Proton ~ 15 transferred

10 120 130 140 150

A

‘ v How can we understand this massive transfer from **U to '**Sn through TDHF calculation? I
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=11fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction

K. Sekizawa Time-dependent Hartree-Fock calculations for multinucleon transfer processes Tue., 15 April, 2014



Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction

Sn € U, A~3 transferred
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction

Almost no nucleons transferred
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

What we have done

v TDHF calculations for >*°U+'**Sn reaction at Ej,;;,=5.70 MeV/A for three orientations of **U

(Projectile: ***U, prolately deformed, 3~0.27; Target: '*Sn, oblately deformed, ﬁ~0.11)

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction

Sn € U, A~17 transferred

K. Sekizawa Time-dependent Hartree-Fock calculations for multinucleon transfer processes Tue., 15 April, 2014



Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

v The amount of nucleons transferred from ***U to **Sn via quasi-fission processes
depends much on the relative orientation of the **U nucleus

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
Ex.) b=1{fm case Calculated impact parameter: 0 = b= 10 fm

symmetry axis: z-direction symmetry axis: y-direction symmetry axis: x-direction

Sn € U, A~3 transferred  Almost no nucleons transferred  Sn € U, A~17 transferred
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

v The amount of nucleons transferred from ***U to '**Sn via quasi-fission processes
depends much on the relative orientation of the **U nucleus

3D-grid: 70x70%30 (56 fmx56 fmx24 fm), Mesh size: 0.8 fm
Average # of nucleons in Vry Skyrme force: SLy5, 4t. 0.2 fm/c, Initial separation distance: 23 fm
<N >TLF = / dr p(r) Calculated impact parameter: 0 = b= 10 fm
T
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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K. Sekizawa

Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A
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Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

50

Production probabilities section for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

50

Production probabilities section for lighter ('**Sn-like) fragments "3%Line color indicate
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter (‘**Sn-like) fragments (Preliminary)
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter ('**Sn-like) fragments (Preliminary)
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter ('**Sn-like) fragments
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter ('**Sn-like) fragments (Preliminary)
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Results of the TDHF calculation: * U, +'2'Sn , at Ej,,=5.7 MeV/A

Production cross sections for lighter ('**Sn-like) fragments (Preliminary)
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“Ni+-*U reaction

N/Z = 1.29 (“Ni), 1.59 **U) ; ZpZr = 2576




Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

(Projectile: “Ni, oblately deformed, $~0.11; Target: **U, prolately deformed, ,B~O.27)

symmetry axis: x-direction symmetry axis: y-direction
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

92 146

(b=0, symmetry axis: -direction)




Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

92 146

(b=0, symmetry axis: y-direction)




Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

(Projectile: “Ni, oblately deformed, $~0.11; Target: **U, prolately deformed, ,B~O.27)

symmetry axis: x-direction symmetry axis: y-direction

v The time-scale of quasi-fission processes depends much
on the relative orientation of the **U nucleus
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

(Projectile: “Ni, oblately deformed, $~0.11; Target: **U, prolately deformed, ,B~O.27)

symmetry axis: x-direction symmetry axis: y-direction

v The time-scale of quasi-fission processes depends much
on the relative orientation of the **U nucleus
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A

VF'P(R) MeV)
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A
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Results of the TDHF calculation: SNi, +*°U at E},,=6.1 MeV/A
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Outline

4. Summary and Perspective
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Summary and Perspective

v I showed how to calculate nucleon transfer probabilities from the TDHF wave function.
(Projection method: C. Simenel, PRL105(2010)192701)

v 1 presented results of the TDHF calculation for **Ni+**Pb reaction.
(K.S. and K. Yabana, PRC88(2013)014614; arXiv:1403.2862)

v Recent applications for quasi-fission processes were presented.
(136X6+198Pt, 238U+124Sn, 64Ni+238U)

N~
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Summary and Perspective

v I showed how to calculate nucleon transfer probabilities from the TDHF wave function.
(Projection method: C. Simenel, PRL105(2010)192701)

v 1 presented results of the TDHF calculation for **Ni+**Pb reaction.
(K.S. and K. Yabana, PRC88(2013)014614; arXiv:1403.2862)

v Recent applications for quasi-fission processes were presented.

\— (136Xe+198Pt’ 238U+124Sn, 64Ni+238U)

/
v Perform a lot of calculations to understand reaction mechanisms of MNT & QF processes.

v Extension of the study: TDRPA, TDGCM, TDHFB (or TDHF+BCS), other projections, ...
—
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