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Action to be minimized:

Variation leads to:

No empirical parameters:

Successfully applied:

Input is an EDF only

Giant resonances (Linear response, RPA)

Heavy-ion reactions (Fusion, MNT, QF, Fission, ...)

: TDHF (TDEDF, TDKS) equation

Slater determinant Single-particle w.f.

Particle density Single-particle Hamiltonian
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 MNT: Large N/Z asymmetry  (N/Z ~ 1.29 [64Ni], 1.59 [238U])

 QF: Large charge product  (ZPZT=2576);   Total number of protons  (ZP+ZT=120)

 Expt.: J. Töke et al., NPA440(1985)327   (MAD, TKE-A)

 Expt.: E.M. Kozulin et al., PLB686(2010)227   (TKE-A at several E)

 Expt.:  L. Corradi et al., PRC59(1999)261   (TKEL, dσ/dΩ, σ)

Both MNT and QF processes are expected
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TDHF calculations were performed for three orientations of 238U
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 Reaction plane:  xy-plane
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 Impact parameter vector:  y-axis
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64Ni  + 238U    at Elab=390 MeV
28 36 92 146

K.S. and K. Yabana, in preparation

(Quasi)elastic

MNT (grazing)

Quasifission

TDHF describes not only MNT but also QF processes

Wilczyński plot



Expt.: L. Corradi et al., PRC59(1999)261
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TDHF results:
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64Ni  + 238U    at Elab=390 MeV
28 36 92 146

Experimental Wilczyński plot for various transfer channels

 Peak shifts down to  Q ~ -60 MeV  at  θc.m.~ 100°as  ΔZ increases
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: Number op. for VP

: PNP operator

V
T

V
P

Particle-number projection (PNP) technique

 Probability:  n nucleons in VP , N-n nucleons in VT

 We repeat TDHF calculations for various b

Φ(b=0), Φ(b=1), ...We get:

PNP: PN(b), PZ(b)

Transfer cross section:

C. Simenel, PRL105(2010)192701
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 Orientation dependence is small in grazing regime

 TDHF describes both proton pickup and stripping
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64Ni  + 238U    at Elab=390 MeV
28 36 92 146

b=0.5 fm, two different orientations

x-direction y-direction

Shell effects around 208Pb Proceeds to mass symmetry

20 neutrons, 10 protons

34 neutrons, 20 protons
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64Ni  + 238U    at Elab=390 MeV
28 36 92 146

K.S. and K. Yabana, in preparation

Orientation & impact parameter dependence of  “contact time”

z-direction

y-direction

x-direction
64Ni

238U

 We measure a time interval where neck density exceeds 0.5ρ0 (0.08 fm-3)

 Contact time depends much on the orientation of 238U
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K.S. and K. Yabana, in preparation

Mass-angle distribution (MAD)

 Gross behavior can be comparable

Expt.: J. Töke et al., NPA440(1985)327
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K.S. and K. Yabana, in preparation

Mass-TKE distribution

 TDHF describes reasonably TKE and fragment masses

Expt.: E.M. Kozulin et al., PLB686(2010)227

E
c.m.

~307.35 MeV E
c.m.

~301.05 MeV
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
64Ni+238U:

K.S., K. Yabana, PRC88(2013)014614- First MNT study by TDHF with PNP

- Detailed investigation of MNT and QF processes K.S., K. Yabana, in preparation


238U+100,124,132Sn:

- (Inverse)QF processes in TDHF


136Xe+198Pt, 197Au+130Te:

- Search for a pathway to produce N=126 neutron-rich nuclei


16,18,24O+206,208Pb, 16,24O+154Sm, 16O+27Al:

- MNT study at above barrier energies B.J. Roy et al., PRC92(2015)024603  (18O+206Pb)

[collaboration with expt. group in BARC, Mumbai, India]

K.S., K. Yabana, JPS Conf. Proc. 6(2015)030084


58Ni+60Ni:

- TDRPA for fragment mass distribution

[collaboration with expt. group in ANU, Canberra, Australia]
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Neutron number

Elab=1070 MeV

Elab=1210 MeV

“Primary” cross sections for heavier fragments:  197Au+130Te

We have to include effects of evaporation/fission

GRAZING calc.:  http://nrv.jinr.ru/nrv/webnrv/grazing/ with standard parameter sets
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Evaluation of excitation energy
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 Energy expectation value:  n nucleons in VP , N-n nucleons in VT

 TDHF wf:  a superposition of different transfer channels

for a fragment in VP with n nucleons for a fragment in VT with N-n nucleons

: PNP op.

Ex.) 58Ni+208Pb

K.S. and K. Yabana, PRC90(2014)064614

We have extended the PNP technique

 E* :   En - (c.m. kinetic energy) - (Coulomb from the other fragment) - Eg.s.

V
T

V
P



Implementation of statistical model is in progress
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Evaluation of evaporation effects:  58Ni+208Pb

Calc.: K.S. and K. Yabana, EPJ Web of Conf. 86(2015)00043

Expt.: L. Corradi et al., PRC66(2002)024606

 Evaporation effect is not enough to reproduce the expt. data

Suggesting necessity to go beyond TDHF

Evap.: I. Dostrovsky et al., Phys. Rev. 116(1959)683; 119(1960)2098
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Implementation of statistical model is in progress

K. Sekizawa MNT and QF processes in TDHF theory Tue., Oct. 27, 2015

I’m planning to use a sophisticated model:  HIVAP, GEMINI, PACE, ...

Fig: V.I. Zagrebaev et al., PRC87(2013)034608

My image of the results:
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For evaporation in competition with fission



Future plans
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1.  Inclusion of statistical decays

2.  Analysis of reaction products

3.  Detailed study of QF mechanism

4.  Going beyond the TDHF theory
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1. Extension of projection method

2. Fourier analysis

 We could also perform the parity and angular momentum projections

Naive ideas to see states populated via MNT reaction

Fig: P. Goddard, arXiv:1504.00919

Expt. values
in time

Fourier
trans.
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Novel reaction dynamics
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238U   + 124Sn   at b=0 fm
92 146 50 74

b=0 fm, two different incident energies

Elab~7 MeV/A

Neck formation/breaking “Inverse” QF

Elab~9 MeV/A

10 neutrons, 6 protons 16 neutrons, 12 protons
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PES study for QF process
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cf.  Langevin calc.

 Constraint HF calculations for PES would be helpful

Fig: E.M. Kozulin et al., PLB686(2010)227
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Insufficient description of MNT in TDHF
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Ex.) 40Ca+124Sn at Elab=170 MeV, b=3.96 fm

 Transfer-channel dependent potentials may improve the description

be shallower be deeper

Neutron transfer
would be suppressed

: potential for neutrons

cf. N/Z for pure -6p

PLF: 20/14~1.43
TLF: 74/56~1.34

2 protons

2 neutrons

(on average)

- Reasonable description around the average

N N

- Underestimates many-proton transfer channels

PNP
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TDGCM for MNT reaction

K. Sekizawa MNT and QF processes in TDHF theory Tue., Oct. 27, 2015

Choice of             ?

Calculated by
TDHF

Determined by
variation

1 Transfer-constrained TDHF

2 Use different projectile / target combinations

=40Ca+124Sn , =42Ca+122Sn , =38Ar+126Te ,...

ΔN=0

ΔN=1

ΔN=2

...

C. Simenel, J. Phys. G 41(2014)094007

√M
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Summary

K. Sekizawa MNT and QF processes in TDHF theory Tue., Oct. 27, 2015

~ Takeaway message ~

TDHF can reasonably describe main reaction processes of MNT & QF

~ Perspectives ~

1.  Inclusion of statistical decays  (Evaporation and fission)

2.  Analysis of reaction products  (Projection, Fourier analysis)

3.  Detailed study of (inverse)QF mechanism  (PES)

4.  Going beyond the TDHF theory  (Multi-Slater determinant?)
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