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Time-dependent Hartree-Fock theory

O time-dependent Hartree-Fock (TDHF) theory

A A
S=["(w®)|H -ina, | ¥(D) dt H=>t+>y,
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Advantages:
» Fully microscopic, parameter-free theory in heavy-ion collisions;
» Nuclear structure and reactions in a unified framework (same EDF);
» Dynamical and quantum effects are automatically incorporated;
Limitations:
» Only one-body dissipation;

» tunneling effect is missing;



TDHF theory: historical remarks
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VOLUME 13, NUMBER 3

MARCH 1976

One-dimensional nuclear dynamics in the time-dependent Hartree-Fock approximation*

P. Bonche,' S. Koonin,' and J. W. Negele

(Received 14 October 1975)

The time-dependent Hartree-Fock theory is applied to the large amplitude dynamics of slabs of spin and
isospin symmetric nuclear matter. The slabs are translationally invariant in two transverse dimensions, and
with the simplified effective interaction used in this work, the problem is reduced to a set of coupled nonlinear
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[0 TDHF was proposed by Dirac in 1930s and first applied to nuclear physics in 1976

O fusion dynamics

O Deep inelastic collisions
O fission dynamics

O Resonances dynamics
O nuclear molecular

O collective excitation



TDHF theory: historical remarks

O After the first application, many extensive studies in 70s and 80s
many approximations and restrictions of symmetries

» Omission of spin-orbit force

Boneche et al.,, PRC17, 1700 (1978); Davies and Koonin, PRC 23, 20142 (1981);

» Axial-symmetry 2D geometry

Maruhn et al., PRC 31, 1289 (1985); Reinhard et al. PRC 37, 1026 (1988);

A hindrance for the theoretical development



TDHF theory: historical remarks
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nonfusion for low partial waves is predicted.

Search for a fusion L window in the %0 +%0 system at E, , =24 MeV
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TDHF theory: historical remarks
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The conflict between TDHF prediction and

experimental data promotes the theoretical

development.




TDHF theory: historical remarks

O Inclusion of time-even spin-orbit force
A. S. Umar et al., Phys. Rev. Lett 56, 2793 (1986)



TDHF theory: historica

| remarks

O Inclusion of time-even spin-orbit force

A.S. Umar et al., PRL56, 2793 (1986)

100
so_| "0+ ™0 cenfral SkM*
TABLE 1. Thresholds for the inelastic scattering of '°0
160 cvc _
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O Upper fusion threshhold was increased more than

2 times with I*s;

O Energy dissipation was increased significantly with I*s;




TDHF theory: historical remarks

O Inclusion of time-even spin-orbit force

A.S. Umar et al., PRL56, 2793 (1986)

TABLE 1. Thresholds for the inelastic scattering of '°0
160 cuc
+10 system. s
Skyrme II Skyrme M* &
Force (MeV) (MeV)
Spin orbit 68 70
No spin orbit 31 27

100
20— 150 + %0 central SkiM*
60 NoLS
40_
20— Skl

0

0 50 100 150
Ee[MeV]

O Upper fusion threshhold was increased more than 2 times with I*s;

O Energy dissipation was increased significantly with I*s;

solved the puzzle of small fusion window




Importance of spin-orbit force

0 Galilean invariance in TDHF

Inclusion of both time-even and time-odd I*s force



Importance of spin-orbit force

O Galilean invariance in TDHF

Inclusion of both time-even and time-odd I*s force
» Without any symmetry restrictions

» Full skyrme functional

» 3D coordinate space



Importance of spin-orbit force

OO0 Galilean invariance of TDHF

Inclusion of both time-even and time-odd I*s force
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O I:)dis = Edis/Ec.m. J I:)so = 1 — phols)/pullts)

O Time-even I*s is important in low energy, while time-odd I*s is at high energy;

O Around 40%~65% of the energy dissipation arise from spin-orbit force;

G. k. Dai, Lu Guo, E.G. Zhao, and S.G. Zhou, Phys. Rev. C90, 044609 (2014).



Effect of tensor force in fusion dynamics

O Nucleon-nucleon interaction:
Tensor force: the most obviously missing component in HIC

Tensor force in original Skyrme force has been neglected in most calculations

Vi (r) = £,(14 x,P7)8 (5 _f2>+%(1+X1PG)[k'25(f1 —1)+8(1 — 1)k |

LT
2

0, (143, D7)k 85 = )k 42 (14 x,P7) p ()3 (5~ 1)

+iW, (o, +0,)k'x0(1;, —1,)k
[3(0,- k)0, k)~ (0,-0,)k" |5(r)

+6(r)| 3(0, - k)(0, - k)= (0, 0,k |
+¢,[3(0,-kNS6(r)(o, k)= (0, 0,)k'5(r)k]
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Effect of tensor force in fusion dynamics

O Energy density functional (EDF) including tensor force

Both time-even and time-odd EDF have been included

H=FHo+ > {Asst (AtAS + BtAs)st . As, + BY(V - 5,)?

t=0,1

1/ < 21 <
+ Bfl:st ’ Ft - 5( Z Jt,,u;,t) - 5 Z Jt,,qut,v,u]}a
H=X V=X

H, is basic functional used in Sky3D code and most TDHF calculations

Ho = Z {Atpt + AtA'OPtAPt + AtT(PtTt _.]tz)
t=0,1

+ A p VT + A s -V x jt}.




Implementation of tensor force

PHYSICAL REVIEW C 93, 054617 (2016)

Skyrme tensor force in heavy ion collisions

P. D. Stevenson,! E. B. Suckling,'-? S. Fracasso,! M. C. Barton,' and A. S. Umar’®
'Department of Physics, University of Surrey, Guildford, Surrey, GU2 7XH, United Kingdom
>Dept. of Meteorology, University of Reading, Reading, RG6 6BB, United Kingdom
S Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235, USA

160+160 deep-inelastic collisions
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Effect of tensor force in fusion dynamics

O Spin-saturated closed shells:

20 and 40 5 representative collisions:

all are doubly magic closed 4 9Ca+*°Ca

shells---no pairing necessary 3 40Ca+48Ca
2 48Cat+48Ca
1 48Ca+1328n
0 >6Ni+°°Ni

N, is the total number of spin-saturated magic number in target and projectile.




Effect of tensor force in fusion dynamics

O Skyrme tensor force:

» perturbative addition to the existing standard interactions, e.g. SLy5t

» complete readjustment of the full set of parameters on the same footing, e.g., TIJ

SLy5, SLy5t;
122, T26, T44, T62, 180 ——T——— T
O Questions to be addressed: 10 1 16 ]
» How much of the changes is caused [ T24""/ T46
by tensor force itself? "‘E o0 r . /® © -
> By the rearrangement of all other terms >0 Tzz ) Py 12
during the fit of the parametrizations? é L RS 42 T64
> By the time-even part of the EDF, that is, © 60F Q\\\ © |
the modification of s.p. orbitals, 120 k ng il
> By the time-odd part of the EDF? \
180 b

60 0 60 120 180 240
4 [MeV fin’)



Fusion Barrier

Effect of tensor force in fusion dynamics

O Coulomb barrier: static and dynamic

54.5

54 |

535 f

53 |

525 }

52

—&— static FD
—e— TDHF

——

—il— Expt. 4OCa+40Ca
|| L L L L |
[ @

O Static barrier:
from EDF-FD

AAAN

V™ (R) = ¢l pp,r I(R) — el pe1 - €lpr ]
» Neglect pauli effect;
» Neglect couplings;

O Dynamic TDHF barrier:

SLy5 SLy5t T22 T26 T44 T62

O Static barrier is systematically higher than experiments and dynamic TDHF barrier;

O Dynamic TDHF barrier has better agreement with experiments;

O For static barrier, tensor force contributes only to time-even terms, that is...

O For dynamic barrier, both time-even and time-odd terms are naturally presented;




Effect of tensor force on fusion barrier

53.2 1 1 1 L L Ll 52.5 T 1 1 L ] ]
S @/\9\9\@‘@ | /\\@/‘9/@
52.8 | ! 2
48, 48
526 —O— static FD | Cat+"Ca
& —e— TDHF 4063+%8C3 3
‘= - 515 B
§ 524 |8 ot E o s - . - n
c ng —o— staticFD
5 %22y g —e— TDHF
2 2 91 —i— Expt.
5t = B n n | |
518 F -
505 F
516 F u/\'/\ .
51 4 1 1 1 1 L 50 \ , . , ,
SLy5 SLy5t T22 T26 T44 T62 SLy5 SLy5t T22 T26 T44 T62

O Tensor force SLy5t increases the barrier height and improves the agreement with experiments;
O Effect of tensor force TIJ has been quite different for different systems, depends on the

isoscalar and isovector couplings, the subtle interplay between structure and reactions



Fusion Barrier

1155

15

1145

14

1135 f

M3

1125

12

1M15

111

Effect of tensor force on fusion barrier

—&— static FD
—e— TDHF 480a+1328n

e

SLy5 SLyb5t T22 T26 T44 T62

Fusion Barrier

103

102.5

102

101.5

101

100.5

100 f

99.5

—O— static FD 56. .. 56...
—e— TDHF Ni+™"Ni

SLy5 SLy5t T22 T26 T44  T62

O Similar trends are observed as the spin-unsaturated systems.;




Effect of tensor force on fusion cross section

O Another important experimental observable

Parameter free calculation

600 I I
—=— Cal. SLy5
500 | ——*— Cal. SLy5t i
Exp. 1
400 H| -
o)
£ 300} i
o
200 F .
100 F -
0 L '] L L 1 1
52 54 56 58 60 62 64 66

Ecm (MeV)

O Tensor force has negligible effect on the fusion cross section of spin-saturated reaction 4°Ca+4°C:

O This is consistent with the observation of Coulomb barrier;



Effect of tensor force on fusion cross section

O Another important experimental observable

Parameter free calculation

700 -
—6— SLy5
£
= 500 |
90
S 400 |
w
&
o 300
C
S 200 t
3
= 100 o 4803"'4808
[ ]
0 1 1 1 1 1
52 54 56 58 60

E.m (MeV)

O the theoretical cross section overall overestimates the experiments.



Effect of tensor force on fusion cross section

Parameter free calculation

700
—6o— SLy5
. 600 F| —e— sLys5t
g —e— Expt. +
— 500 | -
Q
S 400 |
1))
&
o 300
o
S 200 f
2]
=
100 |
0 1 1 1 1 1
52 o4 56 o8 60
E.m (MeV)

O with the tensor force included, the TDHF cross section has much
better agreement with the experiments.



Effect of tensor force on fusion cross section

Parameter free calculation

700 - . . .
—6— SLy5
. 600 r| —e— sSLys5t
= L T22
= 900 | —=— T44
i)
3 400
w
7
0 300 ¢
Q
S 200 f
(/)]
=)
100 F
0 1 1 1 1 1
52 54 56 58 60
E.m (MeV)

O Cross section with T22 and T44 are similar, lies in between SLy5 and SLy5t;



Effect of tensor force on fusion cross section

Parameter free calculation

700
—6— SLyb5
= 600 [| —e— SLy5t
= T22
c 900 T26 +
% —H— T44
@ 400 rf —m— T62
B
@ 300 f
3)
S 200 t
> o’
= 100 } " *8ca+48ca
O 1 L 1 1 1
52 54 56 58 60
E.., (MeV)

O Cross section with T26 are similar as SLy5, deviates quite large from experiment;

O Cross section with T62 are similar as SLy5t, in good agreement with experiment




Effect of tensor force in fusion dynamics

O Another important experimental observable

Parameter-free calculation Deviation from experiments:
1.8

| I I ' . _ (GTDHF " Oexp )
16 SLy3|. PS - Axp

14 |

127 48Ca+48Ca

0.8
06
04
0.2

52 54 56 98 60
E.m (MeV)

O the theoretical cross section overall overestimates the experiments.



Effect of tensor force in fusion dynamics

O Another important experimental observable

1.8

16
14
12

08
0.6
04
02}

Parameter-free calculation Deviation from experiments:
—o— SLy5 || P — (O-TDHF _O-EXV
—e— SLy5t Texp
48Cat+48Ca

52 54 56 58 60
E.m. (MeV)

O with tensor force, the deviation decreases from 1.6 to 0.2 at Coulomb batrrier:

O it improves the agreement dramatically;



Effect of tensor force in fusion dynamics

O Another important experimental observable

Parameter-free calculation Deviation from experiments:
Y S ( )
| SLy5 || P — O 1bHF _O-ex/
1.6 48Ca+48Ca SLySt S O-exp
14t T22 |
10| —0— T44
2] 1 |
o
08
06 |
04
0.2
0 1 1 1 1 1
52 54 56 58 60
Ecm (MeV)

O the deviation for T22 and T44 are similar, lies in between SLy5 and SLy5t;



Effect of tensor force in fusion dynamics

O Another important experimental observable

Parameter-free calculation

180 ——1—— 11—
18 —— . , | "y
48 48 —o— SLy5 120 .
16 | Ca+*Ca y5 | _
—&— SLydt 124 T46
14 f T2 |4 o 60F 0 o
26 = _
12 "T22° T44 T66
T — 8 T62 = | SLy4 .
D_w ~ o~ * T42 T64
0.8 f > oL 4 5
06 162
2120 F °
0.4 _
0.2 f -180 R R R SN S
0 - - . , , 60 0 60 120 180 240
52 54 56 58 60 C?) [MeV fm’]

Ecm (MeV)

O deviation with T26 are similar as SLy5, deviates large from experiment;

O deviation with T62 are similar as SLy5t, in good agreement with experiment



Effect of tensor force in fusion dynamics

O Another important experimental observable

1.8

16
14 1
12

08 f
06
04t
0.2

Parameter-free calculation

“8Ca+4Ca

—&— SLy5 ||
—e— SLy5t
~— T22 |1
T26
05— T44
B T62

52

Fusion Barrier

52.5

52

515 f

51

505

50

)

g .
S~ 5 e

48Ca+48ca

©— static FD
—&— TDHF
—i— Expt.

SLy5 SLyb5t T22 T26 T44  T62

O the observations of cross section are consistent with the fusion barrier:

O SLy5t and T62 gives the best agreement, T44 and T22 mild, SLy5 and T22 the worst
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® Quadrupole vibration

& Octupole vibration



Effect of tensor force in vibration states

0.0025 : . . : . : . : . . . . ' . . : :

| —— SLy5 40 i
. 0.0010 SLyst Ca, octupole
0.0020 L Ca, quadrupole 1
0.0008 | i
T —SLy51] —~
E oost SLyS 4 E
> < 00006 | -
L8}
s =3
= £
D 00010 i % 0.0004 |- -
5 5
7] - . o I
0.0005 - 0.0002 " 4
0.0000 L 1 " 1 1 " 1 " 0.0000 M A AAA Ale o .,_J\M.\ 1
0 10 20 30 40 50 0 10 20 30 40
E (MeV) E (MeV)
vibration stae SLy5 SLy5t Expt.
40Ca quadrupole 17.59 17.59
3, 4.21 3.97 3.74

O The octupole vibration state in 4°Ca is reasonably close to the experimental value;

O The 3, state is expected to have a much stronger effect on near-barrier reaction mechanism

than other octupole states;

50



strength (MeV 'fm*)

Effect of tensor force in vibration states

0.0030

T

- — SLy5
—— SLy5t 1

0.0025

T

“Ca, quadrupole |

“Ca, octupole

50

&= 0.0006 | i
0.0020 |- £
>
=
0.0015 |- 1 < 00004 - .
0.0010 ] %
] 0.0002 - -
0.0005 [- A - h
0.0000 \K A - T 0.0000 I \ h' '
0 10 20 30 40 50 0 20 30 40
E (MeV) E (MeV)
vibration state SLy5 SLy5t
48Ca 2.97 4.21 3.83
31' 5.21 6.44 451

O The tensor has a quite important effect on low-lying vibrations in 48Ca;

O The energy are pushed up with tensor force;

O This explains smaller fusion with tensor force because the coupling effects are weaker with

high energy modes;



Summary

O The full tensor force has been incorporated in three-dimensional symmetry-
unrestricted TDHF;

O The impact of tensor force in fusion dynamics has been systematically studied,;

O Thetensor force SLy5t increased barrier height, and hence decreases the FCS,
much better agreement with experiments;

O The effect of tensor force depends on the isoscalar and isovector couplings;

O The effect of tensor force on low-lying vibration states;



Summary

O The full tensor force has been incorporated in three-dimensional symmetry-
unrestricted TDHF;

O The impact of tensor force in fusion dynamics has been systematically studied,;

O The tensor force SLy5t increased barrier height, and hence decreases the FCS,
much better agreement with experiments;

O The effect of tensor force depends on the isoscalar and isovector couplings;

O The effect of tensor force on low-lying vibration states;

Tthank you for your attention!
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