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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;

Ef



 TDHF was proposed by Dirac in 1930s and first applied to nuclear physics in 1976

TDHF theory: historical remarks

giant resonance = RPA           fusion                   deep inelastic collisions

 fusion dynamics

 Deep inelastic collisions

 fission dynamics

 Resonances dynamics

 nuclear molecular 

 collective excitation

 ……



 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



TDHF theory: historical remarks



TDHF theory: historical remarks

 Puzzle of small fusion window
The conflict between TDHF prediction and

experimental data promotes the theoretical 

development.



TDHF theory: historical remarks

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



TDHF theory: historical remarks

 Inclusion of time-even spin-orbit force
A. S. Umar  et al., PRL56, 2793 (1986)

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

 Energy dissipation was increased significantly with l*s;



TDHF theory: historical remarks

 Inclusion of time-even spin-orbit force
A. S. Umar  et al., PRL56, 2793 (1986)

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

 Energy dissipation was increased significantly with l*s;

solved the puzzle of small fusion window



Importance of spin-orbit force

 Galilean invariance in TDHF
Inclusion of both time-even and time-odd l*s force



Importance of spin-orbit force

 Galilean invariance in TDHF
Inclusion of both time-even and time-odd l*s force

 Without any symmetry restrictions

 Full skyrme functional

 3D coordinate space



Importance of spin-orbit force

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

 Galilean invariance of TDHF
Inclusion of both time-even and time-odd l*s force

 Pdis = Edis/Ec.m. , Pso = 1 – P(no l*s)/P(full l*s)

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

 Around 40%~65% of the energy dissipation arise from spin-orbit force;
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Effect of tensor force in fusion dynamics 
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 Nucleon-nucleon interaction: 
Tensor force: the most obviously missing component in HIC

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



 Energy density functional (EDF) including tensor force

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

Effect of tensor force in fusion dynamics 

H0 is basic functional used in Sky3D code and most TDHF calculations



Implementation of tensor force

16O+16O deep-inelastic collisions
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Effect of tensor force in fusion dynamics

Ns Reaction
4 40Ca+40Ca
3 40Ca+48Ca
2 48Ca+48Ca
1 48Ca+132Sn
0 56Ni+56Ni

 Spin-saturated closed shells: 

20 and 40

all are doubly magic closed 

shells---no pairing necessary

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

5 representative collisions:



Effect of tensor force in fusion dynamics
 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;

T22, T26, T44, T62;

 Questions to be addressed:
 How much of the changes is caused 

by tensor force itself?

 By the rearrangement of all other terms 

during the fit of the parametrizations?

 By the time-even part of the EDF, that is, 

the modification of s.p. orbitals, 

 By the time-odd part of the EDF?



Effect of tensor force in fusion dynamics

SLy5     SLy5t     T22       T26       T44       T62

 Static barrier:

from EDF-FD

 Neglect pauli effect;

 Neglect couplings; 

 Dynamic TDHF barrier:

ˆˆˆ( ) [ ]( ) [ ] [ ]FD
P T P TV R Rε ρ ε ρ ε ρ+= − −

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

 Dynamic TDHF barrier has better agreement with experiments;

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

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

 Coulomb barrier: static and dynamic



Effect of tensor force on fusion barrier

SLy5    SLy5t    T22      T26     T44       T62 SLy5     SLy5t     T22      T26      T44        T62

 Tensor force SLy5t increases the barrier height and improves the agreement with experiments;

 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



Effect of tensor force on fusion barrier

SLy5    SLy5t    T22      T26     T44      T62 SLy5     SLy5t     T22     T26       T44       T62

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



Effect of tensor force on fusion cross section

 Another important experimental observable
Parameter free calculation

 Tensor force has negligible effect on the fusion cross section of spin-saturated reaction 40Ca+40Ca

 This is consistent with the observation of Coulomb barrier;



Effect of tensor force on fusion cross section

 Another important experimental observable
Parameter free calculation

 the theoretical cross section overall overestimates the experiments. 



Effect of tensor force on fusion cross section

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

Parameter free calculation



Effect of tensor force on fusion cross section

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

Parameter free calculation



Effect of tensor force on fusion cross section

Parameter free calculation

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

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



Effect of tensor force in fusion dynamics

Deviation from experiments:

 Another important experimental observable
Parameter-free calculation

 the theoretical cross section overall overestimates the experiments. 

48Ca+48Ca
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Effect of tensor force in fusion dynamics
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Deviation from experiments:

 Another important experimental observable
Parameter-free calculation

48Ca+48Ca

 with tensor force, the deviation decreases from 1.6 to 0.2 at Coulomb barrier;

 it improves the agreement dramatically;



Effect of tensor force in fusion dynamics
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Deviation from experiments:

 Another important experimental observable
Parameter-free calculation

48Ca+48Ca

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



Effect of tensor force in fusion dynamics
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Deviation from experiments:

 Another important experimental observable
Parameter-free calculation

48Ca+48Ca

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

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



Effect of tensor force in fusion dynamics
 Another important experimental observable

Parameter-free calculation

48Ca+48Ca

SLy5    SLy5t     T22      T26     T44      T62

 the observations of cross section are consistent with the fusion barrier;

 SLy5t and T62 gives the best agreement, T44 and T22 mild, SLy5 and T22 the worst
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Effect of tensor force in vibration states

vibration stae SLy5 SLy5t Expt.
quadrupole 17.59 17.59

31
- 4.21 3.97 3.74 

 The octupole vibration state in 40Ca is reasonably close to the experimental value;

 The 31
- state is expected to have a much stronger effect on near-barrier reaction mechanism 

than other octupole states;

40Ca



Effect of tensor force in vibration states

vibration state SLy5 SLy5t Expt.
21

+ 2.97 4.21 3.83
31

- 5.21 6.44 4.51

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

 The energy are pushed up with tensor force;

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

high energy modes;

48Ca



Summary

 The full tensor force has been incorporated in three-dimensional symmetry-

unrestricted TDHF;

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

 The tensor force SLy5t increased barrier height, and hence decreases the FCS,

much better agreement with experiments;

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

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



 The full tensor force has been incorporated in three-dimensional symmetry-

unrestricted TDHF;

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

 The tensor force SLy5t increased barrier height, and hence decreases the FCS,

much better agreement with experiments;

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

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

Thank you for your attention!

Summary
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