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Current status and future plan of our study

Aims:

» To understand microscopic reaction mechanism of the MNT reaction

» To predict preferable conditions to produce objective unstable nuclei

v We showed that TDHF theory can describe MNT cross sections

quantitatively in an accuracy comparable to existing theories.
K.S. and K. Yabana, Phys. Rev. C 88, 014614 (2013)
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 Todays topic
@)p methods of analySiS

to obtain more information
on reaction mechanisms

K. Sekizawa Transfer dynamics in the TDHF theory deduced from particle-number projection method Wed., 12 November, 2014 2/15



2. Idea: to analyze reaction products in TDHF with PNP
3. An illustrative example: **O+'°O reactions

4. Summary and Perspective
N
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Our approach: The time-dependent Hartree-Fock (TDHF) theory

v We solve Skyrme TDHF equation in real space and real time

) 9, A
dtﬂh——H o
5¢:< [/ < v at Skyrme
Variation

ai ) 7t 7 .
B ¢ (’f‘a;‘ q,1) = /5Ty [,O,T,],S,T, Jﬂy}qb@-(r,a,q,t) : TDHF eq.

Slater determinant: Single-particle wave function:

(I)(xla T 73:N7t) — %det{¢z(xjat)} (25@(7',0', Q?t) = Gﬁ%(i’,?t)

Real space: 3D box discretized into a uniform mesh

Real time: Taylor expansion method of 4th order

Contact type (Skyrme) effective interaction

No adjustable parameter specific to the reaction dynamics
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What do ordinary expectation values tell us?
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

Projectile: **O

0
© ag

Target: '°O
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

e ~
Number operator in a spatial region V Expectation value of V. ‘(/q)

N‘(/q) = fvdr Z5(r —r;) <N{/Q)> = <<I>’N€/Q)’<I>> = /Vdr p(r)

1€q
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

f N
Number operator in a spatial region V' Expectation value of ‘(/Q)

N‘(/q) = fvdr Z5(r —r;) <N{/Q)> = <<I>’N€/Q)’<I>> = /Vdr p(r)

1€q

N(q) 14.697 neutron
- 8.643 proton

o (q) 9.127 neutron

< VT>:'

7.353 proton

o(q) \ __ 0.176 neutron
<NVD1_11:> o
0.004 proton
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

(

Number operator in a spatial region V'

N‘(/q) :f dr Z5(r — ;)
\4

1€q

< ~ (q)> _ 14.697 neutron
Ve 8.643 proton

< ~ (q)> _ 9.127 neutron
Vr 7.353 proton

<N(q) > _ 0.176 neutron
Vout 0.004 proton

Expectation value of

(W) = (o] ¥y

N‘(/q)

)’q)) :/Vdr p(r)

Neutron: 15 « 240
Proton: °*Q = 0O

240
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

v From ordinary expectation values, we may get qualitative understandings of the reaction.

< . (q)> _ 14.697 neutron Neutron: '°Q « *Q
Ve ~ 8.643 proton Proton: 0 - *0
160 240
o (q) 9.127 neutron PY
< i >:_ n p ® n p
Tt 7.353 proton [\
o - €
<N(q) > _ 0.176 neutron ®e

Vout

0.004 proton
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What do ordinary expectation values tell us?

Example: **O+'°0 reaction at Ej,;,=4 MeV/A, b=7.1 fm

v From ordinary expectation values, we may get qualitative understandings of the reaction.

How can we get more information?

> (q) 14.697 neutron Neutron: '°Q « *Q
< Vp> - 8.643 proton Proton: 0 - *0
160 240

o (q) 9.127 neutron PY

<NVq > = n p ©® n p
T 7.353 proton [\

o - €

<N(q) > _ 0.176 neutron ®e

Vout

0.004 proton
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Particle-number projection technique

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

- v Particle number projection operator

1 27 R
db ei(’n—NP)Q

A

[—
" 27TO

N p : Number operator of the spatial region Vp

X Np+ Nt
NP = /d37” Z 5(r — 7’7;)
Ve =1

Projectile region: Vp

N=Np +Nr: Total number of nucleons
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Particle-number projection technique

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

- v Particle number projection operator

R 1 27

P,=— [ db ei(n—Ne)o
27T 0

N p : Number operator of the spatial region Vp
Np+Nt

Np :/d37" Z (S(’I"—’f’i)
M i=1

P

Projectile region: Vp

N=Np +Nr: Total number of nucleons

- » Probability P,;: n nucleons are in the projectile region Vp

Po = (®n]®n) = (2] P|@)

Particle-number projected w.f.

-~

1 [ L ®,) = P,|®
=2 ) do " det{(ils)y, +e " (Bildj)y, ) o) )
Slater determinant Single-particle w.f.s Overlap integral in each region
B(ay, - ay) = & det{p;(x;)) ¢i(z) = ¢i(r,0) (bildj) :/Td% @7 () ¢; ()

i=1,---,Np+ Np T=Vpor Vr
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Particle-number projection technique

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

- v Particle number projection operator

27T 0

N p : Number operator of the spatial region Vp
Np+Nt

Projectile region: Vp

- » Probability P,;;: N neutrons are in the Vp; Z protons are in the Vp
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Particle-number projection technique

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

-
Because we have the TDHF wave function after collision,

in principle, we can get more information about the reaction

’(I)n> = ]Sn’<I>> : Particle-number projected O
- wave function

Projectile region: Vp

» We try to analyze the particle-number projected w.{.

- » Probability P,;;: N neutrons are in the Vp ; Z protons are in the Vp
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Definition of operators for a fragment nucleus
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Definition of operators for a fragment nucleus

-

Space division function

1 if reV
QV(r)_{o if r¢V

J

K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

Spatial region V:
includes a fragment to be analyzed

Spatial region V:
the complement of V
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Definition of operators for a fragment nucleus

-

Space division function

1 if reV
QV(r)_{o if r¢V

J

K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

Spatial region V:
includes a fragment to be analyzed

Spatial region V:
the complement of V

One-body operator

E rZ}O-’L

1=1
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Definition of operators for a fragment nucleus

K.S. and K. Yabana, arXiv:1

409.1083 [nucl-th]; submitted to PRC

4 )
Space division function Spatial region V:
| if cv includes a fragment to be analyzed
1 r -
Oy (r) = { 0 if r¢V Spatial region V:
L ) the complement of V'
One-body operator
N N
OM =3 6W(rs,00) =Y [@V(r@) +0p ()| 6V (2, 04)
=1 =1 |
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Definition of operators for a fragment nucleus

K.S. and K. Yabana, arXiv:1

-

Space division function )
1 if reV
GV(r)_{ 0 if r¢V

Y,

409.1083 [nucl-th]; submitted to PRC

Spatial region V:
includes a fragment to be analyzed

Spatial region 1%
the complement of V'

N N
@(1) = 5(1) r;,0;) = Ov(r;) + O (r; 5(1) r;,0;
V
i=1 1=1
=1
A1 A1
_ 6 oW
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Definition of operators for a fragment nucleus

K.S. and K. Yabana, arXiv:1

-

Space division function )
1 if reV
GV(r)_{ 0 if r¢V

Y,

409.1083 [nucl-th]; submitted to PRC

Spatial region V:
includes a fragment to be analyzed

Spatial region 1%
the complement of V'

N N
@(1) = 5(1) r;,0;) = Ov(r;) + O (r; 5(1) r;,0;
V
i=1 1=1
=1
A1 A1
_ 6 oW

Two-body operator

N
3(2) ~(2) ¢ -
o = E o “Nri, o414, 0;)

1< ]
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Definition of operators for a fragment nucleus
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

4 )
Space division function Spatial region V:
_ includes a fragment to be analyzed
1 if reV -~
Ov(r) = 0 if r¢V Spatial region V:
L ) the complement of V'
One-body operator
N N
O =3 6 (ri, 1) = Y |Ov (i) + Oy (rs)| ) (x1,04)
=1 =1
=1
A(1) (1)
Two-body operator
« N N
0[2:' = Z f}iz] lil".; Ty Ty, t‘J’J.:J = Z [(:);I[I‘,J + @f‘{[‘; :J:| |:@1,'|.:I'J.;| + @1_‘-- |:\I'). ;|:| {'}I'E'I Lilf‘; T, T, t'.T).;l
i< ] i<l ]
- ~1 —1
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Definition of operators for a fragment nucleus
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

4 )
Space division function Spatial region V:
| if reV includes a fragment to be analyzed
Oy (r) = - Spatial region V-
0 if réV
L ) the complement of V'
One-body operator
N N
0N = 360 (xi,00) = Y [Ov(r) + Op ()] 6 (x1.01)
1=1 1=1
=1
AL A1)
= Oy + 0y
Two-body operator
) _'""l'r _""'l'r
O = Z 6} (r;, 00,1, 05) = Z [@1-'{1‘;] + @f-{r,-]} [@;--{rj} —I—@f-{rj]} 6 (vi,04,r5,0,)
Ry i<l ]
—1 ~1
_"'"l'r
= Z [@--'(E]@--'(Dﬂ + Oy (ri)Op(r;) + Ov(r)Op(r;) + @f—{f‘s]@i--'(l‘ﬂ] 0 (ri, 04,1, 0;)
1<l ]
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Definition of operators for a fragment nucleus
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

4 )
Space division function Spatial region V:
_ includes a fragment to be analyzed
1 if reV o !
Oy (r) = - Spatial region V-
0 if réV
the complement of V'
. J
One-body operator
N N
00 = 3 o0(r1,00) = Y- [Ov(r) + Op ()| 6V (ri,0)
=1 =1
_ A L AW =1
= Oy + 0y
Two-body operator
« N N
0[2:' = Z f}lzz:llil"l;. Ti, I, t‘J’J.:J = Z [(:);I[I‘,J + e’f‘{[‘,i.:l:| |:@1,'|.:I'J.;| + e";__-'{]f'lj ;|:| {'}[EJ{PJ. Ti, Iy, t'.T).;l
i< ] i<l ]
~1 —1
_"'"l'r
- Z [@--'(E]@--'(Dﬂ + O (ri)Op (r;) + Oy (ry)O (r;) + @f—{f‘s]@i--'(l‘ﬂ] 0 (ri, 04, 1r;,0;)
1<l ]
= 62 + 0P +OL)
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Definition of operators for a fragment nucleus
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

( . . . )
Space division function Spatial region V:
_ includes a fragment to be analyzed
1 if reV - !
Oy (r) = 0 if r¢V Spatial region V:
L ) the complement of V'

N N
OM =3 6W(rs,00) =Y [@V(r@) +0p ()| 6V (2, 04)
i— i=1
FAD, 50 =1
=0y i+ Op
Two-body operator
) N N
O = Z 6} (r;, 00,1, 05) = Z [@1-'{1‘;] + @f-{r,-]} [@;--{rj} —I—@f-{rj]} 6 (vi,04,r5,0,)
Ry i<l ]

— 1 — 1
= Z[Oi (ri)®v(r;) + Oy (r))Oy(r;) + Ov(ri)Oy (r;) +@17'{Ps]91--'(1‘j]] (v, 04,15, 05)
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Expectation value of operators in a particle-number projected w.f.

-

Space division function

1 if reV
QV(r)_{o if r¢V

J

K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

Spatial region V:
includes a fragment to be analyzed

Spatial region V:
the complement of V
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Expectation value of operators in a particle-number projected w.f.
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

( . . . )
Space division function Spatial region V:
_ includes a fragment to be analyzed
1 if reV -~
0 if r §é 174 Spatial region V:

) the complement of V'

The expectation value of the operator O in the fragment nucleus included in the spatial
region V composed of n nucleons would be given by

A AP Particle-number projected w.f.
v <<I>n’(9v’<1>n> B <<I>’OVPRI<I>> .
0, = = . ®,) = P,|®)
(®n|®n) (| P, |®)
_ 1 27 ind A —iNuO PNP operator
N 2Py, /0 1 <(I)’OV€ ) ’(I)> pﬂ, = Qi QWdQ ei(n—Nv)Q
T Jo

K. Sekizawa Transfer dynamics in the TDHF theory deduced from particle-number projection method Wed., 12 November, 2014 8/15



Expectation value of operators in a particle-number projected w.f.
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

( . . . )
Space division function Spatial region V:
_ includes a fragment to be analyzed
1 if reV -~
0 if r §é 174 Spatial region V:

the complement of V

J

Particle-number projected w.f.

-~

2,) = P,[®)
PNP operator
R 1 2m

P’n do ei(n—Nv)Q

:% ;
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_ includes a fragment to be analyzed
1 if reV -~
0 if r §é 174 Spatial region V:

) the complement of V'

The expectation value of the operator O in the fragment nucleus included in the spatial
region V composed of n nucleons would be given by

A AP Particle-number projected w.f.
v <<I>n’(9v’<1>n> B <<I>’OVPRI<I>> .
0, = = . ®,) = P,|®)
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_ 1 27 ind A —iNuO PNP operator
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2. Idea: to analyze reaction products in TDHF with PNP
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Outline

3. An illustrative example: **O+'°0 reactions
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Results: Expectation value of the angular momentum operator
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

One neutron transfer from **O to °O; **0+'°0 at Ej,=2, 4, 8 MeV/A, b+0 fm
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Results: Expectation value of the angular momentum operator
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Results: Expectation value of the angular momentum operator
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

One neutron transfer from *0 to °O; **0+'°O at Ej,p=2, 4, 8 MeV/A, b+0 fm

v When one neutron is removed from **O, Jz of neutron removed nuclei, O, is very small
irrespective of the value of Ej,; and d.

v When one neutron is added to '°O, Jz of neutron added nuclei, 'O, has finite values
which increase as the incident energy increases.
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Naive interpretation of the results: transferred angular momentum

K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Naive interpretation of the results: transferred angular momentum
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Naive interpretation of the results: transferred angular momentum
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Projectile:

Since d > Rp+Rr, highest occupied neutrons
in 2s;,, orbital would dominate the transfer

- ALz is expected to be small
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Naive interpretation of the results: transferred angular momentum
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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If transferred neutron was in the 2s;,, orbital,
ALz would be determined by the relative velocity
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Naive interpretation of the results: transferred angular momentum
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Results: Expectation value of excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

One neutron transfer from *O to °O; **0+'°0 at b=0 fm (head-on collision)
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Results: Expectation value of excitation energy

One neutron transfer from *O to °O; **0+'°0 at b=0 fm (head-on collision)
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Results: Expectation value of excitation energy
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One neutron transfer from *O to °O; **0+'°0 at b=0 fm (head-on collision)
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v When one neutron is removed from **O, excitation energy of O decreases as d increases

v When one neutron is added to '°O, excitation energy of ''O increases as d increases.
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Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC

6 ! | ! | ! 6 T T T T T

S 120 (0p, -1n) 1 Y0 Op, +1n)

O 4+ 4 4t S

% I ] I ,

« 22 - 1 2T

. ) _ 1 |

05 10 11 12
d (fm)
~ Explanation for d > 10 fm region:
U _____________"l . —
= 10k dsp 1 dsp o When d is large, neutrons in 2s;, in **O
2 15 Pin *1/2 would dominate the transfer.
o 15 F T D o — -
= b PRl TR s 2
> P3p P32
L 25 F - P17 If energy conserving transfer process
] = 17 . . . 23
= 30 s . S — occur, 'O will be excited, while O
= S12 | —— P3/2 will not.
5'.';_1. -35 S1/2 T 21/2 =
Q
= 40 [ 16 T 24 ]
= 45 (@) 0 £ (b) 7O E -
Neutron Proton Neutron Proton

K. Sekizawa Transfer dynamics in the TDHF theory deduced from particle-number projection method Wed., 12 November, 2014 12/15



Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Naive interpretation of the results: average excitation energy
K.S. and K. Yabana, arXiv:1409.1083 [nucl-th]; submitted to PRC
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Outline

3. An illustrative example: **O+'°0 reactions
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4. Summary and Perspective
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Summary and Perspective

/
v We have studied MNT reactions employing the TDHF theory combined with PNP.

(K.S. and K. Yabana, PRC88(2013)014614, arXiv.1403.2862, 1409.8612, 1409.1083)

v We have developed a theoretical framework to calculate expectation values of operators
in the TDHF wave function after collision with the PNP.

v To show usefulness of our method, the method is applied to **O+'°O reaction for two
quantities, angular momentum and excitation energy.

-
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» Extension to parity and angular momentum projections
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Future work: Extension to parity and angular momentum projections

Gamma-particle coincidence measurements for *Zr+>*Pb at E},;,=560 MeV
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Summary and Perspective

/
v We have studied MNT reactions employing the TDHF theory combined with PNP.

(K.S. and K. Yabana, PRC88(2013)014614, arXiv.1403.2862, 1409.8612, 1409.1083)

v We have developed a theoretical framework to calculate expectation values of operators
in the TDHF wave function after collision with the PNP.

v To show usefulness of our method, the method is applied to **O+'°O reaction for two
quantities, angular momentum and excitation energy.

-

» Extension to parity and angular momentum projections
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