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1. Introduction

Time-dependent Hartree-Fock method (TDHF)

. ; based on degree of freedom
* has about reaction mechanism
So far
Fusion cross section, deep inelastic collision, etc. averaging quantities

Nucleon transfer reaction

» We need to extract probabilities of each transfer channel.

Last year, an innovative method was proposed by C. Simenel

We extract nucleon transfer probabilities from TDHF final state wave function
and compare the transfer cross section with experimental data.
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1. Introduction L. corradietal. Phys. Rev. C 54, 201 (1996)

Nucleon transfer cross section  4Ca+'Sn, Ejab=170 [MeV]

- isotope distribution for a particular proton stripping channel
- full line; GRAZING

(-4p)

20 24 28
NEUTRON NUMBER
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Preparation to define

2- Formulatlon the nucleon transfer probabilities

Final state

N: total nucleon number

S dr = dr g7 divide spacial integral
(I)f r1, - j‘rN / A T B into two parts

(/ d+/d)(/ i+ [ iy ) s )P =1
B
> /dﬂ---/ din |® (71, -, 7N))2 =1
TN Y L TN

=AorB  Summation over 2" all patterns of 75
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Definition of

2 . Formulatlon nucleon transfer probabilities

A Normalization of many-body wave function

Z /d??l/ dFN|q)f(F11"'vFN)|2:
Ty YT TN

~ # of terms NCo NC1 - ~NC, ... NON
configurations {BB ---B} {AB---B} {AA...ABB...B} {AA..-A}
{BAB---B} ) o

Probability; n nucleons in Aand N-n nucleons in B

INOE /drl / din|® (71, -+, 7N)|?

{TZ,AHBN n}

Z INOESR! all combinations; A appears n times and B appears N-n times
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Expression of the nucleon transfer probabilities

2. FOI‘mulatiOIl using space division function

Probability; n nucleons in A and N-n nucleons in B
INOE / diy - - / diN|® (71, -+, 7N)|?
{7:; AnBN n} !

Space division function

A= 1 TEeT /dff’:/df’@fr
GT(T):{ 0 7¢ 7 Ti=AorB T ")

Then, we can write PA(n) as

Pa(n) fdﬁ fdm S O (7)) Ory (7)| By (P ) 2

{TZ,AHBN n}

We can extract nucleon transfer probabilities
applying this formula to the final-state wave function.

We apply this to the final-state of TDHF, i.e., single Slater determinant
\
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Nucleon transfer probabilities;

2 . FOTIHUlatiOH for single Slater determinant @

Final state of TDHF; single Slater determinant
— Slater determinant

. o1(r1) - d1(TN) .
Dy, TN) = | | = et {i(7)))

(bN(’Fl) QﬁN(FN)
= S (0)00, () - b ()

(25@' (’F) ; single particle wave function

i=1,---,N (N =Ni+ N»)
each orbitals exist in whole space

6i(7) = 67 (7) + &7 (7)) 61(7) = $i(7)O-(7)

Final state < ¢;i|¢; >= 0;; ; orthonormalization
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Nucleon transfer probabilities;

2 . FOrmU.Iati()n for single Slater determinant @

Probability; n nucleons in A and N-n nucleons in B
Pat) = [ [din 3 O ) @ (m)I@s (7P
{rs;AnBN="}

iInvariant under exchange ri and rj

o a5 0n ot

T S
5 S san(0)63, (1) -+ 65, (P )det {65(75))
all permutation gives same contribution C??ﬁ!el
_ / g7 f di > O, (1) Ory () $1(71) -+ S (P )det {(7)))

e p/a B e ).

— Z ngn(a)/d‘f‘i@n (71)$1 (1) boy (1) "'/dFNG)TN ("N)ON (TN )Ooy (TN)

{ri;AnBN—n} o

We obtain probability Pa(n) for single Slater determinant
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Nucleon transfer probabilities;

2 . FOrmU.Iati()n for single Slater determinant @

Probability; n nucleons in A and N-n nucleons in B for Slater det. [1], [2]

< ¢1|Pp1 >+ - < ON|D1L >ry
INOEEDS ' '

{ri;AnBN ="} | ~ G51|¢’N > o < CleGbN >N

all combinations; A appears n times and B appears N-n times

N: order of 2N

2" times calculation of determinant are required 10:  10°
to obtain all (n=0,1,...,N) probabilities. 20; 108
90; 10"
100; 10%

[1] H J Ludde and R M Dreizler, J. Phys. B 16, 3973 (1983)
[2] R. Nagano, K. Yabana, T. Tazawa, and Y. Abe, Phys. Rev. A, 62, 062721 (2000)
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Nucleon transfer probabilities;

2 . FOrmUIation for single Slater determinant @

Last year, an innovative method was proposed by C. Simenel [3]
[3] C. Simenel, Phys. Rev. Lett. 105, 192701 (2010)

1 27 ’ '
—/ do €™ det {< (35@|(£5j >B —|—€_%9< (55@|G53 >A}
0

Pa(n) = 27

(< box|On >B +e < doy [ON >a)

a n’'=0 {TZ‘An :B}\.r—n‘f

- Z ngn ) < 0oy|01 >0y 0 < Doy |[ON >ry

{1:;AnrBN—"n} 0o : :
These two expression are equivalent exactly.
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Nucleon transfer probabilities;

2 . FOrmU.Iati()n for single Slater determinant @

Interpretation by particle number projection operator

particle number projection operator

27 R N
(5(?’1 — NA) — i/ d@ 6?:(?’1—NA)9 NA — ZGA(ﬁ) _number operator
0 =1

I in the region A

Pa(n)=< ®|6(n — Np)|®f >

1 27 . R

_ 2 d@ 6@%9 < (I)fle—?,@A(rl)Q N _e—@@A(TN)Ql(I)f >
-
1

= d@ e'nY Z sgn(o ]dﬁ(bl 1)e _@GA(ﬁ)Qqﬁgl GIEE -]dFN(i’?V(??N)ei@A(FN)QGf’gN (PN

1 27

= df edet { < ¢i|¢p; > +e < dild; >}
0

[3] C. Simenel, Phys. Rev. Lett. 105, 192701 (2010)
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Nucleon transfer probabilities;

2 . FOrmUIation for single Slater determinant @

Comparison of these two expression

<9191 > 0 < ON[P1 >y
Pa(n) = Z _ _
LANPRN—n
{r;APBYN =" < hildny >rp -0 < ON|ION >on
all combinations; A appears n times and B appears N-n times
N 7 N order of 2"
Z NCn =27 times calculations of the determinant 10; 10°
n=0 100; 10°°

|

% Jog ~0Z———————

discretization of 0
» ~100 times calculations of the determinant
We can apply this to the heavy ion reaction with realistic computational cost.
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3. Results: *“Ca+'**Sn, Eiv=170 [MeV]

Nucleon transfer cross section  4Ca+'Sn, Ejab=170 [MeV]

- isotope distribution for a particular proton stripping channel
- full line; GRAZING

(-4p)

20 24 28
NEUTRON NUMBER
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

» Skyrme interaction; SLy5

» 3D Cartesian coordinate; discretized into a uniform mesh

¢ grid size; 60 x 60 x 26 (x x y x z) Numerical space

« mesh spacing; 0.8 [fm] 48 [fm]x48 [fm]*x20.8 [fm]
¢ time step; 0.2 [fm/c]

* impact parameter; 3.7-10.0 [fm]

-
O

Laboratory frame

********************************************************* projectile

target (atrest, t=t0) —  <Cum .
get ( ) e .
S >
“Ca (2=20,N=20)
'*Sn (Z=50, N=74)  Before initial distance; assume Rutherford trajectory
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

b=3.65 [fm] b=3.70 [fm] b=4.50 [fm]

45- 45- 45-
40- 40- 40-
35- 35- 35-
30- 30- 30-
25- 25- 25-
20- O 20- o 20- O
15- 15- 15-
10- 10- 10-
5- 5- 5-

OL 1 1 1 1 1 1 1 1 1 OL 1 1 1 1 1 1 1 1 1 OL 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 0O 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

0 0.16 0 0.16 0 0.16
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

b=3.65 [fm] b=3.70 [fm] b=4.50 [fm]

45- 45-
45-
40- 40 -
40-
35- 35-
35-
30! 30- 30-
25. 25- 25-
20- 20- 20-
15- 15- 15-
10 10- 10-
5_
5- 5-
0 5 10 15 20 25 30 35 40 45 L 1 1 1 1 1 1 1 1 1 OL 1 1 1 1 1 1 1 1 1
| 0 5 10 15 20 25 30 35 40 45 0O 5 10 15 20 25 30 35 40 45
0 016 B . [ aaaw
0 0.16 0 0.16
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

b=3.65 [fm] 6=3.70 [fm] b=4.50 [fm]

45- 45-
45-
40- 40 -
40-
35- 35-
35-
30- 30! 30-
25- 25. 25-
20- 20- 20-
15- 15- 15-
10- 10 10-
5_
5- 5-
OL 1 1 1 1 1 1 1 1 1 0 5 10 15 20 25 30 35 40 45 L 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 | 0O 5 10 15 20 25 30 35 40 45
B . 0 0.16 [ aaaw
0 0.16 0 0.16
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

b=3.65 [fm] b=3.70 [fm] b=4.50 [fm]

45- 45-
45-
40- 40-
40-
35- 35-
35-
30- 30- -
25- 25- 75. o
20- 20- 20-
15- 15- 15
10- 10- 10}
5_
5- 5.
OL 1 1 1 1 1 1 1 1 1 OL 1 1 1 1 1 1 1 1 1 0 5 10 15 20 25 30 35 40 45
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 .
B . [ s 0 0.16

0 0.16 0 0.16
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

In the experiment light ejectiles have been detected

We define the region “P” around the C. M. of light ejectile
which is a sphere with radius 10 [fm].

~— And then, we calculate

Ex.) b=3.70 [fm] ¢ Average nucleon number

45- in the region P
o M < @y Np |, >
(:D — zz N + Nucleon transfer probaE)iIities
= P Pp(n)=< ®¢|6(n — Np)|D; >

15-
10- O ¢ Nucleon transfer cross section
5_

bllla){
% 5 10 15 20 25 30 35 40 45 | O'tr(?'l) :/ QWbPP(R)db
b

[ TN L
0 0.16

min 4
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

Average nucleon number

<Nn>p in the region P
L A
é < (I)f|Np |(I)f >
E Number operator
- N
O ¢ — — —
: Np = [y o~ m)en ()
2 1=1
)
(@)
5 Projectile; “°Ca (Z=20, N=20)
E Target; '**Sn (Z=50, N=74)
neutron; “°Ca '%4Sn
3 4 5 6 7 8 9 proton; “°Ca #48n

Impact parameter [fm]
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

Neutron transfer probabilities ~ Pp(n)=< ®¢|5(n — Np)|®f >

==
=
.-5
(qv]
0
o
-
Q.
-
@
f—
)]
-
4y
-
|_

5 6 7
Impact parameter [fm]
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

Proton transfer probabiliies ~ Pp(n)=< ®¢|5(n — Np)|®f >

=
=
.-5
4y
0
o
.
Q.
-
@
o
)
-
(4]
-
|_

5 6 7
Impact parameter [fm]
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

})l'_ll'i.k
Nucleon transfer cross section owr(n) = / 2mbPp(n)db

b min

[;016182022242616182022242616132022242616182022242628
" "TDHF "} TDHF "} TDHF
exp.(-4p) ®  fexp.(-5p) e  pexp(6p) e
H
H

T B R

16 1B 20 22 24 26 16 18 20 22 24 26 16 18 20 22 24 26 28
Neutron Number  Neutron Number  Neutron Number

preliminary
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3. Results; “Ca+'*'Sn, Eiav=170 [MeV]

Nucleon transfer cross section L. Corradi et.al. Phys. Rev. C 54, 201 (1996)

GRAZING

GRAZING
+evaporation

16 18 20 22 24 26 16 18 20 22 24 26 16 18 20 22 24 26 28

Neutron Number  Neutron Number  Neutron Number . .
preliminary
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4. Summary and Outlook

Summary

v The method to calculate nucleon transfer probabilities
from final state wave function are presented.

v ““Ca+'#*Sn TDHF calculations have been carried out
and yields the nucleon transfer cross sections.

v Overall agreement is good when 0-2 proton transfer occurred.

v Neutron-proton correlation is not described in our calculation.

Outlook

» Calculate the other collision and compare the result
with experiment quantitatively.

» Inclusion of the evaporation's effect.
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