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Partial decomposition of reaction cross section
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Figure 4.18 Schematic decomposition of the total heavy-ion reaction cross section into
contributions from different partial waves when (a) the grazing angular momentum (quantum
number ;) is below the critical angular momentum (quantum number £,) that can be carried
by the compound nucleus, and (b) when ¢, exceeds 4. In both (a) and (b) the straight line is
obtained from Equation (4.3) and the dashed areas indicate regions in which different types of
heavy-ion nuclear reaction mechanisms predominate.
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2. REIRNEEDEE: IREN? or [BIFR?

a) & Bl R
A NL—43—: O = \/i_ﬂ(a Fal)
+ A+ A+ (aT)Q
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2. REIRNEEDEE: IREN? or [BIFR?

b) [BlExIEE
A NL—3—: O = BY20(0)(+B4Ya0(0) + - --)
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1Y00)
/ 7\ 2
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Vibrational coupling

. B ;
O—m(a—l—a)
+ N+ A+ (aT)Q
07,2",4 0
/2 0)
o+ T‘())
0* 0)
0O F 0
F € +2F
0 V2F 2
F =

3l
N

Rotational coupling

O = BY>()
453 Yy0)
o+ t > |Ysq)
0 Yo0)
0 F 0
F e+ 25F SF
0 %F 1O€_|_20\/_F

cf. reorientation term
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Coupling Potential: Collective Model
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Deformed Woods-Saxon model (collective model)

CCFULL

K.H., N. Rowley, and A.T. Kruppa,
Comp. Phys. Comm. 123(°99)143

ﬂ; CGEULL Home Page — Windows Internet Explorer |Z||E|r§__<|
&) hokuac | L ,
@\..._../' ‘g. tohokuac.jp v| o | [#4| | K -l | p -
JrME REE FTW BRELADE - A

e } =
TP BREAD 99 - M Gmail - 25 LA - kouichi., | @ COFULL Home Psge B - oo IR v v @

CCFULL Home Page

K. Hagino, M. Fowley, and AT. Kruppa

A FORTRANTT program for coupled—channels calculations with all order couplings for heawy—ion fusion reactions

« Publication

A program for coupled—channels calcuiations with all order couplings for heavy—ion fusion reactions
K. Hagino, N Rowley, and AT. Krupra, Gomput. Phys. Comm 123 (1999) 143 — 152 (e—print nuc—th,/9903074)

+ Program (the latest version)
Sample input and cutput files

« The onginal version published in CPC

« £ version with two different modes of excitation both in the proj. and in the targ (but with a simple harmaonic oscillator coupling)
Sample input and cutput files
« A version with an imaginary potential

Sample input and output files

http://www.nucl.phys.tohoku.ac.jp/~hagino/ccfull.html
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1) all order couplings

Veoup(r, 0) = VAL (r, 0) + Vi (r, 0)

Nuclear coupling:

c(é\lﬂ)p("" O) — =

Vo
1+ eXD[(T — Rg — RTO)/G]

Coulomb coupling:

3
c(c%)p (r, O) —

RA
I' 6

Z pZme”
oA+ 1 PO At
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1) all order couplings

1+ exp[(r — Rg — R7O)/dl

~ Vy(r) — Rpo N

dr

c(cg\lrj?:)("“ O) —
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1) all order couplings

c(cg\lrj?:)("“ O ) - - Yo
1 4 exp[(r — Rg — R70)/al
~ VN
T
10° AN T
102 -_“Ni+9%r v = ]
% 101 i' ,;_,"' ) 3
- A L ‘
b‘g 10° 3 ,."'J ‘-"‘ f;" -----Emuglt:‘gling
p = H = = -Quadratic coupling 7
1w /i All order coupllng
fog i * Expt.

: | 1 K.H., N. Takigawa, M. Dasgupta,
120 30 10 1o D.J. Hinde, and J.R. Leigh, PRC55(‘97)276

E ¢.m. (MeV)




CCFULL K.H., N. Rowley, and A.T. Kruppa,
Comp. Phys. Comm. 123(°99)143

11) 1socentrifugal approximation

i 2" 1=J-2, J, J+2 Truncation | Dimension
2t 4 — 9

4+ 9 —3

0+ =] 6" 16 —4

8*F 25 — 5

Iso-centrifugal approximation:
\: independent of excitations

60
/ (14 1)R2  J(J + 1)R?
“ ’ C 22 ' 2
Veoup(r,8) = f(r)Y(7) - Th(E)

transform to 22+ 1
— T
the rotating frame \/ 4 F(r)Txo(€)

“Spin-less system”
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i11) incoming wave boundary condition (IWBC)
™ 2
s = BX@ADA B=1-15)

(1) Complex potential

V(r) =Vpep(r) —«W(r 100 abs . | .
()= VR() =W s
(2) IWBC E 0 V%/*\
- - - bt 20__ r _
limit of large W (strong absorption) 3 of b :
§ -2 —— Coulomb
. r / /& 401 — Nuclear
“UJl(’I“) p— T’l exp (—7,/ kl(’r )d’r ) -60 | _1 Total -
Tabs B0 15 20

: — strong r (fm)
(Incoming Wave Boundary Condition)  absorption

ki(r) = \2u/R2[E — Vi(r) — 10 + 1)52/2u17)
{ e Only Real part of Potential

e More efficient at low energies P, = |Tl|2
cf. |5~ 1 atlow E
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2 DDBR: (i) BrEAERR

2
H= —g—uv2 + Vo (r) + Ho(€) + Veoup(r, £)
MAXEFHARNEEF I ZLERTIERIZHRKYLTLNDIES

Il

HEXHEENDHEWETRILE— - AT — LR EREEI D)
IRILF—-RT—)LIZBEARTIEEIZ/MESWNES

h2 <K €
< (FEEEDHIZE v.s. NS BEHREDO I RILT—)

[Ho(€) + Veoup(r, §)]po(&; 1) = eo(r) ¢o(&; T)
mmp o (£) + Veoup(r,§) — eo(r)




c.f. IKE LD FIZTX 9 % Born-Oppenheimer ¥T {2l

e-

O

[Tr + T + V(r, R)]W(r, R) = EV(r, R)

1. FFTBEFHNLEFOTWDELTEFNEHETEZD
[T, + V(r, R)]un(r; R) = en(R)un(r; R)
2. &R Z RICEALT&/MET S
Or2’. IRToIvIL ¢(R) FDIGFRIDEEHEEZDS
[Tr + en(R)]on(R) = Epn(R)
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2
V2 + Vo(r) + Ho(§) + Veoup(r, §)

EL VA ERE B
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Vag(r) = Vo(r) + eo(r)
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Fig. 1. Nlustration of how channel coupling increases transmission at energies below the barrier and

decreases it above. Parts (a) and (b} indicate the classical limits for no couphng and coupling,

respectively, while parts (¢) and (d) indicate how quantum mechanical effects modify the corresponding
CUIvYes.
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Figure 38. Results for the one- to six-neutron transfers from the reaction 52Ni + 2°Pb at different
energies covering overlap parameters up to dy = 1.4 fm. The small enhancement of the two-
neutron transfer can be seen. The deviation of the higher-order transfers from the exponential
fall-off defined by the In transfer defines here the enhancement factor EF (see also figures 23
and 46).
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e more enhancement of fusion cross sections
e flatter barrier distribution

v'stronger octupole collectivity
v'multi-neutron transfer process



stronger octupole collectivity in *°Zr

Zr: B(E3: 3-;, 2 0Y)=29.1 W, E; =2.748 MeV
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()-values for multi-neutron transfer channels

Q,, (MeV)
40Ca + °9Zr

+1n
+2n
+3n
+4n
+5n

+6n

-3.61
-1.44
-5.86
4.17
-9.65

-9.05

0Ca + 967

+0.51
+5.53
+5.24

+9.64
+&8.42

+11.62
cf. Qg (-1n) =-8.45 MeV for “Ca+"Zr

Experimental data for
total transfer cross sections
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G. Montagnoli et al.,
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How to treat multi-neutron transfer?

1. Stelson model: P.H. Stelson, PLB205(°88)190

d’(Eo, )/dE* (mbMeV)
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85
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* 3 > Flat barrier distribution

(B, By parameters)

min?®

E » Simple, and easy to implement

| »Purely phenomenological
-1 »No connection to transfer cross sections

2. GRAZING: G. Pollarolo and A. Winther, PRC62(‘00)054611
3. Zagrebaev’s model: V.I. Zagrebaev, PRC67(°03)061601(R)



How to treat multi-neutron transfer?

1. Stelson model: P.H. Stelson, PLB205(°88)190
2. GRAZING: G. Pollarolo and A. Winther, PRC62(°00)054611

o [mb]

classical trajectory
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40 96
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semi-classical
coupled-channels

‘ L method
projectile

» Good for transfer reactions

»No dynamics for tunneling
in fusion reactions

(classical trajectory up to the
turning point)

S. Szilner et al., PRC76(‘07)024604

3. Zagrebaev’s model: V.I. Zagrebaev, PRC67(°03)061601(R)



How to treat multi-neutron transfer?

1. Stelson model: P.H. Stelson, PLB205(°88)190
2. GRAZING: G. Pollarolo and A. Winther, PRC62(°00)054611
3. Zagrebaev’s model: V.I. Zagrebaev, PRC67(‘03)061601(R)

Qgq(k)
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Q-value fusion at E+Q

distribution
WCa+Zr energy ~10°

\ gain E
'§ 101

HCat+¥Zr %
é 100

mm) (00 naive =
10-1

cf. 3- excitation: energy loss
but still large enhancement of o




New Simple Model K.H., N. Sekine, and N. Rowley, in preparation

v'Stelson model: purely phenomenological, no connection to G, ..
v' GRAZING: not for fusion

v’ Zagrebaev’s model: basically wrong

v'Time-Dependent Hartree-Fock (TDHF): no tunneling

New simple model for multi-nucleon transfer

c.f. a preliminary version:
N. Rowley, in Proc. of fusion workshop at Dubna (‘01)

See also:
H. Esbensen, C.L. Jiang, and K.E. Rehm,
PRC57(°98)2401



New Simple Model
1. Neutron transfer chain only
il | \ | | | | ]
10" 40Ca+967r
i Bon=107.3"
_ - MeV 3
O : _
é n
2 10°F
© =
il e—eAZ=0
075 e-eAz-1
o L
0% 1 23 4 5 6 7
AN + |AZ]

S. Szilner et al., PRC76(‘07)024604

proton transfer: less strongly
coupled to the entrance channel

2. Approximate Q-value distribution

400 | | l | l
| 40Cq+967r In(Q,_=+0.51 MeV)

300 / =

) E.,=97.1 |

= M

5 200 eV

© 2n (Q,, = +5.53 MeV)
100

-10 0 10 20
-Q (MeV)

L. Corradi et al., PRC84(°11)034603
(Recent data with PRISMA)

—  0=0
40Cat+27Zr Q
g.s. at -Q,,
HCat+>Zr

Q-value matching

——> put all the strength
to a single state at Q=0



2. Approximate Q-value distribution
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m—— Q=0

“0Ca+9%7r
— gs.at-Q,
41Ca_|_9SZr
Q-value matching

—> put all the strength
to a single state at Q=0

3. Same coupling scheme
for inelastic excitations

3 < > €37
O_|_ B3 < V 5 B3 113 O—|— 99
W0Cat?%Zr -V
g.s.to g.s. .
Y 11 3_ b3
\\_ B3 43 0—|— bL)
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Brink-Axel hypothesis

constant coupling approximation
for transfer



4. Sequential coupling to each transfer partition with the same strength
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4. Sequential coupling to each transfer partition with the same strength
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C Eigen-channel approach
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diagonalization

Model: One adjustable parameter: V

eigen-values A
eigen-vectors |A >
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