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TABLE 1. Optical-Model Parameters Neutrons
NUCLIDE ENERGY REAL POTYENT IAL VOL.IMAG. POTENTTAL SURF.INAG . POTENTIAL SPIN-ORBIT POTENTIAL ST SR FIT KOTE REF.
(MEV) v R A W RW AW WD RD AD vse RSO AS0
AL . 490, 1.25% 0.65% 5.06* 1.25% (.98 10,  1.25*% 0.65% 3520 1340 353 15 GILb3
AL 1.5 7.4 1.25% 0.86 6. 3G 1.25%  Q,98% 10.= 1.25% 0,46 3200 s1 10 KOREB
AL 2.u47 4B.4Q T 0.65 B.uz2 1.19 0.UB* 8.0* 1,14 0.65 2530 12790 52 2 HOLT1
AL 3.00 47.9 1.13 0.72 7.35 1.08 0.u8% 8.0% 1.13 0.72 2520 1250 S2 2 HOL71
AL 3.49 ug.? 1.18 0.61 8.6 1.29 O.LA* 8.0*% 1.18 0.61 2360 1130 31 2 HOL71
AL U4.00 49.1 1.20  0.62 T7.99 1.26  0.u8* 8.0% 1.20 0.62 2290 1090 52 2 HOL71
AL 4.56 50.2 1.13 9.59 8.38 .26 ¢.L8% 8.0 1.18 0.58 2050 1020 51t 2 HOL71Y
AL 6.09 u7.8 1.20 0.67 B.23 1,23 Q.uB* 8.0 1,20 0.67 1880 1070 s3 2 HOLT 1
AL 7. 45,5 1.25% 0.65%* 9.56 1.25% 0.98%* 8.6 1.25*%  0.65% X3 BJO58
AL T7.05 49,1 1.29 0.682 7.90 1,20 D,ugx* 8.0% 1.20 0.68 1800 1040 52 2 HOL71
AL T7.97 49.4 1.20 0.69 2.1 1.30 0. 41 0.8 1.20 0.69 51 2 BRA72

1 step 2 step N step
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gy =A Py A AN A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phys. (NY) 8, 551 (1959).
M. Yahiro, K. Minomo, KO, and M. Kawai, PTP 120, 767 (2008).
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proton at 65 MeV

— g-matrix
— Impulse
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—— g-matrix
— Impulse

C. M. scattering angle (deg)

% 3 o s IR NN cf. K. Amos+, Adv. Nucl. Phys. 25, 275 (2000).
IR TR C O E AN A EF O 2B VBT T. Furumoto+, PRC 78, 044610 (2008).

M. Toyokawa+, PRC 92, 024618 (2015).
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T. Furumoto, Sakuragi, Yamamoto, Phys. Rev. C 80, 044614 (2009).
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Continuum-Discretized Coupled-
Channels method; CDCC
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Three-body scattering problem

Assumptions for simplicity:

y - No spins
D » No Coulomb
- No absorption (1maginary pot.)
d - 2-body problem solved
Schroedinger Equation boundary condition (b.c.) not specified

[E— K — Vpyy — Vyu = Va] ¥ = 0.

1
FE — H + ¢

. Solution 1: ¥ = BBy, + (Vpa + Via) e By
1€

iIK-R,) — +) KR/
— __ .




Three-body scattering problem

Assumptions for simplicity:
- No spins
- No Coulomb
- No absorption (1maginary pot.)
- 2-body problem solved

Schroedinger Equation
[E— K —Vyy — Vyu — Vpa] U = 0.

1
E— (K + V) +ic

= H, (channel Hamiltonian)

- Solution 2: ¥ = eiK'qud + (VpA + Voa) V.

Lippmann-Schwinger (LS) equation



Problems of the LS equation

1
E — H;+ e

U =Ry + (Voa+ Via) .
1. Absence of the rearrangement channels
2. Divergence problem due to the disconnected diagram

3. Nonuniqueness of the solution

The b.c. of the LS Eq. 1s not appropriate.




The Faddeev theory

L. D. Faddeev, Zh. Eksp. Theor. Fiz. 39, 1459 (1960) [Sov. Phys. JETP 12, 1014 (1961)].

E—K -V, —Vpoa = Vou| ¥ =0, V=VU;+V,+7,.
Faddeev Egs.
E— K = Vpn|¥ag=Vpn (¥p +¥y),
E—K —Vpa| VY, =VpoaVg+ Va4V,

[E — K — VpA] \pr = VpA\Ifd -+ VpA\Ifn.



Three-body theory in a model space

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

E—K -V —Vou—VpalU =0, U=U,+ 0T, + U,

Faddeev Eqs. | pair int. but 3-body int.

[E — K — Vpn — leax (VnA + VpA) P v, = Vpn (\pr + \Iln) :

max ]

E—K—VoalV,, = (Via — P VaaPr ) Va+ Vaal,,

max

E—K —Vya|lV, = Voa—Pi...VoaPr) YVa+ VpaVs,.

max

S S

l<l1nax

7)06 pn(R—r/2)? N 6—,U,R26—,u7"2/4




Problems of the LS equation

1
E — H;+ e

U =Ry + (Voa+ Via) .
1. Absence of the rearrangement channels
. Divergence problem due to the disconnected diagram

. Nonuniqueness of the solution

The b.c. of the LS Eq. 1s not appropriate.




[-truncation, the center of CDCC

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

Imax /dd Z Z}/l’m lefm, A,)

l<lll’l’iX m

P, smears out 7 w/ the resolution of /1.,

max

| A [If [ ., — oo, it means o(r’— r).]

- We have no rearrangement-like channel in the asymptotic region
because of Pi,,.. .
- As [, Increases, the coupling between the 15 Eq. and the other

two becomes weaker.



Three-body theory in a model space

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

[E—K—Vpn—VpA—VnA]\IJZO, \If:\de—i-\pr—l—\I/n.
Faddeev Eqgs.
E—-—K—-V,, — P

not pair int. but 3-body 1nt. —0
(VnA + VpA) P Vg = Vpn (\I"p + lIjn)

max max ]

[E — K — ‘vnl\} an — (‘TIL\ 7 IP/,,M\"?/A,V\IP/H,M) \If(/ + ‘fvu.'\qj/)-
E—K—-V,a|V,=(Voa—P1...V

Ploax = /d’ﬁ/ Z ZYlm (7)Y, ()

lglrnax m




CDCC, as an alternative to the Faddeev theory

N. Austern, M. Yahiro, and M. Kawai, Phys. Rev. Lett. 63, 2649 (1989);
N. Austern, M. Kawai, and M. Yahiro, Phys. Rev. C 53, 314 (1996).

CDCC solves the following LS eq.:

T 1
@CDCC — e,LK R¢d —|_ EI . Hd _|_ 7:67)[11121}( (VnA _|_ VpA) PllllﬂwaDCC.

CDCC gives a proper solution to a three-body scattering problem
if the solution converges w/ respect to /.

- Continuum-Discretization has nothing to do w/ the justification of CDCC.

- [-truncation allows one to truncate also » and k.

+ Convergence for other quantities (.., k.., and Ak, etc.) must be confirmed

ax?’ " 'max?

to obtain a proper solution to the LS Eq.




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)
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The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)
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The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I i Byakup N N

w i LR Diseretzator \
I s Q;
d : L

e R T4

L9 v (FR) = 8y (ke ) 2o (Ko, R)+ [ $(k, 7)1 (K, R)dk
w

k-truncation

<S>




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I i Byakup N N

w ¢ (k) I Discretization ) A
: I @,
d —

e R T4

_‘7\“ — = — g kmax — =
L5 v (P R) = 8y (ko P o (Ko, )+ [ ™ 9 (K, F) 1 (K, R)dk
w

k-truncation




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I Byakup A

¢ (k) | | Discretization A
m il> [ ] 9
d I

e R T4

e _ N . - imax ki _ —

L9 v (F,R) = ¢y (ky, F) o (Ko, )+ D [ ¢k, F) g (K, R)dk
i=1

w

k-truncation

‘ ‘ ‘ »




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I i Byakup N N

¢(k) | | Discretization _\ A
j> N 9

> > , Ly
783 Do 7gs Jg’s P
9 w (P R) = 6y (ko F) 20 (K, R) + Z R)[" (k. F)dk

w

k-truncation and discretization

N.




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I i Byakup N N

i‘> ¢ (k) :::: Discretization | \> $
738» ¢: 738 g J/g; ¢:

9 v (7 R) = ¢y (k) 2 (Koo )+ 3 2K R) [ gk, F)dk




The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I | Byakup R N

¢ (k) | | Discretization ) A
j> [ ] 9

738» ¢: 738 g J/g; ¢:

, W (FLR) = By (ky, F) xy (Ko, R) + Z j ok, 7)dk
' i—1
| 1 : B

O I k-truncation and discretization

“ CDCC /= B \" £ (7
r,R) = 7
A 4 ( ) Z /( standard b.c.



The Continuum-Discretized Coupled-Channels
method: CDCC (after /-truncation)

¢ I i Byakup N N

¢(k) | | Discretization : A
j> . (9

| > - -
gs. ¢0 738 J gs. ¢0

lmax

v=dxo+ | ok = yTC=3 04

cf. M. Kamimura, Yahiro, Iseri, Sakuragi, Kameyama, and Kawai, PTP Suppl. 89, 1 (1986),
A N. Austern, Iseri, Kamimura, Kawai, Rawitscher, and Yahiro, Phys. Rep. 154 (1987) 126;
M. Yahiro, Ogata, Matsumoto, and Minomo, PTEP 2012, 014206 (2012).



Faddeev-AGS vs. CDCC

ITTT | TTT_1 | I |:
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FIG. 8. (Color online) Breakup distributions for the
FIG. 2. (Color online) Elastic cross section for d+'°Be: OBe(d, pn)'°Be reaction at (a) Eq = 21 MeV, (b) Eq = 40.9 MeV,
(a) Eq =21.4 MeV, (b) Eq = 40.9 MeV, and (¢) Eq =71 MeV. and (¢) Eq = 71 MeV. Results for CDCC (hatched band), FAGS

(solid), and FAGSI1 (circles).



Applicability of CDCC to low energy BU process

N. J. Upadhyay et al., PRC 85, 054621 (2012).
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do / dQ (mb/sr)

CDCC severely overshoots the result of

FAGS.

12C(d,pn)'*Cy at E;= 12 MeV
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Description of deuteron breakup process by CDCC
Ey

Incident energy . G\é
. n

by E+¢g=E
(Energy Cons.)

A

» Open channels (£, > 0): directly connected to observables
» Closed channels (£; < 0): virtual breakup channels

Neglected in the preceding study



Applicability of CDCC to low energy BU process

N. J. Upadhyay et al., PRC 85, 054621 (2012).

60

40

20

do / dQ (mb/sr)

CDCC severely overshoots the result of

FAGS, if closed-channels are neglected.
cf. triple-alpha study

12C(d,pn)'*Cy at E;= 12 MeV
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BB OBEBUE D AEI (averageik)

HLELIR BB R 2 IS AR (2D 72> THED T %, HHIKDG AR
kit Ak kit Ak I
(pgrzee (r) = / 0 (k,r) dk = / sin (/{7" — 3) dk

—1 [ [
= (cos [(/c —I—Ak)r—?] — COS [kr—;])
- A+B . A-B
cos A —cos B = —2sin il Sin ——

T2 IR T \ 4 (IR 7 YR B R 7

2 Ak [T Akr
~free s = o .
Pri (1) \lsm ([k + > ] r— 5 ){sm 5 }/




Wave function
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Wave function
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EHTIA BB D BEEE D A EIIL (pseudostateiE)
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BERRAE D FiHED LB
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|S(k) [* [ fm |

T BIEDEHI(AviE vs PSE)

T Matsumoto, Kamizato, O, Iseri, Hiyama, Kamimura, Yahiro, Phys. Rev. C 68, 064607 (2003).
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CDCCOO“;NAA a—F

CDCC @ —R(EE T AFHROX
http:// www.nt.phys.kyushu-u.ac.jp/CDCC/index.html
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Review papers

M. Kamimura, Yahiro, Iseri, Sakuragi, Kameyama, Kawai, Prog. Theor. Phys. Suppl. 89 (1986), 1.
N. Austern, Iseri, Kamimura, Kawai, Rawitscher, Yahiro, Phys. Rep. 154 (1987), 1235.
M. Yahiro, O, Matsumoto, Minomo, Prog. Theor. Exp. Phys. 2012, 014206 (2012).
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