Recent developments and applications of the
continuum-discretized coupled-channels method

Shoya Ogawa

Kyushu Univ.

ESNT project — 29 June — 3 July « CEA Saclay, DPhN, Orme des Merisiers



[GEM calculation] ___.| Reaction observables
calculation do/dQ, do/dE
4 )

* Energy

« Wavefunction

¢ g.s.
o Excited state
e Discretized continuum state

-

GEM gives not only energies, but also wave functions.

CDCC uses them as reaction input.
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CDCC basics Continuum discretization and coupled-channel equations

6 . . .
He breakup Resonant and nonresonant continuum contributions

SO and T. Matsumoto, Phys. Rev. C 102, 021602(R) (2020).

°C breakup Channel decomposition with CDCC + CSLS

SO+, Prog. Theor. Exp. Phys. 2026, ptag096 (2026).

Future work:"Li + N More particles system
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1. CDCC basics




Describe transitions of the projectile to continuum states

during the reaction.
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Solve coupled channel equations including various breakup

states
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» Schrodinger eq.

R
K +U,+U,+Us+hp—E|P(ER)=0 @

&: Jacobi coordinate

> Y(& R) 1s expanded with discretized eigen states, {®,,}, of °He.

b, 1 ()
W(E R) = Do (Do (R) + j de &, (&) (R) — Pe n

Bound state Discretized continuum states | (D: | / (:D
Nmax O O
U(E,R) = [0o@o®) + ) [0 (En(R)

e [MeV]

Bound-bound, bound-continuum, and continuum-continuum
transitions can be treated non-perturbatively. 23



SHe continuum states are described by the Pseudo-state method.

hp = Ky + Ky + Vi + Vg + Vg

1 Diagonalizing Hamiltonian of °®He with GEM.

Positive-energy states
(Pseudo-state) Pseudo states are included as

discretized continuum states in

the CDCC calculation.

n

j Bound state
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Total wave function

Nmax

W(E,R) = Do(OPo(R) + ) Pu(@Yn(R) N

n

Coupled-Channels equation
(®.1|H — E|¥) =0

[KR + Unn(R) + (E — En)]wn(R) - = Z Unn’lljn’ (R)

] . n'#n
Coupling potential
Unt (R) = [ d§ ©n(OU(E RYP, (§)
Cross section
d?c € : Internal energy of the emitted °He after the reaction.

dedQ Q: Scattering angle of °He.
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| He+ C at 229.8 MeV
Cou o Ii'}' (NR 10 Nl 003)

§ 'I‘ -------- no coupling
Cro 10 S 0 and 2" couplmg
0 10 20 30

T. Matsumoto et al., Phys Rev C 70, 061601(R) (2004) c m. [deg]
|




2. Example I: °He breakup
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=113 keV

2.65 MeV
* I'=1.59 MeV

|

5.29 MeV
I'=1.96 MeV

70 <0, < 90
x? = 0.52

E e (MeV)

X. Mougeot, et al., Phys. Lett. B 718 (2012), 441.
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The 23 was discovered with excitation energy 2.65 MeV and width 1.59 MeV.
These values are lower and narrower than those obtained by theoretical

calculations.

The 27 was obtained by the Breit-Wigner fitting.
Detailed studies treating resonant and non-resonant states are

needed.
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» °He is a two-neutron halo nucleus, described as a@ + n + n.

» Breakup spectra contain both resonant and nonresonant
continuum contributions.

» A broad resonance may not appear as a simple Breit-Wigner
peak.

Reaction calculation
four-body CDCC

breakup observables
do /dE

Structure calculation ] ——_—
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» The calculated cross section is discrete in energy of °He.

30

120- —— Total
+

— 2

2 ] Smoothing
z

0 2 4 0 2
E,, [MeV] E,, [MeV]

(=)
>
T

dofdE,, [mb/MeV]

> Continuous T matrix and discrete T matrix

T = ) (@@,

n .
Smoothing factor
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CDCC + CSM T. Matsumoto, et al, Phys. Rev. C 82 (2010), 051602(R)

d*s _ 11 ZT* 0 1 O NT
dedQ  m , ¢ "’le—heHe+in| )T
nn

Green’s function with complex scaling method

=U~1(09 do
€ — heye + i () e—e§< v1U6)

e LORDI RO

Double differential cross section
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ded() - T € — eg
Vv
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» Complex rotation of the internal coordinate of °He.

“1(9) — ypif
U@)xU™(0) = xe V1 Va
U)yU~(6) = ye'
c=1
Under the transformation, we solve the Schrédmger eq. of %He

with GEM.,

Im[e] A

N =0
bound state

bound state|] continuum state —o
—@ » Rel¢]

» Rel¢]

resonant state

Complex energy states appear.

T. Myo+, PTP 99, 801 (1998) 1723



Im[ég] [MeV]

12/23

%o [PHe(3/2)) + ]
' ) [4He +n+nj .
\ il 5 - 1 %
i 2 1 g
. Y [PHe(1/2) + n] = =
TC) w
qﬁ‘:‘;/ 0+ E - é
;: DD o-2 1—2
TR R S m— &5
Re[e] [MeV] Rele] [MeV] Re[€] [MeV]
Calc. T. Myo, et al. [1]
J7 E. I E, r
27 0.85 0.14 0.81 0.13
25 2.25 3.75 2.35 4.22
05 3.70 7.13 3.69 9.14
17 4.42 4.82 [1] T. Myo, et al,, Phys. Rev. C 63 (2001), 054313
15 4.51 8.23



CDCC + CSM T. Matsumoto, et al, Phys. Rev. C 82 (2010), 051602(R)

d*s _ 11 ZT* 0 1 O NT
dedQ  m , ¢ "’le—heHe+in| )T
nn

Green’s function with complex scaling method

= U7'(6)

AU,
6_63( v|U(6)

—U(0) = ) UL (©0)|®%)

€ — heyge + I € — heye + I

d?c, Cross section for transitions
dedq to states obtained with CSM.

A o B (S T A U1 (IR [PV () 0,) T, )
o~ L =

Double differential cross section

de T e—eg

The resonant contribution can be separated. ,,,,



‘He + p @41MeV/A 2*-continuum

d d?
a9 :/ 7 a0 o
de 20°<H<30° deQ y

T

" E r
Rf 085  0.14
NG
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do/de [mb/MeV]
o
(oo}

—
~

1 2

(da) B (da) n <da> n (da) ' l '
€/ o+ a de 2F de 27 de non Res. € [MGV]

« We separate cross section to components for 27,23, non-res.

e The shoulder peak comes from 23 in 2~3 MeV.
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observable
spectrum

resonant continuum] : :
interpretation of

—_—

broad resonances

nonresonant
continuum

> Reaction data do not isolate a resonance automatically.

» The resonant energy and decay width calculated with CSM are
connected to the peak structure of the reaction observables.
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3. Example II: °C breakup




» Three-body continuum-discretized coupled channels method

(Three-body CDCC)

. SB
v Proton halo nucleus
v Sy = 0.137 MeV

A breakup of 8B should be taken into
account in a reaction analysis.

9C(=p + ®B)

8B 1s treated as inert.

27—
208Pb(9C, pSB)zong at 65 MeV/nucleon

2 CDCC: fitted (x1.10)
: S— CDCC
= ; o experiment
2 IR )

10¢
W
=
g
Q

00
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» Four-body CDCC

« The reaction system is treated as p + p + "Be + ?"8Ph.

« The breakup cross section contains the two following channels:
°C + 298Pb — p + 8B + 208Pb

°C + 208Pb — p + p + "Be + 205Pb

9C(=p+p + "Be)

~N_

Three-body
® O

e s

Two-body @

V

J

do/de (mb/MeV)

J. Singh+, PRC 104, 034612 (2021).
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(a) s breakup on *%pb at 65 MeV/nucleon
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» To compare with the experiment, we want to see the
contribution of the two-body (p + 8B) channel.

e Separating contributions from each channel is difficult!
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» T matrix that the p+3B channel is set to the final state.

_ 4bCDCC.
N T N
— T matrix describing transition
'\ to a pseudo state @,,.

Three-body scattering w.f. of the p + » + "Be system, which
the p + 8B channel is set to the final state.

p+8B

breaks up . \

\__/CDTL

D

p+p + Be
® ¢

<
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» Complex-Scaled solutions of Lippmann-Schwinger eq.
(CSLS) Y. Kikuchi+, Phys. Rev. C 88, 021602(R) (2013).

« Lippmann-Schwinger eq. of the p + p + "Be system
— C(- : C(-
(@71 = (o ol + lim(p ™ oV

PR

—— Identify the final state —

— th + lT]

C(—
<pg()

Coulomb wave

¢sp

e Three-body scattering w.f. can be calculated with GEM+CSM.

Four-body CDCC + CSLS enables us to decompose the cross section.
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» Complex-Scaled solutions of Lippmann-Schwinger eq.
(CSLS) Y. Kikuchi+, Phys. Rev. C 88, 021602(R) (2013).

« Lippmann-Schwinger eq. of the p + p + "Be system

) = (0 doal + lim (o b
(@71 = (o5 gl + limdpr ” oglV ————

AX scaling method (CSM) ——

Naively, direct numerical

calculation 1s difficult. ‘ 1 _ Z y-o |q)9>
g —hoc +in v

%

5 (PY|U°

v

e Three-body scattering w.f. can be calculated with GEM+CSM.

Four-body CDCC + CSLS enables us to decompose the cross section.
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» Complex-Scaled solutions of Lippmann-Schwinger eq.
(CSLS) Y. Kikuchi+, Phys. Rev. C 88, 021602(R) (2013).

« Lippmann-Schwinger eq. of the p + p + "Be system
(D(_) _ (,C() I; C(-) %
( £ | <§De ¢8B| + nlir(l)«og ¢8B| c — th + in

S h

—— Identify the final state — —— Complex scaling method (CSM) —

C(—
<pg()

Coulomb wave

1 1 ~
— U—H cb@ CI)H UG
€ = hoc +in Z | v>e—819;< vl

¢sp

e Three-body scattering w.f. can be calculated with GEM+CSM.

Four-body CDCC + CSLS enables us to decompose the cross section.
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Breakup cross section [mb/MeV]
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» Decomposing the breakup cross section into the p + 8B and

p + p + 'Be components.
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CDCC basics Continuum discretization and coupled-channel equations

6 . . .
He breakup Resonant and nonresonant continuum contributions

SO and T. Matsumoto, Phys. Rev. C 102, 021602(R) (2020).

°C breakup Channel decomposition with CDCC + CSLS

SO+, Prog. Theor. Exp. Phys. 2026, ptag096 (2026).

Perspective:’Li + N More particles system




5. Limitations and questions

CDCC as part of a larger reaction framework



» Treat breakup and continuum coupling non-perturbatively.

» Use GEM bound and pseudo-state wave functions as
reaction channels.

» Calculate elastic, inelastic, and breakup observables.

» Combine with CSM/CSLS to smooth and decompose
continuum spectra.

» Provide a practical bridge between structure calculations and
experiments.
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> Reaction observables are affected by FSI and are not direct
images of wave functions.

» Rearrangement channels are not fully included in standard

CDCC.

» Target excitation and compound-nucleus-like processes are
not included.

» Nonlocal or energy-dependent interactions are technically
challenging.
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