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We describe theoretical backgrounds for the coupled channel and the optical model approaches
for explaining low-energy heavy-ion reactions. In order to explain the physics behind the reactions,
first, we extract the total fusion cross-sections for the “Be + 2°8Pb system by using the coupled
channel method in which both projectile and target excitations can be included. Also, for a more
intuitive understanding, we introduce the optical model method and apply it to the elastic scattering
for the "' Be+%'Zn system when ''Be nuclei are weakly-bound neutron-rich nuclei. The Coulomb
dipole excitation and the long-range nuclear potentials turn out to be effective for describing the
heavy-ion reactions for neutron-rich nuclei. Finally, we introduce a nuclear reaction experiment

that can be performed using the RAON accelerator.
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= SHLe. A5 JlE o Al ol ALl o Beam Projectile \ Scattering
-é_g‘ll?l—'g 2a= 7]-'30}1'_':-% 9»7\———]:'%, -1 E‘ﬂ]— lﬂ/\]-o_l‘ﬂ} i ve|ocity % \ angIeG
A3 Ato] o] B SEIHES oldfistet B2 Eae — L . -2
FolT (1], 2719 SYEL R Bshl $2 94
HF (tightly bound nuclei) 7 of-¢- FA-& 24 dS o]-& Impact
gt FANES AdE0] FE o|F At [2,3]. SHAIRE, 1980 parameter b
| Futol5, A9 l&Ee] IR Qo) AL FALL ofcollsion Target
W= Aol 7Hs s A S w1 HF (neutron rich
nuclei) 9 A=} 7<) 8 (proton rich nuclei) 2F =
S} 719 AR o] OFgF LaaH] B2l A 1F (weakly
bound nuclei) ¥ FA-¢ AT ZHES A S o] Fig. 1. Brief picture of nuclear reaction. Projectile and
target are interacted by Coulomb and nuclear potential.
7Vs ol Aot [4-6). By intertactions, projectile has scattering angle 6 which
E3] o]d L&at 2ol EET BAe m Ao is related with impact parameter b.
FoULg PARE o) o] ks Hel alFelq olAl
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§3tsle] Holale 9} 9F-§ (nuclear fusion
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urel nE Jd (open channel) < 1185t
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s & Atk Zloln. oW, We = g AElA g7 Ad
2 7be g4uhea BAC Ak (S0 £ ATA o

21341} (relative outgoing-wave) 2 g0l tigh Ag 2jd ®

Atole] AgtE AlFeteh. AA71A, (Wo)ssr
BABEERH p # g AEER 7t A TA
Hoh AA|, & A-gATEHA (total fusion cross section)
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_ (+) (+)
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BB’
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Fig. 2. (Color online) Total fusion cross section for “Be
+ 208Ph system. Solid (black) line is the result by the
coupled-channel method including both the projectile
and target nuclei excitations and dashed (blue) line is
the result without the CC effect. Dash-dotted (cyan) and
dotted (purple) lines are the results including only pro-
jectile and only target exited states, respectively. The
experimental fusion cross section data are taken from

Ref. 14.

C 2udr? 2ur? " T
+en — E:| %L(T) + Z VnnL(r)¢m(r) = 07 (9)

o= & o [12]. A7, pw, J, e, 18I EE2 7}
7t 3bAF AEF (reduced mass), & 2259 (total angular
momentum), nH A HE ] EF o JA] (excitation en-
ergy of the n-th channel), 212|321 YA} o4 2] (incident
energy) & oJu|gith, 124l 7; 9 7,2 YA} 249
o] HoteolH, o, (r) = ZAAZEZ (boundary condition)
54 WETH ATA LA 0 A YRS
oJmgiet, V¥ (r) & S E-AH (Woods-Saxon) HE] 0] &
WU A 4G 2 RE S4E e A 1Y
(ftting) © 23 E) 7 4 ok, SPAT, 2 ATO|AL %
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HElAd [13]S AHEE Zloltt, s, AWXERIE 2 o gl
RN 5418 Mokt 2ol ol A4HE T
gloto] A EIRE (barrier penetration model, BPM)
2R At AR (incoming wave boundary condi-
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= A E EIAS (transmisssion coefficient) & Y-
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Table 1. Parameter sets for total fusion cross section
of CC method for Be42"8Pb system. Internal excited
states and coupled parameters 8y for CC method are re-
ferred from Refs. [17,18]. Note that e, in £,(EX; Band)
means an excited energy for E\ multipole states. Band
means collective motions, i.e., vibrational (Vi.) or rota-
tional band (Ro.) for projectiles.

Projectile excitation
e+ (EX; Band) B
(MeV)
2.43(E2; Ro.) [17] 0.875

Target excitation
ez (EX; Band) B3
(MeV)
2.616(E3; Vi.) [18] 0.111

S, 0702 HE EIHE (penetrability) & ol o] gkt
Hlgot= & e A Fob= Wilelt [12]. 2¢
P a4 (¢ ouphng matrix element) QA HEA V., (1)
Aueld B2 V0D 9 25mEd BE 0 oz 745
of o, F 1Eﬂ/§ Tt 31 A% (rotatlonal coupling)
4 215 23 (vibrational coupling) L.E (mode) 2 2
T AUTE (AAIRF Y82 FHAER [12] ).

oY
kil
M

& [15ellA e 2 Ad $e olgste]
Be + 28pbAI ] F HEH DHA opp & AT
Fig. 2 dAtIU o] ot & 3 A =
= IRER=PAR= ou}s_q 2 A0 S Atglel Ak

L& sty G2 At At AR o2 SHH T 9
SRUAAL A ARRE 2 5 ek, A, QA HA
o] SF AE (excited state) & 25 1L H2 AL
A Aot & QAFS B 4 ook B3], sh5 0] A4
(dash-dotted (cyan) line) S22 HE ZA o] EFHTI=
UArle] o] WA e AR olTE AL B

AT

o] At 9laf e 3 el vV (r) o W
Vo, 70, 13T ag S 2+ 52.10 MeV, 1.178 fm, 12| 1L
0.636 fmS AH8-5FTH [13). 28]1l JAFSHT Aol &
S0 I E o= A 123 Al (multipole deformation
parameter, 8y) 2 €7] gJsf AFgHog AL thE= E&

B(EX; 1)) [16]

i)
]

‘_‘

SHE (multipole excitation probability,

3Ze

[BIEX D)2 = = =BrRe (10)

& ©]-85k3iTh Table 12 Ou}oﬂﬁr FA O] 7} e
=% JH (low-lying excited state) 2] Z1HH ALFE H
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Fig. 3. (Color online) Pr as a function of the scat-

tering angle 0., for 1Be+%Zn system. Solid(Black),
dashed(blue), and dotted(red) lines are calculated ratios
Pg obtained using the SRN+CDE+LRN,SRN+CDE,
and SRN potentials, respectively. Circles(red) represent
experimental quasielastic scattering data for "'Be+%4Zn
system taken from Ref. [21].
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Fig. 4. (Color online) B(E1) distribution for 1*Be ob-
tained from Eq. (18) compared with the experimental
data taken from Refs. 22,23. Solid line represents the
B(E1) distributions obtaioned from Eq. (18).
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2 Fsl] dHA (photonuclear cross section)
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