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Description of transfer reactions (conventional approach)	 

ü  The transition matrix for the A(a, b)B reaction 
within the distorted-wave Born approximation (DWBA). 
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ü   The optical potential         (       ) for the a + A (b + B) 2-body system  
generates the distorted wave. 

ü   One-step transition induced by the residual interaction        (       ) 
for the post (prior) form is assumed. 
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Introduction	 1 

Can DWBA describe the reaction  
even if a or B is loosely bound system? 



Model	 

ü   Coupled-channels Born approximation (CCBA)  
with the continuum-discretized coupled-channels (CDCC) method. 
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ü   The optical potential         (       ) for the subsystem x + A (b + A)  
generates the distorted wave based on the 3-body model. 

ü   The CDCC wave functions both in the initial and final channels. 
→ Remnant term is canceled out exactly. 
→ Rearrangement component is involved implicitly. 
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Beyond DWBA	 M. Kamimura et al., Prog. Theor. Phys.  Suppl. No. 89, 1 (1986). 
N. Austern et al., Phys. Rep. 154, 125 (1987) . 
M. Yahiro et al., Prog. Theor. Exp. Phys. 2012, 01A209 (2012). 

A. M. Moro et al., Phys. Rev. C 80, 064606 (2009). 



ü  Decomposition of the transition matrix 

Model	 

Back coupling (BC) 

Breakup transfer (BT) 

Elastic transfer (ET) 

TCCBA = T�(el),↵(el) + T�(el),↵(br) + T�(br),↵(el) + T�(br),↵(br)
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Breakup process	 



Model	 
ü  BC is implicitly taken into account 

in DWBA as “absorption”. 
ü  BT is never involved in DWBA. 
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Back coupling (BC) 

Breakup transfer (BT) 

Elastic transfer (ET) 

TCCBA = T�(el),↵(el) + T�(el),↵(br) + T�(br),↵(el) + T�(br),↵(br)
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Breakup process	 

ü  Decomposition of the transition matrix 



ü  The 8B(d, n)9C reaction is paid attention 
with astrophysical interest. 
 

ü  Significant breakup effect (58%) can be 
seen at the forward angles of the angular 
distribution of the cross section. 
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4 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 

Breakup effect on 8B(d, n)9C	 



ü  The BC is weak and the ET result can be regarded as that of DWBA. 
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ET ~ DWBA	

Result 1	 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 5 

Breakup effects of each path	 
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ü  The BC is weak and the ET result can be regarded as that of DWBA. 
ü  Strong interferences between the ET and the BT in each channel enhance the 

cross section. → Never involved in DWBA. 

Result 1	 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 5 
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ü  The BC is weak and the ET result can be regarded as that of DWBA. 
ü  Strong interferences between the ET and the BT in each channel enhance the 

cross section. → Never involved in DWBA. 
ü  The BT among continuum states is negligible. 
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Negligibly small	

ET ~ DWBA	

Result 1	 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 5 

Breakup effects of each path	 
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ü   A 25% increase due to CC  
      with the d-wave of 9C is confirmed. 
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Result 1	 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 6 

Dynamical change of transferred angular momentum l	 



What we can say is that the 
breakup effect enhances the 
transfer cross section. 

Breakup effect on S18 of 8B(p, γ)9C	 

(1) Inclusion of the 3-body configuration in 9C (p + p + 7Be). 
(2) The CCBA analysis of the mirror reaction 8Li(d, p)9Li. 

[12] B. Guo et al., Nucl. Phys. A761, 162 (2005). 

Future work	 

Result 1	 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 7 

S18("pB) = �p�("pB)"pB exp[2⇡⌘]

D. Beaumel et al., Phys. Lett. B 514 226 (2001).  
L. Trache et al., Phys. Rev. C 66 035801 (2002). 
T. Motobayashi, Nucl. Phys. A 718 101c (2003). 
T. Fukui et al., Phys. Rev. C 86 022801(R) (2012). 
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By definition, εipn is negative for the ground state (i = i0) and
positive for the breakup states (i ̸= i0). Thus, we can see from
Eq. (30) that for the transfer process through the deuteron
ground state, the elastic transfer (ET), the FRC increases the
T -matrix element. On the other hand, for the transfer process
through the breakup states of d, the breakup transfer (BT), the
correction gives decrease in the T -matrix element. This be-
havior is useful to interpret the difference between the results
of the ZR and FR calculations as shown below. It should be
noted that ρ2i can be negative when εipn is very large. How-
ever, the contribution of such state to the T matrix is found
to be negligibly small. Note also that in the actual calculation
we use Eq. (21); Eq. (30) is used just for interpretation of the
numerical result.

III. RESULTS AND DISCUSSION

A. Model setting

We adopt the one-range Gaussian interaction [14] for Vpn.
The pseudo state method with the real-range Gaussian basis
functions [15] is used for obtaining the discretized-continuum
states of d; we include the s- and d-states with neglecting
the intrinsic spin of d. The number of the basis functions
taken is 20, and the minimum (maximum) range parameter of
Gaussian is 1.0 (30.0) fm. We include in CDCC pseudostates
with εipn < 65 MeV and εipn < 80 MeV for the s- and d-
states, respectively. To obtain Ψ(+)

α , ψi
pn is calculated up to

rpn = 100.0 fm.
In the calculation of ψj

pB in the final channel, we adopt
a Woods-Saxon central potential as U (β)

pB with the radial pa-
rameter R0 = 1.25 × 81/3 fm and the diffuseness parameter
a0 = 0.65 fm. Its depth is determined to reproduce the proton
separation energy of 1.30 MeV in the p-state. The interaction
between a point charge and a uniformly charged sphere with
the charge radius 2.5 fm is used as VC, which is used also
in the CDCC calculation in the initial channel. The pseudo
state method is also used for the final channel. For the ex-
pansion of ψj

pB we take 20 Gaussian basis functions with the
minimum (maximum) range parameter of 1.0 (20.0) fm. We
take into account the s-, p-, d-, f -, and g-waves of ψj

pB with
the maximum values of εjpB of 70, 75, 85, 90, and 70 MeV,
respectively. ψj

pB is calculated up to rpB = 100.0 fm.
As for U (α)

pB , U (α)
nB , and U (β)

nB , we adopt the nucleon global
optical potential for p-shell nuclei by Watson et al. [16] (WA).
The non-local correction suggested by Timofeyuk and John-
son [17–19] to the nucleon distorting potentials of the initial
channel is used. The calculated energy shift [17–19] with
the above mentioned p-n model is 17.8 MeV in the c.m.
frame. Then we evaluate U (α)

pB and U (α)
nB at 29.3 MeV, which

is shifted from the incident energy 11.5 MeV/nucleon. While
the non-local correction to U (β)

nB is made following Perey and
Buck [20] with the non-local parameter β = 0.85 fm.

For describing the transfer reaction, Eq. (2) is integrated

over rα and rβ up to 25.0 and 20.0 fm, respectively. The
number of the partial waves for χii0(+)

α and χjj0(−)
β is 25. As

mentioned above, we include only the s-states of the deuteron,
consisting of the ground and discretized-continuum states, in
the calculation of the T matrix of the transfer process. It
should be noted that the coupling between the s- and d-states
of the deuteron is taken into account in the calculation of Ψ(+)

α

with CDCC. It is found that Di
pn is negligibly small for the d-

states of the deuteron, which justifies the neglect of them in
the transfer process.

B. Asymptotic normalization coefficient (ANC) and
astrophysical factor S18(0)

We show in Fig. 2 the cross section of the transfer reaction
8B(d,n)9C at 14.4 MeV/nucleon as a function of the neutron
emission angle in the c.m. frame. The solid line shows the
CCBA result. We have normalized the result to reproduce the
experimental data [4] by multiplying S = 0.361. Note that
from this transfer reaction S cannot be determined because the
reaction is peripheral as confirmed below. Even though S can-
not be determined, the asymptotic normalization coefficient
(ANC) [5, 12, 21] C

9C
p8B for the overlap of the 9C wave func-

tion with the p-8B configuration is well determined. From S
and the so-called single-particle ANC of ψj0

pB, one can obtain
the ANC; (C

9C
p8B)

2 = 0.59 fm−1.
Accuracy of the value of the ANC depends on how the

transfer reaction 8B(d,n)9C is peripheral with respect to rpB.
This can be examined by estimating the dependence of C

9C
p8B

on the parameters of U (β)
pB ; each of R0 and a0 is changed by

20%. As mentioned above, we put a constraint on the depth
of the potential so that the proton separation energy is repro-
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FIG. 2. (Color online) Cross section of the transfer reaction
8B(d,n)9C at 14.4 MeV/nucleon as a function of the neutron emis-
sion angle in the c.m. frame. Result of CCBA (solid line) is normal-
ized to the experimental data [4].



N. Anantaraman et al., Nucl. Phys. A313, 445 (1979). 
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   16O(6Li, d)20Ne(g.s.) to search surface manifestation of cluster 

T. Fukui et al., Phys. Rev. C 93, 034606 (2016). Result 2	 
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Present CCBA 

Improvement 
(1) Diffraction pattern of the 1st and 2nd peaks 
(2) Reasonable values of the normalization factors 
      → Governed by reliabilities of both 
           the α-16O WF and OMP 

N. Anantaraman et al., Nucl. Phys. A313, 445 (1979). 
F. D. Becchetti et al., Nucl. Phys. A303, 313 (1978). 
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   16O(6Li, d)20Ne(g.s.) to search surface manifestation of cluster 

T. Fukui et al., Phys. Rev. C 93, 034606 (2016). Result 2	 8 



T. Fukui et al., Prog. Theor. Phys. 125, 1193 (2011) 
T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 

(a) 20.0 MeV

(b) 42.1 MeV

Full
ET
BT

No BC

BT

ET

BC

6Li 20Ne

DC
(c)

(m
b/

sr
)

(m
b/

sr
)

(deg)

10-4

10-3

10-2

10-1

100

101

10-5

10-4

10-3

10-2

10-1

0 10 20 30 40 50 60 70 80 90

ü   Full ~ Elastic transfer (ET)  
         ≠ No back coupling (BC) 
 

→ Breakup transfer (BT) is negligible.    
     Only the BC (CC due to off-diagonal  
     potentials) is essential. 

ü  Decomposition of the CDCC distorted  
wave into elastic and breakup channels. 

→ DWBA can provide reasonable results,  
     if an appropriate 6Li-OMP, in which 
     BC is implicitly taken into account as  
     its imaginary part, is given. 

✓
Ki + U00 � E0 U0c

Uc0 Ki + Ucc � Ec

◆✓
�0
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◆
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�CDCC(ri) = �0(ri) + �c(ri)

Breakup effects of 6Li 

T. Fukui et al., Phys. Rev. C 93, 034606 (2016). Result 2	 9 



Summary	 

Analyses of 8B(d, n)9C and 
16O(6Li, d)20Ne with CCBA 

CCBA analyses 

Only the BC plays 
an important role. 

16O(6Li, d)20Ne 

BT 

ET 

BC 

Small BC effect. 
The BT is important. 

8B(d, n)9C 

BT 

ET 

BC BC 

Why is the breakup effect large? Why opposite? 

→ Explained in detail in T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 
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Transfer reaction to unbound state (ex. 4He(d, p)5He)	 
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The distorted wave         should be exact. 
 

→ The CCBA approach is necessary for the final channel. 
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Transfer reaction to unbound state (ex. 4He(d, p)5He)	 


