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Abstract: In the present study, we examine the reaction dynamics of the d + ''B system with a special focus on the
interplay between deuteron breakup and nucleon transfer mechanisms. Elastic scattering data at £; = 21.5 MeV are
analyzed using the continuum-discretized coupled-channel (CDCC) framework to assess the role of breakup coup-
lings. In addition, coupled-reaction-channel (CRC) calculations are performed for the ''B(d, p)'*B neutron stripping
reaction at 21.5 MeV, the '"B(d, #)'°B neutron pickup reaction at 18 MeV, and the ''B(d, *He)'’Be proton pickup re-
action at 22 MeV. The CDCC calculations successfully reproduce the elastic angular distribution at forward angles
without introducing renormalization factors, confirming the importance of continuum coupling effects. Nevertheless,
deviations observed at larger angles suggest that breakup alone is insufficient. The (d, p) neutron stripping channel
has negligible influence on the elastic scattering at this energy, whereas the (d, #) neutron pickup channel signific-
antly modifies the calculated elastic cross sections over a broad angular range. The proton pickup channel produces
only a minor effect. The present analysis demonstrates that neutron pickup, rather than stripping, is the primary

transfer mechanism affecting d + ''B elastic scattering at this incident energy.
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I. INTRODUCTION

As the simplest bound system of a proton and a neut-
ron, the deuteron offers both opportunities and diffi-
culties in the study of nuclear reactions. Its very low
binding energy, merely 2.225 MeV, causes it to easily
break apart into its two constituent nucleons upon interac-
tion with a target nucleus. This property, together with its
sizable spectroscopic quadrupole moment and the lack of
any bound excited states, makes breakup processes espe-
cially relevant in reactions induced by deuterons. Under-
standing such breakup mechanisms has long been a cent-
ral objective in nuclear physics, motivating the creation
of advanced theoretical models.

A major advance in handling breakup effects came
with the continuum-discretized coupled-channel (CDCC)
method. First proposed by Rawitscher [1] and later im-
proved by the Kyushu group [2, 3], this approach has
transformed the analysis of deuteron-induced reactions.
Over time, it has become a standard tool, particularly use-
ful for studying reactions involving weakly bound exotic
nuclei at low incident energies, and it is still being fur-
ther developed [4]. The CDCC formalism was further ex-
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tended to include higher-order continuum couplings by
Summers et al. [5]. An alternative to CDCC is the adia-
batic distorted wave approximation (ADWA) of Johnson
and Tandy [6], which has been successfully applied to
deuteron breakup at low energies [7]. A comprehensive
review of theoretical methods for deuteron-induced reac-
tions, including comparisons between CDCC and AD-
WA, is provided by Timofeyuk and Johnson [7]. Chau
Huu-Tai [8] performed a broad systematic study of deu-
teron elastic-scattering data within the CDCC framework,
confirming its validity over a wide range of target masses
and incident energies. For light targets at low bombard-
ing energies, CDCC calculations give a good account of
the measured elastic angular distributions (ADs) at for-
ward angles, indicating that breakup couplings play a key
role there [8]. Nevertheless, at larger angles, noticeable
deviations between theory and experiment usually appear,
pointing to the need for including reaction mechanisms
other than breakup. This suggests that couplings between
the elastic channel and various direct-reaction channels—
especially nucleon transfer—are important.

The effect of transfer reactions on elastic scattering
has been studied for several years. Recent works [9—14]
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have shed further light on these coupling phenomena.
Kawai et al. [13] showed that (d, p) stripping reactions
significantly alter d +'°0 elastic scattering at 11 MeV, and
that this influence weakens as the beam energy increases.
Breakup effects also decline with increasing energy, al-
though more slowly than transfer couplings. Upadhyay
and colleagues [11] conducted a systematic study of deu-
teron reactions on '“Be, '*C, and “*Ca targets across
12—71 MeV. They observed that including both deuteron
breakup and (d, p) stripping couplings simultaneously
gives a satisfactory description of the elastic data over
that entire energy range. Benchmark comparisons among
CDCC, ADWA, and Faddeev calculations have shown
good agreement for deuteron elastic scattering at ener-
gies above 10 MeV/nucleon [15]. Exact Faddeev/
AGS calculations by Deltuva [16] have confirmed the ac-
curacy of CDCC for deuteron breakup at low energies.
Pickup reactions have also drawn considerable in-
terest. Keeley and Mackintosh [10] examined d + *’Ca
elastic scattering at 52 MeV and observed that both (d, 7)
and (d, *He) pickup channels contribute significantly for
angles above 40°. More recently, Amar et al. [14] have
analyzed the d + ''B system at 14.5 MeV, showing that
deuteron breakup strongly reduces the elastic differential
cross section at backward angles relative to standard op-
tical-model predictions using single-folding potentials.
Their analysis indicated that couplings to the n-p con-
tinuum states are more important than the quadrupole
contribution of the deuteron ground state. At this lower
energy, they observed that neutron pickup (d, ¥) domin-
ates the transfer coupling effects, whereas neutron strip-
ping (d, p) plays a much smaller role, and proton pickup
(d, *He) is negligible. Very recently, Janseitov et al. [17]
have performed a complementary CDCC+CRC analysis

for the neighboring d + '*C system at similar energies.

They also concluded that breakup alone is insufficient,
but observed that both (d, p) and (d, n) stripping reac-
tions are significant, whereas neutron pickup (d, ¢) had
only a minor effect—a difference attributable to the dis-
tinct spectroscopic amplitudes (SA4s) of the two targets.
The present work builds on these earlier studies by of-
fering a thorough analysis of deuteron-induced reactions
on an ''B target at a higher incident energy (21.5 MeV for
elastic and (d, p) data). We use recently published experi-
mental data at 21.5 MeV [18] together with earlier meas-
urements for (d, #) [19] and (d, *He) [20] reactions on the
same nucleus at similar energies. This study provides
three new elements beyond Refs. [14,18]. First, it
presents a combined CDCC+CRC analysis of the d + ''B
system at 21.5 MeV that includes the (d, p), (d, t), and (d,
*He) channels on equal footing, allowing a direct compar-
ison of their relative influence on elastic scattering. Un-
like Ref. [14], which analyzed elastic data at 14.5 MeV
and (d, p) data at 21.5 MeV separately, the present work
uses consistent elastic and (d, p) data at the same incid-

ent energy. Second, we demonstrate that, at 21.5 MeV,
the (d, p) neutron stripping channel has negligible influ-
ence on the elastic scattering, whereas the (d, ¢) neutron
pickup channel remains dominant, consistent with the
lower-energy findings of Amar et al. [14] at 14.5 MeV.
Third, new S4s for the “B (2, 0.953 MeV) and "B (1%,
0.718 MeV) states are extracted at this energy, providing
an independent check of literature values. In addition, we
correct the unphysical 3P, assignment for the '“B (2°,
0.953 MeV) state used in Ref. [18] to a physically justi-
fied 1P, configuration based on shell-model calcula-
tions. All the calculations reported here were performed
with the FRESCO code [21], which allows a consistent
treatment of the various reaction channels and their mutu-
al couplings. For recent developments in CDCC and CRC
methods, see e.g., [22-27].

II. ROLE OF DEUTERON BREAKUP IN d+ "B
ELASTIC SCATTERING

To evaluate quantitatively how the breakup of the
deuteron affects the elastic-scattering ADs of the d + ''B
system at £, =21.5 MeV, we applied the CDCC formal-
ism. In this framework, the continuum located above the
deuteron breakup threshold (2.2245 MeV) is truncated
and divided into discrete momentum bins. Following the
prescription of Ref. [9], we chose a bin width of 4k =
0.125 fm" and included bins up to k= 0.625 fm’,
which corresponds to a maximum excitation energy of
E_ . = 1633 MeV in the n-p continuum. The conver-
gence of the CDCC model space was systematically
tested. Varying Ak from 0.1 to 0.15 fm" changed the
elastic cross section by less than 2% at forward angles
and less than 5% at backward angles. Increasing k,,,, to
0.75 fm™ altered the results by less than 3%. The partial-
wave expansion for the n-p continuum included L = 0 (S-
wave) and L = 2 (D-wave) components; L = 1 (P-wave)
contributions were explicitly tested and observed to be
below 1% of the total breakup cross section at this en-
ergy, consistent with the findings of Yahiro et al. [2] for
similar deuteron energies. Table 1 summarizes the con-
verged CDCC model-space parameters. One notable ad-
vantage of the CDCC method is that it naturally pro-
duces the dynamic polarization potential (DPP) originat-
ing from couplings to continuum states, thereby giving
insight into breakup effects without needing any ad-
justable parameters.

To construct the deuteron—target interaction, the es-
sential ingredients are the neutron—nucleus and
proton—nucleus optical potentials, ideally required at ex-
actly half the incident deuteron energy (10.75 MeV). In
practice, exact-energy potentials are not always available.
For n + ''B, the potential of Cookson and Locke [28] at
9.72 MeV was used. For p + ''B, we employed the poten-
tial of Watson et al. [29] at 12 MeV, which is close to the
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Table 1. CDCC model-space convergence parameters
Parameter Value tested ~ Adopted value Vari(a ;:::ir;g%/d%
Ak (fm™) 0.1,0.125,0.15 0.125 <2%
kax (fM) 0.5,0.625,075 0625 <3%
n-p continuum L 0,1,2 0,2 L=1 contribution < 1%
L.« (projectile) 10, 12, 14 12 <2%

required half-energy. The parameters of both nucleon po-
tentials are listed in Table 2. These nucleon potentials are
folded with the internal wave function of the deuteron us-
ing a cluster-folding technique to obtain both the real and
imaginary parts of the deuteron—nucleus interaction:

VCE(R)
- / {Vn,nB (R— %r) +V, i <R+ %rﬂ Daep(r)|dr,
e
WEF(R)
= / {Wn_uB (R— %r) +W,_up (R + %r)} |/\(,1_,,(r)|2dr,
2

where (V,_np and V,_np) and (W,_ug and W,_up) are the
real and imaginary components of the optical potentials
for the n + "B and p + "B channels, respectively. The

Table 2.

optimal n + "B and p + ''B potentials employed in our
CDCC calculations are listed in Table 2. The quantity
Xn—p(r) represents the deuteron internal wave function de-
scribing its cluster structure. The deuteron wave function
was calculated using the Gaussian n + p binding poten-
tial of Iseri et al. [30]:

Vn—p =V eXP—("/ro)z' (3)

Both §- and D-wave components were included, with
potential depths V,, = 72.15 MeV for the S-component
and V, = 515.26 MeV for the D-component, and a com-
mon range parameter r, = 1.484 fm, following the para-
metrization of Lacombe et al. [31]. The SA4s for the S- and
D-components were taken as 0.9706 and 0.2410, respect-
ively, reproducing the deuteron binding energy and quad-
rupole moment.

Figure 1 compares the experimental elastic ADs for
d+"'B at 21.5 MeV with our CDCC predictions. The sol-
id curve shows the full CDCC result, obtained without
any adjustable parameters. Consistent with earlier studies
of light-ion scattering, the calculation reproduces the
measured data well at forward angles up to roughly 30°.
In the intermediate angular region between 30° and 60°,
the theoretical predictions overestimate the measured dif-
ferential cross sections, whereas a clear underestimation
appears in the 60°—80° range. To isolate the specific role
of breakup couplings, the dashed-dotted curve in Fig. 1
displays the outcome of a single-channel calculation (no
continuum coupling) that includes only the deuteron
ground state. Comparing this with the full CDCC calcula-
tion reveals that breakup couplings induce a substantial

Optimal potential parameters adopted in the CDCC computations as well as those employed in the CRC computations for

the '"B(d, p)"’B, "'B(d, 1)'°B, and ''B(d, *He)'’Be transfer reactions. Non-renormalized U, potential was adopted for the d + ''B chan-

nel in all the performed computations.

n+ "B and p + "B potentials adopted in CDCC computations

System 0 ry ay Wp 5 ap Vso T'so Aso
n+"B[28] 47.1 1.31 0.66 8.38 1.26 0.48
p+'"B[29] 59.75 1.138 0.57 7.68 1.138 0.5 5.5 1.138 0.57

Potential parameters employed in the CRC computations for ''B(d, p)"*B reaction

Vo v ay Wb

p+12B[33] 55.0 1.125 0.57 6.5

'p ap Vso Tso Aso

1.125 0.5 5.5 1.125 1.05

Potential parameters employed in the CRC computations for ''B(d, 7)'°B reaction

"o v ay Wy

t+1°B [35] 119.8 1.002 0.82 2.17

I'w aw Wp D ap

1.25 0.84 3.48 1.25 0.84

Potential parameters employed in the CRC computations for ''B(d, *He)'°Be transfer reaction

"o v ay Wy

He + ""Be [35] 119.9 1.002 0.82 2.17

I'w aw Wn D ap

1.25 0.84 7.1 1.25 0.84
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reduction in the cross section values at angles beyond
60°.Thisbehaviommirrorsobservationsinothersystems,suchas
d + **Ni [2] and d + "Be [32], where single-channel cal-
culations consistently overpredict the elastic scattering
data at larger angles.

Additionally, we analyzed the same elastic data using
an effective potential (U.g) derived from the microscopic
CDCC calculations, as illustrated in Fig. 2. This effective
potential combines the cluster-folding potential (Ucr)
with the DPP (Uppp), each containing real and imaginary
components that respectively simulate the scattering pro-
cess and account for flux absorption:

Ue(r) = Ucp(r) + Uppp(r), U =V + W. 4

103.,.11,.,., —
e d+ B@21.5MeV Full CDCC
- =+ single-channel calculation (no continuum coupling)
, |- = - Elastic using non-renormalized U <
10° | off 17
\ .l
P - \,_‘/ \ 1
10' b /" - 27 \\\J
o
o
5 10° \ /]
-1
10" "
Il
II
Il
102 1 1 L 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180
ec.m,’ (deg)
Fig. 1. (color online) Experimental d + ''B elastic AD at E =

21.5 MeV (ratio to Rutherford) versus CDCC calculations
(full CDCC and single-channel calculation (no continuum
coupling)) and calculations within the non-renormalized U,z
potential

Real Potential Depth, (MeV)

R, (fm)

The U.yis characterized by two normalization para-
meters, Npesr and N, Which scale the real and imagin-
ary parts, respectively. In all the calculations presented
here, these parameters were fixed at unity, maintaining
the parameter-free character of the approach. The elastic
scattering ADs obtained with this non-renormalized U,y
closely follow the full CDCC result, confirming the con-
sistency between these two representations of the deuter-
on-target interaction.

III. ROLE OF NUCLEON TRANSFER IN d+ "B
ELASTIC SCATTERING

Beyond the breakup effects that manifest at lower
projectile energies, additional reaction mechanisms—par-
ticularly nucleon transfer processes —can substantially
modify elastic scattering angular distributions. This sec-
tion examines how various transfer channels couple to the
elastic channel and alter the predicted cross sections for
the d + ''B system.

A. Neutron-stripping transfer reaction "'B(d, p)"’B

To investigate how neutron stripping influences the
elastic scattering ADs, we analyzed previously measured
ADs for the ''B(d, p)"*B reaction at £y = 21.5 MeV [18].
These measurements include transitions to four distinct
states in "*B: (17, 0.0 MeV), (2%, 0.953 MeV), (2, 1.674
MeV), and (J" = 07, 2.72 MeV). The (17, 2.62 MeV) and
(3, 3.39 MeV) B states were omitted because they are
unbound or very weakly bound, requiring a more sophist-
icated treatment of the continuum in the exit channel, and
their spectroscopic factors are small [18]; their inclusion
is not expected to affect the coupling effects on elastic
scattering significantly. Our CRC calculations were per-
formed in the post form, including full complex remnant
terms and non-orthogonality corrections as implemented
in FRESCO code, following the same conventions as

Imag. Potential Depth, (MeV)

R, (fm)

(color online) Generated effective potential (U.;) from the microscopic CDCC calculations
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Ref. [18] to ensure a meaningful comparison of S4s. For
the entrance d + ''B channel, we utilized the previously
generated U.g(see Fig. 2) without any renormalizations,
maintaining consistency with the breakup analysis. For
the exit p + '“B channel, we employed the potential of Liu
et al. [33] without modification. This potential was ori-
ginally constrained by elastic scattering data at nearby en-
ergies and has been used successfully in a previous (d, p)
study [18]. Therefore, we adopt it without further adjust-
ment, avoiding the potential ambiguities associated with
searching on exit channel parameters. The binding poten-
tials for the overlaps followed the same conventions as in
Ref. [18]: a Gaussian potential for the n + p (deuteron)
system with V, = 72.15 MeV and r, = 1.484 fm, and
Woods-Saxon potentials for the n + "B overlaps with
ro = 1.25 fm and a, = 0.65 fm, with depths adjusted to re-
produce the neutron binding energies of the respective
2B states.

Figure 3 compares the experimental ADs for the
""B(d, p)'"’B reaction leading to the four aforementioned
’B states with our CRC calculations. The theoretical
curves, shown as solid lines, demonstrate reasonably

® "'B(d,p)”B, (17, 0.0 MeV)
——CRC E

do/dQ, (mb/sr)

good agreement with the measured cross sections across
the entire angular range. The (2%, 0.953 MeV)"”B state
was assigned a 3P, configuration in Ref. [18], which is
not credible for such a light system. Shell-model calcula-
tions by Cohen and Kurath [34] indicate that this state
should be a mixture of 1P;,, and 1P,), with a dominant
1P, component. Therefore, we have considered the (d,
p) cross section for this state assuming a pure 1P;,, con-
figuration.

The optimal S4s for the configurations: "B;" o) —
"B+ n, "B'o" gos3y = 'B+m, "By 1 — "Btn,
and "B (¢" 2.7 — "B + n were derived by fitting the ex-
perimental data across the full angular range while min-
imizing y’/N, as illustrated in Fig. 4. The extracted SA4
values, presented in Table 3, are in good agreement with
those previously reported in Ref. [18] where available,
with the exception noted above. Regarding the quality of
fits, the (2, 1.674 MeV) state yields y*/N = 104, with a
calculated diffraction minimum near 20° that is absent in
the data; therefore, the SA for this state should be re-
garded as indicative rather than definitive. For the re-
maining states, y”/N values are in the range 2.5-10.5,

10’ T T

® ''B(d,p)"’B, (2", 0.953 MeV)
——CRC

% 20 40 60 80 100 0 20 40 60 80 100
ec.m.’ (deg) ec_m_r (dEQ)
10' ® ''B(d,p)’B, (2,1.674 MeV) | 100k ® "'B(dp)’B, (0", 2.72 MeV) |
——CRC ——CRC
= —~ 10"} e
2 % Q
g g oo
Qo
£ E WL
G -
s % 102k
o &
10" b ©
10° E E
0 20 40 60 80 100 0 20 40 60 80 100
6., (deg) 6., (deg)
Fig. 3. (color online) Measured ADs for the ''B(d, p)'*B reaction at E,,;, = 21.5 MeV populating the (1%, 0.0 MeV), (2%, 0.953 MeV),

(27, 1.674 MeV), and (0", 2.72 MeV) states of B (circles) compared with CRC calculations (curves)
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Table 3. List of S4s used in the CRC computations for the
"B(d, p)"’B, ""B(d, 1)"°B, and ''B(d, *He)'’Be reactions. The
asterisks denote S4 values that were fixed according to literat-

ure data.
Configuration nLj S4 (P.W.) Ref.
1Py 0.374" [18]
"B(" g9y — '"B+n 1Py, 0.865 This work
"B’ 0953 = 'B+n 1P, 0.549 This work
"B’y 1614 — 'Btn 281, 0.448 This work
"B’ 27— "B+ n 1P;, 0.224 This work
‘Hod+n 1S 1.2274" [36]
"B — "B’ gyt n 1P3), 1.05" [34]
1P3) 027" [34]
"B — "B* (" g1 T 1 1P, 0.64 This work
He —d+p 1Sy 1.2047° [36]
"B — "Be +p 1P;, 0.39 This work

which is acceptable for CRC calculations at this energy.

The SA value for the configurations *B";" 953y — ''B +
n (SA=0.549) is in reasonable agreement with the previ-
ously reported theoretical value (S4= 0.748) from
Ref. [34].

B. Neutron-pickup transfer reaction 'B(d, ©'’B

We next examined how neutron pickup influences the
d + ''B elastic scattering channel by analyzing the ''B(d,
£)'°B reaction at E;~= 18 MeV [19]. This dataset includes
transitions to the following '°B ground state (3", 0.0
MeV) and the first excited state (17, 0.718 MeV). The
CRC calculations for this reaction require optical poten-
tials for both the entrance (d + ''B) and exit (¢ + '°B)
channels, together with S4s describing the relevant nucle-
ar overlaps. For the entrance channel, we again em-
ployed the non-renormalized U.; derived from our CD-
CC calculations. The optical potential for the exit ¢ + '°B
channel was adopted from the global triton parameteriza-
tion of Pang et al. [35]. Our CRC calculations for the (d,
f) reaction were performed consistently with the (d, p)
analysis described in Section III. A, using the prior form
of CRC with full complex remnant terms and non-ortho-
gonality corrections as implemented in FRESCO code.

1045 T T T T T T T T T T
X (17,0.0 MeV) 04 @ (2',0.953 MeV) o
X
10.40 | ® @
& 9.2+ 1) 4
X
4 = < ®
& S
10.35 | = = 9.0} i
[S2]
[S2]
X
= @ ®
= 8.8l ¢ o J
10.30 s - - s . . . . . .
0.860 0.864 0.868 0.872 0.544 0546 0548 0.550 0.552 0.554
SA SA
A (2,1.674 MeV) sgsl & (0,272MeV) |
104.5 |
* o
* 3.86 i
o
104.4 | @ o
> & > 384} i
= N o
& o
1043 | * 382| . |
A 54
& . o
& 5 * 3.80 o © |
104,2 s s - - s . . . . .
0442 0444 0446 0448 0450 0452 0454 0218 0220 0222 0224 0226 0228 0.230
SA SA

Fig. 4.

(color online) Dependence of the /N value on the extracted S4s obtained from CRC computations for the ''B(d, p)'*B reac-

tion at Ej,,= 21.5 MeV. The panels correspond to transitions to the (1%, 0.0 MeV), (27, 0.953 MeV), (2, 1.674 MeV), and (0, 2.72

MeV) states in '*B.
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The binding potentials for the overlaps followed the same
conventions as in Ref. [18]: a Woods-Saxon potential for
the n + '°B overlaps with r, = 1.25 fm and a, = 0.65 fm,
with depths adjusted to reproduce the neutron binding en-
ergies of the respective '°B states.

To obtain an optimal description of the transfer data,
we performed a search using the SFRESCO code. For
the '°B ground state (3%, 0.0 MeV), the 1P5, component
was fixed to the literature value of 1.05 from Cohen and
Kurath [34]. For the (1%, 0.718 MeV) state, the 1P, com-
ponent was fixed to 0.27 from the same source, whereas
the 1P, component was varied to fit the data, yielding a
value of 0.64, which is in reasonable agreement with the
reported value (SA=0.44) from Ref. [34]. The potentials
employed for the entrance and exit channels are listed in
Table 2. Figure 5 presents a comparison between the ex-
perimental ADs for the ""B(d, £)'’B reaction at E; =
18 MeV, populating the (3", 0.0 MeV) and (17, 0.718
MeV) states of '°B, and our theoretical CRC predictions.

C. Proton-pickup transfer reaction ''B(d, *He)'’Be

Finally, we examined the coupling effects arising
from the (d, *He) proton transfer reaction on the d + ''B
elastic scattering channel. To this end, we analyzed previ-
ously measured ADs for the ''B(d, *He)'’Be reaction at
E, =22 MeV, which populate the '°Be ground state [20],
using the CRC formalism. For the entrance d + ''B chan-
nel, we again employed the non-renormalized effective
potential derived from our CDCC calculations. The exit
channel *He + '"Be potential was taken in accordance
with Ref. [35]. As in the previous transfer calculations,
the CRC calculations were performed in the prior form,
including full complex remnant terms and non-orthogon-
ality corrections as implemented in FRESCO code.
Woods-Saxon type binding potentials, with conventional
geometrical values ry = 1.25 fm and a, = 0.65 fm, were
employed to describe the *He and ''B wave functions.
The CRC results were observed to be in reasonable ac-
cordance with the measurements of Ref. [20], as dis-
played in Fig. 6.

To assess the relative importance of different transfer
channels on the d + ''B elastic scattering, we performed
four calculations: breakup only, breakup+(d, p),
breakup+(d, p)+ (d, f), and breakup+(d, p)+ (d, H)+ (d,
*He). These calculations were performed using the poten-
tials listed in Table II and the overlaps given in Table III.
In all cases, the previously generated U,y from the CD-
CC computations (without any renormalization) was em-
ployed for the d + ''B entrance channel. As illustrated in
Fig. 7, the calculated d + ''B ADs are presented as ratio
to Rutherford. The dotted curve shows the breakup-only
(CDCC) result. Adding the (d, p) coupling alone (dashed
curve) has very little influence on the elastic scattering
angular distribution, as it remains close to the breakup-
only result (dotted curve). In contrast, the further inclu-

sion of the (d, f) coupling (dashed-dotted curve) pro-
duces a significant effect over a broad angular range,
from approximately 40° to 100° and also at angles great-
er than ~130°. The solid curve, which additionally in-
cludes the (d, *He) channel, is almost indistinguishable
from the dashed-dotted curve, confirming that the proton
pickup contribution is negligible. These findings are con-
sistent with those of Amar et al. [14] at 14.5 MeV, where

10 T T T T T T T T T T

® ''B(d’He)"Be, (0", g.s) @ 22 MeV
——CRC ]

10'2 " 1 " 1 " 1 " 1 " 1 "
0 10 20 30 40 50 60
ec.m.’ (deg)
Fig. 6. (color online) Measured ADs for the ''B(d, *He)'’Be

reaction at E,, = 22 MeV, populating the (0%, 0.0 MeV) '"Be
ground state (circles), compared with CRC calculations
(curves)

e d+"B@21.5MeV

- break up .

"' - - - breakup+(d,p) E

y — — breakup+(d,p)+(d,t)
v —— breakup+(d,p)+(d,t)+(d,’He) 1

10'2 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

0 20 40 60 80 100 120 140 160 180

6, (deg)

Fig. 7. (color online) Measured ADs for d + ''B elastic scat-
tering at Ep,, = 21.5 MeV (ratio to Rutherford) compared with
CDCC and CDCCHCRC calculations. The different curves
correspond to progressively including more reaction channels:
dotted — breakup only; dashed — breakup plus (d, p); dashed-
dotted — breakup plus (d, p) and (d, ?); solid — breakup plus (d,
p), (d, 9), and (d, *He).
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the (d, ¢) coupling also dominated and the (d, p) coupling
had very little influence. Importantly, none of the calcu-
lated curves fully resolve the discrepancies in the inter-
mediate angular region, and the full coupling still over-
shoots the data in some parts. This indicates that, al-
though the (d, f) transfer channel is necessary to describe
the elastic scattering, other missing physics (possibly tar-
get excitation or more complex reaction paths) remains
important.

IV. SUMMARY

The d + ''B elastic scattering at E4 = 21.5 MeV has
been analyzed using CDCC and combined CDCC + CRC
approaches. Breakup effects, treated within the CDCC
framework, are crucial for describing forward-angle scat-
tering. However, a satisfactory description of the full an-
gular range remains challenging. The (d, p) neutron strip-
ping channel has very little influence on the elastic scat-
tering at this energy, whereas the (d, f) neutron pickup
channel produces a significant effect over a broad angu-
lar range, from approximately 40° to 100° and also at
angles greater than ~130°. The (d, *He) proton pickup
channel plays a negligible role. These results confirm the
findings of Amar et al. [14] at 14.5 MeV: the (d, ¢) neut-
ron pickup channel dominates the transfer coupling ef-
fects on elastic scattering in the d + ''B system, whereas
the (d, p) stripping channel has very little influence, even

at the higher incident energy of 21.5 MeV.

In a complementary study on the neighboring d + °C
system, Janseitov et al. [17] also observed that deuteron
breakup alone is insufficient and that neutron stripping
plays a major role. However, in contrast to the present
results for d + ''B, they observed that neutron pickup (d,
f) had only a minor effect, whereas proton stripping (d, n)
was significant —differences attributable to the distinct
spectroscopic amplitudes of the two targets.

The present analysis demonstrates that a realistic de-
scription of deuteron-induced reactions on light nuclei
must account simultaneously for breakup and neutron
transfer mechanisms, but also highlights that additional
effects (e.g., target excitation or multistep processes)
likely contribute to the intermediate-angle region. Spec-
troscopic amplitudes for the following configurations:
“B( 00— "B+ n, "B’ g9s3 — "'B+n, 123*62', 1.674)
— "B+ n, lzB*(O+’ 272) — "B + 5, and !'B — !'B* a+,
0.718) T 1 were extracted and compared with those in liter-
ature.
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