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Observation of nucleon transfer and deuteron breakup oni+'3C system
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The advanced computational methods continuum-discretized coupled-channel (CDCC) and coupled-reaction channel (CRC) approache
were used to analyze several sets of experimental data, including the angular distributiS@Xdyfl)*C at deuteron energysy, =

14.5 MeV, 3C(d,p)*C neutron stripping reaction obtained & = 15.3 MeV, and data sets fd?C(d,t)">C neutron pickup reaction at

E; = 13.6 MeV and*3C(d,n)**N proton stripping reaction &4 = 15.7 MeV. The analysis revealed that, while forward scattering angles

were well described by parameter-free CDCC calculations that accounted for deuteron breakup, backward angles were significantly influ-
enced by virtual effects from proton and neutron transfer reactions. Notably, the impacts of neutron and proton stripping reactions were
substantial, reflecting their large cross sections, whereas the contribution from neutron pickup-transfer reactions was less significant.
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1. Introduction could be adequately reproduced by considering the coupling
to deuteron breakup and the (d,p) stripping reaction. Further-
The deuterond), characterized by its low binding energy of more, the authors of Ref. [7] found that the*tde) and (d,t)
2.225 MeV, absence of bound excited states, substantial spe@actions had a considerable effect orf3a elastic scat-
troscopic quadrupole moment, and propensity for dissociatering data at E= 52 MeV, especially at scattering angles
tion inton 4 p structure, has prompted intensive investigationgreater than 40 In Ref. [11], deuteron breakup was found
into various breakup mechanisms within systems involvingo diminish the of d+'B elastic scattering differential cross
deuterons. The CDCC method, pioneered by Rawitscher [1§ection at E= 14.5 MeV, particularly at backward angles, in
and further refined by the Kyushu group [2, 3], has catalyze&omparison to Optical Model (OM) results.
significant advancements in deuteron breakup studies. This Contributions arising from the quadrupole moment of the
method has emerged as a cornerstone for analyzing reactiodeuteron ground state were found to be negligibly small rel-
initiated by weakly bound and halo nuclei at low energiesative to couplings with states from the n + p continuum. Fur-
and remains under continuous development [4]. A comprethermore, the influence of target excitation on the elastic scat-
hensive analysis of deuteron elastic scattering data using thering cross sections was similar to that of breakup effects.
CDCC framework was conducted by Chau Huu-Tai [5]. No-However, coupling to neutron-transfer reactions exhibited an
tably, in the case of light targets, CDCC calculations effec-opposing influence, enhancing the cross sections at backward
tively reproduced deuteron elastic scattering data at forwarengles to better align with experimental observations.
angles, highlighting the significance of virtual breakup ef-  In this study, we analyzed various experimental datasets
fects in this regime [5]. However, discernible discrepanciednvolving angular distributions (ADs) fot*C(d,d)}*C elas-
between predictions and experimental data at backward amic scattering at?; = 14.5 MeV [12], 3C(d,p)*C neutron
gles suggest the influence of couplings with alternative direcétripping reaction af/; = 15.3 MeV [13], *C(d,t}'2C neu-
reaction pathways. tron pickup reaction af; = 13.6 MeV [14] and'3C(d,n)*N
Over the years, there have been thorough examinationsroton stripping reaction aty; = 15.7 MeV [15]. The pri-
of transfer reactions initiated by deuterons and their influ-mary objective was to scrutinize the influence of virtual cou-
ence on elastic scattering channel, with recent discoveries detings with breakup and reaction processes on elastic scatter-
tailed in [6-11]. For instance, findings in Ref. [10] revealeding data. Methodologically, this inquiry employed the CDCC
a notable influence of the (d,p) reaction on the elastic scatand CRC techniques for analysis, with computational im-
tering of d+°0 at E;= 11 MeV, with a decreasing trend ob- plementations carried out via the code FRESCO [16]. The
served as energy increased. Furthermore, the influence ahalysis does not directly combine the CDCC and CRC tech-
breakup diminishes as energy rises, though at a slower paceiques, but instead relies on CRC calculations within a mi-
In Ref. [8], reactions initiated by deuterons &iBe, '2C,  croscopic effective potential for thé + *C channel. This
and*®Ca targets across energies ranging from 12 to 71 Me\potential was derived from the CDCC calculations and thus
were explored, demonstrating that the elastic scattering datccounts for the projectile’s breakup. The paper is structured
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as follows: in Sec. 2, we are discussing the effects of deuteron ' : : : T T ; : :
breakup oni+-13C AD at E; = 14.5 MeV. Section 3 demon- °© drC@14.5MeV

; o . [ full CDCC ]
strates the effects of nucleon pickup/stripping reactions on o —.—--1-ch.CDCC
d+13C AD at E; = 14.5 MeV. Summary is given in Sec. 4. - - - OM within non-normalized U,
0 X 0 mmmee- OM within normalized U 4 E

2. Deuteron breakup effects on d +3C AD at
14.5 MeV

do/dQ, (mb/sr)

To examine the influence of deuteron breakup ondthé*C
elastic scattering AD aF; = 14.5 MeV, we employed the 100 k
CDCC method. This methodology entailed discretizing and
truncating the continuum located above the deuteron breakup 10" |
threshold energy, specifically at 2.225 MeV, into a sequence
of momentum bins X) of width 0.125 fnr!. Utilizing a 10° .
deuteron model space as delineated in Ref. [17], the computa 20040 60 80100 1200 40 160 180
tional domain extended t.. = 0.625 fm~!, correspond- Bem. (deg)

ing to E,.0. = 16.33 MeV. Within the CDCC framework, the FIGURE 1. The d+3C elastic AD data aF; = 14.5 MeV versus
dynamic polarization potential (DPP) stemming from cou- and the calculations obtr_alined throughful_l CDCC, 1-_Ch. CDCC, as
pling to the continuum was accounted for, facilitating an ex-ell as both non-normalized and normalizégk potential.
amination of breakup effects. Moreover, an integral aspect

of conducting CDCC computations for the-'C system in- tions. The solid curve in Fig. 1 rep.resents thg results'of the
. . CDCC computations, conducted without the introduction of
volved incorporating neutron (n) and proton (B)€ poten-

tials at suitable energies (1/2;). These potentials were con- any adjustable parameters. Consistent with previous investi-
" . gations, the CDCC calculations effectively reproduce the ex-
voluted through a cluster folding (CF) procedure to yield the erimental data at forward scattering angles up to neafly 50

real and ir3naginary componen_ts of the CF potential pertinenﬂowever, within the 50—10C° angular range, the CDCC
to thed+"°C system, as described below: . . L2
predictions exhibit an underestimation of the measured cross
oF 1 sections. By contrast, the dash-dotted curve in Fig. 1 shows
VER(R) = / {VH—ISC <R - r) the result of a one-channel calculation (1-ch CDCC) with all
the breakup couplings omittedd., the no-coupling case). A
Vs (R + 1r) } Inop(F)2dr, (1) comparison with the full CDC.C rgsults (25-chs. CDCC),. re-
2 veals that deuteron breakup instigates a notable reduction in
1 the elastic scattering cross sections at scattering angles ex-
( ) ceeding 97. Analogous observations of this phenomenon
have been documented in other systems, such @Ni{22]
1 5 and d+'Be [23].
+ Wysso (R + 2r) ] Xn—p(r)Fdr.(2) Additionally, thed-+'3C elastic scattering AD @b, =
14.5 MeV is reanalyzed using an effective potentiélL{),
Here (V,,_1sc andV),_1s¢) and Wy, _1s¢c andWy,_1s¢)  hich illustrated in Fig. 2, obtained from the microscopic
represent the real and imaginary parts of potentials for thespcc calculations. Thé&/s; comprises both the CF poten-
n+'3C and p+2C channels, sourced from the global CH89 ;5 (Uor) and the DPPI(ppp), each featured with a real
[18] potential. Undoubtedly, the choice of the global CH8900mponent to simulate scattering and an imaginary compo-

potential is not unique; other potentials, such as those byent to simulate absorption (flux reduction), as represented
Koning and Delaroche [19], could also be used, yielding;, Eq. (4).

very similar results. The n#C and p+3C potentials, which

were utilized in the CDCC computations, are detailed in Ta- Uett(r) = Ucp(r) + Uppp(r),U =V +W.  (4)
ble I. The x,—, term represents the deuteron wave func- - .
tion characterizing its cluster structure [20], assumed to fol- As seen in Fig. 1, the result of an optical model calcu-

low a Gaussian form as per [21], with respective parameter%ation with Ugg as input reproduces the elastic scattering an-
Vo = 72.15 MeV andr, = 1.484 fr,n gular distribution of the full CDCC calculation very well. To

improve the fit to the data, the real and imaginary parts of
r\ 2 Uer were renormalized by factor® ey and Nycs5, with
Vi—p = Voexp — (TO> : (3)  the optimal values beingy/z, ;s = 0.914 andV;.; = 0.576,
resulting in the short-dashed curve. Theses optimal values for
Figure 1 illustrates the comparison between the elasticVg. s and Ny s factors were reached through minimizing
scattering AD for the d¥C system at £ = 14.5 MeV and thex? value, that quantifies the deviation between the calcu-
the corresponding results obtained from the CDCC calculalateds (6;)°* and experimentat(6;)*P cross sections:

Rev. Mex. Fis71031204



OBSERVATION OF NUCLEON TRANSFER AND DEUTERON BREAKUP OR+13C SYSTEM 3

101 E T T T T T T T 1 -
C e 3C(d,p)™C Exp. Data ]
CRC ]

(J™= 0%, 0.0 MeV)]

Potential Depth, (MeV)
5

R, (fm) .

[ . . ]

FIGURE 2. The extracted/err from the CDCC calculations for : (J™=3,6.73 Meev) :

13 — 10-5 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
d+7C system at = 14.5 MeV. 0 20 40 60 80 100 120 140 160 180
Oc.m. (deg)
) 1 X U(9i>cal — o(6;)%® 2

= — s 5 i i 4 -
X = Z ( Ao(6)) ) (5)  FIGURE 3. Comparison between the experimerfs€(d,p)*C re

i=1 action at = 15.3 MeV [13] with the transition to the {Q 0.0
whereAq(6;) is the relative uncertainty in experimental data. MeV), (1~, 6.09 MeV), and (3, 6.73 MeV)'*C states (solid cir-
Itis worth mentioning that test CDCC calculations using bothcles) and the CRC calculations (solid curves).
the CH89 [18] and Koning and Delaroche [19] potentials pro-
duced very similar results. method. The generated with the renormalizati¥p. ¢ ;=
0.914 andN,.s;= 0.576 was utilized for the (d#C) en-
trance channel. While, for the (p4C) exit channel at ap-
propriate energy, the CH89 potential [18] was implemented.
These potentials are given in Table |. The binding potential
for the following configurations*C(0t, 0.0) — 3C + n,
14C*(1~, 6.09)— !3C + n, and*C*(3—, 6.73)— *C +n
In addition to the breakup effects, which appear at lowwas taken in the usual real volume Woods-Saxon (WS) shape
deuterons’ bombarding energies, other effects from transwith a radius parameter of 1.25 fm, diffuseness of 0.65 fm,
fer reactions could significantly influence the elastic channefind potential depths of 43.94, 56.1, and 59.54 MeV for the
cross sections. In order to investigate the probable effectdiree aforementioned configurations, respectively. The n +
of the (d,p) neutron stripping transfer reaction on thé3@  p binding potential was taken in Gaussian form, as used in
elastic scattering AD, the previously measuté@(d,p)“C  the CDCC calculations. The comparison between the exper-
ADs at E;= 15.3 MeV leading to the*= 0T, 0.0 MeV), imental AD for the'*C(d,p)"*C transfer reaction leading to
(J™= 1=, 6.09 MeV), and {"= 37, 6.73 MeV) “C the aforementioned*C states at = 15.3 MeV and the cal-
states [13] are investigated within the framework of the CRCculations within the framework of CRC method is reasonably

3. Effects of nucleon transfer reaction on d +
13C elastic scattering

3.1. 13C(d,p)'*C neutron-stripping transfer reaction

TABLE |. Potential parameters employed in thé 4 CDCC calculations and in the CRC calculations for'th@(d,p)*C, **C(d,t)*>C and
13C(d,n)“N transfer reaction.

n+'3C and p+3C potential parameters employed in the CDCC computations

system Vo rv ay Wo W aw Wy T4 aq Vso rso aso

p+ Bc [18] 52.85 1.154 0.69 0.96 1.151 0.69 8.04 1.151 0.69 5.9 0.83 0.63

n+13C[18] 49.73 1.154  0.69 1.17 1.151 0.69 5.90 1.151 0.69 5.9 0.83 0.63
Parameters employed in the CRC computations fof #u¢d,p)'*C reaction

n+c[18] 49.92 1.156 0.69 1.84 1.155 0.69 7.93 1.155 0.69 5.9 0.84 0.63
Parameters employed in the CRC computations fol tmd,t)!>C reaction

t+12C [24] 122.0 1.20 0.8 13.00 1.460 0.75 15.4 1.43 0.2
Parameters employed in the CRC computations fot#@¢d,n)*N reaction

n+N[18] 46.83 1.156 0.69 2.23 1.155 0.69 6.05 1.155 0.69 5.9 0.84 0.63

Rev. Mex. Fis71031204



4 D. M. JANSEITOVet al,

TABLE II. Spectroscopic amplitudes (SAs) employed in the CRC calculation's &(d,p)*C, '3C(d,t)*>C and*3C(d,n)**N transfer reac-
tion, asterisks means fixed values for SA from literature.

Configuration nLj SA (P.W.) Previously reported values
d—n+p 1512 1.0 1.0[27]

c(o", 0.0 MeV)— 3C+n 15 /2 -1.229 -1.232[13]
-1.094 [25]

1Ccx(17, 6.09 MeV)— 3C+n 2512 0.881 0.881 [13]
14Cc*(37, 6.73 MeV)— 3C+n 1D5 5 0.733 0.718 [13]
-0.994 [26]
SH—d+n 1512 1.2247 1.2247 [27]

13 ¢ —12¢c(0", 0.0 MeV)+n 1Py /o 0.201 0.601 [28]
13Cc— 12C(2", 4.43 MeV)+n P50 -0.524 -1.124 [29]
UN— 13C+p 1Py /o 1.203 0.461 [30]

1P5 )5 0.578 0.163 [30]

good as illustrated in Fig. 3. The Optimal SAs for the con-components necessary for CRC calculations include optimal
figurations'*C(0*, 0.0)— 3C + n,“C*(1—, 6.09)— '3C+  potentials for both the (d#C) and (t+#2C) channels at suit-

n, and!*C*(3~, 6.73)— !3C + n were obtained from fit- able energies, along with the spectroscopic amplitudes (SAs)
ting the experimental data in the full angular range througHor the relevant overlaps. For the (¢:€) channel, we em-
minimizing thex?/N, and their listed values in Table Il are ployed the generated with renormalizatioNg. ;; = 0.914

in a reasonable agreement with the previously reported vaBnd Ny ¢= 0.576. While the potential for the ({4C) chan-

ues [13, 25, 26]. nel was taken from Ref. [24]. In order to get a good de-
scription for the transfer to the considerétC states AD
3.2. 13C(d,1)'2C neutron-pickup transfer reaction data, we had to perform a search for the optimal SA for

the 1*C— '2C(0*, 0.0 MeV) + n and'*C— 2C*(2+, 4.43
To examine the coupling effects of the (d,t) neutron transfemMeV) + n configurations using the SFRESCO search code
reaction on the d¥C elastic scattering channel, we investi- [16]. The comparison between the experimental ADs for the
gate the previously measured ADs for tH€(d,t)'?C trans-  13C(d,t)!2C transfer reaction af,; = 13.6 MeV leading the
fer reaction atF; = 13.6 MeV, leading to the {™ = 0%,  (J™ = 0%, 0.0 MeV) and ™ = 2%, 4.43 MeV)!2C states
0.0 MeV) and (™ = 2%, 4.43 MeV)!'2C states [14]. This and the CRC calculations using potential parameters given
investigation is conducted within the CRC method. The keyin Table |, is shown in Fig. 4. The SAs for the configura-
tions'3C— 2C(0*, 0.0 MeV) + n and3C— '2C*(2+, 4.43
MeV) + n were obtained from fitting the measured data at
the most forward angles, and they underestimate the previ-
3 ously reported values [28, 29] as shown in Table Il. The d +
n bound-state potential was taken in the usual WS form with
a radiusry = 1.25 fm, diffusenessiyy = 0.65 fm, and a
E real potential deptfy = 36.54 MeV, which reproduces the
binding energy £, = 6.257 MeV) of thed + n structure of
triton.

T 1 T T T
o cdh*C @E,=13.6 MeV
CRC

10°

(J™=0", 0.0 MeV)

3.3. 13C(d,n)'*N proton stripping transfer reaction

To examine the coupling effects of the (d,n) proton trans-
fer reaction on the d*C elastic scattering channel, the pre-
: viously measured AD for thé>C(d,n)*N reaction at §=
O 20 40 € 80 100 120 140 160 180 15.7 MeV leading to thé*N ground state [15] is investigated
Oc.m.» (deg) within the framework of the CRC method. For the {d€)
FIGURE 4. Experimental ADs forC(d,t)'2C reaction atz, =  channel, the generated with renormalizationg. ; ;= 0.914
13.6 MeV with the transition to the((*, 0.0 MeV) and (2, and Ny.ss= 0.576 was utilized. For the (#4N) channel at

4.43 MeV) '2C states (solid circles) versus the CRC calculations appropriate energy, the global CH89 [18] potential was em-
(solid curves). ployed. These potentials are given in Table I.

Rev. Mex. Fis71031204
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neously come from the (d,p), (d,t), and (d,n) transfer reac-
tions. These calculations were performed using the poten-
tials parameters listed in Table | and the overlaps illustrated
in Table Il. In all these calculations, the previously generated
Uest from the CDCC calculations, without any adjustments
(i.e.,) Nreit and N are fixed to unity), was employed for
the d+3C entrance channel. As shown in Fig. 6, the calcu-
lations highlight the significant coupling effects arising from
the (d,p) and (d,n) transfer reactions on the elasti¢ G+AD,
compared to the coupling effect from the (d,t) transfer reac-
tion. The analyses confirm the importance of considering nu-
cleon pickup and striping transfer mechanisms, in addition
to breakup, when investigating systems involving deuterons.
Clearly, the effect of these couplings is especially important
at larger angles, greater than°6(\ similar conclusion was
reached in several previous studies [7, 8, 10].

FIGURE 5. Experimental ADs for'3C(d,n}*N reaction at g=
15.7 MeV with the transition to the {1, 0.0 MeV) **N ground

state (solid circles) versus the CRC calculation (solid curve). 4. Summary

10° T T T T T T

o d+°C @ 14.5 MeV
----- breakup

- = = breakup+(d,p)
—-—--breakup+(d,p)+(d,t)

10* |

103 -

10 |

10' p

do/dQ, (mb/sr)

10° |

breakup+(d,p)+(d,t)+(d,n)

0 20 40 60 80 100 120
0 m. (deg)

140

160

180

The quite recently measured &€ elastic scattering AD
data atE; = 14.5 MeV is analyzed within the framework

of the CDCC method to investigate the deuteron breakup
effect, as well as by the CDCC and CRC methods to as-
sess the impacts of nucleon transfer and deuteron breakup
on the considered system. For this purpose, several data
sets, including'3C(d,p)4C, 3C(d,t)}!2C, and'3C(d,n)*N
neutron/proton transfer reactions, were analyzed individually
within the CRC method, and then all these transfer reactions
were elucidated using the CDCC and CRC methods. The cal-
culations showed that coupling effects arising from both the
breakup and transfer reactions, (d,p) and (d,n), have a signif-
icant influence on the elastic channel. The observed less sig-
nificant coupling effect from the (d,t) reaction on the'ti&
system is probably linked to the relatively small spectro-
scopic amplitudes, which are a result of the structur&’6f
The U potential, which is the sum of CF potential and DPP,

13 H —
FIGURE 6. The d+"C elastic AD at = 14.5 MeV versus the o 5 cted from the CDCC calculations for'd€ system, was

o s, Py n the CRC calcltons fr HiC(6p) C o
i = 15.3 MeV, leading to thef"= 0T, 0.0 MeV), (J"=

breakup+(d,p), the dash-dotted curve includes breakup+(d,p)+(d,t),” S 4
and the solid curve represents breakup+(d,p)+(d,t)+(d,n). Thesé‘- , 6.09 MeV), and ("= 3 N 6.73 MeV) states of _C'
calculations were performed using a non-normaliZég (with the ¥C(d,t)"*C transfer reaction at = 13.6 MeV, leading
Nress and Ny fixed to unity). to the 7= 0", 0.0 MeV) and "= 2+, 4.43 MeV) states
of 12C, as well as thé3C(d,n)'*N transfer reaction af,

The comparison between the experimental AD for the= 15.7 MeV, leading to the ground state BiN. Spectro-
13C(d,n)“N transfer reaction leading to tdéN ground state  scopic amplitudes for the following configuration$C(0*,
at E;= 15.7 MeV and the CRC calculations is reasonably0.0)— '3C + n, '4C*(1~, 6.09 MeV)— '3C + n, 14C*(3~,
good, as illustrated in Fig. 5. The optimal SAs for the two6.73 MeV)— 3C+n, 13C— 12C(0*, 0.0 MeV)+n, 13C—
probabilities (¥ » and 1P; ,) of the *N(17, 0.0 MeV)—  '2C*(2*, 4.43 MeV) + n, and*N— 3C+p were extracted
13C + p configuration were obtained by fitting the measuredand compared to those in literature.
data over the full angular range, minimizing th#&/N. These
values overestimate the previously calculated values [30],
shown in Table II.

To observe the different coupling effects on the!3  This research was funded by the Committee of Science of
elastic scattering channel, we first studied the coupling efthe Ministry of Science and Higher Education of the Repub-

fects coming from the (d,p) reaction, then from both the (d,p)ic of Kazakhstan (Grant No. AP14972391 and Grant No.
and (d,t) transfer reactions, and finally the effects simultaBr24992891).
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