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Experimental evidence for o production following neutron transfer in the 3C + **Nb system
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Spectra of « particles were measured for '>'3C 4+ *Nb systems at several angles for a bombarding energy
of 65 MeV to investigate various reaction mechanisms like direct break up and cluster transfer responsible for
o production. The o spectra were analyzed in detail to determine the effect of 1n transfer on an o-production
cross section in particular. After accounting for contributions from direct breakup and Be transfer, there is a clear
signature of the « particles produced through the break-up process following neutron transfer in the case of a
13C induced reaction. This is an interesting result being reported for the strongly bound projectile.

DOLI: 10.1103/PhysRevC.105.024611

I. INTRODUCTION

The occurrence of clusters is well known in macroscopic
and microscopic matter, ranging from astrophysics to nu-
clear physics [1]. The a-particle clustering influences their
emission from heavy nuclei [2-9]. In heavy ion reactions, pro-
jectile structure has an influence on the yield of projectile-like
fragments (PLF) [10]. Yields of PLFs with Z = 6 and 8 were
observed to be higher than odd Z PLFs in the 2’Ne-induced re-
action on several targets [11,12]. Measurement of incomplete
fusion cross section showed a higher cross section for the '>C
projectile compared to the '*C projectile [13—15] which was
attributed to a-particle Q values and the structure of the '>C
projectile. In addition to the projectile structure, ICF cross
sections depend on entrance channel mass asymmetry, an-
gular momentum, target deformation, etc. [16,17]. Similarly,
the observation of a large a-production cross section is an
important feature of heavy ion induced reactions at Coulomb
barrier energies [18]. In the case of weakly bound stable pro-
jectiles like 6.7Li and °Be, the inclusive a-cross sections form
a substantial portion of the corresponding reaction cross sec-
tions. However, in the case of strongly bound projectiles like
12, 14N, and '°0, the a-cross sections are significant but are
not more than 10-20 % of the corresponding reaction cross
sections [19,20]. In view of its importance, a large number
of experiments and theoretical investigations have been car-
ried out to understand the mechanisms for « production in
heavy ion reactions. In the case of weakly bound projectiles,
break up and capture/transfer are the dominant mechanisms
responsible for o emission. It has been shown that a signifi-
cant amount of « particles is also produced following particle
transfer from the projectile to target (and particle transfer from
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target to projectile) [21]. In the case of strongly bound projec-
tiles, direct break up and cluster transfer have been shown to
be responsible for o production [6,22]. The « spectra could be
fully understood by invoking the above two mechanisms for
the 12C projectile [23,24].

The direct a-production cross sections show an interest-
ing correlation with the «-binding energies of the projectiles
[25,26]. It turns out that in the case of projectiles with mass
numbers lying between 6 and 20, the «-binding energies of
the projectiles are the smallest when compared to proton and
neutron binding energies. This being the case, the observed
correlation between «-cross sections and «-binding energies
can be understood. However, in the case of 13C, the neutron
binding energy is 4.95 MeV which is less than its «¢-binding
energy of 10.65 MeV. Hence, the neutron transfer from '3C
is expected to be significant and it is conceivable that in the
case of 13C induced reactions, « particles can arise not only
from direct break up and cluster transfer processes (like “Be
transfer to target), but also from break up following neutron
transfer, °Be breakup following « transfer, and ®Be breakup
following >He transfer. It will be interesting to look for an ex-
perimental evidence for these processes and disentangle their
relative contributions. In the literature, >C induced reaction
data at Coulomb barrier energies are rather scarce. There are
only a few papers which have reported a-emission cross sec-
tions in 3C induced reactions [27]. However, the mechanisms
for & emission have not been investigated.

With a view to understand the various mechanisms respon-
sible for « emission in general and o emission following
neutron transfer, in particular, detailed measurements have
been carried out for « particles emitted in the 'C induced re-
actions on **Nb. While the neutron binding energy is smaller
than a-binding energy in the case of *C the neutron binding
energy is very large when compared to «-binding energy for
12C. Because of the large negative Q value of the '2C induced
neutron transfer reaction, we expect the o emission following
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neutron transfer from the projectile to be much less in this
case when compared to that from the '*C induced reaction.
Keeping this in mind, in addition to '3C, « particles emitted in
the >C induced reactions on **Nb have also been measured.
As one neutron transfer cross section is expected to be sig-
nificant for 13C, the cross section also has been measured for
a comparative study with the ¢-emission channel. A detailed
analysis of the «- and neutron transfer data has been carried
out. The a-particles spectra from '>C and '3C have been
compared and, in the case of '3C, the « particles from breakup
following neutron transfer have been clearly identified.

II. EXPERIMENTAL DETAILS

Details of the experimental setup are given in Ref. [28]
and a brief summary is given. The experiment was carried out
at BARC-TIFR Pellteron LINAC facility, Mumbai, India. A
self-supporting *>Nb target of thickness = 400 pug/cm? was
bombarded with 65 MeV '>!3C beams in a 1.5 m diame-
ter scattering chamber. Ten silicon surface barrier detector
(AE-E) telescopes were used to detect the outgoing
projectile-like fragments (PLF) with Z = 3-7 along with
lighter fragments like *He. The angular distributions of PLFs
and “He were measured in the angular range of 20° — 105°.
The PLF distributions are reported in Ref. [28] except for
the « production. Total PLF (for fragments heavier than the
a particle) production cross sections add up to =~ 30 mb
and ~ 40 mb for 3C +**Nb and '>C +°*Nb systems, respec-
tively. In addition, '3C has a significant part of 1n-transfer
cross-section producing '>C as PLF which was excluded in
the above-mentioned PLF cross-section values. In the present
work, o spectra and their angular distributions are discussed
in detail.

III. EXPERIMENTAL ENERGY AND ANGULAR
DISTRIBUTIONS

The elastic peaks at different angles were used for the
energy calibration and «-energy spectra were obtained. The o
spectra in the angular range 6, = 25-70 ° is shown in Fig. 1
[(a)—(d) for 13C and (e)-(h) for '2C projectile]. Here, com-
pound nuclear reaction (denoted as CF) and noncompound
nuclear reaction or direct (denoted as NCF) contributions are
shown separately. The measured o spectra contain contribu-
tions from both direct and compound nuclear reaction compo-
nents. The direct part is composed of « particles originating
from direct breakup of the projectile as well as « particles
emitted along with transfer of *®Be to the target through
the reactions >Nb(*3C, “He) '°*Rh and *Nb('2C, “He) '°'Rh.
There will be additional contributions due to the reactions of
the type *Nb(3C, Be)’Tc and **Nb('2C, 3Be)?'Tc fol-
lowed by a break up of °Be and ®Be leading to & production.
The «-particle energy distributions from evaporation are of
typical Maxwellian shapes whereas those from breakup and
transfer reactions are of Gaussian in nature [29-31]. The con-
tribution of the direct part falls off exponentially with angle.
The angular distribution of one neutron transfer channel for
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FIG. 1. a-particle energy spectra for '>*C +”*Nb system at
Bl = 2570 ° at 65 MeV. Here, left (a)—(d) and right (e)—(h) side
plots are for '*C and '2C projectiles, respectively. Compound nuclear
contribution (CF) is depicted by continuous lines. Total (compound
+ direct), direct (NCF) cross sections are denoted by filled and empty
circles (**C) and triangles ('2C), respectively. Dotted, dashed, and
dash-dotted lines for '3C are at 14.3, 17.3, and 21.1 MeV, respec-
tively, corresponding to most probable energies for breakup (BUP),
transfer-breakup (TR-BUP), and transfer (TR) channels.

the >C +%*Nb system was also analyzed and the contribu-
tions from the discrete and continuum transfer modes were
separated.

The experimental energy integrated differential cross sec-
tion was obtained using the equation from Ref. [32] as
follows:

do, _ Y, doy

= X .
dQ Y, dQ

ey

Here, do,;/dS2 is the elastic scattering cross section, pub-
lished earlier [28], Y,, and Y,; are a-particle and elastic counts,
respectively.

The statistical model calculations were performed using
PACE2 [33]. The Ignatyuk prescription of level density (with
a :A/7MeV‘1, A =mass number) was used. The model
parameters were fixed to reproduce the a-cross section for
nearby systems '>C + °'v [34] and '>C + 'In [35] at back-
ward angles where a contribution from compound nuclear
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FIG. 2. Energy integrated angular distribution are represented by
circles and triangles for '2C, 13C, respectively. Compound nuclear
contribution (CF) is depicted by solid and dashed lines for '>C, 1*C,
respectively. Gaussian fits of direct (total-compound) «-production
cross sections for '2!3C are shown in the inset.

reaction is dominant. The present analysis is done with the
same set of parameters.

The angular distributions of «-particle production cross
sections are shown in Fig. 2. It is evident that the back
angle cross section has contribution from the compound
reaction mechanism only and the magnitude of direct con-
tribution decreases exponentially with angle. The compound
nuclear reaction cross section was subtracted from the total -
cross section to obtain the contribution from breakup/transfer
reactions. The total «-cross section can be obtained by extrap-
olating to forward angles either by an exponential function
to the do /d2 or a Gaussian fit to 2zsinf x do/d2. Both
methods give similar results within quoted error bars. The
direct/noncompound angular distributions which were fitted
assuming a Gaussian shape of (2rrsinf x do /dS2 distribution,
are given in inset of Fig. 2. From this fit, the angle and
energy integrated direct a-cross section for '?C and '*C are
determined as 226 =25 mb and 187 & 40 mb, respectively.
The errors in the cross sections were estimated from the errors
in the fitted parameters.

The ratio of a-production cross sections for '2C and '3C
projectiles is 1.2 &£ 0.3 which is close to 1.3 £ 0.27 reported
for **Ti [27] (in the present measurement, the measured an-
gular range contributes 80% of the direct cross section and
the ratio of direct e-production cross sections in this angular
range is 1.2 £+ 0.18).

IV. KINEMATIC DISENTANGLEMENT OF «a-PARTICLE
ENERGY SPECTRA

Detailed analysis of the o-energy spectra was carried out
to understand the mechanisms responsible for o production.
The direct a-energy spectra, as shown in Fig. 1, from '3C are
much broader than the ones from '2C (FWHM values for 13C
are at least 25% higher than that for '>C). The prominent peak
in the case of '2C is around 18 MeV. The breakup o energy
is estimated to be around 16.7 MeV for the '>C projectile. A
leading order expression proposed by Schiffer for Qg was
used which is given as E. . (Z3Z4/Z21Z, — 1) [36], where Z;,
Z>, Z3, Z4 are the atomic numbers of the projectile, target,

TABLE 1. Kinematic parameters for o and ®°Be transfer chan-
nels for the '>13C 4+ *Nb system at Ej, = 65 MeV (E., = 57.6
MeV and 57 MeV for '>13C, respectively). Q,, represent transfer
to ground state, the expected optimum Q value (Qqp) calculated at
leading order according to Refs. [36,38], centroid energy of the direct
a for the respective channels in the c.m. system (E, = E,, + Qs +
Oopt)- 8Be is assumed to be broken having 92 keV binding energy by
releasing two « particles. The energies of breakup constituents are
calculated as per mass ratio.

o trans. $Be trans. 3o breakup
Proj. (MeV) (MeV) (MeV)
2c Oge —-4.9 22 —7.27
Qopt —-17.3 —36.5 0.0
E, 17.7 18.8 16.7
1n trans. 9Be trans. o +°Be breakup
MeV) (MeV) MeV)
B¢ Oge 23 0.3 —10.6
Qopt 0.0 —36.2 0.0
E, 17.3 21.1 14.3

ejectile, and residual nucleus. The experimental PLF kinetic
energy spectra [28] were converted to the c.m. system and Qqp
values were deduced from these data. The experimental Qqp
values agreed very well with the Qg values (within experi-
mental uncertainties) obtained using the Schiffer expression.
Having validated the use of Schiffer’s expression for Qgp, we
used the same for o and Be transfers in the present work.
There is also another expression for Qg from Mermaz [37]
and values obtained by the formulation are also close to the
experimental values for the channels considered here. The
o particle coming along with the transfer of ®Be to **Nb is
estimated to be centered around 18.8 MeV, taking the Qqp
to be around —36.5 MeV. Table I gives kinematic parameters
and centroid energies for different reaction channels. The cen-
troid energy of the direct o for the respective channels in the
c.m. system is calculated as (E, = Ec.m. + Qgg + Qopt)- Qopt 18
taken as zero for breakup process and the available excitation
energy is divided as per mass proportion into the fragments.
As the o peak in the case of '2C is centered around 18 MeV,
and there is no clear indication of a peak at energies below
16 MeV, perhaps it can be concluded that the « particles in
this case are mainly from the break up of the projectile and o
particles emitted along with the transfer of ®Be. There can also
be the processes like the transfer of *He from '>C to **Nb and
subsequent break up of *Be. The « particles coming from this
process is estimated to be centered around 17.7 MeV, taking
the Qo to be around —17.3 MeV. (Here, the two a-particles
energies were obtained by dividing the E.pm + Qg + Oopt
value by two).

However, in the case of '3C, the projectile break up «
particles are expected to peak around 14.3 MeV and the one
coming along with °Be transfer is estimated to be around
21.1 MeV. The « particle emitted from the break up of '>C
formed after the neutron transfer from '3C is calculated to be
around 17.3 MeV. In addition, there can be processes like o
transfer, followed by break up of °Be in the case of >C in-
duced reactions. The energies of « particles from this reaction
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FIG. 3. Identifying the  source from breakup (BUP), *Be trans-
fer (TR), and 1n transfer followed by breakup (TR-BUP) for '3C by
fitting Gaussian shapes at peak energies of 14.3, 17.3, 21.1 MeV
are shown in the left panels (a,b) and peak energies at 16.7, 17.7,
18.8 MeV for '>C projectile for BUP, « transfer, and 8Be transfer,
respectively, are shown in the right panels (c), (d).

will come close to the one from neutron transfer followed by
break up of '2C. It is found that experimental data for neutron
transfer is nearly 100 mb whereas the cross section for «
transfer leading to production of *Be is less than 5 mb [28].
In view of this, we may expect the contribution of « particles
from “Be break up in the region of interest (17.3 MeV) may
not be significant. Another mechanism which can contribute
to o particles in this energy region is the ('3C, ®Be) reaction
(°He transfer) followed by the break up of ®Be. As discussed
above, we expect o and SHe transfer contributions to be not
as significant as neutron transfer cross sections. Further, even
from the structure point of view '3C is more likely to be
2C 41 and °Be + *He configurations in terms of binding
energies. The break up threshold for '3C into ®Be + °He is
about 2.5 MeV larger than that for the °Be +*He process. The
calculation performed using the GRAZING [39] heavy ion re-
action code also gives a cross section less than 1 mb for these
channels. The measured «-energy spectra at all angles (20°—
70°) were analyzed by fitting Gaussian shapes for the various
processes leading to o emission while keeping the fixed cen-
troid energies estimated for breakup (BUP), transfer (TR), and
transfer followed breakup (TR-BUP) (as shown in Fig. 3 at a
few angles). In order to fix widths, initial fittings were done
at 4-5 angles by keeping it as a free parameter. These widths
were varying within 10% at different angles thus the average
values for each process were obtained for final fitting. In the
case of 12C, besides direct break up, « particles resulting from
8Be transfer accompanied by « particle (transfer channel one)

N
o

N
o

FIG. 4. Measured total, discrete, and continuum ln-transfer
cross section for 1>C + **Nb at 65 MeV are denoted by filled circles,
triangles, and empty circles, respectively. The dotted and dashed
lines show the estimated contribution for transfer to continuum and
discrete states, respectively. The sum of both is represented by solid
lines.

and “He transfer accompanied by ®Be (transfer channel two)
and its break up resulting into two « particles were also taken
into account. In the case of 3C, direct break up, 9Be trans-
fer accompanied by «-particle emission as well as neutron
transfer followed by break up of '2C leading to « particles
have been considered. An estimate has been made for the
relative contributions of the various processes contributing to
« emission by the above-mentioned fitting procedure. Angular
distributions for all processes similar to Fig. 2 were obtained
to get the integral values for each process. In the case of '>C,
it is observed that the direct break up « particles are about
40%. Tt is estimated that the « particles accompanying *Be
transfer is to be 50%. The « transfer with accompanying ®Be
and its breakup leading to « particles contribute about 10% of
inclusive « particles produced in the reaction. In the case of
13C, the direct break up « particles are 33% and the « particles
accompanying °Be transfer is 43% of the inclusive o particles.
In addition, it is observed that the o particles resulting from
the process of one neutron transfer followed by the break up
of 12C, leads to « particles of the order of 24% of the total
a particles. As we do not know the multiplicity values of o
particles arising from direct break up and break up following
1n transfer, we cannot determine the a-cross sections for these
processes. The estimation of direct breakup is affected by
evaporation estimates as the coinciding o-particle peaks. The
x? values for single, double, and triple peak fittings were
in the range of (3-15), (1.5-3), and (0.7-1.3), respectively.
The errors in the integral values were estimated by varying
the centroid values by 1 MeV around it (uncertainties in the
Qopt and energy calibration) which gives an estimate of around
15% in the relative fractions of integral values.

The angular distribution of the 1n transfer was obtained
by the detection of the '>C fragment following 1n transfer
through the BNb(13C, 12C) *Nb reaction. The '2C band in the
PLF spectra was measured from Q = 42.28 MeV ahead of
13C elastic peak down to &~ 20 MeV. The angular distribution
of the 1n-transfer cross section measured for the '*C +**Nb
system is shown in Fig. 4. It shows the familiar bell shape with

024611-4



EXPERIMENTAL EVIDENCE FOR « PRODUCTION ...

PHYSICAL REVIEW C 105, 024611 (2022)

TABLE II. Experimental cross sections for reaction (o), noncompound & production (cNF), PLF (heavier than «) transfer (o'F), 1n-

tr

transfer total (o), 1n-transfer discrete (af ~*P), 1n-transfer continuum (o, “®) and calculated 1n-transfer to discrete and continuum states

d—Cal. s c—Cal. 12,13 93
(o, "%, 0, ") for the > °C + "’Nb system.

ox (TOI(\ICF Z O'tl:LF (TYEOL o,:llfexp O.;fexp O.:’—Cal. o.;7Cal.
Proj. (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
2c 1505 £ 46 226 £ 25 40+7
B¢ 1515 £ 107 187 £40 30+ 8 108 £ 10 86 4+ 12 3748 68 30

the peak of the angular distribution around the grazing angle.
The energy spectra of the '2C band up to neutron binding
energy (7.23 MeV) was assumed to be contributed by transfer
to discrete states and it was considered as transfer to contin-
uum above this energy. The area under the total, discrete, and
continuum curves were estimated and the cross sections are
given in Table II. The total transfer cross section turns out to
be 108 £ 10 mb in which transfer to discrete states contributes
to ~80% (86 mb) and transfer to continuum measured from
12 band in PLF spectra were estimated to be 20% (22 mb).

The '2C fragment after 1n transfer to continuum may also
break resulting in o production. This part was not included
in the measured one neutron transfer cross section as it was
extracted using the '>C band in the spectra of the ('3C, '2C)
reaction. The « particles from break up following neutron
transfer to continuum was *24% as estimated earlier which
is equivalent to & 15 mb assuming a « multiplicity of three.
Thus the total transfer to continuum cross section is estimated
to be 22 + 15 = 37 mb as given in Table II.

V. 1n-TRANSFER TO CONTINUUM AND CONTINUUM
DISCRETIZED COUPLED CHANNEL CALCULATIONS

The calculations have been performed with the CCBA
method using the code FRESCO [40] to estimate the 1n transfer
to discrete and continuum states. The spectroscopic factors
were taken from the *>Nb(d, p) reaction up to 2.32 MeV
[41]. Ten more energy states were included from the ENSDF
database and the spectroscopic factors for these states from
2.32 MeV to 6.5 MeV were assumed as an average of the
last ten states below 2.32 MeV. Some unaccounted cross
section might still be there as not all states were included
below a neutron binding energy of 7.23 MeV. The excited
states (4.44 MeV and 7.65 MeV) of '2C were also coupled.
In addition to discrete states, calculations were performed for
continuum states up to 15 MeV above the neutron binding
energy. The continuum energy states were distributed in equal
momentum bins of width Ak = 0.1 fm™". In Table II, a list
of the experimental and the calculated values of 1n-transfer
cross sections are given. The calculated integral values of both

discrete and continuum transfer cross sections are consistent
with the experimental data. Similar to 1n transfer followed
by the breakup of '2C, a contribution from breakup of *°Be
following >*He transfer is expected to be <2-3 mb.

The breakup cross section was calculated using FRESCO
with the CDCC method. The continuum above *C —
12C +1n breakup threshold of 4.95 MeV was discretized into
momentum bins of width Ak = 0.3 fm~! up to ~ 15 MeV
with relative angular momentum L = 0-5/. The input poten-
tials for '2C +”Nb were taken from Ref. [28] and for n +
SNb it was obtained from Ref. [42]. The ’C — 2C+1n
breakup cross section using CDCC calculations was obtained
as 15 mb. This value obtained for elastic breakup is much
smaller than the one neutron transfer cross section value of
108 mb.

VI. SUMMARY

In summary, measurement of a-particle spectra in '>13C
induced reactions on **Nb at a bombarding energy of 65 MeV
has been reported. From a detailed analysis of the spectra,
contributions from direct break up and transfer processes,
leading to the production of « particles were determined.
A significant contribution of « particles resulting from the
process like neutron transfer followed by the break up of '>C
in the case of '>C projectile is observed. This is an interest-
ing result being reported for strongly bound projectiles. The
exclusive particle-y measurements are required for various
targets to further strengthen these findings.
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