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We investigated the Coulomb-nuclear interference effect on a single proton removal cross-section
and full width at half maximum (FWHM) of longitudinal momentum distribution (LMD) in the
breakup reaction of a proton rich 2N nucleus. The effect is analyzed for three different targets:
12, *8Ni and 2°®Pb nucleus, in 40-100 MeV /u incident beam energy range. The Coulomb breakup
mechanism is treated with all-order sudden approximation, while the nuclear breakup, including
both stripping and diffraction is treated using eikonal approximation. The obtained results show
that the interference among breakup mechanisms significantly affects the single proton breakup
cross-section, more specifically in medium-mass target cases. However, the effect is found to be
below 6% for FWHM of LMD for all the chosen targets. The obtained results show that in medium-
mass targets reactions, it is crucial to consider the interference between the Coulomb and diffraction
breakup processes for 40-100 MeV /u energies. We believe that this understanding of the obtained
results will be valuable for planning future experiments involving proton halo nuclei and also add
better clarity in the interpretation of experimental results.
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I. INTRODUCTION

With advancements in radioactive ion beams (RIB)
in nuclear physics, the discovery of new exotic nuclei
has become more accessible. These radioactive nuclei ex-
hibit intriguing characteristics, such as a short lifetime,
large nuclear size, a large matter distribution, a novel
shell structure, new excited states and decay patterns.
One common feature of these nuclei is their small one-
particle separation energy, often around 1 MeV or less.
This small separation energy among neutron- or proton-
rich nuclei leads to a variety of characteristics, including
soft collective modes, unusual transition strengths be-
tween low-lying states, changes in nuclear shell structure
and extended density distribution, and forms a halo nu-
clear structure.

Halo nuclei possess an extended matter density distri-
bution, where one or two nucleons (proton or neutron) lie
far from the compact nuclear core. Frequently, the single
nucleon removal reactions are used to reveal their nuclear
structure. In single nucleon removal reactions, the width
of longitudinal momentum distributions of the core frag-
ment is unusually measured narrower in comparison to
the normal stable nuclei, which indicates an increased
nuclear size, which is duly reflected in their large total
reaction and breakup cross-section. Such nuclei were ini-
tially termed “halo nuclei” by Tanihata in 1985 [1, 2].

Among these exotic nuclei, single neutron halos are
more commonly observed than those of single valence
proton halos, that is because of the presence of the
Coulomb barrier, which prevents the valence proton from
extending far into the forbidden region. So proton ha-
los are rare in comparison to the neutron halos; besides,
there are many proton halos which lie near the proton
drip line. Since their discovery, the study of the proton
halo structure has been a fascinating area of nuclear re-
search. Additionally, recent observations of spontaneous
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two-proton radioactivity near the proton drip line further
highlight the unique behavior of these exotic systems. A
few investigations indicated the existence of a single pro-
ton halo structure in proton-rich nuclei 8B [3-7], 1"Ne,
and 26-29P [8-10], 22Al [11-15],)7F [16]. In proton halo
nuclei studies, the measurement of LMD of the core frag-
ment and single proton breakup cross-section has been
the key observables used to reveal their structure fea-
tures and, consequently has been used to reliably esti-
mate the nuclear reaction rate taking place in nucleosyn-
thesis reactions in stars and supernovas [17-20]. Hence, it
is crucial to understand precisely their sensitivity to the
atomic number of the target nucleus, incident beam en-
ergy, and also to the interference in breakup mechanisms.
In halo breakup reactions, the breakup occurs due to
nuclear and Coulomb repulsive interactions between the
projectile and target nuclei. The nuclear breakup mecha-
nism dominates during the interactions with light target
nuclei (light atomic number) at low impact parameters,
typically less than or equal to the sum of the root mean
square (RMS) radii of the target and projectile while
the Coulomb breakup occurs due to the Coulomb repul-
sive interaction between the projectile and target nuclei,
and dominates in the case of heavy targets (high atomic
number) at high impact parameters (more than the sum
of the root mean square (RMS) radii of the target and
projectile). But during the breakup, it is too difficult
to say which mechanism is causing the breakup, espe-
cially near the surface region. Both the Coulomb and
nuclear breakup mechanism equally work together and
cause the breakup of the valence nucleon from the pro-
jectile nucleus, so it is difficult to separate and estimate
the absolute magnitude of each breakup observable cor-
responding to each breakup mechanism.

So far numerous papers have been published for pro-
ton halos and neutron halos with different targets [21-26]
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etc. They reported that both interactions occur simulta-
neously, especially near the surface region, and lead to
the possibility of interference between the Coulomb and
nuclear diffraction mechanism, which can affect the ob-
servables of the breakup reaction. A substantial number
of articles highlight that interference in breakup mecha-
nism is a crucial phenomenon and always remains present
in breakup reactions which significantly affect the abso-
lute magnitudes of breakup observables. [16, 27-34]. So
underestimation of this interference may lead to large
ambiguity in the interpretation of experimental results
and, consequently, can be misleading in understanding of
these exotic nuclei of astrophysical interest. Also, in pro-
ton halo Coulomb breakup reactions, the total Coulomb
breakup interactions consist of two types of interactions,
i.e. the Coulomb interaction between the projectile’s va-
lence proton and target nucleus (called Direct Coulomb
interaction) and the Coulomb interaction between the
core of the projectile and the target nucleus (called Recoil
Coulomb interaction). A few recent works have focused
directly on these two interferences among breakup mech-
anisms [16, 27-34], showing that the interference effect
plays a significant role: many time they show construc-
tive nature and many times destructive nature, depend-
ing on the target nucleus atomic number and incident
beam energy. Being motivated by these works, in the
present work we investigated the presence of both kinds
of interference in the breakup of a proton rich 2N nu-
cleus. We perform a quantitative investigation showing
the effect of interference on the magnitude of a single pro-
ton breakup cross-section and LMD width. The sensitiv-
ity of this effect has been analyzed for light, medium, and
heavy target nuclei in a medium energy range, in which
mostly experiments are performed, i.e. 40-100 MeV /u.

The 2N nucleus is of paramount interest to nuclear
physicists due to its unique properties. This nucleus has
an unusual proton to neutron ratio and extremely short
half-lives of about milliseconds, which provide crucial in-
sights into the behavior of the nuclear matter under ex-
treme conditions. Understanding such nuclear structure,
its decay modes and production mechanisms is pivotal
in advancing our knowledge of nuclear physics. Addition-
ally, exotic nuclei, including 2N, play a significant role in
understanding the nucleosynthesis reactions taking place
in stars and supernovaes [17]. The 2N study is essential
because it has small proton separation energy S, = 0.6
MeV, and it has a large reaction cross-section and a large
single proton removal cross-section [17-20, 35, 36]. More-
over, the proton removal process from 2N nucleus is re-
lated to the ''C+p radiative capture reaction depending
on the initial CNO abundances. This reaction might have
played a significant role in some supermassive stars in the
early universe, allowing these stars to explode as super-
novae, rather than collapsing into black holes without
ejecting any mass [37-44] . Also, recently the asymptotic
normalisation coefficient (ANC) for 12N — C + p has
been measured using transfer reactions [18]. The calcula-
tion of the ANC via a breakup reaction was being used to
obtain the reaction rate data but could not be achieved
correctly [19, 20]. Therefore, keeping in view the impor-
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tance of this breakup reaction, we studied the breakup
reaction of the '?N nucleus with different targets i.e. 12C,
8Ni, and 2°®Pb in 40-100 MeV /n incident beam energy
range and tried to understand the effects of the Coulomb
nuclear interference on the absolute magnitude of a single
proton breakup cross-section and FWHM width of LMD.
The paper is arranged as follows: section II discusses the
theoretical formalism, section III discusses the obtained
results, and finally, section IV presents the conclusions.

II. THEORETICAL FORMALISM

We followed the theoretical formalism of [16, 28-32,
45], where the Coulomb potential between the projectile
and target causing the breakup of a projectile nucleus is
defined as:

Ve Vi Vo

VER) = p Ry g 'R (Y

Here, (Z.), (Zi), and (Z,) represent the core, target,
and valence proton charges, respectively. (V. = Z.Ze?),
(Vo = Z,Ze?), and (Vo = (Zy + Z.) Zye* are the
Coulomb potential between core and target, valence pro-
ton and target, and whole projectile and target respec-
tively. The 8 and (2 are the mass ratios of proton and
core to the projectile mass. The r and R are position
vectors representing the core-to-proton and target-to-
projectile centre of mass distances, as shown in Fig. 1
(taken from [30]). The centre of mass of the projectile is
assumed to follow a straight line, R = 2R, + Zvt, where
v is the relative motion velocity at the distance of closest
approach.

Fig. 1. Geometry of the coordinate system used for the

projectile-target interaction [30]

Using the perturbative procedure, discussed in detail
in Ref. [28], the Coulomb phase can be defined for proton
halo breakup as:

1 .
Xpert = ﬁ/dterJtV(ryt)~ (2)

The perturbed Coulomb phase for the entire two body
proton halo projectile (comprising of core and valence
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proton) is given by [28, 29]:

) .
@ = 2 (Ve Kot /0) ~ Voo /)
4 VveiBQ“’Z/”Ko(wbv/v)), (3)

where w = (ef — g¢) /R, with g representing the valence
nucleon binding energy and e¢ the final nucleon-core con-
tinuum energy, Ky is the modified Bessel function, v is
the velocity of the projectile, and b. and b, are core and
valence proton impact parameters. The whole projectile
Coulomb potential (Vj) can be expressed as the sum
J

of the core (V.) — target Coulomb potential and the
valence proton (V,) — target Coulomb potentials, i.e.,
Vo = Ve + V4. Thus, the entire projectile’s perturbed
Coulomb phase can be written as:

X = x(B1, Ve) + x(—=B2, Vo). (4)

where the term (81, Ve) is called the Recoil Coulomb
phase which appears due to Coulomb repulsion between
the core and the target, whereas other x(—pf2,V,) is
called the Direct proton target Coulomb phase due to
the valence proton target Coulomb interaction and can
separately be written as [29].

X(B1,Ve) = % (72" Ko (wbe/v) = Ko(@R/v)) | (5)
X(~B2, Vi) = 20 (79 Ky by o) — Ko(wR /v)) . (6)

So far numerous theoretical studies have emphasized
the importance of including the Coulomb breakup mech-
anisms in all orders including all multipoles of the
Coulomb potential, especially in proton halo breakup
reactions [16, 30, 46]. Therefore, we have treated each
J

grcc(bc) _ /dI‘ eiik'rqﬁi(r) (ei%log

. . 2Vy by
gd1r<bv> — /dI‘ e_zk'rd)i(l‘) (ezmlogﬂL —1—3

While the nuclear diffraction dissociation amplitude
within the eikonal approximation is well know by

¢ (b)) = /dr =T (1) (eix,,t(bv) _ 1) (9

the core fragment momentum distribution containing nu-
clear diffraction and total Coulomb (recoil and direct)
amplitudes can be expressed as:

do 1 2 di diff |2
— dbc - bC rec 1 1 . 1
de = 5 | BoelSebe)flg"™ + g™ + . (10)

So the core fragment LMD is obtained by integrat-
ing the core fragment momentum distribution (10) over
its transverse component of momentum and the single
proton breakup cross-section is then obtained by inte-
grating the LMD spectrum over the momentum, respec-
tively. Here, (Sct(be)) and (e?Xn¢()) are core-target and
proton—target S-matrices or profile functions, which are

(

Coulomb interaction to all orders with the time depen-
dent perturbation theory and sudden formalism [45]. The
all-order theoretical formalism is discussed in full detail
in [16, 28-30, 46-48], and so the Coulomb breakup prob-
ability amplitudes are:

be o2V. b .
—1—4 1 o) |
Tl g i) ™)
2V, by )
log — — .
o log =+ ix(— 6 V1) ®)

(

obtained using Hartree—Fock nuclear density forms [49-
51] of core and target nuclei, using the t-pp method with
the standard MOMDIS code [52]. The projectile wave
function ¢; of ground state of projectile [3/2% ® 1ps o] is
calculated numerically by solving the Schrodinger wave
equation using the Woods—Saxon nuclear potential. The
depth of WS nuclear potential (Vy = 37.13 MeV) is
adjusted to fit the proton separation energy (S;ﬂr =
0.6 MeV) with the range and diffuseness parameter
ro = 1.27 fm, ag = 0.7 fm. In the present study, to ex-
amine the presence of interference between the Coulomb
and nuclear diffraction mechanisms, we first treat nuclear
diffraction and Coulomb breakup processes as indepen-
dent, calculating observables in the absence of each other.
Conversely, we also calculate observables in the presence
of both mechanisms to analyze their combined effect.

Here, the quantitative effect of the Coulomb nuclear
diffraction interference on the absolute magnitude of
breakup observables is obtained in terms of percent vari-
ation using the following formula, so the obtained values
are shown in respective tables.
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%Interference =

XCoul + Diff __ (XCoul + XDiff)

(XCoul + XDiff)

x 100. (11)

Similarly, the percent effect of the interference between the Recoil and Direct Coulomb mechanismes is obtained

using the formula:

X Coul (Recoil + Direct)

%Interference =

_ (XRecoil + XDirect)

(XRccoil + XDircct)

where the notation X is a dummy symbol to represent
single proton breakup cross-section (o_,) or FWHM of
LMD. X Coul+Diff stand for the Coulomb and diffraction
calculated together in the presence of both mechanisms,
while X" or XPiff are independent mechanisms calcu-
lated in the absence of the other mechanism. Similarly,
in other X Coul(Recoil+Direct) ¢ontaing both Direct and Re-
coil Coulomb interactions, while XPirect op X Recoil gpo
independent interactions.

III. RESULTS AND DISCUSSION

In this study, we investigated the single proton
breakup from 2N nucleus with three different target
nuclei. We analyzed the effect of the Coulomb nuclear
diffraction interference on the key breakup observables,
for three distinct targets, i.e. 12C, 58Ni, and 2°*Pb (fre-
quently used in breakup reactions), at 40, 60, 80 and
100 MeV /u incident beam energy. To simplify the anal-
ysis and for a general understanding of the reaction phe-
nomenon, we simply used the frequently reported projec-
tile state, having core plus valence proton configuration

% 100, (12)

[3/2F @ 1p3»]. Using the above discussed theoretical for-
malism, single proton breakup cross sections and LMD
widths are calculated and their absolute magnitudes are
shown in tables. Tables 1, 3, and 5 present the calculated
single proton breakup cross-sections, while Tables 2, 4,
and 6 shows the FWHM of LMD. Each table show exclu-
sively the calculated magnitude of breakup observables,
breakup mechanisms wise, where Nuclear Diffraction is
referred to as “Diffraction”, total Coulomb is referred to
as “Coulomb”; the simple sum of Coulomb and Nuclear
Diffraction in the absence of each other are referred to as
“Coul + Diff (simple sum)”, and Coulomb and Diffrac-
tion calculated together in the presence of both mecha-
nisms are referred to as “Coul + Diff (cal. togh.)”. Also,
the interference between the Direct and Recoil Coulomb
mechanisms and consequently its effect on the magni-
tude of observable are shown on the lower sections of
each table, where Recoil Coulomb breakup is referred to
as “Recoil”, Direct Coulomb breakup is referred to as
“Direct”, the simple algebraic sum of Recoil and Direct
contributions is referred to as “Recoil + Direct (simple
sum)”, while the contribution in the presence of both
Recoil and Direct mechanism is referred to as “Recoil +
Direct (cal. togh.)

Beam Energy — 40 MeV /u|60 MeV /u|80 MeV /u|100 MeV /u
Breakup Mechanism o_p o_p o_p fo

(mb) (mb) (mb) (mb)
Diffraction 42.46 62.66 47.06 29.05
Coulomb 10.20 7.85 5.83 5.44
Coul + Diff (simple sum) 52.66 70.51 53.41 34.50
Coul + Diff (cal. togh.) 54.25 68.11 49.43 30.84
% Interference +3.03 —3.40 —7.45 —10.61
Recoil 7.85 6.37 4.96 4.67
Direct 30.27 24.33 18.88 17.66
Recoil + Direct (simple sum) 38.13 30.70 23.84 22.33
Recoil + Direct (cal. togh.) 10.20 7.85 5.83 5.44
% Interference —173.25 —74.44 —175.54 —75.64

Table 1. Calculated single proton breakup cross-section (o0—_p, in mb) for 12N projectile on 2C target at different incident
beam energies corresponding to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage
interference effects
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Beam Energy — 40 MeV /u |60 MeV /u|80 MeV/u|100 MeV /u
Breakup Mechanism FWHM| FWHM| FWHM FWHM

(MeV/c)| (MeV/c)| (MeV/c)| (MeV/c)
Diffraction 104.75 110.40 110.09 110.69
Coulomb 72.38 74.18 72.73 75.36
Coul + Diff (simple sum ) 94.27 103.11 102.78 101.21
Coul + Diff (cal. togh.) 93.90 102.39 102.66 101.65
% Interference —0.39 —0.69 —0.11 +0.43
Recoil 56.04 58.94 59.43 61.82
Direct 60.85 63.62 63.52 66.01
Recoil + Direct (simple sum) 59.63 62.44 62.46 64.94
Recoil + Direct (cal. togh.) 72.38 74.18 72.73 75.36
% Interference +21.38 +18.80 +16.44 +16.04

Table 2. Calculated FWHM of LMD (MeV/c) for 2N projectile on '2C target at different incident beam energies corresponding
to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage interference effects

Beam Energy — 40 MeV /u |60 MeV /u |80 MeV /u|100 MeV /u
Breakup Mechanism o_p o_p o_p o_p

(mb) (mb) (mb) (mb)
Diffraction 18.83 25.20 23.71 20.87
Coulomb 200.54 144.89 117.81 100.37
Coul + Diff (simple sum) 219.37 170.09 141.52 121.24
Coul + Diff (cal. togh.) 256.71 203.51 169.18 144.46
% Interference +17.02 +19.65 +19.54 +19.15
Recoil 133.63 109.45 94.74 84.08
Direct 489.99 400.90 347.11 307.99
Recoil 4 Direct (simple sum) 623.63 510.35 441.85 392.07
Recoil + Direct (cal. togh.) 200.54 144.89 117.81 100.37
% Interference —67.84 —71.61 —73.34 —74.39

interference effects

Table 3. Calculated single proton breakup cross-section (o—, in mb) for N projectile on *®Ni target at different incident
beam energies corresponding to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage

Beam Energy — 40 MeV /u |60 MeV /u|80 MeV/u|100 MeV /u
Breakup Mechanism FWHM| FWHM| FWHM FWHM

(MeV/c)| (MeV/c)| (MeV/c)| (MeV/c)
Diffraction 82.44 86.88 87.34 86.56
Coulomb 67.37 68.43 69.50 70.19
Coul + Diff (simple sum) 68.35 70.24 71.49 72.13
Coul + Diff (cal. togh.) 71.90 73.17 73.88 74.22
% Interference +5.19 +4.17 +3.34 +2.77
Recoil 53.50 56.02 58.18 59.77
Direct 56.70 59.27 61.35 62.80
Recoil + Direct (simple sum) 55.87 58.45 60.44 61.93
Recoil + Direct (cal. togh.) 67.37 68.43 69.50 70.19
% Interference +20.58 +17.07 +14.99 +13.34

Table 4. Calculated FWHM of LMD (MeV /c) for 12N projectile on *®Ni target at different incident beam energies corresponding
to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage interference effects

Tables 1 and 2 show respectively the calculated single
proton breakup cross-section and FWHM width of LMD
in the case of 2C target at 40-100 MeV /u incident beam
energies. It can be seen from Table 1 that due to the small
size (low atomic number) of the target, nuclear breakup

mechanism is predominant over the Coulomb breakup
and hence showing larger cross-section for each incident
energy, while the Coulomb mechanism contribution is
small and it decreases with incident energy.
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At 40 MeV /u, the percentage change in the single pro-
ton breakup cross-section due to interference between
Coulomb and nuclear diffraction is of constructive na-
ture, which enhances the magnitude of cross-section by
3%. However, as the beam energy increases from 60 to
100 MeV /u, the interference shows destructive character,

which suppresses the single proton breakup cross-section
from 3% to 10%. Also, this destructiveness increases with
incident energy. But, on the other hand, the percent-
age change in the FWHM of LMD is observed negligibly
smaller than 1%, and it is insensitive to the incident en-
ergy as can be seen from Table 2.

= = Diffraction
05+ 069 e Coulomb
125412
N+'“C at 40MeV/u 2N+"2C at 60MeV/u Coul +Diff (simple sum)
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Fig. 2. LMD spectrum of the core fragment in the case of 2C

target at different incident energies showing the effect of the

Coulomb nuclear diffraction interference. In each figure the red dotted curve corresponds to the total Coulomb mechanism,

the blue dashed curve corresponds to the Diffraction mechanism, the green dash-dotted curve corresponds to a simple sum of

the Coulomb and Diffraction mechanisms, and the solid black curve corresponds to the combined the Coulomb and Diffraction
mechanism

In addition, the interference between Recoil and Di-
rect Coulomb breakup mechanism is of destructive na-
ture, which reduces the breakup cross-section around 73—
75% and is almost insensitive to the beam energy. Con-
versely, the FWHM of the LMD shows a constructive na-
ture, which enhances the LMD width from 21% to 16%,
but this enhancement decreases with incident energy. For
better clarity, the breakup mechanism wise LMD spec-
trums are shown in Figs. 2 and 3.

Tables 3 and 4 give the breakup cross-section and
FWHM of LMD for the °®Ni target at the beam en-
ergy from 40 to 100 MeV /u. From Table 3, we find that
the total breakup cross-section is increased by 17 to 20%
and is constructive due to the interference effect between
the Coulomb and nuclear diffraction. However, the per-
centage change in FWHM of LMD distribution is less
constructive in nature and varies from 2-5%. If we look
at the lower part of both tables, the percentage change
in the total Coulomb is destructive due to the interfer-
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ence effect in Recoil and Direct Coulomb. It reduces the
breakup cross-section from 67 to 74%, but FWHM is
increasing due to this interference in the range of 13-
20%, which is constructive. Here we find that interfer-
ence is high because both Coulomb and nuclear diffrac-
tion breakup can dominate; these results are similar to
our recent findings [46]. Figures 4 and 5 show the LMD,
and each line has its usual meaning, like Figs. 2 and 3,
respectively.

In Fig. 4, we found that due to the interference of the
Coulomb and nuclear diffraction mechanism, the black
solid curve [Coul+diff(cal.tog)] is bigger than the green
dashed curve [Cou+diff(simple sum)], for all the incident
energies, and reflecting the constructive nature of the in-
terference. However, the interference between direct and
Recoil Coulomb mechanism is found always destructive,
because of which the total Coulomb (black curve) mech-
anism curve is always smaller than that of a simple sum
of direct and Recoil curve(green dash curve).
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Beam Energy — 40 MeV /u |60 MeV /u|80 MeV/u|100 MeV /u
Breakup Mechanism o_p o_p fo o_p
(mb) | (mb) | (mb) | (mb)
Diffraction 56 78 72 57
Coulomb 2539 1565 1150 917
Coul + Diff (simple sum) 2595 1644 1222 974
Coul + Diff (cal. togh.) 2642 1760 1341 1080
% Interference +1.77% | +7.12% | +9.73% | +10.98%
Recoil 876 723 630 564
Direct 3207 2540 2189 1953
Recoil + Direct (simple sum)| 4088 3262 2819 2516
Recoil + Direct (cal. togh.) 2539 1565 1150 917
% Interference —36.50% | —52.02% | —59.21% | —63.56%

Table 5. Calculated single proton breakup cross-section (o0_, in mb) for 2N projectile on 2°®Pb target at different incident
beam energies corresponding to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage
interference effects

Similarly, for heavy target 2°8Pb case, the calculated
single proton breakup cross-sections are shown in Table
5. It is clearly seen from Table 5 that the single proton
breakup cross-section increases in the range of 1 to 10%,
which shows a constructive nature of the interference.
However, due to Recoil and Direct interference, it de-
creases in the range from 26 to 64%, showing destructive
interference. Similarly, the interference effect on LMD
width can be seen in Table 6. It is found that FWHM

of LMD width increases 4 to 5% for all the incident en-
ergies for the Coulomb nuclear diffraction interference,
while this enhancement in magnitude of LMD width due
to Recoil and Direct interference lies within 38-19%. But
here the enhancement is decreasing with an increase in
beam energy. For better clarity, the LMD spectrums cor-
responding to each breakup mechanism and incident en-
ergy are shown in Figs. 6 and 7.
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Beam Energy — 40 MeV /u |60 MeV /u |80 MeV/u|100 MeV /u
Breakup Mechanism FWHM |FWHM |FWHM |FWHM
(MeV/c) |[(MeV/c) [(MeV/c) |(MeV/c)
Diffraction 89.77 96.15 95.30 91.81
Coulomb 75.58 73.08 72.06 71.54
Coul + Diff (simple sum) 75.81 73.73 72.89 72.31
Coul + Diff (cal. togh.) 79.25 77.83 77.08 76.03
% Interference +4.54% |+5.56% |+5.75% |+5.14%
Recoil 52.12 54.63 56.50 58.06
Direct 55.36 57.41 59.22 60.60
Recoil + Direct (simple sum)|54.48 56.71 58.56 59.96
Recoil + Direct (cal. togh.) |75.58 73.08 72.06 71.54
% Interference +38.74% |+28.88% |+23.05% |+19.31%

Table 6. Calculated FWHM of LMD of the core fragment for 2°®Pb target at different incident beam energies corresponding
to diffraction, Coulomb, and diffraction with Coulomb mechanisms, along with their percentage interference effects
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Fig. 8. Variation in magnitudes of (a) single proton breakup cross-section (0_p) (b) FWHM width of LMD, due to Coulomb
nuclear diffraction interference with different target and incident beam energy.

From the above results (Fig. 8), we found that the
variation in absolute magnitudes of a single proton
breakup cross-section and FWHM of LMD width due to
the Coulomb nuclear diffraction interference differs from
each other and quantitatively, in terms, of percentage
variation, depends on the target atomic number as well
as on the incident beam energy. From Fig. 8, it is quite
clear that interference effects are more pronounced in the
case of ®Ni target (medium size target) which can en-
hance the single proton breakup cross-section up to 20%,
while the FWHM varies up to 5%. The obtained results
are consistent with the results of Refs. [16, 30, 31, 45—
48]. This constructive or destructive behavior of inter-
ference in the breakup reactions is complicate, particu-
larly for the proton halo nucleus breakup reaction. This
complexity may be understood via the projectile tar-
get optical potential, i.e. the imaginary part of optical
potential contributes to the absorption that influences
the breakup process. Meanwhile, the real part of opti-
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cal potential modulates overall the interaction strength
between the projectile and the target. For light targets,
the dominance of the nuclear interaction enhances the
role of the imaginary part, while in heavy targets cases,
the Coulomb interaction predominantly contributes to
and suppresses the significance of the real part. While in
medium targets, the balance between these interactions
creates conditions where both components of the optical
potential play a vital role, leading to more pronounced
interference effects.

The obtained results demonstrate that the Coulomb
nuclear diffraction interference effects strongly affect the
absolute magnitudes of breakup observables. Hence suf-
ficient attention is highly required while dealing with the
single nucleon breakup reactions, and we believe that this
kind of study improves the clarity in the understanding
of breakup reactions and interpretation of experimental
results, which have profound application in astrophysical
chain reactions.
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IV. CONCLUSIONS

We have quantitatively investigated the effect of the
Coulomb nuclear diffraction interference in single-proton
removal from 2N nucleus for 12C, 58Ni, and 2°%Pb tar-
gets. This investigation is performed for the frequently
used incident beam energy range, i.e. 40-100 MeV /u. We
quantitatilvey analyzed the effect in terms of percent
changes in the absolute magnitudes of a single proton
breakup cross-section and FWHM of LMD, which are
generally measured in exotic nuclei breakup reactions.
We calculated the magnitudes of these observables by
treating the Coulomb and nuclear diffraction breakup
mechanisms independently and calculated their contri-
butions in the absence of each other and together as
well. The Coulomb and nuclear diffraction potential are
treated with all order in sudden approximation within
an eikonal like framework [28, 29, 45]. Further, the sig-
nificance of Recoil and Direct Coulomb mechanism was
studied in the light of ref [28, 29, 46-48]. We found that
in 2N nucleus breakup reaction, due to the Coulomb nu-
clear diffraction interference, the magnitude of single pro-
ton removal cross-section, for 12C target, changes from
3-10% depending on the incident beam energy. On the

other hand, for heavier 2°®Pb target, the cross-section
magnitude changes by 1-10%, depending on the inci-
dent energy. While for a medium mass target, i.e.?*Ni
target, the variation in the breakup cross-section is 17—
19%, depending on the incident beam energy. Regarding
the effect on FWHM of the LMD width, it is found that
the interference affects the magnitude of LMD width less
than 1% for the '2C target, 2-5% for the °®Ni target,
and approximately 5% for the 2°3Pb target. This varia-
tion is found negligibly sensitive to the incident beam en-
ergy. On the other hand, the interference between direct
and Recoil Coulomb mechanisms is affecting significantly
both the breakup observable. So the interference behaves
constructively or destructively depending on the target
size and incident beam energy, and it is more difficult
to predict for any breakup reaction with theoretical cal-
culations. Thus, finally, we conclude that the Coulomb
nuclear diffraction interference significantly affects the
magnitude of these breakup observables, and it is more
significant for a medium °2Ni target in comparison with
light and heavy targets. Therefore, it is important to
consider this interference effects seriously, especially in a
medium mass target reaction.
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JOCJIIIXKEHHS KVJIOHIBCHKOI SITEPHOI IHTEP ®EPEHIIIL
B PEAKIIII PO3IIAY SIIPA 2N

Cypenznep Kamnipaman, Pasingep Kymap
Hayxoso-mexnivnut ynieepcumem imeni Jinbandry Yromy Pama,
Mypman (Coninam), Fap’ana, 131089, Indis

HocaimkeHo BIIUB KyJIOH-sIA€PHOI iHTEepdEepeH iii Ha MOomepevdnnii mepepi3 BiAPUBY OIHOTO IPOTOHA
ra mwupuny #a nosiosuni Bucoru (FWHM) nozposxkuboro posnominy imuynscy (LMD) B peakuii posna-
ay 12N 3 Tproma pisHUMT Mimenamu: Jerkumm, cepeaHivu Ta paxkkumu aapavmu (12C, 58Ni and 2°8Pb),
3a eHepriit myuka Bix 40 10 100 MeB /Hykion. BukoprcTOByI0UN HAMIBKIACHYIHUN MAXi, KYJOHIBCHKHI
pO3Mma PO3PAXOBAHO 34 JAOMOMOrOI0 PANTOBOTO HAOIMKEHHSI B yCIX MOPSAIKAX, TOAL AK sII€PHUN PO3ITa
MOJIEJIIOBAJIE BIIOMUM €IKOHAJIbHUM HabJlHKeHHsM y Mexkax mogesi Liay6epa. Hawi pesynbraru moka-
3yIOTh, IO iHTepdEPEHIlisi CYyTTEBO 3MIHIOE TIOMEPEYHUN TIepepi3 po3maLy s MilleHeil cepegHbOl MaCH.
IIpore FWHM LMD 3MiHIO€TBCA MEHII HixK Ha 6% mmd Bcix Tumip Mmimeneit. OTxke, g MimmeHe# cepe-
JHBOI MacH 33 OyIb-sIKMX €HEpriil IMydKa BasKJIMBO BPAXOBYBATHU iHTEPQEPEHIHo MizK Ky/JTOHIBCHKUMHA Ta,
mudpakmifiauMu mporecamu posmnany. 1le posyminasa Oyme miHHUM /1 Ma#OyTHIX €KCIePUMEHTATbHUX

JOCJTiI?KEHb CTPYKTYPH TaJIO-IIED.

Kurro4uoBi ciioBa: rajio-sipa, peakiiis po3nauy, edexr inrepdeperriii, momepedruii mepepi3 Bumase-

HHA OJHOTI'O IIPOTOHA.
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