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The impact of Coulomb-diffraction interference on the one-proton removal breakup cross-section and the width of the longitudinal
momentum distribution (LMD) has been investigated for the breakup reaction of the 23Al nucleus with different light to the heavy target
for energy 40-100MeV/nucleon. Sensitivity to the target size and incident energy was analyzed through calculations that incorporate
Coulomb interactions to all orders, including the full multipole expansion and nuclear diffraction using the eikonal approximation in
the Glouber model. The results indicate that both constructive and destructive interferences significantly impact the observables, with
the effects being more pronounced for medium-mass targets than light or heavy targets.
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1. INTRODUCTION
After the discovery of halo nuclei in 1985 [1,2], extensive experimental and theoretical research has been conducted

to explore their unique nuclear structures and their significant role in nucleosynthesis reactions [3–15]. Advancements
in accelerator facilities have greatly accelerated this field of research, leading to the discovery of numerous exotic nuclei
near the neutron or proton drip lines. Breakup reactions have been one of the most frequently used methods to investigate
these nuclei [16–20]. While the breakup mechanisms of loosely bound neutron-rich nuclei are well understood, those
of loosely bound proton-rich nuclei present a more complex situation. In such cases, both the core of the projectile
and the valence proton experience Coulomb interactions with the target, complicating the analysis, particularly when
studying the Coulomb breakup mechanism exclusively [15, 16, 21]. Recent theoretical studies have demonstrated that
this complexity affects observables such as breakup cross sections, the width of longitudinal momentum distributions,
and angular distributions. Additionally, interference between diffraction and Coulomb breakup mechanisms has been
reported to significantly influence these observables, depending on the size of the participating nuclei and the incident
energies [22–27].

The study of single proton breakup from proton-rich nuclei via the Coulomb breakup mechanism is directly linked to
astrophysical proton capture reactions through the detailed balance theorem [28, 29]. Precise values of Coulomb breakup
observables are crucial inputs for estimating the reaction rates of proton capture reactions [13, 15, 30]. Therefore, it is
essential to gain a deeper understanding of the Coulomb breakup mechanism and its interference with nuclear diffraction
mechanisms to accurately derive astrophysical information.

In this study, we investigate the interference between Coulomb and diffraction mechanisms in the breakup of 23𝐴𝑙 at
beam energies of 60 and 100 MeV/nucleon for various target cases, extending our previous work [31] to explore the trend of
interference effects across a beam energy range of 40-100 MeV/nucleon. We analyze the impact of interference on single
proton breakup cross-sections and the full width at half maximum (FWHM) of core longitudinal momentum distributions
(LMD) for different targets and examine the sensitivity of these observables to the incident energies. The calculations
account for Coulomb interactions to all orders, including full multipole expansion, and treat nuclear diffraction within the
eikonal approximation [23,27]. The calculations are performed in the absence and presence of each mechanism, allowing
us to clearly identify the role of interference between the breakup mechanisms.

The 23𝐴𝑙 nucleus is chosen for this investigation because it is a proton-rich nucleus located near the proton drip
line, with a very low proton separation energy of 𝑆𝑝 = 141.11(43) keV [15], and its significant astrophysical implications
as noted in [21, 32, 33]. In a recent experimental study [15], the measurement of core fragment momentum distribution
and breakup cross-section was used to extract spectroscopic factors and asymptotic normalization coefficients (ANCs)
[32,34–36], which were subsequently employed to determine the stellar reaction rate for the direct radiative proton capture
reaction 22𝑀𝑔(𝑝, 𝛾)23𝐴𝑙 [15].

Given the important role of 23𝐴𝑙 in the 22𝑀𝑔(𝑝, 𝛾)23𝐴𝑙 direct capture reaction, it is intriguing to investigate
the interference between Coulomb and nuclear diffraction breakup mechanisms in the 23𝐴𝑙 breakup reaction, as these
interferences may either enhance or suppress the single proton breakup cross-section and the LMD width, as reported
in [26, 27]. This study has been conducted in light of previous works [26, 27]. The effect of uncertainty in the one-proton
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separation energy (𝑆𝑝 = 141.11(43) keV) on breakup observables was found to be less than 5% for both light [37] and
heavy targets.

2. THEORETICAL FORMALISM
We followed the theoretical formalism of ref. [23, 27], where the Coulomb potential between projectile and target is

taken as

𝑉 (®𝑟, ®𝑅) = 𝑉𝑐

| ®𝑅 − 𝛽1®𝑟 |
+ 𝑉𝑣

| ®𝑅 + 𝛽2®𝑟 |
− 𝑉0

®𝑅
(1)

where𝑉𝑐 = 𝑍𝑐𝑍𝑡𝑒
2, 𝑉𝑣 = 𝑍𝑣𝑍𝑡𝑒

2, and𝑉0 = (𝑍𝑣 + 𝑍𝑐) 𝑍𝑡𝑒2. 𝛽1 and 𝛽2 are the mass ratios of proton and core, respectively,
to that of projectile. 𝑍𝑐, 𝑍𝑡 and 𝑍𝑣 are the core, target and valence proton charges, respectively. Also ®𝑟 and ®𝑅 are the
position vectors of core to proton and target to projectile, fig. 1 in ref. [26]. So the perturbed Coulomb phase for the whole
projectile (core plus valence proton) is

𝜒𝑝 =
2
ℏ𝑣

(
𝑉𝑐𝑒

𝑖𝛽1𝜔𝑧/𝑣𝐾0 (𝜔𝑏𝑐/𝑣) −𝑉0𝐾0 (𝜔𝑅⊥/𝑣) +𝑉𝑣𝑒−𝑖𝛽2𝜔𝑧/𝑣𝐾0 (𝜔𝑏𝑣/𝑣)
)
, (2)

where𝜔 =
(
𝜀 𝑓 − 𝜀0

)
/ℏ and 𝜀0 is the valence nucleon binding energy while 𝜀 𝑓 is the final nucleon-core continuum energy.

The Coulomb potential for the entire projectile (𝑉0) can be expressed as the sum of the core (𝑉𝑐) and valence proton (𝑉𝑣)
Coulomb potentials with respect to the target, i.e.,𝑉0 = 𝑉𝑐 +𝑉𝑣 . Consequently, the perturbed Coulomb phase for the entire
projectile can be written as:

𝜒𝑝 = 𝜒 (𝛽1, 𝑉𝑐) + 𝜒 (−𝛽2, 𝑉𝑣) (3)

where

𝜒(𝛽1, 𝑉𝑐) =
2𝑉𝑐
ℏ𝑣

(
𝑒𝑖𝛽1𝜔𝑧/𝑣𝐾0 (𝜔𝑏𝑐/𝑣) − 𝐾0 (𝜔𝑅⊥/𝑣)

)
(4)

𝜒(−𝛽2, 𝑉𝑣) =
2𝑉𝑣
ℏ𝑣

(
𝑒−𝑖𝛽2𝜔𝑧/𝑣𝐾0 (𝜔𝑏𝑣/𝑣) − 𝐾0 (𝜔𝑅⊥/𝑣)

)
(5)

corresponds to core- target Coulomb phase and valence proton-target Coulomb phase respectively. As series of work have
stressed the importance of inclusion of Coulomb mechanism to all orders specially in proton halo breakup reactions [22–27].
Therefore, we have also treated the Coulomb interaction to all orders in sudden formalism for both core-target (called recoil
interaction) and valence proton-target (called direct interactions), as discussed in detail in ref. [22–25], and respective
Coulomb phases can be written as

𝑔𝑟𝑒𝑐 (𝑏𝑐) =
∫
𝑑®𝑟𝑒−𝑖 ®𝑘 · ®𝑟𝜙𝑖 (®𝑟)

(
𝑒
𝑖

2𝑉𝑐
ℏ𝑣

log 𝑏𝑐
𝑅⊥ − 1 − 𝑖 2𝑉𝑐

ℏ𝑣
log 𝑏𝑐

𝑅⊥
+ 𝑖𝜒(𝛽1, 𝑉𝑐)

)
(6)

𝑔𝑑𝑖𝑟 (𝑏𝑣) =
∫
𝑑®𝑟𝑒−𝑖 ®𝑘 · ®𝑟𝜙𝑖 (®𝑟)

(
𝑒
𝑖

2𝑉𝑣
ℏ𝑣

log 𝑏𝑣
𝑅⊥ − 1 − 𝑖 2𝑉𝑣

ℏ𝑣
log 𝑏𝑣

𝑅⊥
+ 𝑖𝜒(−𝛽2, 𝑉𝑣)

)
(7)

and nuclear diffraction dissociation amplitude is calculated in eikonal approximation as

𝑔𝑑𝑖 𝑓 𝑓 =

∫
𝑑®𝑟𝑒−𝑖 ®𝑘 · ®𝑟𝜙𝑖 (®𝑟)

(
𝑒𝑖𝜒𝑛𝑡 (𝑏𝑣 ) − 1

)
(8)

So the core fragment momentum distribution can be written as
𝑑𝜎

𝑑®𝑘
=

1
8𝜋3

∫
𝑑®𝑏𝑐 |𝑆𝑐𝑡 (𝑏𝑐) |2 |𝑔𝑟𝑒𝑐 + 𝑔𝑑𝑖𝑟 + 𝑔𝑑𝑖 𝑓 𝑓 |2 (9)

and breakup cross section may be obtained by integrating the core fragment momentum distribution over the transverse
component of momentum. Here, 𝑆ct (𝑏𝑐) and 𝑒𝑖𝜒𝑛𝑡 (𝑏𝑣 ) represent the core-target and proton-target 𝑆 matrices, which are
calculated using the 𝑡𝜌𝜌 formalism through the standard MOMDIS code [38]. We employed Hartree-Fock nuclear density
forms [39] for both the core and the targets. The projectile wave function, 𝜙𝑖 (®𝑟), was computed by numerically solving
the Schrödinger equation for the Woods-Saxon nuclear potential with fixed geometry parameters: radius (𝑟0 = 1.25 fm),
diffuseness (𝑎0 = 0.7 fm) [15], and spin-orbit coupling potential 𝑉𝑙𝑠 = −20.72 MeV [40], for the [0+ ⊗ 1𝑑5/2] bound state
configuration. The depth of the nuclear potentials was adjusted to reproduce the binding energy of the valence proton,
𝑆𝑝 = 0.141 MeV.

The sensitivity of the breakup cross-section and longitudinal momentum distribution (LMD) width to the Woods-
Saxon potential parameters (𝑟0 and 𝑎0) was also evaluated for the 40 MeV/nucleon case. We found that the cross-section
increased by approximately 20% as 𝑟0 changed from 1.15 fm to 1.3 fm, while the FWHM of the LMD increased by less
than 2-3%. Similarly, an increase in the cross-section of less than 10% was observed when 𝑎0 was varied from 0.6 fm to
0.7 fm, with the LMD width increasing by less than 2-3%. This sensitivity is consistent with the results reported in [41].
Additional theoretical details of the formalism can be found in [22–25].
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3. RESULTS AND DISCUSSION
The single proton breakup cross-section and core fragment momentum distribution were calculated for the 23Al

nucleus with 12C, 58Ni, and 208Pb targets, in the beam energy range of 40-100 MeV/nucleon. The 23Al nucleus is treated
as a two-body system, consisting of a [0+ ⊗ 1𝑑5/2] core plus a proton in a bound state configuration, resulting in 𝐽 𝜋 =

5/2+. In this analysis, only the 1𝑑5/2 state of the valence proton is considered, as predicted by the shell model and widely
reported in the literature [15].

For the present calculations, we focused on 60 and 100 MeV/nucleon beam energies, as the 40 and 80 MeV/nucleon
data had already been published in our previous work [31], though the table includes all energies from 40-100 MeV/nucleon.
The objective was to examine how the breakup cross-section and FWHM of the parallel momentum distribution change
with different beam energies and targets. The calculations were performed separately for nuclear diffraction breakup and
Coulomb breakup mechanisms, as well as for the combined effect of both mechanisms, to observe the interference effects.

Table 1. Calculated one-proton removal breakup cross-section and FWHM of LMD for 12𝐶 target at different incident
beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy(MeV/nucleon) 40 60 80 100
𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)

Diff. 10.37 164.24 16.45 178.30 13.65 177.59 9.46 178.50
Coul.(total) 5.27 121.33 4.30 128.76 3.92 135.40 3.50 139.14
Coul+Diff.(simple sum) 15.64 145.64 20.75 163.07 17.57 164.65 12.96 164.71
Coul+Diff.(Cal. together) 16.42 144.54 20.01 160.64 16.20 162.20 11.59 161.97
% change +4.99 -0.75 -3.57 -1.49 -7.80 -1.48 -10.57 -1.66

Table 2. Calculated one-proton removal breakup cross-section and FWHM of LMD for 58𝑁𝑖 target at different incident
beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy 40 60 80 100
(MeV/nucleon)

𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)

Diff. 14.96 156.54 20.04 168.59 22.55 167.08 15.77 162.57
Coul.(total) 115.09 114.16 81.25 116.98 66.92 120.44 57.85 123.13
Coul+Diff. 130.05 117.83 103.81 124.20 86.96 127.72 73.62 129.31
(simple sum)
Coul+Diff. 156.90 125.43 127.49 130.24 105.04 132.23 87.82 132.75
(Cal. together)
% change +20.65 +6.44 +22.81 +4.86 +20.79 +3.53 +19.28 +0.79

Calculated one-proton removal breakup cross-section and FWHM widths of the longitudinal momentum distribution
(LMD) are presented in Tables 1-3. These results are shown exclusively for nuclear diffraction (𝑑𝑖 𝑓 𝑓 ), total Coulomb
(recoil + direct) (𝐶𝑜𝑢𝑙), the simple algebraic sum of total Coulomb and diffraction (𝐶𝑜𝑢𝑙 + 𝑑𝑖 𝑓 𝑓 (simple sum)), and the
total Coulomb and diffraction mechanisms calculated together (𝐶𝑜𝑢𝑙 + 𝑑𝑖 𝑓 𝑓 (calculated together)). The rows correspond
to the 12C, 58Ni, and 208Pb targets for Tables 1, 2, and 3, respectively. The respective LMD results are illustrated in Figures
1-3, where the percentage change is calculated using the formula:

𝑋 (𝐶𝑜𝑢𝑙+𝑑𝑖 𝑓 𝑓 ) − (𝑋𝐶𝑜𝑢𝑙 + 𝑋𝑑𝑖 𝑓 𝑓 )
(𝑋𝐶𝑜𝑢𝑙 + 𝑋𝑑𝑖 𝑓 𝑓 )

× 100%,

where 𝑋 represents either the cross-section or the FWHM of the LMD. For simplicity, the spectroscopic factor is taken as
unity throughout the calculations.

Table 1 shows the results for the 12C target at 40, 60, 80, and 100 MeV/nucleon beam energies. At 40 MeV/nucleon,
the Coulomb and diffraction mechanisms (calculated together) result in a cross-section increase of +5% compared to their
simple sum, indicating constructive interference between the Coulomb and diffraction breakup mechanisms. However, at
higher beam energies (60, 80, and 100 MeV/nucleon), destructive interference occurs, reducing the cross-section by -3.5%
to -10.5%, with the magnitude of the reduction increasing as the beam energy increases. The interference effect on the
FWHM of the LMD shows a slight destructive trend for all incident energies, reducing the width by -0.7% to -1.66%, with
this variation mildly depending on the beam energy. In contrast, for the 12C target, except at 40 MeV/nucleon (Fig. 1(a)),
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the black solid curve appears lower than the green dash-dotted curve, indicating destructive interference, which reduces
the cross-section. However, at 40 MeV/nucleon, the interference is constructive.

Figure 1. (Color online) Longitudinal Momentum Distribution for 12C(23Al, 22Mg)X at 40-100 MeV/nucleon beam
energies.

Table 3. Calculated one-proton removal breakup cross-section and FWHM of LMD for 208𝑃𝑏 target at different incident
beam energies corresponding to nuclear diffraction, pure Coulomb, nuclear diffraction with Coulomb mechanisms and
percentage change in observables values

Beam energy 40 60 80 100
(MeV/nucleon)

𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM 𝜎−𝑝 FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)

Diff. 21.45 153.73 32.32 166.13 29.26 163.91 21.94 157.98
Coul.(total) 2029.37 146.23 1162.78 134.62 821.72 129.78 638.78 127.64
Coul+Diff. 2050.81 146.34 1195.11 135.44 850.98 130.80 660.72 128.52
(simple sum)
Coul+Diff. 2077.99 152.13 1277.35 142.65 927.91 138.19 725.65 135.23
(Cal. together)
% change +1.32 +3.96 +6.88 +5.32 +9.04 +5.65 +9.82 +5.22

For the 58Ni target (Table 2), constructive interference is consistently observed across all incident energies, resulting
in an enhancement of the breakup cross-section by approximately +20%. Additionally, the FWHM of the LMD increases
from +6.4% to +0.79% as the incident energy increases, in comparison to the algebraic sum of the Coulomb and diffraction
components calculated independently.

In the case of the 208Pb target, as shown in Table 3, the breakup cross-section exhibits an increase ranging from
+1.3% to +9.8% with increasing incident energy, while the FWHM of the LMD broadens by +3.96% to +5.22%. This
behavior again indicates the presence of constructive interference between the Coulomb and nuclear breakup mechanisms.
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Figure 2. (Color online) Longitudinal Momentum Distribution for 58Ni(23Al, 22Mg)X at 40-100 MeV/nucleon beam
energies.

Figure 3. (Color online) Longitudinal Momentum Distribution for 208Pb(23Al, 22Mg)X at 40-100 MeV/nucleon beam
energies.
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Figure 4. (Color online) (a) Variation of Percentage change in single proton breakup cross-section due to Coulomb
diffraction interference with incident energy, (b) Variation of Percentage change in FWHM of LMD due to Coulomb
diffraction interference with incident energy, in case of different target.

For enhanced clarity, Figures 1-3 present the LMD results for all target cases, where the diffraction component is
represented by a blue dashed curve, the Coulomb component by a red dotted curve, their simple algebraic sum by a
green dash-dotted curve, and the combined Coulomb and diffraction calculation by a black solid curve. For the 58Ni
and 208Pb targets, the black solid curve (representing Coulomb and diffraction calculated together) consistently exceeds
the green dash-dotted curve (representing the algebraic sum), thereby reflecting the constructive interference between the
two breakup mechanisms, which leads to an enhancement in both the breakup cross-section and the LMD width. In
our previous paper [31], we investigated the interference effects between recoil and direct breakup reactions, which were
consistently found to be destructive for all target and beam energies. Therefore, in this paper, we do not provide the LMD
or cross-sections; instead, the Coulomb calculations presented here reflect the result of the interference effect between
recoil and direct breakup.

Figures 4(a) and 4(b) further illustrate the percentage variations in the single-proton breakup cross-section and the
FWHM of the LMD as a function of incident energy for all targets. It is evident from these figures that the trend of
percentage variations differs between targets, exhibiting behavior consistent with the results reported in Ref. [24]. Thus,
we observed that for medium-mass targets such as 58Ni, the magnitude of constructive interference is greater compared
to 12C and 208Pb. This can be attributed to the fact that, for smaller targets, the dominant reaction mechanism causing
the breakup is nuclear interaction, with Coulomb interaction being relatively insignificant. In contrast, for heavier targets,
the Coulomb interaction tends to dominate over the nuclear interaction, driving the breakup process. For medium-mass
targets, both Coulomb and nuclear interactions play significant roles during the interaction between the projectile and
target, making the interference between Coulomb and nuclear mechanisms more pronounced and significantly affecting
the breakup observables. This observation suggests that when designing experiments with proton-rich nuclei, it may
be beneficial to choose either light or heavy targets to minimize the impact of interference on the breakup observables.
However, further detailed investigation is needed to fully understand the complex interference mechanisms in breakup
reactions.

4. CONCLUSIONS
The investigation examines the Coulomb-diffraction interference present during the single-proton breakup reaction of

the 23Al nucleus. The study analyzes the interference effects on the single-proton breakup cross-section and the full-width
at half maximum (FWHM) of the longitudinal momentum distribution (LMD) of core fragments for targets 12C, 58Ni, and
208Pb. Sensitivity to target size and incident energy was systematically assessed by performing calculations at commonly
used incident beam energies - 40, 60, 80, and 100 MeV/nucleon for each target.

The results indicate that Coulomb-diffraction interference can be either constructive or destructive, leading to
significant variations in the observable values. The magnitude of these variations is sensitive to both target size and
incident energy, with the effect being most enhancement in breakup cross-section for medium-mass targets compared to
light or heavy targets. This finding highlight the need for careful consideration when dealing with reactions involving
medium-mass targets. For greater clarity, we will further explore our breakup formalism in the upcoming studies by
examining the angular distribution. This study represents a step towards a quantitative understanding of Coulomb-
diffraction interference in 23Al breakup reactions. It aims to aid in the planning of future breakup experiments, helping to
either minimize or avoid interference effects to obtain clearer and more accurate information.
Data Availability Statement: This manuscript has no associated data or the data will not be deposited.
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ДОСЛIДЖЕННЯ КУЛОНОВСЬКОЇ ЯДЕРНОЇ IНТЕРФЕНЦIЇ РЕАКЦIЇ РОЗПАДУ 23𝐴𝑙 З РIЗНИМИ
МIШЕНЯМИ

Сурендер, Равiндер Кумар
𝑎Департамент математики, Вiдья Бхаратi Махавiдьяля, Кемп, Амраватi, 444601, Iндiя

Вплив iнтерференцiї кулонiвської дифракцiї на поперечний перерiз розпаду вiдриву одного протона та ширину розподiлу
поздовжнього iмпульсу (LMD) було дослiджено для реакцiї розпаду ядра 23Al з рiзним свiтлом вiд важка мiшень на енергiю
40-100 МеВ/нуклон. Чутливiсть до розмiру мiшенi та енергiї падiння аналiзувалася за допомогою розрахункiв, якi включають
кулонiвськi взаємодiї для всiх порядкiв, включаючи повне мультипольне розширення та ядерну дифракцiю з використанням
наближення ейконала в моделi Глоубера. Результати показують, що як конструктивнi, так i деструктивнi перешкоди суттєво
впливають на спостережуванi, причому ефекти бiльш вираженi для цiлей середньої маси, нiж для легких або важких цiлей.
Ключовi слова: кулонiвська ядерна iнтерференцiя; протонне гало; LMD; розпад протона; поперечний перерiз видалення
одного протона
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