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The effect of Coulomb nuclear interference on the magnitude of core fragment longitudinal momentum distribution (LMD)
width and single proton breakup cross-section has been examined quantitatively for >'Cl nucleus breakup reaction. The analysis
is performed for 2C, **Ni, and 2**Pb targets in a range of intermediate incident energies (40-100 AMeV), using a semiclassical
method that treats the full Coulomb and nuclear interaction to all orders, including full multipole expansion of the Coulomb
potential. We examined, in detail, the interference between Coulomb and nuclear diffraction reaction mechanisms and also
between core-target and proton-target Coulomb potentials and quantitatively analyzed its effect on the breakup observables. The
sensitivity of interference on the target size and incident energy is also examined. Our calculations show that due to the
interference effect in light and heavy target cases, the absolute magnitude of a single proton breakup cross-section varies from
1% to 7%, while for medium target, it varies around 20%; on the other hand, the Full Width Half Maxima (FWHM) width of
longitudinal momentum distribution varies approximately from 1% to 4% for all the target nuclei. Therefore, we believe that
our work presented a bit deeper insight into the role of Coulomb nuclear interferences in *'Cl breakup reaction, which is helpful
for a better understanding of experimental data and planning future breakup reaction experiments.
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1 Introduction

The study of exotic nuclei attracted a lot of attention
in the last three decades because of their novel nuclear
structural features and key role in astrophysical nuclear
reactions'”. These exotic nuclei are very loosely bound
systems having core plus valence nucleon(s) nuclear
structure. The small binding energy, long tail in density
distribution, large matter radii, large reaction cross-
section, narrow longitudinal momentum distribution of
core fragment and large single nucleon breakup
cross-section have appeared as the basic signature of
having halo nuclear structures among these exotic
isotopes®. In nucleosynthesis reactions, the heavy
elements are synthesized through the r-process and s-
process, which take place via various chain reactions of
these exotic nuclei®”'’. The structural properties of these
exotic nuclei, therefore, act as an important input for
theoretical studies of stellar reactions'’. The study of
exotic nuclei through knockout reactions has been
frequently used for revealing the structural information
of these nuclei'"™, where the measurement of single
nucleon breakup cross section and width of the
longitudinal momentum distribution of core fragment
mainly analyzed'"">"".
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In breakup reactions, when the exotic nucleus is
projected onto the target nucleus with high incident
energy, the projectile nucleus breaks up into core and
valence nucleon fragments due to Coulomb and
nuclear interactions with the target nucleus. The
dominancy of interacting potential causing the breakup
mainly depends on the size of the target nucleus
(atomic number of the target nucleus), i.e., in high
atomic number target cases, the long-range Coulomb
interaction dominates and causes the breakup, while in
small atomic number target cases, nuclear interaction
dominates over the other, also at low impact
parameters the nuclear interaction dominates for all
the targets. So, near the peripheral region (impact
parameter is near to the sum of radii of projectile and
target nuclei), it is very difficult to classify clearly the
dominancy of Coulomb or nuclear interaction that
causes the breakup of exotic nuclei. Especially for
proton halo nuclei, the Coulomb dissociation reactions
in the laboratory have been used indirectly to get
information on radiative capture reactions because it
has been shown that the Coulomb breakup cross
section is proportional to the radiative capture cross-
section, and hence frequently used to study stellar
nucleosynthesis reactions™'**’. So, a large number of
experiments were carried out using the Coulomb
dissociation mechanism®***', and mainly, single proton
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breakup cross-section and core fragment longitudinal
momentum distribution (LMD) were measured. But in
breakup reactions, these observables appeared due to
the combined contribution of Coulomb and nuclear
interactions, and so it is quite difficult to separate the
observable magnitude corresponding to the pure
Coulomb  dissociation mechanism by simply
subtracting the nuclear contribution from the total
magnitude of the observable.

So, in this situation, a couple of questions arise: (i)
Whether Coulomb and nuclear diffraction interactions
interfere with each other? If yes, then what is the
nature of interference, i.e. destructive or constructive?
(i) Quantitatively, how much these interferences
affect the magnitude of breakup observables i.e. can
vary the absolute magnitude of breakup cross-section,
core fragment longitudinal momentum distribution
width and other observables? (iii) How the magnitude
of Coulomb nuclear diffraction interference varies
with incident energy and atomic number of the target
nucleus? and (iv) How does pure Coulomb interaction
take place in proton halo breakup reactions? Where
core-target and proton-target Coulomb interactions do
exist and interfere with each other. So, to answer
these questions and to extract reliable spectroscopic
information from the experimental data, a good
understanding of the Coulomb breakup mechanism is
highly required.

A few numbers of theoretical articles using a fully
quantum mechanical approach to a semi-classical
approach reported their qualitative study in this direction
and tried to answer the above questions™. In earlier
theoretical studies for “B and ''F proton halo nuclei, it
has been found that Coulomb nuclear diffraction
interference can have a constructive or destructive
nature, which can significantly affect the magnitude of
observables, and it depends upon the participating nuclei
in the reaction, target size and incident energy”™>. A
similar kind of study, ref>, reported the effect of
interference on angular distribution and showed that the
effect is most pronounced in medium-mass targets at all
beam energies.

So inspired by the significant role played by this
Coulomb nuclear diffraction interference on the
magnitudes of breakup observables, in the present study,
we quantitatively analyzed the presence of Coulomb
nuclear diffraction interference in single proton removal
from *'Cl reaction. We perform this investigation for
12C, %*Ni, and *®Pb target cases in the 40-100 AMeV
incident energy range, treating the Coulomb and nuclear
interaction to all orders, including full multipole

expansion of the Coulomb potential®*****°, This work
is carried out in the light of previous work®**’. In present
work, our main goals are to examine quantitatively (i)
the effect of Coulomb nuclear diffraction interference on
the breakup observables i.e., width of core fragment
longitudinal momentum distribution and single proton
breakup cross-section, and its sensitivity towards target
size and incident beam energy (ii) The interference
among proton-target (direct) and core-target (recoil)
Coulomb interactions and its affect on the magnitude of
pure Coulomb breakup observables.

The *'Cl nucleus is chosen here because it is a
proton halo candidate and is still under investigation
experimentally as well as theoretically’*'>’. *'Cl has
very small valence proton separation energy (S, =
0.294 MeV), and as appeared from the nonlinear
relativistic mean field (RMF) and relativistic density-
dependent Hartree (RDDH) calculations, *'C nucleus
has long tail proton density distribution which reflects
the large rms radii but another study at high incident
energy has shown no enhancement in interaction
cross-section’®, a similar study reported the possibility
of new proton magic number at Z=16 with the isospin
T3<-1/2%, which is expected to appear due to lowering
of 2s;, orbital in 31C1 nucleus that cause / d3,, orbital
proton halo structure. Further, very recently, Y Fu
et al’' experimentally measured the longitudinal
momentum distribution of core fragments after single
proton removal from the *'Cl nucleus using a carbon
target at 44AMeV incident beam energy and indicated
a dominant d-wave component in *'Cl. Also, other
studies reported different spin parties (J*=3/2", 1/2" or
5/2%or 7/27) for *'Cl nucleus, which correspond to
excitation energies, i.e. 782 keV and 1793 keV, which
raise the possibility of excited state halo structure
in *'Cl nucleus®. So, clear static information is missing
for defining its nuclear structure that justifies its
experimental observables.

Another important reason to study the *'Cl nucleus is
its important role in astrophysical nuclear reactions,
which has attracted a lot of attention in the past few
years®>**% 1n this light, recently, C. Langer et al.”
investigated the thermonuclear reaction *°S(p,y)*'
Cl via Coulomb breakup of the *'Cl nucleus. They
used the Coulomb breakup mechanism in inverse
kinematics as a tool to investigate the capture reaction
rate under typical I-x-ray burst conditions’’. This
reaction is a bottleneck during rapid proton-capture
nucleosynthesis (#p process), where the reaction rate
depends predominantly on the nuclear structure of
*1Cl and ONe novae study shown that the ground state
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of *'Cl gives the dominant reaction rate for proton-
capture reaction>. So, keeping in view the importance
of the Coulomb breakup mechanism in *'Cl nuclear
structural study and its role in stellar reactions, in the
present study, we examined interference between
Coulomb and nuclear diffraction breakup mechanisms
and quantitatively analyzed its effect on the absolute
magnitude of breakup observables, i.e. the width of
core fragment longitudinal momentum distribution
(LMD) and single proton breakup cross-section, so
that we can clearly interpret the experimental data of
31Cl breakup reaction and revel the clean structural
information. The theoretical formalism used for this
investigation is discussed in section 2, the calculated
results are presented in section 3, and important
conclusions are summarized in section 4.

2. Theoretical Formalism

The calculations are
theoretical formalism discussed in detail in re
where projectile nucleus is assumed to have core plus
valence proton nuclear structure and the Coulomb
potential between projectile and target nucleus,
causing the breakup, can act both on the core and on
the valence proton, and is defined as

performed using the
f23,25-29

>3 Ve | Vo

V(R) = g * g~ T ~AD)
where, V. =Z.Z.e? V,=7Z,Z;e%, and V,=

(Z. + Z,) Z;e? are the core-target, valence proton-
target and whole projectile-target Coulomb potentials
and Z.,Z, and Z, are the atomic number of core,
valence proton and target nucleus respectively.
B, and B, are the mass ratios of proton and core to the

projectile mass. Also, 7" and R are the core-proton and
target-projectile position vectors respectively, as
shown in the coordinate system in ref.?*".

The perturbed Coulomb phase for the entire
projectile (comprise with core and valence proton) is
given by?62830

2 = 2 (VietonI2 Ky (b, /) + Ve 8207y (b, /1) —
VOKOoRL /v ..(2)

here, ® = (gf —&y) /h, with & and & are the
valence proton separation energy and the final proton-
core continuum energy, K, is the Modified bessel
function, b, and b, are the individual impact
parameter of valence proton and core with the target,

respectively and v is the velocity of the projectile in z-
direction.

The total projectile Coulomb potential (V) with the
target can be expressed as the simple sum of the core-
target (V) and valence proton-target (V,,) Coulomb
potentials, i.e., Vo =V, + 1, and thus, the entire
projectile’s perturbed Coulomb phase (Eq. 2), can be
written as

K= X(Bl, |/ bc) + x(—Bz, V,, b,,) , where,

X(By Vb)) = 2 (1077 Ky (wbe /v) = Ko(0R1/1))...(3)

1(=By Vi by) = 22 (e 2027 Ky (wby /v) — Ko(0R1/v)) ..(4)

These phases correspond to the core-target and the
valence proton-target Coulomb phases, respectively.

The Coulomb breakup mechanism has always been
suggested to treat with all orders including all
multipolarities, specially in proton halo breakup
reactions, its significance have been emphasized in a
number of theoretical studies®”>'**%. Therefore, in
this work we also treated both i.e. core-target
(referred to as "Recoil interaction") and valence
proton-target (referred to as "Direct interaction"), the
Coulomb interaction to all orders including full
multipole expansion of the Coulomb potential”*, in
which the core-target (Recoil) and wvalence
proton-target(Direct) Coulomb amplitudes can be
expressed as

Ve

oo ey be
grec(bc) — fd?e—ik»rd)i(?) <€l w 8 _ 1—

2VchdogbcRL +4PB 1L Ve, be
..(5)

72 2y gl
gdir(bv) — fd?e—ik'rd)i(?) (el p” logRl —1-
2VvhvlogbvRL +i—B2 Vv, by

while the pure nuclear diffraction dissociation is
treated with Glaubereikonal approximation, and its
amplitude is expressed as®’

gl (b,) = [ d7e ® 74 (DS, (b)) =1 ..(])

And so the core fragment differential momentum
distribution including Coulomb and nuclear diffraction
dissociation mechanism amplitudes is given by
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do 1

=== db,|S.:(b)[21g7 + g% + g |2 ..(8)

and the core longitudinal momentum distribution
(LMD) is obtained by integrating the differential
momentum distribution i.e. Eq.(8) over the transverse
momentum components k, (ky, ky) i.e.

do do
= /% dk, (k. k) ..(9)

and it gives

= L AbISLBIFlg™ + g + g .(10)
and then single proton breakup cross section is
obtained by integrating the longitudinal momentum
distribution i.e. Eq. (10) over the longitudinal
momentum i.e. (k).

Here, S.(b.) and S, (b,) are the core-target and
valence proton-target nuclear interactions ie. S-
matrices or profile functions, calculated using the
Hartree-Fock nuclear density forms of core and target
nuclei*'*?, using MOMDIS code®. The bound state

projectile wave function (¢, (7)), in core plus valence
proton configuration [0 ® 1d; /2], 1s calculated by
numerically solving the Schrodinger wave equation
with Woods-Saxon(WS) nuclear potential (V=45.36
MeV)*. The depth of the WS nuclear potential is
adjusted to reproduce the separation energy (S,=
0.264 MeV) of the valence proton, while the range
(ro), diffuseness (ap) and the spin orbit potential depth
(Vis) parameters are kept 1.27fm, 0.7fm and 17 MeV
respectively as used in ref.*'.

3 Results and Discussion

Using the above theoretical formalism, the
magnitudes of longitudinal momentum distribution
(LMD) width of core fragment and single proton
breakup cross-section are calculated for *'Cl breakup
reaction exclusively for different targets, i.e., 2c,
**Ni, and *"Pb targets, at 40, 60, 80 and 100 AMeV
incident beam energies. We calculated the absolute
values of these observables separately and together
due to pure Coulomb (recoil plus direct interaction)
and nuclear diffraction breakup mechanism and then
showed how the interference modified the simple sum
of the observable values.

We assumed *'Cl nucleus to be a two-body system
have a core (*S) plus loosely bound valence proton
(5,=0.294 MeV) nuclear structure, having 0" ®

1d3,] core plus valence proton projectile configuration,
as frequently reported in ref.®. were strict our analysis
for the frequently reported projectile configuration
[0* ® 1d3/,], the other possible  projectile
configurations are not considered in this work and
hopefully be examine in our next paper.

The chosen observables reveal efficiently the
nuclear structure of the projectile nuclei and are
frequently used as a reliable tool for halo structural
studies'*. Therefore, the interference among breakup
mechanisms and its effect on the absolute magnitude
of observables becomes very important for the lucid
interpretation of the nuclear structure. Here, we
have not included the proton stripping contribution
in this interference study because, in the stripping
mechanism, the valence nucleon is stripped off
(absorbed) by the target nucleus, and it is not detected
in the coincidence measurements with the residue
core fragment, so stripping mechanisms neither
interfere with diffraction nor with Coulomb breakup
mechanism.

3.1 Effect of Coulomb nuclear diffraction interference on the
breakup observables

We calculated both the observables exclusively for
nuclear diffraction and total pure Coulomb
mechanism, including recoil and direct interactions
(termed as "Coulomb (total)" in the text) and also
inclusively for both total Coulomb and nuclear
diffraction dissociation mechanisms (termed as
"Coul+Diff. (cal. together)" in the text). The obtained
magnitudes of single proton breakup cross-section
and Full Width Half Maxima width of core fragment
longitudinal momentum distribution (LMD) spectrum
for '>C, **Ni and *®Pb targets at 40, 60, 80 and 100
AMeV incident beam energies are shown in Table 1-3
respectively. The percentage change in the observable

values due toCoulomb nuclear diffraction
interference is obtained by the formula:
XCoul+Diff + (XCoul + XDiff.)
% change = (XGoul 1 XPU7 x 100%
...(11)

where X CO¥+DUT stand for breakup cross-section
or FWHM width of LMD when Coulomb and nuclear
diffraction calculated together while (X% +
XDy stand for simple algebraic sum of observable
exclusively calculated in Coulomb and nuclear
diffraction dissociation mechanisms. For the sake of
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Table 1 — Calculated single proton breakup cross-section and FWHM of longitudinal momentum distribution(LMD) of core fragment
in *'Cl breakup reaction with '*C target at different incident beam energies exclusively for nuclear diffraction, total pure
Coulomb(total)(containing direct and recoil interactions) and inclusivlely for Coulomb(total) with nuclear diffraction dissociation
mechanisms. The percent change in magnitudes of observables are shown on the bottom.

Reaction Epab
Mechanisms 40 AMeV 60AMeV 80AMeV 100 AMeV
c FWHM c FWHM o FWHM c (I;}[VE}V[)
(mb) (MeV/e) (mb) (MeV/e) (mb) (MeV/e) (mb) evic
Diff. 5.88 159.14 8.72 168.58 8.01 169.18 5.99 170.09
Coul. (total) 491 125.48 4.02 133.09 3.54 138.57 3.18 141.94
Coul, +Diff. 10.80 140.89 12.74 153.71 11.55 156.99 9.17 157.91
(simple sum)
Coul +Diff. 11.43 140.98 12.57 152.25 11.05 155.59 8.50 156.45
(cal. together)
% Change +5.83 +0.06 -1.33 -0.94 433 -0.89 -7.30 -0.92
Table 2 — Same as Table 1, but for **Ni target
Elab
Reaction 40 AMeV 60AMeV 80AMeV 100 AMeV
Mechanisms o FWHM o FWHM o FWHM o FWHM
(mb) MeV/c) (mb) (MeV/e) (mb) (MeV/c) (mb) MeV/c)
Diff. 8.64 153.43 11.96 160.43 11.39 160.88 9.76 158.89
Coul. (total) 104.51 122.02 75.41 124.27 62.55 127.48 54.44 130.10
Coul +Diff. 113.15 124.11 87.37 128.06 73.94 131.39 64.20 133.46
(simple sum)
Coul +Diff. 133.90 129.76 105.04 132.94 87.92 135.23 75.34 136.47
(cal. together)
% Change +18.34 +4.55 +20.22 +3.81 +18.91 +2.92 +17.35 +2.25
Table 3 — Same as Table 1 and Table 2, but for ***Pb target.
Reaction Eiap
Mechanisms 40 AMeV 60AMeV 80AMeV 100 AMeV
c FWHM o FWHM c FWHM c FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)
Diff. 12.23 151.54 17.33 159.44 16.21 158.80 13.09 155.09
Coul.(total) 1931.54 160.54 1103.97 147.80 778.67 141.73 603.25 136.56
oy
Coul +Diff. 1943.77 160.46 1121.30 148.02 794.87 142.09 616.35 138.92
(simple sum)
Coul +Diff. (cal. 1975.16 162.87 1178.60 151.51 848.87 145.65 664.70 142.49
together)
% Change +1.61 +1.50 +5.11 +2.36 +6.36 +2.45 +7.84 +2.50

simplicity, the spectroscopic factor for the initial state
is taken unity throughout the calculations. Table 1
shows the absolute magnitudes of observables in
2C('CL,S)X reaction for 40, 60, 80, and 100 AMeV
incident beam energy, where values corresponding to
diffraction, total Coulomb and total Coulomb plus
diffraction are shown separately. It is clear from
Table 1 that at 40 AMeV beam energy, the
Coul +Diff. (cal. together) shows slightly more
absolute values for both single proton breakup cross-
section and FWHM of LMD width, in comparison to
the simple sum of exclusively calculated magnitudes

of observables for Coulomb and nuclear Diffraction
(simple sum). This indicates the presence of
constructive interference between Coulomb and
diffraction dissociation mechanisms, which enhance
the magnitude of the breakup cross section by
approximately 5.8% and LMD width by 0.06%.
While in 60, 80, and 100 AMeV incident energy
cases, the magnitude of observables in Coul.+Diff.
(cal. together) is less in comparison to the simple sum
of exclusively calculated magnitudes of observables
(Coulomb and nuclear diffraction (simple sum)),
which indicates the presence of destructive
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interference which reduces the breakup cross-section
approximately by 1.3%, 4.3%, and 7.3%, respectively,
and it seems increasing with rise in incident beam
energy. Whereas, the FWHM of LMD width also
experiences feebly destructive interference, due to
which LMD width reduces by less than 1% for all the
incident beam energies, which indicates that the effect
of Coulomb nuclear diffraction interference on LMD
width is very small and does not vary with the rise in
incident energy in 60-100 AMeV range for °C target.

Similarly, Table 2 shows the results for *Ni(*'Cl,
*8)X reaction for 40, 60, 80, and 100 AMeV incident
beam energies. Here, Coul.+Diff. (cal. together) show
significantly more absolute values for both single
proton breakup cross-section and FWHM of LMD
width for all the incident beam energy cases, in
comparison to the simple sum of exclusively
calculated magnitudes of observables, i.e. Coulomb
and nuclear diffraction (simple sum). This indicates
the presence of constructive interference in this
reaction, which enhances the breakup cross-section by
approximately 17%-20%, respectively, and it shows a
very small dependence on incident beam energy.
Whereas, the 4.5% to 2.2% enhanced LMD width also
indicates the presence of constructive interference,
and this percent change in LMD width decreases with
rise in incident energy. This significant variation in
the breakup cross-section is consistent with the results
of ref’. Similarly, the results of **Pb(’'Cl, *"S)X
reaction at 40, 60, 80, and 100 AMeV incident beam
energies are shown in Table 3, where again the
Coul +Diff. (cal. together) shows slightly more
absolute values for both single proton breakup cross
section and FWHM of LMD width for all the incident
beam energy cases, in comparison to their simple sum
of exclusively calculated magnitude, which indicate
the presence of constructive interference in these
reactions, which enhances the breakup cross-section
approximately 1% to 7%, and this percentage change
increases with incident beam energy. Similarly, the
FWHM of LMD width also experiences constructive
interference, which enhances the LMD width by
approximately 1.5% to 2.5% and is very slightly
sensitive to the rise in incident energy.

For the sake of clarity, the percentage variation in
magnitude of single proton breakup cross-sections
(Fig. 1(a)) and FWHM width of LMD distributions
(Fig. 1(b)) with incident beam energy are shown in
Fig. 1. It is quite clear from Fig. 1 that the percentage
variation in magnitude of observables due to Coulomb
nuclear diffraction interference is relatively small for
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Fig. 1 — (a) Percent variation in magnitude of single proton

breakup cross section with incident energy (E,,;,) and (b) percent
variation in Full Width Half Maxima(FWHM) of longitudinal
momentum distribution (LMD) width with incident energy(E,,).

light and heavy target nuclei, i.e. *C and **Pb in
comparison to medium target, i.e. **Ni nucleus, which is
qualitatively well consistent with the fact that in case of
the light target, the Coulomb interaction is small, so
nuclear interaction dominates and on the other hand in
heavy target case Coulomb interaction dominates over
the nuclear interaction, so interference among the
breakup mechanisms is small due to which the variation
in magnitude values is small. However, in the medium
target, ¥Ni case, both Coulomb and nuclear interaction
dominate equally in the breakup, and that is why
interference between this dissociation mechanism is
greater in comparison to light or heavy targets. Also,
here we would like to mention that besides a qualitative
understanding of this mechanism, it is very important to
examine quantitatively the effect of this interference on
the absolute magnitudes of breakup observables, which
is quite helpful for better interpretation of experimental
results for clear structural information and also planning
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new experiment. To the best of our knowledge, this is
the first time we have quantitatively investigated the
effect of Coulomb nuclear diffraction interference on the
breakup observables in *'Cl breakup reaction with
different choices of target and frequently used incident
beam energies.

3.2 Interference between Direct and Recoil Coulomb

interactions in pure Coulomb mechanism

As discussed in the introduction and in refs™ ', the
pure Coulomb breakup mechanism of proton halo
nuclei is quite different to that of neutron halo
breakup, where the Coulomb breakup is caused only
by the repulsive Coulomb interaction between the
incoming core of the projectile and target nucleus, but
in proton halo case the situation is more complicated
because not only the core of projectile experience the
Coulomb repulsion (recoil Coulomb interaction) but
also the valence proton experience the Coulomb
repulsion (direct Coulomb interaction) at the same
time due to target nucleus. During the time of
interaction, the proton-target (direct) Coulomb
potential interferes with core-target (recoil) Coulomb
potential and affects the pure Coulomb breakup
observable’s magnitude, as reported in ref.??"?’.

26-27
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Therefore, we have also exclusively investigated the
interference between core-target Coulomb interaction
(recoil interaction) and valence proton-target
Coulomb interaction (direct interaction) for the
chosen targets and incident beam energy range.

We calculated LMD distribution and single proton
breakup cross-section for pure Coulomb breakup
mechanism, exclusively for direct recoil interactions
and direct plus recoil interaction together (including
the interference). The obtained values of observables
are shown in Table 4-6 for '>C, **Ni and ***Pb targets,
respectively, for 40, 60, 80 and 100 AMeV incident
beam energies.

It is quite clear from Table 4, that values of both
the observables corresponding to direct interaction
(being proportional to f3,), are always larger than the
values of recoil interaction, and when pure Coulomb
breakup cross-section is calculated with both recoil
and direct interactions, the magnitude of breakup
cross-section reduced by approximately 72% to 75%
than that of their simple sum (when direct and recoil
are calculated separately and algebraically added),
this clearly show that proton-target (direct) Coulomb
interaction introduce destructive interference, due to

Table 4 — Calculated single proton breakup cross-section and FWHM of longitudinal momentum distribution width of *'Cl breakup
reaction with '°C target at different incident beam energies corresponding to Recoil, Direct and Recoil plus Direct (Coulomb (total))
mechanisms, the respective percent change in observable values are also on the bottom row shown.

Reaction

E]ab

Mechani

eehanisms 40 AMeV 60AMeV 80AMeV 100 AMeV

G FWHM G FWHM G FWHM G FWHM
(mb) (MeV/c) (mb) MeV/c) (mb) (MeV/c) (mb) MeV/c)

Recoil 3.54 116.83 3.15 124.09 2.86 128.92 2.61 132.19
Direct 14.38 117.21 12.63 125.14 11.40 130.56 10.36 134.03

i Recos
Direct+Recoil 17.92 117.04 15.78 127.77 14.26 130.05 13.22 132.66
(simple sum)
Coul.(total) 491 125.48 4.02 133.09 3.54 138.57 3.18 141.94
(cal. together)
% Change 72.60 +7.21 7452 +4.16 7517 +6.55 75.94 +6.98

Table 5 — Same as Table 2, but for **Ni target.
Reaction Eiab
Mechanisms 40 AMeV 60AMeV 80AMeV 100 AMeV
o FWHM G FWHM G FWHM G FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)

Recoil 57.01 109.50 50.83 115.76 46.74 120.55 4327 123.94
Direct 227.65 108.99 198.05  115.53 180.42 120.52 106.18 124.03
Directt Recoil 284.66 109.13 24888  115.57 227.16 120.49 209.46 123.95
(simple sum)
Coul (total) 104.51 122.02 75.41 124.27 62.55 127.48 54.44 130.10
(cal. together)
% Change -63.31 +11.81 6970 +7.57 7246 +5.80 -74.01 +4.96
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Table 6 — Same as Table 2, but for 2%Pb target
Reaction Mechanisms Eiab
40 AMeV 60AMeV 80AMeV 100 AMeV
c FWHM c FWHM c FWHM c FWHM
(mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c) (mb) (MeV/c)
Recoil 387.60 104.28 330.89 109.34 301.00 113.14 277.83 116.05
Direct 1874.19 112.99 1402.31 112.83 1205.96 114.87 1082.03 117.16
ot .
Direct+ Recoil 2261.80 111.07 173321 112.11 150696 114.53 1359.86 11695
(simple sum)
Coul.(total)
1931.54 160.54 1103.97 147.80 778.67 141.73 603.25 136.56
(cal. together)
% Change -14.60 +44.54 -36.30 +31.83 -48.33 +23.75 -55.66 +16.77
Coul. (Total)
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Fig. 2 — The longitudinal momentum distribution for *'Cl breakup reaction with '>C target at 40, 60, 80 and 100 AMeV beam energies,
where the solid Black curve corresponds to Recoil plus Direct Coulomb interaction [Coul.(total)], Red dotted curve and Blue dashed
curve corresponds to Direct and Recoil interaction respectively, while Green dashed-dotted curve corresponds to simple sum of separately

calculated Recoil and Direct Coulomb interactions.

which size of total Coulomb LMD curve reduce and

hence the magnitude of breakup -cross-section
significantly reduces, this trend is observed for all the
considered incident beam energies. On the other hand
the FWHM width of LMD distribution increases
approximately 4% to 7%. A mild dependence of
destructive interference on incident energy is notice in
this reaction. To give a better insight of destructive
interference, the plots of LMD distribution
corresponding to direct, recoil and recoil plus direct
Coulomb interactions for each incident energy are
shown in Fig. 2. Similarly, for the **Ni target case, the
interference between direct and recoil interaction is

found to be of a destructive nature, which reduces the
size of the LMD curve and hence reduces the single
proton breakup cross section by approximately
63% to 74% and increases the LMD width by
approximately 11% to 4% respectively with increase
incident energy. Small dependence on incidence
energy can be seen in both the observables. For
clarity, the LMD curves of recoil, direct, total
Coulomb (containing recoil and direct) and simple
sum of recoil and direct Coulomb interaction are
shown in Fig. 3 for all the incident energies. In the
case of the “*Pb target, again, the destructive
interference is observed among direct and recoil
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Fig. 3 — Same as Figure 2 but for **Ni target.
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Fig. 4 — Same as Figure 3, but for 2*Pb target.

terms, which reduces the single proton breakup cross-
section from 14% to 55%, and this percentage
increases with the rise in incident energy while the
LMD width varies from 44% to 16%, and this
percentage decreases with rise in incident energy, the

respective LMD curves are shown in Fig. 4. The
obtained trend of our results is consistent with our
previous work of 7F and *B*, however destructive or
constructive nature of interference varies from
nucleus to nucleus and sensitive to the size of target
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nucleus (atomic number of target nucleus) and also on
the incident energy of the projectile nucleus. The
nature of interference depends on the valence proton
target interaction that in fact appears through optical
potential and Coulomb repulsion, and these varies
with incident energy™. Thus, we found that role of
proton-target interaction plays a critical role in the
dynamics of the proton halo breakup reactions, which
is more complicated than that of neutron halo breakup
reactions, and such a concept will have to be handled
with great care while dealing with proton halo
breakup reactions.

4 Conclusion

We conducted an investigation for *'Cl nucleus
breakup reactions for three different targets, °C, **Ni,
and “®Pb nucleus, for intermediate incident energies,
i.e. 40 to 100 AMeV. Our focus has been to examine
the presence of interference in (i) Coulomb and nuclear
diffraction dissociation mechanisms and (ii) core-target
and proton-target Coulomb potentials in these breakup
reactions and quantitatively estimate the effect of
interference on the width of core fragment longitudinal
momentum distribution and magnitude of single proton
breakup cross-section. Our calculations reveal that
Coulomb nuclear diffraction interference does exist in
these breakup reactions and significantly affects the
magnitude of both breakup observables. Depending
upon the target nucleus size and incident energy,
interference shows a destructive or constructive nature,
which leads to reduction or enhancement in the
absolute magnitude of a single proton breakup cross-
section, and it may vary the magnitudes from 1 % to
7 % for "*C and *™Pb targets, while for **Ni target it is
17 % to 20 % for 40-100 AMeV incident energy range.
On the other hand, the width of core fragment
longitudinal momentum distribution (LMD) varies
between 1% and 4% for all the target cases and slightly
depends on the incident beam energy. Also, in the pure
Coulomb breakup mechanism, we noticed that proton-
target (direct) Coulomb interaction always plays a
destructive role with the core-target (recoil) Coulomb
interaction process, which significantly reduces the
total Coulomb breakup cross-section, and due to
which the size of longitudinal momentum distribution
spectrum reduces, giving enhancement in the FWHM
width, similar trend is observed for all the chosen target
nuclei and incident beam energies. The constructive or
destructive nature of interference depends on the
valence proton target imaginary optical potential which
tends to vary with beam energy, as studied in ref.>?

the proton target interaction is more complicated than
that of neutron target interaction in case of proton halo
breakup reactions. Thus, it is clear from these results
that Coulomb nuclear diffraction interference always
exists in proton knockout reactions in proton rich
nuclei which behaves destructively or constructively
during the reaction and ultimately affects the absolute
magnitudes of breakup observables. So, Interference
effects on observables are impossible to predict without
an explicit calculation, particularly for nuclear
astrophysics applications where Coulomb breakup is
considered the inverse of proton capture reaction, the
study of interference effect is quite important. Finally,
this is the first time, we presented a detailed
quantitative  assessment of Coulomb nuclear
interference in *'Cl breakup reaction, which would
definitely be helpful in the interpretation of its
experimental data and revealing clear structural
information, which is quite important for a better
understanding of nucleosynthesis reactions and
planning new experiments in the near future.
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