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The effects of low-lying core(*’S) and projectile(“Cl) excited states on the full-width half maxima(FWHM) of
longitudinal momentum distribution(LMD) of core fragment and single proton breakup cross-section of *C(*'C1,**S)X
breakup reaction at 44 MeV/nucleon beam energy have been analyzed quantitatively for the stripping and diffraction
dissociation reaction mechanisms. The calculations are carried out using standard MOMDIS code based on Glauber eikonal
approximation. Our analysis shows that the inclusion of core and projectile excitation enhances the LMD width and
suppresses the magnitude of the single proton breakup cross-section significantly. Additionally, in comparison with the
experimental LMD width, the contribution of s and d-state in admixed sd-state have also been explored. The obtained results

are informative for the lucid structural study of the *'Cl nucleus.
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Introduction

In 1985, observing exceptionally large matter radii
in lithium isotopes opened a new era in nuclear
physics research' and in the last three decades many
neutron/proton-rich nuclei have been artificially
produced across the globe for nuclear structure and
nucleo synthesis reaction studies””. These extremely
neutron/proton-rich nuclei generally form cluster
structures where the valence neutron(s)/proton(s)
tunnel out from the range of nuclear forces and form a
halo structure that pretends as an extended nucleon
distribution. In comparison with neutron halos, proton
halos are relatively less pronounced because of
Coulomb repulsive interaction between core and
valence proton, yet due to the technological
advancement in radioactive ion beam (RIB) facilities
in last three decades, worldwide, numerous
experimental measurements were carried out with
neutron deficient nuclei and reported the possibility of
existence of proton halo structures such as 5B, Al
2628p otc®!”. Some of these nuclei have well-
understood proton halo structure while many are still
under investigation.

Mostly the knockout reactions are employed as an
efficient tool for the structural investigations of such
exotic nuclei, where the core of the exotic nuclei is
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frequently treated in their ground state and its
significance in nuclear reactions have not been taken
seriously, however few theoretical works using
Distorted Wave Born Approximation (DWBA),
Continuum Discretized Coupled Channels(CDCC),
and adiabatic approximation have shown that the core
of the exotic nuclei could be in excited state and its
inclusion in the calculations creates significant
variations in the breakup observable values'' " and a
better interpretation of experimental data could be
achieved with inclusion of core excited/deformed
states'®"?. On the other hand, because of short lifespan
and the difficulty in conducting experiments with
such excited nuclei, the possibility of the projectile
nucleus being in an excited state was neglected and
for simplicity, the projectile nuclei were assumed in
their ground states. However, few recent experimental
observations have shown that some nuclei, such as
'F, exhibit halo character in their excited states’*?,
and also very recent theoretical investigations have
demonstrated the significant roleof inclusion of
projectile excited states in the breakup reactions
studies™ .

In the present study, we have investigated the
nuclear breakup of the *'Cl nucleus, which is a
proton-rich exotic nucleus lying closer to the proton
drip line, having very small valence proton separation
energy (S,=0.294 MeV)* and a long tail in its proton
density distribution?’.Besides these properties, a few
ambiguities were reported in literature i.e. no
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enhancement in the interaction cross-section at high
energy”’, the composition of *'Cl with 17 protons
and 14 neutrons lies near the region where the
possibility of a new proton magic number Z=16
may exist’”*. The existence of uncertainty in its
proton separation energies i.e. S,=294 keV*or
Sp=264.6(£34) keV*’, the p0551b1hty of wvalence
proton to occupyd-state®, and more interestingly its
role in thermonuclear *°S(p,y) *'Cl reaction in type I
X-ray bursts’’ are few issues which attracted the
researchers in last few years. As the interpretation of
experimental data of breakup reactions provide basic
structural information, which are later used to
resolving other connective issues. So, more clearly we
interpret the data, better information we can reveal
about the participating nuclei. Therefore, to explore
the nuclear structure of >'Cl nuclei, a large number of
experimental and theoretical studies were carried out
in the last two decades™™. Among these
investigations, most frequently, the measurement of
FWHM of the LMD of core fragment and single
proton breakup cross-section were studied and used
for revealing its nuclear structure™>*. So, keeping in
view that the measurement of FWHM of LMD of core
fragment and single proton knockout cross-section are
one of cleaner probes, frequently used for revealing
the structural information of exotic nuclei and the
absolute magnitude of these observable are very much
sensitive to the core and projectile excitation energies
as shown in"***%,

Therefore, it is quite interesting to examine
quantitatively the sensitivity of these observable with
core and projectile excitation energies in
2C'C1,S)X reaction for revealing clear structural
information of the *'Cl nucleus. With this motivation,
we calculated and analyzed these observables with the
ground and the recently reported core excited states
ie. 27(ES=221 MeV), 23(ES=3.40 MeV),
17 (ES=3.67 MeV)> and also the projectile excited
state J"= 1/2" (E¥=0.737 MeV)™. The brief details of
the theoretical formalism are discussed in Sec. 2,
obtained results and their interpretations are shown in
Sec. 3, and conclusions are presented in Sec. 4.

2 Theoretical Formalism

We proceed with the assumption that the *'Cl
nucleus consists of a core plus valence proton system
and in the case of the °C target, the breakup is caused
due to the dominating stripping and diffraction
dissociation mechanisms®~°. The LMD of the core

fragment and single proton breakup cross-section in
stripping and diffraction dissociation mechanisms are
calculated using MOMDIS code’” based on the
Glauber eikonal Model’™*®. This code is suitable for
single nucleon knockout reaction studies at
intermediate to high beam energies. Following the
theoretical formalism  discussed  in®™7*°  the
momentum distribution in stripping (or inelastic) and
diffraction mechanisms are calculated using Eqs 1 &
2, and respective LMD is obtained by integrating the
Egs 1 & 2 over the transverse components of k. The
colglfrii]inzate system used in the calculation is shown
in" e,
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The single proton breakup cross sections are
obtained by integrating Eqs 1 & 2 over all the
components of the momentum (k), shown in Eq. 3

(for stripping) and Eq. 4 (for diffraction)’”*
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Here, S.(b.) and S, (b,) are the core target and
proton target S-matrices (Profile functions),

calculated using the HF nuclear density forms of core
and target nuclei’. The symbols b, and b, are the
core-target and valence nucleon—target impact
parameters. The single particle bound state wave
function of the projectile (core plus proton) i.e. ¢ (7)),
appearing in Eqs 1-4, is specified as¢(r) =
R;(r)Y;,,, (), where R;(r) and Y, (#) are the radial
wave function and spherical harmonics respectively.
The radial wave functions for each considered
projectile  configuration are  calculated by
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numerically solving the Schrodinger equation using
Wood-Saxon (WS) nuclear potential. For the assumed
projectile configurations, the depth of nuclear
potential is fitted to reproduce the effective separation

energy (S;f ! =S,+ES-EY) of valance proton, where S,

ES and E? are the single proton separation energy in
ground state, core and projectile excitation energies
respectively. The WS potential radii parameter (r),
diffuseness (ap), and Spin-Orbit potential (V) are
kept fixed at 1.27 fm, 0.67 fm, and 17 MeV,
respectively, for all the considered projectile
configurations as used in *"*%| L, and M, are the
orbital angular momentum and its projections of
valence proton in projectile. Further details of
theoretical formalism are discussed in***"*’. Keeping
in view that projectile wave function is quite sensitive
to the WS potential parameters, so before proceeding
to the final calculations, we checked the sensitivity of
LMD width and proton breakup cross-section on WS
potential parameters for one of projectile’s
configuration case, and found that as the range
parameter (ry) varies from 1.17 fm to 1.37 fm and
diffuseness (ag) from 0.57 fm to 0.77 fm, the breakup

observables varies approximately by 5%, as reported
- Ref.24,25
in o,

3 Results and Discussion

Using the above theoretical formalism, we calculated
the momentum distribution of core (*’S) and single
proton breakup cross-section for *'Cl nucleus projected
on "°C target at 44 MeV/nucleon beam energy. We have
analyzed the effect of the inclusion of newly reported
core and projectile excited state™* in the theoretical
calculations of FWHM of LMD and single proton
breakup cross-section.
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Since this nucleus is reported to have a core plus
valence proton halo structure with large ambiguity of
orbital occupancy of valence proton to be either in
pure s-state or pure d-state or admixed sd-state, so we
performed calculations for several possible core plus
valence proton projectile configurations as per the
nuclear shell model predictions, in which valence
proton may lay either in 25y, or 1ds, or 1ds, state
with the possibility of core and projectile to be in the
ground state or excited state™'. We used the
reported core excited states 2§ (E{=2.21 MeV),
23 (ES=3.40MeV) and 17 (ES=3.67 MeV)* as well as
projectile ('Cl) excited state J=1/2" (EF=0.737
MeV)*?* for the calculations of LMD and breakup
cross section. The calculated results for different core
plus valence proton configurations for ground
J7=3/2°(EP=0.0MeV) and excited state J=1/2"
(Ef =0.737MeV) of the projectile are shown in
Table 1 & 2, respectively. In these tables, first column
shows the assumed core®proton projectile
configurations, second column the depth of Woods-
Saxon potential (Vj), third column rms radii, fourth
column the core excitation energy (Ef), and fifth
column shows the effective binding energy of valence
proton (S;f ! ) the calculated single proton breakup
cross-section and FWHM of LMD of core fragment
after the breakup of *'Cl in stripping plus diffraction
breakup mechanism are shown in sixth and seventh
columns, respectively. For the projectile’s ground
state i.e. J'=3/2'(EP=0.0 MeV), we assumed that
thestate could be produced either by core ground state
ie. 0" (0.0 MeV) or any excited state i.e. 27(2.21
MeV), 23(3.40 MeV), 11 (3.67 MeV), coupled with
281, O 1ds;, or 1ds), state of valence proton as per the

Table 1 — Calculated single proton breakup cross-section and Full Width Half Maxima(FWHM) width of LMD in the nuclear
breakup (stripping and diffraction dissociation mechanism) of >'Cl, for various bound state projectile configurations, in projectile’s
ground state, J"= 3/2" (EF=0.0 MeV).

[Core®Proton] Vo rms
(Configuration) MeV) radii
(fm)

2§ ®2s1), 47.37 4.09
23®2s1), 49.55 3.93
13 ®2s1), 50.05 391
0t®1d;), 48.14 3.86
2f®1d;, 51.72 3.65
23®l1ds), 53.57 3.57
1} ®1ds) 53.99 3.56
21 ®1ds), 41.98 3.88
23 ®1ds), 44.02 3.79
44.48 3.77

11 ®1ds,

ES St Cross-section ~ FWHM of LMD
MeV) (MeV) (mb) (MeV/c)
2.21 2.50 38.88 89.75
3.40 3.69 33.71 96.79
3.67 3.97 32.75 98.23
0.0 0.29 28.26 202.93
2.21 2.50 22.35 230.37
3.40 3.69 20.43 240.83
3.67 3.97 20.05 243.02
2.21 2.50 27.32 223.93
3.40 3.69 24.85 233.94
3.67 3.97 24.36 236.02
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Table 2 — Same as Table 1, but for projectile’s excited state, J*= 1/2" (EY=0.737 MeV).
[Core®Proton] Vo rms ES Seft Cross-section ~ FWHM of LMD
(Configuration) (MeV) radii (MeV) (MeV) (mb) (MeV/c)
(fm)
13 ®2s1), 48.72 3.99 3.67 3.23 35.49 94.21
21®1d;, 50.54 3.71 2.21 1.77 23.87 222.76
23®1dy) 52.43 3.62 3.40 2.96 21.55 234.59
1} ®1d,), 52.86 3.60 3.67 3.23 21.11 237.01
2+ ®1ds) 40.69 3.95 221 1.77 29.26 216.64
23®1ds), 42.77 3.85 3.40 2.96 26.29 227.96

shell model predictions. So, the possible core plus
proton bound state configurations are considered and
listed in Table 1, respective configuration wise
calculated values of FWHM of LMD (seventh
columns) and single proton breakup cross section
values (sixth column) are also listed in Table 1. Here,
for the sake of simplicity, we took the spectroscopy
factor as unity for each configuration. It is clear from
the Table 1, that the calculated FWHM of LMD
corresponding to 2s;, wave configuration is too
narrow, while of 1ds, and 1ds), states are much wider
momentum distribution than that of the experimental
value 158+40 MeV/c*®. However, as far as breakup
cross-section is concern, s-wave configurations show
the highest breakup cross section than that of d-states,
which is quite expected for s-state because of having
no centrifugal potential the valence nucleon forms a
more extended system and hence more breakup cross-
section and narrow momentum distribution is
expected. So, the calculated results show that none of
the pure s or d-states with possible ground or excited
core states could reproduce the experimental width
i.e. 158+40 MeV/c™.

However, the role of the core excitation is found
effective in both the observable magnitudes i.e. with
increase in core excitation energy the breakup cross
section decreases and LMD width increases
significantly. A similar trend of results is observed for
the projectile excited state (J*=1/2"), as can be seen in
Table 2. For the sake of clarity, the variation in
breakup cross-section and FWHM width of LMD
distribution with core excitation energies are shown in
Fig. 1(a-d) for the ground state (3/2°, EY =0.0 MeV)
of the projectile and in Fig. 1(e-f) for the excited state
(1/2*, E? =0.737 MeV). It is noticed that for both the
projectile states that the variation in magnitude of
observables with rise in core excitation energy is
almost linear. Quantitatively, the single proton
breakup cross-section reduces approximately 11% and

7-8% with per MeV core excitation energy while the
FWHM of LMD width increases approximately 6%
and 3-5% with per MeV core excitation energy, for
pure s or d-states, respectively. Also, the effect of
inclusion of projectile excitation energy can be
noticed in Table 1 & 2 that due to projectile excitation
the single proton breakup cross-section enhances
approximately by 5-8% and the LMD width reduces
approximately by 2-4% for both s and d-states. It is
important to mention that the measurement of FWHM
of LMD width has been a very reliable tool for
nuclear structural studies®. So, it would be interesting
to investigate further the LMD for this reaction to
reveal the orbital occupancy of valence proton in *'Cl.
The calculated FWHM of LMD shown in Table 1 &
2, clearly shown that pure s or pure d-states are unable
to reproduce the experimental FWHM width of the
LMD spectrum®, even the inclusion of core excited
state can reproduce the experimental LMD width i.e.
158+40 MeV/c. So, this observation strongly reflects
the possibility of having an admixed sd-state in *'Cl
nucleus, as pointed in®"?*. But interestingly, so far,
the contribution of s and d-state in sd state has not
been studied quantitatively for *'Cl. Therefore, we
have examined the contribution of pure s and d-state
in admixed sd-state (in terms of percent), which better
reproduces the experimental LMD width. Fig. 2
shows the admixing of pure 2s;, configurations with
1d;5, or 1ds;, configurations (shown on the x-axis) for
the projectile ground state J* =3/2°(EE =0.0 MeV).
Here, s and d-states are considered with various core
excited states i.e. 27, 23and 17. The shaded region in
these figures represents the experimental FWHM
width of LMD with error bar. Fig. 2(a) shows the
mixing of 25y, with 1d3»,, whereas Fig. 2(b), shows
the mixing of 251, and 1ds, configurations,
respectively, and the obtained percent contributions of
pure s and d-states are shown in respective legends. It
is clearly seen from Fig. 2(a) that the contribution of
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Fig. 1 — (Color online) The variation of single proton cross-section and FWHM of LMD distribution (in stripping plus diffraction
dissociation mechanism) with core excitation energy for pure s and d-states
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Fig. 2 — (Color online) Admixing of s and d states for ground state of *'Cl, J*= 3/2* (E;’ =0.0MeV)with core excited states (a) shows
mixing of 2s,, with 1d3, states while (b) shows mixing of 2s,, with 1ds;, states, different symbol shows the percentage contribution of
2s1, and 1ds), or 1ds, states in s%(d%) syntax on top, the dummy symbols X and Y on the x-axis with configuration shows the percent
contribution of each pures or d-configuration. The obtained good fit contributions are shown in legend (with black filled dots in figures).
Experimental LMD width is taken from®°"2°
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Fig. 3 — (Color online) Same as Fig. 2, but for excited state,
"= 1/2" (EP=0.737 MeV) of *'Cl

251, state lying between 48% to 53% and of 1d;, it is
between 52% to 47%, which provide a good fit to the
experimental LMD width (mean value) ie. 158
MeV/c. Similarly, the Fig.2(b) show that, the
contribution of 2sy, lying between 46% to 52%, and
of 1ds), is 54% to 48%. The effect of core excitation
on the contributions of s and d-states in admixed state
is noticed very small. Similarly, the sharing of s and
d-states is also examined for the projectile excited
state J*=1/2"(EP=0.737 MeV) as shown in Fig. 3, here
the contribution of 2s,,, and 1d5,; is found around 51%
and 49%, respectively, which provide a good fit to the
mean value of experimental FWHM of LMD. So, this
analysis of mixing of pure s and d-states
configurations, strongly confirm the existence of the
sd-shell in *'Cl, and approximate equal contribution of
pure s and d-states gives good fit to the experimental
LMD width. Also, from Figs. 2 & 3 it can be noticed
that the percent contribution of s or d-state in admixed
sd-state, is feebly influenced by the core and
projectile excitation. Here, we have not examined the
existence of proton in 1d;,, or 1ds, state, which would
be analyze in our forthcoming work.

4 Conclusion

The effect of core and projectile excited states on
the LMD width of core fragment and single proton
breakup  cross-section have been  analyzed
quantitatively for single proton knockout reaction
2CC'CLMS)X at 44 MeV/nucleon incident energy, in
stripping and diffraction breakup mechanisms using
the MOMDIS code. We have used the recently
reported core and projectile excited states for the

calculations of breakup observables. The obtained
results show that with rise in core excitation energy,
single proton knockout cross-section decrease by
~7-11% and width of LMD spectrum increase by ~3-
6% with per MeV core excitation energy. The
inclusion of projectile low-lying excitation energy
indeed enhances the breakup cross section
approximately by 5-8%, while the LMD width reduce
approximately by 2-4% for both s or d-states.
Additionally, it is found that none of pure s or d-states
with the ground or excited state of the core can
reproduce the experimental LMD width and single
proton breakup cross-section, which is substantial
evidence of the presence of sd-shell in *'CL. Our
analysis of the mixing of pure s or d state confirms
that there exists an almost equal contribution of s or
d-state in sd-shell that provide a good fit to the
experimental FWHM of LMD distribution,
dominancy of d-state has not been observed in our
analysis as reported in**"*. Finally, we conclude that
our work presented a quantitative study to reflect the
significant role of core and projectile low-lying
excited state in the theoretical calculations of breakup
observable of *'Cl nucleus. Further, we found strong
evidence of existence of sd-shell with almost equal
contribution of s or d-state. With these findings, we
believe that our quantitative analysis would not only
be helpful for the better interpretation of breakup data
of *'Cl nucleus, but also help full for other breakup
reaction involving exotic nuclei.
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