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One-proton knockout from !N at 245 MeV /nucleon
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The cross section for one-proton knockout from "N on a carbon target at 245 MeV/nucleon has been
measured. The experimental result is compared to the predictions based on the Glauber reaction model combined
with shell model structure inputs. The experimental to theoretical cross section ratio R, is consistent with the well
established R;-AS systematics. The experimental one-proton knockout cross section for "N projectile is found
to be smaller than those for the neighboring isotones '°C and '*Q. The observed small cross section for !’N can
be attributed to the small spectroscopic factors from "N to the bound states of '°C residue. The shell model
calculations show that one-proton removal from the w0ps, orbital of "N mainly leads to unbound states of
16C, and the spectroscopic factor from "N to the '°C 2] state is negligibly small, indicating that the proton
configuration 7 (0ps/2)*(0pi,2)" contributes little to the '°C 2} state and neutron excitation configuration plays

dominant role.
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I. INTRODUCTION

The evolution of nuclear structure away from the stability
line has drawn significant attention in nuclear physics [1-6].
When the proton or neutron number is the “magic number,”
large gaps exist between nuclear shells, resulting in large
transition energy values between the ground and the first 2}
excited states for doubly magic nuclei [1,7]. Therefore, for
even-even nuclei, the nature of the first excited 2?’ states
provides important information on the evolution of nuclear
properties.

The carbon isotopes have a long isotopic chain, providing
a good opportunity for the study of nuclear structure evolu-
tion toward the drip line [4]. The splitting of the Opy2-Op3,2
orbitals in '2C results in a large shell gap between them,
manifested by the high-energy 2/ state. It is revealed that the
proton Op1/2-Op3/> gap persists toward the neutron-rich e
[8]. While '2C and '*C have high-energy 2 states, '°C has a
relatively low 2} energy, implying that the neutron excitation
plays the dominant role in the 2/ state of '°C.

One-nucleon knockout reactions induced by light com-
posite nuclear targets, e.g., Be or C, have been extensively
used to probe the structure of rare isotopes away from the
stability line [9—13]. The structure of 16C was recently studied
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using one-proton knockout from "N on a carbon target at
72 MeV /nucleon [14]. The relative cross section for popu-
lating the '°C 2} state over the 0] state was measured in that
work, while the absolute cross sections of these two states are
missing. This paper reports a measurement of the inclusive
cross section for one-proton knockout from "N on a carbon
target with a higher beam energy of 245 MeV /nucleon. The
knockout reaction model uses sudden and eikonal approxima-
tion (SE approximation) [15]. When knocking out a strongly
bound proton in the neutron-rich '’N nucleus, the high beam
energy is important for the reliable applicability of the SE
approximation. As is shown in Ref. [16], strong nonsudden
effects are observed when knocking out a strongly bound
neutron from '#Q at a beam energy of 57 MeV /nucleon. Thus,
higher beam energy is favorable for one-proton knockout from
7N to enhance the validity of the SE approximation. The
present reaction is of sufficiently high beam energy to avoid
any significant nonsudden dynamical effects.

II. EXPERIMENTAL DETAILS

The experiment was performed at the External Target Fa-
cility (ETF) [17] at the Institute of Modern Physics, Chinese
Academy of Sciences. A secondary beam of '"N was pro-
duced by fragmentation of a 280 MeV /nucleon '8Q primary
beam, which was accelerated by the main Cooler Storage Ring
(CSRm) synchrotron of the Heavy Ion Research Facility in
Lanzhou (HIRFL) [18] and directed onto a 15-mm-thick Be

©2024 American Physical Society
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FIG. 1. Schematic view of RIBLL2 and ETF.

target. The desired !"N fragment was separated and trans-
ported by the second Radioactive Ion Beam Line in Lanzhou
(RIBLL2) [19] to the ETF to impinge on a 900-mg/cm?
carbon target. The "N beam energy at the middle of target
is 245 MeV /nucleon. The setups of RIBLL2 and ETF are
illustrated in Fig. 1.

The secondary cocktail beams were identified by TOF-
AE method. The time of flight (TOF;) of secondary cocktail
beams was measured by the two plastic scintillator detectors
(Tstart and Tyop [20]). The energy loss (AEp) was recorded
by the multiple sampling ionization chamber (MUSICy) [21]
before the target. The particle identification (PID) spectrum of
the secondary cocktail beams is presented in Fig. 2. Different
nuclei can be separated clearly. Two multiwire drift chambers
(DCU), each with an active area of 13 x 13 cm?, were located
upstream of the target to measure the trajectories of the inci-
dent particles.

Downstream from the reaction target, the reaction frag-
ments and unreacted projectiles were identified event by event
by the detector system of the ETF, using thee Bp-TOF-AFE
method. Two multiwire drift chambers (DCDs) with the same
13 x 13 cm? active area and a multiple sampling ionization
chamber (MUSIC)) [22] behind the reaction target provided
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FIG. 2. Particle identification spectrum of the secondary cocktail
beams.

measurements of the trajectories and energy loss (AE)) of the
outgoing residues respectively. The outgoing residues were
then deflected by a large acceptance dipole magnet and de-
tected by the MWDC array [23] and the plastic scintillator
wall (TOFW) [24] with 30 vertical strips, each having an
active area of 4 x 120 cm?. The trajectories of the charged
residues after the magnet were reconstructed by the MWDC
array [23], which has three MWDCs, and each of them has
an active area of 80 x 60 cm?. With the combination of the
trajectories reconstructed by the DCD and MWDC array,
the magnetic rigidity (Bp) of the outgoing charged residues
passing through the magnet can be determined. The TOF
of residues (TOF,) were measured by Ty, and TOFW. The
atomic number Z of the residues can be obtained by using the
AE; information, while the mass numbers A of the residues
were determined by using the relation Bp ~ Sy A/Z, where
B and y denote the velocity v/c and the Lorentz factor,
respectively. A PID spectrum for carbon residues after !N
impinging on the reaction target is displayed in Fig. 3, with
an A resolution o4 /A ~ 0.01. It can be seen that one-proton
knockout products '°C can be well separated from other
carbon isotopes.
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FIG. 3. Particle identification spectrum for carbon residues pro-
duced by "N reaction.
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Because the ETF detector system has a large acceptance
and the system is set for the transport of '°C residues, the
acceptance of the ETF detector system for the '°C residues
is &100%. The detection efficiency of the ETF was calibrated
using the cocktail secondary beams without the reaction tar-
get. The obtained '°C detection efficiency in the ETF is
90.5%.

The experimental one-proton knockout cross section of !N
is achieved according to

N;
Nyte’

Oexp = (D
where N, and N, are the numbers of 'C residues and "N
projectiles, respectively. ¢ is the target nucleus density per
area, and € is the product of detection efficiency and geometric
acceptance for '°C. N, and N, can be obtained from the PID
spectrum, and € is 90.5%. The background contributions were
measured by using target-out runs and subtracted.

The parallel momenta of the '°C residues and the "N
unreacted beams are deduced from

P, = MBy cos(6), 2)

where M is the mass of the nucleus, and 6 denotes the angle
between the direction of the incident "N projectile and the
direction of the outgoing nucleus.

III. THEORETICAL CALCULATIONS

Based on the Glauber model combined with shell model
input, the theoretical cross section of the one-proton knockout
reaction is calculated by [25]

A N T . . Q€
Ot :Z[m} C*S(™ , nl j)ogw(nlj, SS"), ()

nlj

where C?S is the shell model spectroscopic factor for the re-
moved proton with respect to the core state J”, oy, denotes the
single-particle cross section derived from the Glauber model
using SE approximation, nl j are the quantum numbers of the
removed proton, and Sf,ff = S, + E* is the effective proton
separation energy to the bound final state J™ of the residue,
with §, the ground-state to ground-state separation energy
of the valence proton and E* the excitation energy of the
residue in the J7 state. The [A/(A — 1)] is the center-of-mass
correction factor with A the mass number of the projectile and
N=2n+1=0,1,2,... the major oscillator quantum num-
ber of the removed proton. It can be seen that the theoretical
cross section mostly depends on the spectroscopic factor C2S
and the single-particle cross section ogp.

The spectroscopic factors from "N ground state to '°C
bound final states are computed with the code KSHELL [26],
using the WBP and YSOX effective interactions [27,28]. The
interactions are constructed in (0-5)%iw psd model space,
which means that 0-5 nucleons are allowed to be excited from
p shell to sd shell.

The single-particle cross section og,, which is a sum of
the contributions from two mechanisms [15], i.e., the strip-
ping mechanism and diffractive dissociation mechanism, is
calculated with computer code CNOK [29], a C++ program
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FIG. 4. Experimental and theoretical one-proton knockout re-
action cross sections of '°C,'’N, and '*0. Experimental cross
sections of 'C and '8 are from Refs. [33] and [34], respectively.

package implementing Glauber reaction model. The valence-
proton wave function W,;; is calculated by employing a
nuclear central potential of Woods-Saxon (WS) form plus a
spin-obit interaction and a Coulomb potential. The shape of
the WS potential, which is determined by its radius ry, diffuse-
ness ap, and the depth Vp, is adjusted by a two-dimensional
search in the (ry, V) space of the central WS potential to re-
produce the effective separation energy S;’,ff and rp, two input
quantities in the code. The same ry is used in the spin-obit
interaction with potential depth Vo = 7.5 MeV and Coulomb
potential. A diffuseness of ag = 0.7 fm is adopted for both the
central potential and the spin-orbit interaction to get the W,,;;.
To obtain the rms radius of the valence proton wave functions,
rsp = [A/(A — D]"?ryr [30], a Hartree-Fock (HF) calculation
based on the SkX parametrization [31] is used to get ryr,
the rms radius of the valence-proton orbital. The calculation
is also taken for the determination of the nucleon density
distribution of the residue and target nuclei, and the proton-
and residue-target elastic S matrices are obtained using the
nucleon density distribution of the residue and target nuclei
via the ¢-p-p method [32].

The theoretical parallel momentum distributions of the '°C
residues in different bound final states, with the removal of
an [ = 1 proton from "N projectiles, are also calculated with
CNOK. In the calculation, we used the same S matrices and C2S
inputs as employed in calculating theoretical cross section.
The calculated momentum distributions are converted to the
laboratory frame for a direct comparison with the measured
distribution.

IV. RESULTS AND DISCUSSION

The experimental and theoretical cross sections for "N
one-proton knockout at 245 MeV /nucleon are shown in Ta-
ble I and Fig. 4. The inclusive experimental cross section is
Oexp('"N = 19C) = 13.1(15) mb.

For a systematic comparison, the existing data on one-
proton knockout cross sections for the neighboring '°C and
18y isotones at similar beam energies, as well as the calculated

064604-3



T. Q. LIU et al.

PHYSICAL REVIEW C 109, 064604 (2024)

TABLE I. Inclusive experimental and theoretical one-proton knockout cross sections (oe, and oy) and the resulting reduction factors
Ry = 0exp/0wm for 1°C, N, and '8Q. The values labeled WBP and YSOX correspond to the calculation results using the WBP and YSOX

effective interaction respectively.

E* S;ff Osp C*S O'th(WBP) Oth(YSOX) Oexp R,
Projectile nlj JT (MeV) (MeV) (mb) WBP YSOX  (mb) (mb) (mb) WBP  YSOX
15c 0ps)2 3/2° 0 2255 2059 285 272 62.54 59.77
inclusive 2.85 272 62.54 59.77  16.020*  0.26(3)  0.27(3)
N 0p1 2 of 0 13.11 2172 0.77 0.76 17.70 17.44
0f 3.03 16.14  21.63 0.004 0.007 0.09 0.16
0p3)2 2F 1.77 14.89  20.11 0.10 0.08 2.04 1.75
2f 3.99 17.10  20.06 0.19 0.18 4.07 3.86
inclusive 1.06 1.03 23.90 2321  13.1(15)  0.55(6)  0.56(6)
B0 0p)2 1/27 0 1594 2417 1.69 1.65 43.37 42.17
1/27 3.66 19.61 2049 0.03 0.04 0.74 0.77
0ps) 3/27 1.37 1732 1935 029 0.20 6.01 4.11
3/2; 3.20 19.15 1929 037 0.21 7.55 421
3/27 5.52 2146 1925 255 2.52 51.88 51.34
inclusive 4.93 4.62 109.55 102.60  29.1(22)° 0.27(2) 0.28(2)

4From Ref. [33].
"From Ref. [34].

values, are added in Table I and Fig. 4. The theoretical results
with the WBP and YSOX effective interactions shown in
Table I are quite similar. Therefore, only the calculations with
the YSOX interaction are chosen for comparison with experi-
mental results in the following discussion. It can be seen that
the experimental one-proton knockout cross section for "N is
lower than those for '°C and '8Q. This feature is reproduced
by the calculations, while quantitatively the experimental val-
ues are much smaller than calculated values. For the presently
measured reaction (''N, '°C), the deduced reduction factor
R, ratio of the experimental and theoretical inclusive cross
sections, is 0.56(6).

A systematic analysis of a large body of one-nucleon
knockout data [35] indicated that the reduction factor R, has a
strong dependence on the asymmetry of the neutron and pro-
ton separation energies AS. For one-proton knockout reaction,
AS=S,—-S,+ E*, where E is the averaged residue excita-
tion energy weighted by the calculated theoretical partial cross
section to each of all the bound final states. For one-proton
knockout from "N, with a AS value of 8.04 MeV, the R, of
0.56(6) is found to be consistent with the established system-
atics, as shown in Fig. 5. The R, of '°C and 30 are also added
in the figure. It can be seen that the '8Q data point slightly
deviates downward from the band of half-width 0.1 (shaded
region). It can be seen from Fig. 5 that, there are many cases
being outside of the shaded region. Many reasons may lead
to this kind of result, such as the uncertainties in the effective
interactions used for the calculation of spectroscopic factors
C2S, the nucleon density distribution used for the calculation
of S matrices, the rms radius of the valence-proton wavefunc-
tions 7, and the uncertainties of experimental cross section.

The measured and calculated parallel momentum distribu-
tions for the '°C residues and the unreacted '’N nuclei are
shown in Fig. 6. For 16¢, the red dashed, green dash-dot-
dotted, blue dotted, and purple dash-dotted lines represent the

calculated parallel momentum distributions for the different
bound final states (0), 05, 2}, and 27) after knocking out an
I = 1 proton from "N projectiles. The black solid line is the
summed theoretical inclusive parallel momentum distribution
for the bound final states, which is comparable with the exper-
imental data, represented by the blue solid dots. For "N, the
red solid line is the fitted curve for the measured data, shown
with red solid triangles.

For the (!N, '°C) reaction, in an extreme single-particle
picture, the p shell of the !"N projectile has five protons: one
on the Op;, orbital and four on the Op3/, orbital. Knocking
out one proton from the Op;,, orbital is expected to mainly
populate the '°C ground state 0;. The spectroscopic factor

Rs = Gexp / Oy

(e,e'p): AS=S, -S,
0.4 p-removal: AS=S, -S,
n-removal: AS=S; -§,
0.2 Ll Ll Ll
-30 -20 -10
AS (MeV)

FIG. 5. The R, value as a function of AS. The "N data are from
this work. The experimental one-proton knockout cross sections for
16¢C and 130 are from Refs. [33] and [34], respectively, and the related
theoretical cross sections are from this work. The light-color data
points and the R;-AS trend are from Ref. [35].
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FIG. 6. Measured inclusive parallel momentum distributions for
the '°C residues and the unreacted '’N nuclei, represented by the
blue solid dots and red solid triangles, respectively. The red solid
line is the fitted curve for the measured '’N data, and other curves
are different theoretical calculations based on the Glauber model for
16C. See text for further details.

for knocking out one proton from the Op;, orbital to the 16c
ground state is calculated to be 0.76, close to the simple shell
model value 1.

By knocking out a proton from the Ops,, orbital of "N,
a series of 27 and 17 states can be populated. These states
are formed by the proton configuration n(0p3/2)3(0p1 /2)1.
Among these states, only the first and second 2% states are
bound. The shell model calculations show that, by knocking
out one proton from the Op3,, orbital, the spectroscopic fac-
tors to '°C 27 and 27 states are 0.08 and 0.18, respectively.
As a result, the inclusive spectroscopic factor of knocking out
one proton from the Op;, orbital of '’N to bound states of '°C
is 0.26, far less than 4. Much of the spectroscopic strength by
knocking out one proton from the Ops, orbital should feed
the unbound states of 'C. Thus, the spectroscopic strength
from knocking out a proton from the Ops,, orbital has negli-
gible contribution to the cross section of '°C. When knocking
out one proton from the Opz;, or Op;, orbital, the inclusive
spectroscopic factor to bound states of '6C is predicted to be
only ~1, resulting in a small inclusive cross section to bound
states of '°C.

For the ('°C, "B) reaction, the projectile 16 has four
protons on the Op3/, orbital from a simple shell model pic-
ture. The spectroscopic factor for knocking out one proton
from the Op;3,, orbital to the 5B ground state is predicted to
be 2.72, comparable to the simple shell model value 4. For
the (0, '"N) reaction, the projectile '8 has four protons
on the Op3,, orbital and two protons on the Op;,, orbital.
Knocking out one proton from the Op;,, orbital is predicted
to mainly populate the 1/2~ ground state of "N, with a
calculated spectroscopic factor of 1.65. By knocking out a
proton from the Opj3,, orbital, three 3/27 states below neu-
tron separation energy are expected to be populated, with a
summed spectroscopic factor of ~2.9. It can be seen that
the inclusive spectroscopic factor for the (''N, '°C) reaction
is much smaller than that for the (‘°C, B) and (30, ''N)
reactions, resulting in the smaller inclusive cross section for

the (!N, '°C) reaction as compared to the ('°C,'”B) and
(0, '"N) reactions.

As the discussion in Refs. [36,37], considering a simple
shell model picture, the 1/2~ ground state of '"N can be
written as

11/275 'N) &~ |v(sd)*;J = 0)
® |7 (0p32)* Op12)'sJ = 1/2),

with the valence neutrons occupying a quasidegenerate sd
shell [4]. Additionally, the first excited state 2] and 0] ground
state of '9C can be expressed by

27; 1°C) =« [v(sd)*;J =2) ® |7 (0p32)*; T = 0)
+ B lu(sd)*;J = 0)
® | (0p32) Op12)'sJ = 2)
and
1075 1°C) = [v(sd)*;J = 0) ® | (Op3)*;J = 0),

respectively. Here, & and S respectively are the consituents of
pure neutron and pure proton excitations that contribute to the
state. Only if one proton is knocked out from the Op;/, orbital
of N can the 0} ground state of '°C be populated [14]. As for
the knockout of one proton in the Ops,, orbital, the population
of 2;” bound state can be fulfilled by the coupling of protons
in Op1 /> and Op3/» orbitals, with the condition that the proton
excitation constituent 8 is nonzero.

The small spectroscopic factor to the 2] state indicates
that the configuration of the 2 state has a very small overlap
with the proton configuration 7 (0p3 /2)3(0p1 /2)1 and neutron
excitation configuration plays a dominant role for the 2" state.

The presently measured small cross section to '°C com-
bined with theoretical analysis indicates that the majority of
16C residues lie in unbound states after knocking out a proton
from the Ops,, orbital of '"N. It suggests that proton excita-
tion in the 2| state constitutes a small fraction and neutron
excitation plays a dominant role, namely, 8% has a very low
numerical value. This is in line with the conclusion in [14].
Following the methodology employed in [14], the values of
B2 are calculated to be 5.0% and 4.3% using the WBP and the
YSOX interactions, respectively. The obtained result is related
to the calculated spectroscopic factors to the ground and 2
states of 1°C, showing that the result is model dependent.

V. SUMMARY

In summary, the inclusive cross section for one-proton
knockout from the neutron-rich nucleus "N was measured
at an energy of 245 MeV /nucleon. The theoretical exclusive
cross sections were calculated based on the Glauber reaction
model with shell model spectroscopic factors C2S. It is found
that the deduced reduction factor Ry = 0exp/0w in this work
is consistent with the R;-AS systematic established for beam
energies mainly at 80-120 MeV /nucleon, implying the ro-
bustness of the deduced R, value to changes in beam energy.

It is found that the experimental one-proton knockout
inclusive cross section for 7N is smaller than those for neigh-
boring isotones '°C and '3Q. This is because the '°C residue
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after knocking out a proton from the Ops, orbital of "N is
more likely to lie in an unbound state, which is supported by
the C2S results calculated by the shell model. By knocking
out a valence proton in the Ops,, orbital of N, the summed
value of C2S for related bound states is about 0.26, much
smaller than the proton occupation number of 4, indicating
that pure proton excitation configuration takes little propor-
tion in the 2 state of '°C, in agreement with the conclusion
of [14].
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