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Investigation of negative-parity states in "C via deuteron inelastic scattering”
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Abstract: Two low-lying unbound states in °C are investigated by deuteron inelastic scattering in inverse kinemat-
ics. Besides the 2~ state at 5.45 MeV previously measured in a 1n knockout reaction, a new resonant state at 6.89
MeV is observed for the first time. The inelastic scattering angular distributions of these two states are well repro-
duced by the distorted-wave Born approximation (DWBA) calculation with an / = 1 excitation. In addition, the spin-
parities of the unbound states are discussed and tentatively assigned based on shell model calculations using the

modified YSOX interaction.
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I. INTRODUCTION

One of the most important questions in the study of
unstable neutron-rich nuclei is the evolution of shell
structures, such as a rapid change of the 1s,,, orbit relat-
ive to the Ods;, and Op;, orbits in the nuclei around N =
8 [1, 2]. This variation can lead to the disappearance of
conventional magic number N = § and the appearance of
new magic number N = 14 or N = 16. Our experimental
results obtained from the single-nucleon transfer reac-
tions of ''Be on proton and deuteron targets imply the
breakdown of the magic number N = 8 and the strong in-
trusion of the sd-shell in ''Be and ""Be [3-9]. As another
well-known example, a systematic comparison of the en-
ergies of the 2* states in neutron-rich oxygen and carbon
isotopes and the study of the evolution of single-particle

levels in ''C suggests that the N = 14 sub-shell is absent
for Z=61[10, 11]. In 13C, ISC, and 17C, the excitation en-
ergies of the 5/2* states are higher than the 1/2* states
[12], demonstrating the inversion of 1s;/, and Ods,, orbit-
als in comparison with the conventional shell model.

For the neutron-rich nucleus 16C, its bound excited
states and high-lying unbound states have been intens-
ively studied by various experiments; see Refs. [13-16]
and references therein. However, apart from one 2n trans-
fer reaction [17, 18] and one knockout experiment of c
on a proton target [19], the experimental studies of low-
lying unbound states at E, =5-10 MeV, which are im-
portant to well understand the shell gap between sd- and
p-shell as well as the ordering of s- and d-shells [20], are
scarce. One resonant state at E, = 6.11 MeV was firstly
observed in the 14C(t, p)mC reaction [17, 18, 21]. The lar-
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ger 2n transfer cross sections for this state suggested that
its spin-parity was either of 2%, 37, or 4* [17, 18 Three
unbound states at E, = 5.45, 6. 11 6 28 MeV in "'C were
observed by Satou etal in a 1n knockout reaction [19].
The 5.45 and 6.28 MeV states decay predominately via
1n to the first excited state of °C (5/2%, d-wave), wh11e
the 6.11 MeV state decays to the ground state (g.s.) of °C
(1/2*, s-wave). The spin-parity of 2~ was assigned to the
5.45 MeV state because both the excitation energy and
the cross section were consistent with theoretical calcula-
tions. The negative-parity assignment to this state was
further confirmed by the fact that its parallel momentum
angular distribution agreed well with a p-wave neutron

knockout from ''C [19]. For the 6.11 MeV state, compar-
ing with theoretical calculations, its excitation energy and
the 1z knockout cross section preferred the J* assign-
ment of 2*/3~ rather than 4* [19]. Fortune suggested that
the 6.11 MeV state was not 3-, but probably 1~ (07) ac-
cording to the shell model and a simple weak-coupling
model [22]. However, Fortune recently concluded that its
J* was 2+ after 1nvest1gat1ng its width (32.6(5) keV)
from the C(t p) °C reaction [23]. For the 6.28 MeV
state, Satou et al suggested that the spin-parities of 17
and 25 were candidates [19], and lately Fortune con-
cluded that its J™ was 2~ [22]. These studies are summar-
ized in Table 1.

Table 1. Summary of spin-parity assignments for the negative-parity states in “c.

E. /MeV 2n transfer reaction [17] 1n knockout from ''C [19] shell model [22] width [23] present work
5.45 2 2" 1 or2 *
6.11 2,34 2,3 1,0 2
6.28 5.2 2
6.89 1)

*The DWBA calculations support the assignment of 1 , but the shell model results suggest 2 .

In this paper, we report on a new measurement of the
low-lying unbound states in 'C, which were populated
by the deuteron inelastic scattering using a radioactive
beam '°C at about 23.5 MeV/nucleon in inverse kinemat-
ics. Details of this experiment has been published in Refs.
[14-16], and in this paper we only focus on the inelastic

. 16 .
scattering of C to its unbound states.

II. EXPERIMENT

A '°c secondary beam was produced from a 59.6-
MeV/nucleon ‘0 primary beam impinging on a 4.5-mm-
thick 'Be target. The secondary beam was purified and
transmitted by the Radioactive Ion Beam Line in Lan-
zhou (RIBLL), Institute of Modern Physics (IMP), China.
The time-of-flight (TOF) provided by two plastic scintil-
lator detectors and energy losses (AE) in a large-surface
silicon detector (SSD) were used to identify the second-
ary beam. The average beam intensity and the purity of

C were up to about 10* particles per second (pps) and
90%, respectively. The beam energy was ~23.5 MeV/
nucleon.

The experimental setup is given in Refs. [14, 15].
Three parallel-plate avalanche chambers (PPACs) were
placed upstream of the physical targets to provide beam
tracking information. The resolution of the hit position on
the target was ~1.0 mm (FWHM, full width at half max-
imum) in both x and y directions. A 9.53 + 0.12 mg/cm?
(CD»), target was used to measure the inelastic scatter-

ing data. A 13.73 + 0.13 mg/cm? carbon target was em-
ployed to subtract the background coming from carbon
atoms in the (CD,), target. An empty target was also ap-
plied to measure random or accidental coincidence
events. Several sets of telescopes were installed in a large
vacuum chamber to detect and identify charged particles
using a standard AE- E method. The telescope 7y and 7>
were placed 156 and 157 mm away from the target to dis-
tinguish the carbon isotopes at forward angles and the re-
coil deuterons emitting to backward angles, respectively.
The telescope T, installed at around 0° is made up of
three 1000-pum-thick double-sided silicon strip detectors
(DSSDs), three 1500-um-thick SSDs, and a layer of 4-
cm-thick CsI(TI) crystals read out by photodiodes. The
telescope 75, which consists of a 300-um-thick DSSD, a
1500-um-thick SSD, and a layer of CsI(TI) crystals, was
placed at ~69° relative to the beam direction. Each
DSSD with an active area of 63.96 mm x 63.96 mm is di-
vided into 32 strips on both sides. The angular coverage
of the telescopes Ty and 7, are 9T” =0~ 12° and Qlab =
57°~82°, respectively. The overall angular resolution of
the telescope T, was ~0.92° (FWHM).

The particle identification (PID) spectra detected by
the telescope Ty in coincidence with the recoil light-
charged particles measured by the telescope 7, are
Presented n F}g 2 (a) of Ref. [14]. The carbon isotopes

C C and C are discriminated clearly. '%C ions were
from the elastic or inelastic scattering to the bound states
at E, = 1.766(27), 3.986, 4.088 and 4.142 MeV in “c,
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while °C and "“C particles came from the inelastic scat-
tering to unbound states in 'C which subsequently decay
via 1n and 2n, respectively. Note that the second 0* state
at around E, = 3.027 MeV was hardly populated by the
inelastic scattering [14, 24].

With a gate of all carbon isotopes, including 16C, 15C,
and "*C, the recoil deuterons detected by the telescope T»
were used to analyze the elastic and inelastic scattering
differential cross sections (DCSs). The energies of the re-
coil deuterons as a function of their angles in the laborat-
ory frame are displayed in Fig. 1. Most data points agree
well with the calculated kinematic curves, indicating that
these events are indeed from elastic or inelastic scatter-
ing of “C + 4 Although the statistics are limited, the
1.766 and 5.45 MeV states are clearly seen. Within the
angular range of 60°~66° in the laboratory frame, some
events are also in line with the blue dotted curve, which
stands for the calculated kinematics of a new unbound
state at £, = 6.89 MeV.

---g.s
A 1.766 MeV
aof - 5.45 MeV

% 25j

2

M 20

10

Fig. 1. (color online) Kinematics for the recoil deuterons in
coincidence with 41316C, The curves are calculated for the
elastic scattering and the inelastic scatterings of "C + d to the
1.766, 5.45, and 6.89 MeV states in '°C.

Figure 2 displays the O-value spectra deduced from
the energies and angles of the recoil deuterons emitted in
the angular range between 60°~68° in the laboratory
frame. The g.s., and the 1.766, ~4.0, 5.45 MeV excited
states in '°C are clearly observed. A new resonant state
centered at around 6.89 MeV is measured experimentally
for the first time. In coincidence with 15C, the Q-value
spectrum is illustrated as the grey histograms. Note that
the high-energy portion for °Cis prone to be contamin-
ated by the secondary beam 'C, therefore the cut of °C
should be gated not only on the PID spectrum measured
by the telescope TO but also on the two-dimensional (en-
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Fig. 2.
ted from the energies and angles of the recoil deuterons in co-
incidence with """

(color online) Excitation energy spectra reconstruc-

C (white histograms) or with e (grey
histograms).

ergies versus angles) spectrum of carbon isotopes accord-
ing to the kinematics of 'C + d inelastic scattering. Com-
paring to the spectra gated by all carbon isotopes (white
histograms), the events at around the 6.89 MeV state re-
duce slightly, indicating that this state predominantly de-
cays via 1n to the bound states in "C rather than via 27 to
"C even though its excitation energy is higher than the 2n
separation threshold (S,, = 5.468 MeV). However, its
specific decay gath, namely to the g.s. or to the first ex-
cited state in "C, can not be determined just from the
present experiment.

As shown in Fig. 3, four excitation energy spectra
were constructed within an angular bin of 2 in the labor-
atory frame. The 5.45 MeV state is clearly measured in
each spectrum. However, the 6.89 MeV resonance is
hardly seen in Fig. 3 (d) because the recoil deuterons in-
elastically scattered from this state can not reach 66°—68°
according to the kinematics, as seen in Fig. 1. In Fig. 2
and Fig. 3, the events at around 3.5 MeV correspond to
the mixture of the excited states at 3.03(07), 3.98(2%),
4.088(3*) and 4.142(4*) MeV in '°C. However, the stat-
istics are too low to fix the excitation energy spectrum
with so many states. Their effect on the differential cross
sections of unbound states was estimated to be negligible.

The Gaussian and Breit—Wigner functions [25] were
convoluted with the response function of the whole detec-
tion system to fit the bound and unbound states, respect-
ively, in the excitation energy spectra (Figs. 2 and 3). The
Breit—Wigner function with the energy-dependent width
I'(E,) is defined as [25]:

I'(E})

P = B B+

(1)

054001-3



Z.W.Tan,J. L. Lou, Y. L. Ye et al.

Chin. Phys. C 46, 054001 (2022)

o5 60-622 (@ | 62~6a° (®)
E --g.s —-g.s
%20; -=1.766 MeV [ -=1.766 MeV
ﬁ -+-5.45 MeV --5.45 MeV
815} --- 6.89 MeV [ --- 6.89 MeV
M
21 o =
© [
5 g
) R T
>30} —-gs = -=-g.s
E -=1.766 MeV
o o - -
=25F - +5.45 MeV - 1.766 MeV
& 20F -+ 6.89 MeV 3 -++5.45 MeV
£ 15} :
S
“10f o
5t W - L
C:“ VARETS e D S
—2 0 2 4 6 -2 0 2 4 6 8
E,. (MeV) E. (MeV)
Fig. 3. (color online) With a gate of all carbon isotopes (14’15’16C), excitation energy spectra deduced from the energies and angles of

the recoil deuterons emitted at (a) 60°-62°, (b) 62°—-64°, (c) 64°—-66°, and (d) 66°—68°.

where E, is the relative energy of the decay particles, Ey
and E, are the centroid energy and the excitation energy
of the resonant peak, respectively. The relationship
between E, and E, is E, = E, + §,, where S, = 4.25
MeV is the 1n separation energy of ¢ [26]. Note that the
5.45 MeV state predominantly decays by 1z to the first
excited state at Ey, = 0.74 MeV in °C rather than to its
g.s. [19], therefore the equation E, = E,— S, — E14 1s used
here. The energy-dependent width is defined as
I'(E,) = g VE,, where g is a free parameter during the fit-
ting procedure. We assumed that the 6.89 MeV state has
the same decay path as the 5.45 MeV state, as they have
the same excitation mode (see below). The response func-
tion was simulated using the GEANT4 package [27], tak-
ing into account the energy spread of the secondary beam
(2.0%), the energy losses of the recoil deuterons in the
CD;, target, the energy and angular resolution of the actu-
al experimental setup and so on [14]. The simulated res-
olutions for the 5.45 and 6.89 MeV states are 952 and
1050 keV (FWHM), respectively, which are not good
enough to discriminate these two states from the 6.11 and
6.28 MeV states. By comparing the experimental excita-
tion energy spectra to the simulation results with differ-
ent mixture portion of the 6.11 and 6.28 MeV states, we
found that the mixture of these two states is smaller than
20%. Therefore, we assumed that they are pure 5.45 and

6.89 MeV states in this paper. The intrinsic width of the
5.45 MeV resonance is deduced to be 3.5 keV (g VE,),
which is consistent with the conclusion from the 1n
knockout reaction [19]. How should we understand such
a narrow intrinsic 1n-decay width of the 5.45 MeV state?
This near-threshold state is only 30 keV below the 2n
emission threshold. Therefore, its wave function is
coupled by the imprint of the 2n-decay channel, which
leads to a very narrow decay width [28, 29]. The intrinsic
width of the newly measured state is determined to be
10.2 keV.

The elastic scattering DCSs of 'C + d have been pub-
lished in Ref. [14]. The systematic optical potential (OP)
parameters obtained from Daehnick et al. [30], An et al.
[31], Han et al. [32], and Zhang et al. (DAlp) [33] were
applied to describe the DCSs of 'C + d. In order to best
fit the experimental data, the well depths of real (Vy) and
imaginary parts (Wy + Wg) [4] were searched. The
searching process were performed with the code
SFRESCO [34] using the y*> minimization method. The
best OP parameters are listed in Table 2.

The counts of the inelastically scattered deuterons
were determined by fitting each Q-value spectrum dis-
played in Fig. 3. Comparing with the theoretical calcula-
tions, the DCSs for inelastic scattering to the two un-
bound states are plotted in Fig. 4. Only statistical errors
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Table 2. Parameters of the optical model potentials extracted from the elastic scattering of “C+d [14]. The corresponding deforma-
tion lengths extracted from the inelastic scattering DCSs for the 5.45 and 6.89 MeV states are listed in the last two columns.

Vo /MeV 1o /fm ag /fm W/MeV ry /fm aw /fm Wp/MeV rw, /fm aw, /fm &, /fm5.45MeV &4 /fm 6.89 MeV
DAL p [33] 82397  1.067 0776  9.557  1.699 0744  0.006 1.699  0.744 0.58 0.55
Dachnick ezal. [30] 72405 1170 0.792 2496 1325  0.692  9.196 1325 0.692 0.55 0.51
Anetal. [31] 73.881 1149 0751 3363 1345  0.603 7.542 1394  0.687 0.56 0.52
Han et al. [32] 74017 1.174 0.809 6787  1.563  0.813 6.346 1328 0.578 0.56 0.53
are shown. The systematic errors are estimated to be F
o, . o . - (a) DATp (=1, x¥N=1.29)
about 10%, including the contributions from different - t
} e Han (/=1, x2/N=1.24)
cuts on jfhe PID spectra to ch'oo'se the recoil depterons and S N Daehnick (/=1, x2/N=0.79)
carbon isotopes, the uncertainties in target thickness and L An (=1, x2/N=0.71)
in the simulation of solid angles. The background contri- L e An (/=2, x?/N=3.28)

bution from carbon in the CD, target was found to be
negligible after analyzing the data from the carbon and
the empty targets. It should be noted that the data points
at 60°—62° in the laboratory frame for the 5.45 MeV state
were discarded for two reasons. First, the energies of deu-
terons are close to the threshold of the CsI(TI) detector,
leading to the loss of some events in this detector.
Second, some recoil deuterons punch through the detect-
ors sideways at the edges, resulting in incorrect measure-
ment of their energies.

Distorted-wave Born approximation (DWBA) calcu-
lations were performed using the code FRESCO [34] in
the framework of rotational model to extract the deforma-
tion length. The method is similar to that used in the in-
elastic scattering to the 2* state in e [14]. Using the OP
parameters obtained from the elastic scattering data and
deformation length J = 1.0 as the starting points, the best
0 values were searched using the code SFRESCO [34]
with the minimum y? method. With different OP para-
meters, different 0 values are extracted and listed in
Table 2. In Fig. 4, the black solid and the black dot-dot-
dashed curves stand for the DWBA calculations using the
same systematic OP parameters obtained from An eral
[31] but with an / = 1 and an / =2 excitation, respect-
ively. It is clear that the / = 1 result gives a better repro-
duction of the experimental DSCs. In the rotational mod-
el, they assume an intrinsic shape that is common to the
initial and final states. Thus, only the natural parity trans-
itions with (-1)! (/ is parity change) are allowed. In the
case of an / = 1 transition, only the assumption of 1~ state
is valid. For the 5.45 MeV state, the valid assumption of
J® = 1" is different from the spin-parity assignment of 2~
in Ref. [19], which needs more discussion (below) and
studies to clarify.

The average J values are 0.56 + 0.05 (statistics) +
0.06 (systematics) fm and 0.53 + 0.05 (statistics) + 0.05
(systematics) fm for the 5.45 and 6.89 MeV state, re-
spectively. The statistical errors were obtained from the
experimental DCSs, while the systematic errors were de-
duced from the results with different OPs used in the cal-

e

do/dQ (mb/sr)
)

iy

(b) DA1p (/=1, x2/N=0.40)
3 e Han (i=1, x¥/N=0.33)
-------- Daehnick (/=1, x2/N=0.16)
2 An (=1, x¥/N=0.17)
~
£ o R~ An (/=2, 32/N=1.30)
G
2
©
=
Ocm. (°)
Fig. 4. (color online) Angular distributions of inelastic scat-

terings to the (a) 5.45 and (b) 6.89 MeV states in "C in com-
parison with the DWBA calculations using different OPs and
the corresponding deformation lengths. See text for more de-
tails. Note that the DWBA calculations have been averaged
over an angular range, which corresponds to the angular ac-
ceptance for each data point (2 degrees in the laboratory
frame).

culations. The deformation lengths for the 5.45 and 6.89
MeV states (an / = 1 excitation) are consistent with each
other within the error bar, but are different from that of
1.18 = 0.15 for the 1.776 MeV state (an / = 2 excitation).
This kind of difference was also found in 12Be, where de-
formation lengths of 0.24 and 1.56 fm were extracted for
the E1 and E2 cases, respectively [35]. This phenomenon
demonstrates that '°C has reduced deformation when be-
ing excited from the g.s. to the negative excited states,
similar to the excitation of °Li [36]. The integrated cross
sections are 6.42 and 5.41 mb for the 5.45 and 6.89 MeV
states, respectively.
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III. SHELL MODEL CALCULATIONS

For '°C, shell model calculations were performed us-
ing the original and the modified YSOX interaction in the
37w model space [12, 37, 38]. Figure 5 plots the calcu-
lated results compared with the experimental data. The
calculated results for the negative-parity states using the
WBT interaction are also displayed [19]. The bound ex-
cited states are reasonably well reproduced by the calcu-
lations with the original model (YSOX1), but most of the
calculated excitation energies are higher than the experi-
mental data, especially for the unbound states above the
1n separation energy. The calculations with a decrease of
200 keV of 0d5/2-orbital (YSOX2) give a better descrip-
tion of the excited states. Note that such reduction in the
YSOX interaction leads to a decrease of the 5/2% state in
C and an increase of the 1 /2% and 5/2% states in 17C, but
does not change the energy level sequence of the low-ly-

ing states in both “Cand C.

8000 1oC
— _

7000 | - o —

6000 | *% == - _ 3
~ 5000 F — S
= — S A
=~ 4000 F s, wEIE 2+5
L“SOOO»; - —— N

2000F — . ot

1000 F

oF — — — 0"
YSOX1 YSOX2 Exp WBT[14]

Fig. 5. (color online) Energy level scheme of “c compared

with the shell model calculations using the original (YSOX1,
blue) and modified (YSOX2, red) YSOX interaction [12], and
the WBT interaction (WBT, purple) [19]. For the experiment-
al results, the black solid and dotted lines stand for the states
observed in the present and previous experiments, respect-
ively.

The lowest two negative-parity states, 0~ and 2, are
inverted if we use YSOX2 instead of YSOX1. Consider-
ing an / = 1 excitation for the 5.45 MeV state, both the
spin-parities of 0~ and 2~ are possible. The configura-
tions and neutron occupations of the unbound negative-
parity states with excitation energies lower than 8000
keV are listed in Table 3. Calculations from YSOX2 give
a predominant 1%w configuration for all these negative-
parity states, demonstrating that the major excitation
mode is the single-particle cross-shell excitation. The 0~
state has an obviously large s-shell neutron occupation

Table 3.
low-lying negative-parity states in I6C, with YSOX2 in the

Configurations and the neutron occupancies of the

3hw model space.

spin-parity 17w (%) 3hw (%) Npij2 Npzjz Nazjz Naspz Nsip
2= 92.4 7.6 1.169 3.279 0.260 2.147 0.635
0 92.7 7.3 1.185 3.772 0.173 1.925 0.945
3~ 92.2 7.8 1.178 3.784 0.264 2.009 0.765
1~ 92.8 7.2 1.291 3.666 0.195 2.091 0.757
25 92.4 7.6 1.225 3.737 0.223 1.778 1.037

number, while the 2~ state has a relatively large d-shell
neutron occupation number. Thus, the assignment of 2~
is more appropriate than 0~ for the 5.45 MeV state be-
cause it decays predominantly to the first excited state of
e [19], in which state the valence neutron dominantly
populates the d-orbital. This spin-parity assignment is
consistent with Refs. [19, 22]. With more d-orbital com-
ponents, 37 and 17 are possible candidates for the 6.89
MeV state, which has the same decay path or the same
excitation mode and excitation cross sections as the 5.45
MeV state [19]. The 25 state with more s-orbital neut-
rons is ruled out. Taking into account the DWBA calcula-
tion results, its spin-parity is most likely 15. Note that,
here, using the standard shell model instead of the con-
tinuum shell model for the description of resonances is
not completely appropriate, thus the spin-parity assign-
ment is very preliminary. The new tentative assignments
are summarized in Table 1, where controversial spin-par-
ity results for these negative-parity states are clearly seen.
Thus, in the future, more experiments with better resolu-
tion are required to clarify these divergences.

IV. SUMMARY

In summary, two negative-parity states at E, = 5.45,
6.89 MeV in C were studied by deuteron inelastic scat-
tering in inverse kinematics. The former is consistent
with the previous experimental result from the 1n knock-
out from ''C [19], while the latter resonance is newly ob-
served in our experiment. The angular distributions of
these two states were well reproduced by the DWBA cal-
culations with an / = 1 excitation. The shell model calcu-
lations with the modified YSOX interaction in the 37w
model space support the negative-parity assignment for
these two states.
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