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Two-neutron removal cross sections from '>'C at around 240 MeV /nucleon
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The cross sections for two-neutron removal from >!°C on a carbon target have been measured at around
240 MeV /nucleon. The measured cross section for '°C is smaller than for '®C. The trends of the cross sections
for '>19C are inconsistent with the previously reported experimental data, but in agreement with the theoretical
predictions based on eikonal-model calculations. Based on the present results of '>!®C combined with the
available experimental data on '72°C, an odd-even staggering of the two-neutron removal cross sections along
the neutron-rich carbon isotopic chain from C to ?°C is observed, and this feature is well reproduced by the

theoretical calculations.
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I. INTRODUCTION

One-nucleon removal reactions at intermediate and high
energies have been developed as an effective direct reaction
for probing the structure of nuclei far from stability [1,2].
The removal of two well-bound like nucleons from asym-
metric nuclei has also been shown to proceed as a direct
reaction [3—-6], while in the case of two weakly bound nucleon
removal from a mass A projectile, the reaction mechanism
is complicated. The mass A-2 residue can result from two
different mechanisms [7,8]: single-step direct removal of a
pair of nucleons and one-nucleon knockout to unbound states
of the intermediate mass A-1 residue followed by nucleon
evaporation.

The carbon isotopes have a long isotopic chain and the
experimental two-neutron removal data for most neutron-rich
carbon isotopes are available [8—13]. This provides a good
opportunity for a systematic study of the two-neutron removal
from neutron-rich carbon isotopes. Simpson and Tostevin [7]
have carried out a systematic theoretical analysis of the two-
neutron removal from neutron-rich carbon isotopes using an
eikonal reaction model in conjunction with shell model calcu-
lations. The calculations show that the one-neutron knockout
plus neutron emission mechanism dominates over the direct
two-nucleon removal mechanism. The theoretical calculations
predict an odd-even mass staggering of two-neutron removal
cross sections for '>2°C. These theoretically predicted trends
are in good agreement with most of the experimental data,
indicating the effectiveness of the eikonal reaction formalism
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plus shell model in description of the two weakly bound
neutron removal process.

However, it is found that the measured '>C two-neutron
removal cross section data point [12] is significantly larger
than the theoretical prediction [7] and does not follow the
systematics of other experimental data. '°C is a one-neutron
halo nucleus with small one-neutron separation energy of
S, = 1.218 MeV. The special structure of 'C might offer the
possibility that the reaction model combined with shell model
calculations could not reproduce the measured two-neutron
removal cross section. On the other hand, the experimentally
measured cross section for 1°C [12] also has relatively large
uncertainty. Therefore, to resolve the discrepancy between the
measured and calculated two-neutron removal cross sections
from '°C, more measurements with better precision would be
of value.

In this article we report a new measurement of the two-
neutron removal cross sections from '>1°C secondary beams
at around 240 MeV/nucleon and compare the theoretical
predictions with the presently measured and the previously
reported two-neutron removal cross sections from neutron-
rich carbon isotopes.

II. EXPERIMENT AND RESULTS

The experiments were performed at the Heavy Ion Re-
search Facility in Lanzhou (HIRFL) [14-16]. A primary beam
of 0 was accelerated to 280 MeV /nucleon by the main
Cooler Storage Ring (CSRm) [14]. The '*O beam was ex-
tracted from the CSRm and directed onto a beryllium target
of 15 mm thickness. The reaction products from projec-
tile fragmentation of 80 were separated according to their
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FIG. 1. Schematic view of the layout of (a) RIBLL2 and (b) ETF.

magnetic rigidity using the in-flight fragment separator RI-
BLL2 [15,17], the layout of which is shown in Fig. 1(a), and
transported to the experimental site of the External Target
Facility (ETF) [see Fig. 1(b)] [15]. The secondary beams were
delivered as a cocktail beam containing different isotopes,
and were identified based on a combination of the time of
flight TOFg¢1— sc» measured between two plastic scintillator
detectors (denoted by SC1 and SC2 in Fig. 1) [18,19] and
the energy loss AEpysic) measured with a multiple sampling
ionization chamber (MUSIC1) located at the focal plane F2.
Two magnetic rigidity settings for the RIBLL2 were used for
producing '>-'C beams. The particle identification spectra for
the cocktail beams are shown in Fig. 2, from which it can be
seen that the various isotopes can be cleanly separated.

A 900-mg/cm?-thick carbon reaction target was mounted
at the entrance of the ETF. The average mid-target energy
of '31C was 237 and 239 MeV /nucleon, respectively. The
trajectories of the incoming and outgoing particles before and
after the target were measured by using four multiwire drift
chambers (MWDCs), two before and two behind the target. In
data analysis, the beam size on the target was limited to 4 cm
in diameter by setting a software gate using the information
from the MWDCs.

The reaction products as well as the unreacted beam par-
ticles were identified using the detector system of the ETF
event by event by combining magnetic rigidity (Bp), time of
flight (TOF), and energy loss (AE). The outgoing charged
particles were deflected by a dipole magnet and bent at
different angles inside the magnet depending on their charge
to momentum ratios. The particle trajectories after the magnet
were determined from the positions measured using three
large area MWDCs behind the magnet, each having an active
area of 80 x 60 cm?. The time of flight TOFscy_, topw Was
measured between a plastic scintillator (SC2) and a plastic
scintillator wall (TOFW) with 30 strips and an active area
of 120 x 120 cm? placed about 10 m downstream from the
target. The time of flight was calibrated using the '30 primary
beam, and a resolution of about 300 ps [full width at half max-
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FIG. 2. The particle identification spectra for the incoming
(a) °C and (b) '°C beams.

imum (FWHM)] without any corrections was obtained. The
energy loss AEyysicz was measured by a multiple sampling
ionization chamber (MUSIC2) placed 50 cm downstream of
the reaction target. The charge number Z of the reaction
residues were identified by using the energy loss information.
The fragment mass number A was deduced by applying the
relation Bp~(A/Z)By, where B and y denote the velocity
v/c and the relativistic Lorentz factor, respectively. A mass
resolution of ~0.3 mass units (FWHM), as shown in Fig. 3,
was obtained. With such a resolution the mass A-2 residues
can be clearly separated from the intense unreacted mass A
beam particles.

In the present experimental setting, the ETF provides a
longitudinal momentum acceptance of 18% and a transverse
momentum acceptance of 6%. The detection efficiency of
the ETF detector system was calibrated using the secondary
cocktail beams, and the obtained efficiencies were between
80% and 90%, depending on the charge number of the par-
ticles. The derived cross sections for (°C, 13C) and ('°C,
4C) were 0_p,(’C — B3C) = 64(10)mb and o_,,('°C —
4C) = 97(13) mb, respectively. The background contribu-
tions were measured by using target-out runs and subtracted.
The total uncertainty in the cross sections mainly comes from
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FIG. 3. The mass number A identification spectra of the particles
after the reaction target for (a) '°C and (b) '°C incident beams. The
particles are already charge selected for Z = 6.

statistical error. The uncertainty arising from the software
gates used for particle identification and the transmission
efficiency is estimated to be 5%.

III. DISCUSSION

The experimental and calculated two-neutron removal
cross sections across the carbon isotopic chain are summa-
rized in Fig. 4. The measured cross sections from the present
work for '>16C at 240 MeV /nucleon on a carbon target are
shown by red solid squares. The previously measured cross
sections by other work for '32°C [8-13] are shown by solid
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FIG. 4. Measured and calculated two-neutron removal cross sec-
tions for carbon isotopes. The solid line joins the measured cross
sections of the present work for '>16C (red solid squares) and other
work for '72°C (black solid circles) [8—11]. The measured cross sec-
tions for '>!°C in Refs. [12,13] are also shown by solid circles. The
dashed line joins the calculated results from Refs. [7,8]. The dotted
line connects the calculated results for '>!°C at 240 MeV /nucleon.

circles. These previous measurements are for a carbon target
for the 15C [12], 16C [13], '7C [9], '¥C [10], and *°C [8] pro-
jectiles, at 83, 83, 79, 80 and 240 MeV /nucleon, respectively,
and for a beryllium target for '°C [11] at 64 MeV /nucleon.
The measured cross sections from the present work for '>1°C
and from other work for !-2°C [8-11] are joined by a solid
line. The calculated cross sections for '2°C at the same
beam energies as the previous measurements are taken from
Refs. [7,8] and are connected by a dashed line.

The theoretical two-neutron removal cross sections from
1516C at 240 MeV /nucleon are estimated to be 44.04 and
98.43 mb, respectively, after multiplying the cross sections
calculated at 83 MeV /nucleon [7] by a scaling factor of 0.8.
The scaled cross sections at 240 MeV /nucleon are deduced
based on the eikonal model calculations by taking into account
the energy dependence. The eikonal model calculations are
performed by using the computer code MOMDIS [20]. In the
calculations for cross sections arising from indirect process,
the required level energies and spectroscopic factors of the
intermediate A-1 residues are taken from Ref. [7]. Following
Ref. [7], a reduced radius parameter of ro = 1.25 fm and a
diffuseness of @y = 0.7 fm are used.

The scaled two-neutron cross sections from '>1°C at
240 MeV /nucleon are shown in Fig. 4 and connected by a dot-
ted line. As can be seen from Fig. 4, the scaled cross sections
at 240 MeV /nucleon are smaller than the calculated results
at 83 MeV/nucleon. This is in keeping with the expectation
for energy dependence that the cross section decreases as the
beam energy increases from several tens of MeV /nucleon
to a few hundred MeV /nucleon [8,21]. As shown in Fig. 4,
the theoretical two-neutron removal cross sections of 13-2°C
within the eikonal model show a pronounced odd-even mass
staggering, with the cross section being enhanced apprecia-
bly for the even-mass isotopes [7,8]. The staggering of the
cross sections is understood as arising from the staggering of
the neutron separation energies. The enhancement for two-
neutron removal from even-mass A isotopes is explained to
originate from the low one-neutron separation energy of the
one-neutron knockout A-1 residues with odd mass. With a
low neutron separation energy, the excited unbound states of
the intermediate A-1 residues will contribute significantly to
two-neutron removal yield by neutron decay. The calculations
[7,8] indicate that the two-neutron removal cross sections due
to indirect two-neutron removal are several times to an order
of magnitude larger than those for the direct pair knockout.

Inspection of the experimental results in Fig. 4 shows
that the measured two-neutron removal cross section of
16C at around 240 MeV/nucleon on a carbon target in
this work is smaller than the previously measured value at
83 MeV /nucleon on a carbon target [13]. This is in agreement
with the expectation for energy dependence. In contrast, the
cross section for '°C measured at 83 MeV /nucleon [12] is sig-
nificantly lager than the measured value at 240 MeV /nucleon
and the calculated results at both energies. As a consequence,
the trend of the cross sections between 'C and '°C from
the present measurements and the theoretical predictions are
also quite different from those measured previously [12,13].
It should be noted that the measured cross sections for '>16C
at 83 MeV /nucleon [12,13] have relatively large error bars,
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as shown in Fig. 4. The large uncertainty lying in the cross
section of °C at 83 MeV /nucleon may be the reason for the
discrepancies between the measured and calculated results.

Based on the present measurements on '>!°C combined
with the available experimental data on "2°C, an odd-even
staggering of the two-neutron removal cross sections along the
neutron-rich carbon isotopic chain from °C to 2°C is clearly
observed, as shown in Fig. 4. The trends of the experimental
data are qualitatively well reproduced by the theoretical cal-
culations, although the experimental data points could not be
quantitatively accurately reproduced. We note that to precisely
calculate the two-neutron removal cross sections, an accurate
shell model spectroscopic strength information within the
energy window between the one- and two-neutron separation
energy is needed, which is challenging for shell model calcu-
lations. On the other hand, the error bars on the experimental
data are also appreciable. Nevertheless, these uncertainties in
theoretical calculations and experimental data do not affect
the conclusion that the experimentally observed odd-even
staggering of the two-neutron removal cross sections from '>C
to 2°C is well reproduced by the eikonal model.

IV. SUMMARY

In summary, two-neutron removal experiments from
1516C on a carbon target at a high energy of around
240 MeV /nucleon have been performed at the ETF of the
HIRFL. The cross sections for (!°C, 3C) and (*°C, Q)
have been measured with higher precision compared with the
previous measurements. The trends of the measured cross
sections between '>C and '°C of the present data are dif-
ferent from those obtained previously, but in line with the
theoretical predictions. The presently measured two-neutron
removal cross sections for '>!°C combined with the available
experimental data on "2°C show a pronounced odd-even
staggering, which is well reproduced by the theoretical cal-
culations based on eikonal-model calculations combined with
shell-model structure information.
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