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The 3¢(180,160)'>C reaction has been studied at 84 MeV incident energy. The ejectiles have been
detected at forward angles and '>C excitation energy spectra have been obtained up to about 20 MeV.
Several known bound and resonant states of !°C have been identified together with two unknown
structures at 10.5 MeV (FWHM = 2.5 MeV) and 13.6 MeV (FWHM = 2.5 MeV). Calculations based on the
removal of two uncorrelated neutrons from the projectile describe a significant part of the continuum

observed in the energy spectra. In particular the structure at 10.5 MeV is dominated by a resonance of
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15C near the 3C +n 4+ n threshold. Similar structures are found in nearby nuclei such as 'C and !'Be.
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1. Introduction

Two-neutron transfer reactions are basic tools to explore
neutron-neutron correlations inside the atomic nuclei [1]. They
are essential to excite two-particle configurations built on a nu-
cleus and reveal the features of the residual interactions, such as
the pairing force, that are beyond the standard mean field descrip-
tion of nuclear structure. A massive literature has been constructed
during the last decades on spectroscopic studies driven mainly by
(p,t) or (t,p) reactions, accompanied by complementary studies
with heavier projectiles [2]. Excellent reports about these latter
topics are available, where the most advanced analyses are pre-
sented [3-5].

An important issue when dealing with two-neutron transfer re-
actions is that the direct one-step and the sequential two-step
mechanisms contribute coherently to the observed cross section
[5]. From a spectroscopic point of view, the former only allows
the excitation of pair modes in the residual nucleus, where the
two neutrons cluster together with an intrinsic angular momen-
tum S orbiting around the core with an angular momentum L (L-S
coupling). Sequential routes are, however, more effective in excit-
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ing configurations where each neutron independently couples with
the core with an angular momentum j (j-j coupling). As a conse-
quence, one should disentangle the direct and the sequential con-
tributions in order to draw conclusions of spectroscopic interest.

Since many years it has been established that at bombarding
energies not much above the Coulomb barrier, heavy-ion direct
transfer reactions are valuable tools for getting precise spectro-
scopic information [3,4]. In this energy domain the reaction should
be treated in a fully quantum-mechanical approach such as Dis-
torted Wave Born Approximation (DWBA) or Coupled Channel Born
Approximation (CCBA) [6], with the explicit inclusion of the nu-
clear recoils [4,7]. In such a framework it is possible to reproduce
the observed L-dependent rapid oscillations of the angular distri-
butions [8,9]. On the other hand semi-classical approaches have
proved to be accurate enough to explain integral properties such
as the selectivity of the reaction. As an example, matching con-
ditions for the optimum linear and angular momentum transfer
are known since many years [10], showing the crucial role of the
incident energy and the reaction Q -value. An advantage of these
semi-classical approaches is that the transfer to bound and un-
bound states can be treated in a coherent way. In Ref. [11] it
has also been shown that different contributions to the reaction,
such as elastic break-up and absorption from target bound states
and resonances can be distinguished, at least for the case of one-
neutron transfer.
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An experimental program, aiming at the systematic investiga-
tion of two-particle excitations via the (180, 160) reaction, has been
recently started at the INFN-LNS laboratories in Catania (Italy) us-
ing the MAGNEX spectrometer [12-15]. Such reactions are charac-
terized by a high degree of selectivity for the excitation of two-
particle configurations built over the target ground states [5,7,16,
17]. The high resolution and large acceptance obtained in the de-
tection of the ejectiles allow one to get high quality inclusive spec-
tra, even in the largely unexplored region above the two-neutron
emission threshold in the residual nucleus.

Nevertheless, the various components of projectile break-up in
the energy spectra must be identified in order to isolate the spec-
tral characteristics of the resonant-like excitations in the residue.
An accurate and complete model of the two-neutron simultaneous-
removal mechanism populating final continuum states is at present
not available, mainly because of the difficulties of introducing a
simple, but coherent, treatment of neutron-neutron correlations in
the reaction dynamics. A recent attempt to develop such a model
is found in Ref. [18].

In this Letter we report on the study of the '>C continuum in
which two unknown structures have been populated for the first
time. The point of view of an independent removal of two neutrons
successfully describes the 13C(180,160) reaction at 84 MeV.

2. The experiment

In the experiment a beam of 808 jons at 84 MeV incident
energy, accelerated by the Tandem Van de Graaff, bombarded a
50 pg/cm? self-supporting 99% enriched '3C target. A total beam
charge of 110 & 5 uC was integrated. The 60 ejectiles were mo-
mentum analyzed by the MAGNEX spectrometer, working in full
acceptance mode (solid angle £2 ~ 50 msr and momentum range
Ap/p ~ 24%). In the measurements the spectrometer was set to
cover an angular range between 7.5° and 17.5° in the labora-
tory reference frame. Supplementary runs with a 49 pg/cm? self-
supporting 12C target were recorded in order to estimate the back-
ground in the 160 energy spectra from '2C impurities in the 13C
target. A 120 pg/cm? self-supporting °Be target was also used for
a short comparison run. The magnetic fields were set to accept
oxygen ions with electric charge from 6™ to 8*. These were iden-
tified, event by event, by the simultaneous measurement of the
position and angle at the focal plane, the energy loss in the gas
sections of the focal plane detector and the residual energy on the
silicon detector hodoscope [19]. Details about this technique are in
Ref. [20].

The horizontal and vertical positions and angles of the iden-
tified 180 ions, measured at the focal plane, are used as an in-
put for a 10th order reconstruction of the scattering angle and
momentum modulus, based on the fully algebraic method imple-
mented in MAGNEX [21-26]. This allows an effective compensation
of the high-order aberrations connected with the large acceptance
of the spectrometer. The Q -values, or equivalently the excitation
energies Ex = Qo — Q (where Qg is the ground to ground state
Q -value), are then obtained by the application of relativistic kine-
matic transformations. An overall energy and angular resolution
of about 160 keV and 0.3° is obtained, mainly determined by the
straggling introduced by the target. The total error in the measured
absolute cross section is about 10%, induced by the uncertainty in
the target thickness and beam collection.

3. Features of the energy spectra

Examples of the energy spectra measured at forward angles are
shown in Figs. 1, 2 and 3. In the latter the contribution arising
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Fig. 1. Excitation energy spectrum of the '2C('80,160)!5C reaction at 84 MeV and
8.7° < Oigp < 10.0° (see text). The portion of the spectra on the left of the dashed
line has been scaled by 1/3. A bin size of 42 keV is used and a resolution of 160 keV
FWHM is obtained. The red hatched histogram represents the background arising
from the '2C('80,160)'C reaction coming from the '2C impurity. The arrows at
Sn and Sy, one- and two-neutron separation energies are drawn to guide the eye.
The solid line superimposed to the histogram represents the result of the best fit
discussed in the text. (For interpretation of the references to color in this figure, the
reader is referred to the web version of this Letter.)

from the '2C impurities in the target was found to be small and
was subtracted, after normalization, from the final spectrum.

Two narrow states of '°C are recognized in Fig. 1 below
the one-neutron separation energy (S, = 1.218 MeV), namely the
ground and the only bound excited state at 0.74 MeV. Above the
one-neutron separation threshold narrow states at excitation en-
ergy of Ex =3.10, 4.22 4.66, 6.84, 7.35 MeV [27] are clearly identi-
fied. In addition, above the two-neutron emission threshold (S, =
9.394 MeV) two large unknown structures are strongly excited at
energies Ex =10.5 + 0.1 and 13.6 & 0.1 MeV with Full Width at
Half Maximum (FWHM) 2.5 &+ 0.3 MeV for both. These are deter-
mined by best fit assuming Gaussian shapes and accounting for a
three-body continuous background normalized to the region be-
yond 16 MeV. Other function shapes and background models were
also used whose results are included in the error bars.

Seeking a clearer interpretation, the above inclusive spectrum
can be divided into three regions bounded by S, and Sy, in 1°C:

I. Between 0 and 1.218 MeV, where the ground and the first ex-
cited state at Ex = 0.74 MeV lie. A dominant |15Cg5(%+)) =
|14Cgs(0+) ® (2s1/2),,) single particle configuration character-

izes the ground and | 15c0,74(§+)) =|1MCg(0M) ® (1ds)2),,) the
excited state, both with a spectroscopic factor close to one [28,
29]. In the past, these states have been customarily referred to
as 1p-2h configurations on a '®0 0% ground state core [27].
Il. Between 1.218 and 9.394 MeV, where the continuum of the
system '4C +n mixes together with the negative parity quasi-
bound states of the system '3C 4 2n, typically labeled as 2p-
3h configurations. These states are strongly excited by the
(t, p) reaction reported by Truong and Fortune [27] where
their complex nature of a p-shell neutron hole coupled with
a two-neutron pair in the sd-shell was ascertained. In the
present case the spectrum shows narrow peaks from the pop-
ulation of such 2p-3h states on the top of a continuous
background whose shape arises from unbound non-resonant
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Fig. 2. Left panel: Excitation energy spectrum of the '2C('80,60)'4C reaction at 84 MeV and 8.7° < g, < 10.0°. The portion of the spectrum on the left of the dashed line
has been scaled by 1/3. Right panel: Excitation energy spectrum of the 9Be('80,'60)!"Be reaction at 84 MeV and 7.7° < g, < 10.0°. The red hatched histogram in the right
panel represents the background due to the '2C('80,160)!4C reaction coming from the '2C impurity. In each histogram two arrows at S, and Sy, the one- and two-neutron
separation energies, are drawn to guide the eye. (For interpretation of the references to color in this figure, the reader is referred to the web version of this Letter.)

14C 4+ n system phase space. The known narrow resonances
with 1p-2h structure at 4.78, 5.81, 6.37, 6.43, 6.54, 710 MeV
[30,31] and the Fano resonance at 8.50 MeV [32,33] are not
observed or rather weakly populated, which is similar to mea-
surements with (t, p) reactions.

Ill. Above 9.394 MeV, where the '3C 4 2n system is also un-
bound, a supplementary continuous distribution is expected
from this channel. The narrow resonances with 3p-4h struc-
ture observed at 9.79, 10.25, 11.02, 11.83, 13.1, 13.8, 14.57,
16.0, 17.8 and 19.0 MeV in the 2C(12C,°C)'3C [34,35] and
partly in the °Be(’Li, p)!>C [36] reactions are not observed or
rather weakly populated.

A remarkably similar behavior is observed in the ''Be and 4C
spectra shown in Fig. 2. In both cases narrow peaks are present up
to the corresponding S, energy threshold and a sudden enhance-
ment of the yield, fragmented in larger structures, is observed just
above. The narrow peaks correspond to transitions to well-known
excited states of 1'Be and 14C, respectively, efficiently populated
also by (¢, p) reactions [37-39]. The similarity between the 1#C and
15C spectra is even more evident in Fig. 1, where the 14C spectrum
is represented in the '°C excitation energy parameter.

For the '4C case, the states at 7.02 and 10.74 MeV, whose main
configuration requires the coupling of two neutrons in the sd shell
with the '2Cg(0T) ground state core [38,40], are strongly popu-
lated. Near the S, threshold, the narrow states at 12.58, 12.89 and
12.96 MeV are superimposed to a large structure, steeply emerg-
ing at the threshold and slowing down up to about 16 MeV energy.
A second unreported structure is also observed in the region be-
tween about 16 and 17.5 MeV.

Also in the ''Be spectrum, the states at 3.96, 5.24 and 5.86,
for which a 9Beg5 + 2n in the sd shells dominant configuration is
reported [37], are among the most excited ones. In addition the
structures observed above S»; do not correspond to anything pre-
viously reported.

4. Theoretical description

The state of the art of the formalism of two-neutron transfer
to bound states of the residual nucleus can be found in Ref. [5],
where the theoretical aim was to obtain the inclusive angular dis-
tributions of the ejectiles. On the other hand, for transfer to the
continuum, several angular momenta mix and the angular distribu-

tions are thus less useful. The energy distribution of the ejectile is
the best observable to analyze in such cases. From it, the excitation
energy spectrum of the residual nucleus is obtained by applying
the energy conservation relation given in Ref. [11]. A complete
description of the measured energy spectra would require a coher-
ent treatment of both one- and two-particle configurations for the
bound and unbound systems. Moreover, the cross section should
be built as a coherent sum of the sequential plus the direct pair
transfer contribution. The construction of such a model is a very
ambitious task, but to our knowledge still beyond the present sta-
tus of the theory. Indeed a calculation of a continuum extending
from O to 20 MeV as we have done here for one of two neutrons
would not be possible with DWBA nor with CCBA. In these cases
an alternative approach could be the Coupled Channel Discretized
Continuum. Nevertheless, to our knowledge this latter is still not
stable, due to the huge computation requirements, when the high
excitation energy region (above 8-10 MeV) is to be described,
since the n-target wave-function is not well localized. Further-
more, these methods are able to deal with a neutron-target poten-
tial that only has a real part and is also energy independent. Here
instead, we will show in the following that the absorption part is
dominant in the region above the two-neutron threshold and that
this can be obtained only with a complex neutron-target interac-
tion.

Also in the case of purely independent two-neutron transfer to
bound states, it is well known that, to the second order, the direct
pair transfer amplitude cancels out with the non-orthogonal term
of the sequential route [41].

Therefore, as a first step we made exploratory calculations on
15C using a generalization of the one-nucleon transfer to unbound
states model [11]. The method, in turn, extends the formalism of
the transfer to bound states [42,43] to the case of unbound ones
[44,45], assuming an uncorrelated removal of the two neutrons.
What is left out is the specific treatment of nucleon-nucleon cor-
relations beyond the 1°C mean field, as, for example, those due to
the neutron-neutron pairing in the sd shells.

The reaction studied is then interpreted as a two-step mecha-
nism: 180+ 13C— 170+ Cy — 190+ 4Cys +n starting from Sp;
180 4 13C — 170 4 B3Cg 41— 180 4 13Cgs +n +n starting from
Son. This should account for a sizable component of the observed
spectra. The justification relies on the fact that there is an almost
perfect matching condition (consistent with Ref. [10]) between the
single neutron separation energy of 30, S,(180) = 8.044 MeV,
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and the energy needed by the '3C nucleus to get one neutron, i.e.,
the single neutron separation energy of '#C: S,(14C) =8.176 MeV.
Thus, in the first step of the reaction, the ground state to ground
state Q -value is very small, Qg = 0.132 MeV, which implies an al-
most perfect match and thus a sudden process for the first neutron
transfer, while the other neutron is transferred to the continuum
of the '#C system. For very low energies carried by the neutron,
the ground and first bound excited state of 1°C are populated. For
higher neutron energies, the resonances of 1°C are excited up to
the 2n threshold energy. Crossing this threshold, the transfer to
the continuum of “C 4+ n and the transfer to the continuum of
13C 4+ n +n, originated in the first step, merge together.

The cross section is given within a semi-classical model as an
integration over the core-target distances of closest approach:

oo
down / dP(b)

=C*S [ bdb———Pg(b 1
de de el(b) (1)

and the total break-up cross section is obtained by integrating
over the neutron final continuum energy €y, calculated with re-
spect to the target. C2S is the spectroscopic factor of the neu-
tron single particle initial state. The factor Pg(b) = |Scr|? =
exp(—In2exp[(Rs — b)/A]) is the core survival probability [46] in
the elastic channel written in terms of the parameterized S-matrix
for the core-target scattering. This is possible since the conditions
for the semi-classical approximation to the relative ion-ion scat-
tering apply to the reaction discussed in this work. We adopt the
definition of the strong absorption radius, according to Ref. [47],
as Ry = 1.4(A},/3 + A1T/3) in fm, which corresponds to the distance
of closest approach for a trajectory that is 50% absorbed from the
elastic channel. A = 0.6 fm is a diffuseness-like parameter. This
parameterization leads to reaction cross sections consistent with
the Kox systematic [48]. Eq. (1) gives the final neutron energy dis-
tribution which is related by energy conservation to the measured
ejectile energy distribution [45]. This model takes into account the
fact that break-up reactions are sensitive only to the outermost
tails of the single particle initial state wave functions which are
taken as Hankel functions.
The transfer probability to final unbound states is

—2nb

dP _ 2 _ 2. e . .
def ;0 i+ 1=1851) nb GUgsJi) (2)

where the form factor "’::bnb multiplies the F(jy, j;) function, given

in Ref. [45], which includes the kinematics and the angular mo-
mentum couplings. S js Is the energy-averaged (due to the contin-
uum conditions) and angular-momentum dependent optical model
S-matrix which describes the neutron-target interaction. The cal-
culation of the S-matrix, strongly related to the choice of the
neutron target optical potential, is an important point of this for-

malism. The first term in Eq. (2), proportional to |1 — §jf|2, gives
the neutron elastic break-up or diffraction, while the second term

proportional to 1 —|S jfl2 gives the neutron absorption (or strip-
ping) by the target.

Our calculations require the knowledge of both initial and final
single-particle states of the transferred nucleon. For this reason,
it is important to distinguish between bound and unbound states,
since the potential used to describe them can be rather different,
in particular for neutron-rich nuclei. In principle, the optical poten-
tial necessary to calculate the S-matrix that determines the final
states in the continuum is energy dependent. In our case the final
energy range sampled by the neutron in the continuum is less than
20 MeV. In this energy range, the optical potentials for neutron

Table 1
Parameters for 170 and '0 bound state calculation.
170 (1ds/2) 180 (1ds)2)
€ (MeV) —4.143 —8.044
Vo (MeV) —62.7 —68.1
C;i (fm~1/2) 0.69 1.34

scattering on light nuclei are poorly known, because of the strong
variation of the cross section characterized by very sharp reso-
nances. Thus a constant potential from the parameterization given
in Ref. [49] for n + 3C and E = 10 MeV has been adopted, after
checking that an energy-dependent potential would only change
the overall normalization within 30%. This has a Woods-Saxon real
volume plus a spin-orbit and surface imaginary terms.

The radial wave functions of the initial (projectile) bound states
have been obtained as numerical solution of the Schrédinger equa-
tion with depths Vy of the Woods-Saxon potentials adjusted to
reproduce the experimental separation energies €. In particular, a
radius of 2.91 fm and diffuseness of 0.56 fm were used for the
central potential and depth of 5.5 MeV, radius of 2.96 fm and dif-
fuseness of 0.5 fm for the spin orbit term. The results are given
in Table 1. From the bound states wave functions we have then
obtained the asymptotic normalization constants C; of the single
particle states. It is interesting to note that the asymptotic nor-
malization constants in Table 1 are consistent with those used in
Ref. [50] in a recent calculation of reactions rates of astrophysi-
cal interest involving the same oxygen and carbon nuclei studied
here.

5. Data analysis

The continuum spectrum of '°C is given in Fig. 3 where the
data are plotted together with results obtained using the approach
described above. Between S, and S, the calculation, given by the
red dashed curve, contains the three-body physical background
due to the elastic break-up only, as given by the first term of
Eq. (2). In this region, in fact, the absorption observed in the data
is dominated by the narrow (2p-3h) resonances stabilized by n-n
pairing, which is not accounted for in our approach. The knowl-
edge of a correct energy and angular momentum dependence of
the n-n pair + core optical potential would be necessary to give
a precise description of such resonances. This could be achieved
only with a microscopically calculated optical potential, which is
still an unresolved problem. Therefore a description of the absorp-
tion based on the optical model is not feasible in this region.
On the other hand, above the Sj, threshold the resonances are
quite smooth and we calculated there both elastic (red double-
dashed-dotted curve) and absorption (green dotted curve) terms.
The dashed-dotted orange curve is their sum. Finally, the violet
full curve is the sum of all contributions in the two regions con-
sidered, folded with the experimental resolution. All calculations
include a spectroscopic factor of 0.8 for the initial state, according
to Ref. [51].

The structure at 10.5 MeV in the experimental spectrum is re-
produced in the calculation as a convolution of the peak calculated
in the 13C+n+n channel and the tail of the *C +n elastic break-
up. The main contribution comes from the absorption of the two
neutrons. This means that a '3C+n+n resonant configuration can
account for the observed structure, without the need of introduc-
ing specific n-n correlations.

Since Eq. (2) contains an incoherent sum over final angular mo-
menta, it allows an estimate of the contribution of each single I
value to the total sum. This can help to understand the origin of
the strength distribution in the spectrum. In Fig. 4 the calculations
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between S, and S, represent the partial wave decomposition of
the n-14C elastic break-up cross section. One can see that the main
contribution in this region comes from the ds,; and the d3/, states,
a result that is consistent with the literature [48]. It also appears
from Fig. 4 that above S, the main source of cross section comes
from configurations where both neutrons are transferred to the
ds,> and d3;; continuum orbitals. The combination gives also a
good account of the background at higher excitation energy, but
does not reproduce the bump at 13.6 MeV. This indicates that a
more complete description of the '3C 4+ n + n system, including

the n-n correlations is required here. Similarly to that observed
between S, and Sy, the existence of (!3C 4+ n)-n pair resonances
could act in redistributing and/or adding further strength beyond
the Sy, threshold.

6. Conclusions

In this Letter we have reported the results of the (180,160)
reaction on '3C, 12C and °Be targets at 84 MeV incident energy.
The effects of the two-neutron transfer from the projectile, pop-
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ulating a large region of the continuum of the target plus two-
neutron system, have been studied by measuring the missing mass
of 160 and interpreted for the first time. Below the S, thresh-
old, in the corresponding residual nucleus spectrum, the cross
section is mainly concentrated in the bound states and in a num-
ber of known sharp resonances emerging above a rather small flat
continuous background. A sudden increase of the measured 60
yield is observed starting from the S, threshold, appearing in the
shape of previously unobserved large bumps. In the case of 1°C
these are centered at 10.5 MeV (FWHM ~ 2.5 MeV) and 13.6 MeV
(FWHM ~ 2.5 MeV). We note that the states with a known 2p-
3h structure exhaust a consistent amount of the measured cross
section, with negligible contribution from states with a known
1p-2h, namely the two bound states, or 3p-4h configuration. This
indicates the fundamental role of the n-n correlations in these ex-
perimental conditions.

Both the elastic break-up and absorption channels have been
analyzed in a consistent way for the 13C(180,160)!°C reaction. In
the adopted theoretical model, the scattering of the neutrons in-
dependently removed from the projectile as it passes the target
nucleus is described by means of an optical potential with a semi-
classical approximation for the relative motion. The absolute value
of the theoretical cross section might vary, within 30%, depend-
ing on the details of the potential. Instead, the calculated shapes
of the spectra are almost independent on this, and in all cases the
calculations show that the elastic break-up represents a minor part
of the continuous spectra, which are in fact dominated by the ab-
sorption of both neutrons. In particular, the bump at 10.5 MeV is
described in terms of an enhanced probability, near the Sy, thresh-
old, of exciting 13C 4+ n + n configurations where the two neutrons
are mainly transferred to ds;; or ds;; resonances of the resulting
15C nucleus. Also, the average behavior of the spectrum at higher
energies is reasonably well described within the assumption of
the independent transfer of neutrons. The model cannot account
for the strong population of narrow resonances with known 2p-
3h configuration observed between S, and Sj,, because of the
lack of n-n correlations. Also, the bump at 13.6 MeV is missed,
which could indicate a similar structure for all these states. An ex-
plicit treatment of the full 3C 4+ n 4 n interaction, including the
n-n pairing, would be required to understand the remaining de-
tails of the energy spectra. Preliminary theoretical investigation of
the (180, 160) reaction data on '2C and °Be, along the same lines
discussed in this Letter, confirm our interpretation of the large
structures, namely the combined effects of the two neutrons in
continuum states of low angular momentum. The study of the an-
gular distributions and of the decaying products for the systems
studied in this Letter, as well as for similar cases, should allow
one to shed more light on the role of such n-n correlations.
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