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In this work we investigate the two-neutron decay of 13Li and of the excited states of 11Li populated via one-

proton removal from 14Be and 12Be, respectively. A phenomenological model is used to describe the decay of 
11Li and 13Li. While the first one displays important sequential components, the second one appears dominated 
by the direct two-neutron decay. A microscopic three-body model is used to extract information on the spatial 
configuration of the emitted neutrons before the decay and shows that the average distance between the neutrons 
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increases going from Li to Li.
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1. Introduction

The neutron-rich Lithium isotopes 11,13Li are known to be home to 
special features due to their extreme neutron over proton number im-

balance. 11Li, with very small one- and two-neutron separation energies 
of S𝑛=396 keV and S2𝑛=369 keV [1], respectively, is a textbook case of 
a halo nucleus formed by a 9Li core plus two valence neutrons. Indeed, 
the phenomenon of neutron halo was revealed for the first time in 11Li 
via a total reaction cross section measurement [2]. Besides being a halo 
nucleus, 11Li is a Borromean nucleus since 10Li is unbound. With a halo 
composed of two neutrons, a question naturally arises about the corre-

lations developing among them. Several studies have been performed 
on 11Li dineutron correlations using different probes: transfer reaction 
[3], heavy-ions induced knockout reaction [4], Coulomb breakup [5,6], 
quasi-free scattering reactions [7], measurement of the dineutron decay 
from unbound excited states [8]. All those results concur to some ex-

tent in the conclusion that the valence neutrons of 11Li sit in a spatially 
compact configuration called dineutron.

The unbound 13Li is much less studied, due to the fact that it is more 
difficult to reach experimentally. Its spectroscopy has been first reported 
in Ref. [9] and later in Ref. [10]. In both cases, 13Li is produced via one-

proton removal from 14Be. While Ref. [9] observed a resonant state at 
1.47(31) MeV, the relative energy spectrum measured by Kohley et al. 
[10] can be reproduced with a resonance at 120+60

−80 keV. This discrep-

ancy is most likely due to the limited two-neutron detection efficiency 
at small and large relative energy, respectively, and calls for further ex-

perimental studies.

In this manuscript, we present the study of the two-neutron decay of 
11,13Li produced via one-proton removal from 12,14Be, respectively. Two-

body (reduced) relative energy plots are interpreted using the Lednicky-

Lyuboshitz model [11] and a three-body model based on Ref. [12]. The 
second one is then used to extract information on the nature of the 
neutron-neutron correlations. A decay scheme is also proposed.

2. The experiment

2.1. Setup

The experiment was performed using the Radioactive Isotope Beam 
Factory (RIBF) at the RIKEN Nishina Center. A primary beam of 48Ca at 
345 MeV/nucleon with an intensity of 400 pnA underwent fragmenta-

tion on a Be target. The products of this reaction were then separated 
and identified in the BigRIPS fragment separator [13]. The resulting 
secondary beam was composed mainly of 11Li (70%), 14Be (9%) and 
12Be (2.5%), with a total intensity of 1×105 pps. These nuclei arrived at 
the secondary target, a liquid hydrogen target with a thickness of 15 cm 
surrounded by the Time Projection Chamber (TPC) of the MINOS device 
[14], with an energy of 246, 265 and 340 MeV/nucleon, respectively. 
The reactions of interest here were 14Be(𝑝,2𝑝)13Li and 12Be(𝑝,2𝑝)11Li, 
followed by their respective decay 13Li→ 11Li+2𝑛 and 11Li→ 9Li+2𝑛. 
This work relies on the measurement of the energies and momenta of 
all the decay products, which was performed via the SAMURAI spec-

trometer [15] using the vertex information provided by the MINOS 
TPC. The separation of the decay products was performed using the su-

perconducting SAMURAI magnet, able to provide a magnetic field of 
3.1 T, resulting in a bending angle of about 60°. The Li fragments were 
tracked thanks to two drift chambers, named FDC1 and FDC2, located 
between the secondary target and the SAMURAI magnet, and after the 
SAMURAI magnet, respectively. The charge and time-of-flight of these 
fragments were measured in two fragment hodoscopes (HODF), each 
one composed of 16 plastic scintillators with a total width of 160 cm. 
The neutrons were detected in the NEBULA array. This detector is com-

posed of two walls, separated by 84 cm, made of two layers of 30 plastic 
scintillators each, making a thickness of 24 cm for each wall with a total 
2

area of 360×180 cm2.
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Studying two-neutron (2𝑛) decays implies carefully selecting the 2𝑛
events out of all the events detected by the NEBULA array. An incident 
neutron can deposit energy in several plastic scintillators of the NEB-

ULA array. As a result, a single neutron can be the origin of two or 
more signals in the NEBULA array, which can be wrongly analyzed as 
2𝑛 events. These events are called cross-talk events, and a procedure of 
cross-talk rejection was applied. This procedure is described in details 
by T. Nakamura and Y. Kondo in Ref. [16], and it relies on conditions on 
the velocity and the time-of-flight of the signals in the NEBULA array. 
To test the performance of the chosen cross-talk rejection conditions, 
they have been applied on the data of a one-neutron (1𝑛) decay chan-

nel, namely 10Li→ 9Li+𝑛, where 10Li is populated via a (𝑝,𝑝𝑛) reaction 
on 11Li. For this 1𝑛-decay channel, the survival rate of the 2𝑛 events 
should be as low as possible. In this analysis, a survival rate of 2.3% 
was obtained, which is comparable to the 2.9% reported in Ref. [16]. 
Overall, when these cross-talk conditions are applied on the 2𝑛 decay 
channel, the efficiency for detection of 2𝑛 events, determined using a
geant4 simulation, reaches a maximum of nearly 7% at around 1 MeV 
(see Fig. 10 of Ref. [16]). The efficiency drops in the lower relative en-

ergy region due to the cross-talk rejection conditions, while the drop in 
the higher energy region is dominated by the geometrical acceptance 
of NEBULA. In total, 8275 13Li decays and 7700 10Li decays have been 
observed, after the rejection of cross-talk events.

2.2. Experimental results

Three-body (3B) and two-body (2B) relative energies are calculated 
from the measured momenta using the following equations:

𝐸𝑓𝑛𝑛 =𝑀𝑓𝑛𝑛 −
(
𝑚𝑓 + 2𝑚𝑛

)
,

𝐸𝑓𝑛 =𝑀𝑓𝑛 −
(
𝑚𝑓 +𝑚𝑛

)
,

𝐸𝑛𝑛 =𝑀𝑛𝑛 −
(
2𝑚𝑛

)
,

(1)

with 𝑚𝑛 the neutron (𝑛) mass and 𝑚𝑓 the fragment (𝑓 ) mass, and with 
𝑀𝑓𝑛𝑛 and 𝑀𝑓𝑛, 𝑀𝑛𝑛 the invariant mass of the 3B and 2B systems, re-

spectively. These are defined as:

𝑀𝑖 =
√

𝐸2
𝑡𝑜𝑡(𝑖) − ⃖⃖⃗𝑃 2

𝑡𝑜𝑡(𝑖) ,
(2)

with 𝑖 = 𝑓𝑛𝑛, 𝑓𝑛, 𝑛𝑛, 𝐸𝑡𝑜𝑡 and ⃖⃖⃗𝑃 𝑡𝑜𝑡 the total energy and momenta of the 
system, respectively. One can also define the reduced 2B relative ener-

gies for the fragment+neutron and the neutron+neutron systems, noted 
𝜀𝑓𝑛 and 𝜀𝑛𝑛, respectively, as:

𝜀𝑓𝑛 =
𝐸𝑓𝑛

𝐸𝑓𝑛𝑛

, 𝜀𝑛𝑛 =
𝐸𝑛𝑛

𝐸𝑓𝑛𝑛

. (3)

Only events where neutrons are detected in different NEBULA walls 
are considered to build the respective experimental spectra. This event 
selection is motivated by the fact that the data obtained using neu-

trons detected in the same NEBULA wall are not sensitive to the low 
energy part of the relative-energy spectrum due to the cross-talk rejec-

tion procedure. The NEBULA response function for events with neutrons 
detected in different walls is applied consistently. The 3B spectra are 
tentatively reproduced using virtual states and/or resonances parame-

terized using equation (3) in Ref. [17] adapted for a 3B system:

𝑑𝜎

𝑑𝐸
∝

Γ𝑙(𝐸𝑓𝑛𝑛)

(𝐸𝑟𝑒𝑠 +Δ𝑙(𝐸𝑓𝑛𝑛) −𝐸𝑓𝑛𝑛)2 +
1
4Γ𝑙(𝐸𝑓𝑛𝑛)2

, (4)

with 𝐸𝑟𝑒𝑠 the resonance energy, 𝑙 the orbital angular momentum, Γ𝑙
the width of the resonance and Δ𝑙 the resonance shift. The definition 
of these quantities can be found in Ref. [17], as well as in Ref. [18]1. 
Although this is not a fully satisfactory way to extract the energy and 
1 equations (A.3a), (A.3b), (A12) and (A13).
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width in case of a N-body resonance (N>2), this approach allows to con-

veniently fit experimental data with analytical functions. We believe its 
use is justified here since we do not extract the resonance widths, and the 
shift on the centroid energies is negligible at energies of a few hundreds 
keV, where narrow peaks appear. The 2B spectra are reproduced with 
functions issued from the phenomenological three-body decay model 
described hereafter. Those theoretical functions are folded with the re-

sponse function of the setup via a geant4 simulation.

2.2.1. Phenomenological three-body decay model

The two neutrons emitted during the three-body decay can be con-

sidered free and independent of each other, or correlated. In order to 
include the different correlations observed above a pure phase-space 
distribution of events, we use the model developed in Ref. [19]. This 
model does not include the microscopic structure of the initial state and 
treats the effects of Final State Interaction (FSI) and resonances on the 
fragment+2𝑛 phase-space decay phenomenologically (see Ref. [20] for 
more details on its applicability). In brief, the experimental 3B relative 
energy distribution is used to generate events with 𝑝𝑓 , ⃗𝑝𝑛1 , ⃗𝑝𝑛2 following 
either the three-body phase space (direct decay), or twice the two-body 
phase space through a fragment-𝑛 resonance (sequential). In the lat-

ter case, a neutron and the fragment-𝑛 resonance are generated first, 
followed by the decay of the resonance. In both cases, the 𝑛-𝑛 FSI is in-

troduced via a probability P(q𝑛𝑛) with the form of the 𝑛-𝑛 correlation 
function [11], which depends on the space-time parameters (r𝑛𝑛,𝜏) of 
a Gaussian two-neutron source. For a given resonance observed in the 
three-body relative energy spectrum, a fit of the experimental two-body 
reduced relative energy spectra can be performed using a combination 
of a direct decay component and 𝑁 sequential decay components cor-

responding to 𝑁 fragment-𝑛 resonances, leaving us with 4𝑁+1 free 
parameters: the neutron source space parameter r𝑛𝑛 , the energy E𝑟𝑖

and 
width Γ𝑟𝑖 of the fragment-𝑛 resonance, the lifetime of the intermedi-

ate fragment-𝑛 system 𝜏𝑖 and the fraction of sequential decay 𝛼𝑟𝑖 with 
i=1,...,𝑁 . The number of free parameters is further reduced by linking 
the lifetime of the fragment-𝑛 resonance and the delay induced in the 
neutron emission using 𝜏𝑖 = ℏ𝑐∕Γ𝑟𝑖 , as done in Ref. [20].

2.2.2. 13Li: results and discussion

The 3B energy spectrum of 13Li (11Li +𝑛+𝑛) is shown in Fig. 1 a). It 
can be reproduced in a satisfactory way with the overlap of 4 resonant 
structures centered at 0.16(1), 0.45(6), 1.47 [9] and 2.8(2) MeV. Note 
that only the first resonance can be identified unambiguously and its 
energy is consistent with the one of the proposed ground state reported 
in Ref. [10]. The third resonance energy has been fixed using the results 
from Ref. [9], while the remaining ones are fitted in order to reproduce 
the spectrum using the minimum number of resonances. We would like 
to stress that our data set does not allow to produce an unambiguous 
decomposition of the 3B energy spectrum, but only a convenient choice 
for the following analysis of the 13Li decay.

Given the absence of visible structures in the 11Li +𝑛 2B relative 
energy spectrum, we initially assume that 13Li decays directly to 11Li 
via two-neutron emission. We compare the 2B and reduced 2B rela-

tive energy plots for 4 slices of the 3B relative energy (E𝑓𝑛𝑛) spec-

trum centered around each dominating resonance (0 < 𝐸𝑓𝑛𝑛 < 0.4 MeV, 
0.4 < 𝐸𝑟𝑒𝑙,3𝐵 < 1 MeV, 1 < 𝐸𝑓𝑛𝑛 < 2.1 MeV, 2.1 < 𝐸𝑓𝑛𝑛 < 5 MeV) 
with a calculation using two-neutron correlation functions modeled via 
the Lednicky-Lyuboshitz formalism. Two of those slices are shown in 
Fig. 1 b)-d) and e)-g), respectively. The 2B (reduced) energy spectra are 
satisfactorily reproduced for all slices using only one direct component, 
except for the 2.1 MeV<𝐸𝑓𝑛𝑛 <5 MeV slice. Here some typical features 
of sequential decay appear, as can be better seen in Fig. 1 f). Scanning 
the 11Li +𝑛 spectrum, we find a slice corresponding to 2.76 < 𝐸𝑓𝑛𝑛 <

3.36 MeV where distinct features appear, which are interpreted as ex-

cited states of 12Li at 0.15+0.05
−0.01 MeV and 0.50+0.1

−0.01 MeV, consistent with 
the results of Ref. [10]. Our dataset does not allow us to investigate the 
3

presence of the s-wave virtual state observed in 12Li by the authors of 
Physics Letters B 857 (2024) 138977

Fig. 1. Fits of the 3B, 2B and reduced energy spectra of 13Li. “DD” relates to 
the direct decay of the 2.8 MeV resonance, and “DD rest” relates to the direct 
decay of the other resonances. “Seq. 0.15 MeV” and “Seq. 0.5 MeV” relate to 
the sequential decay, via the 0.15 MeV and 0.5 MeV resonances, respectively, in 
12Li. a) 13Li 3B relative energy spectrum; b) 11Li +𝑛 2B relative energy spectrum 
gated on 0 < 𝐸𝑓𝑛𝑛 < 0.4 MeV; c) 2B 11Li -𝑛 reduced relative energy spectrum, 
same gate as b); d) 2B 𝑛-𝑛 reduced relative energy spectrum, same gate as b); 
e) 11Li +𝑛 2B relative energy spectrum gated on 2.1 < 𝐸𝑓𝑛𝑛 < 5 MeV; f) 2B 
11Li +𝑛 reduced relative energy spectrum, same gate as e); g) 2B 𝑛-𝑛 reduced 
relative energy spectrum, same gate as e). The slices of 3B relative energy spectra 
presented here are shaded in panel a).

Ref. [9], since its contribution in the 𝜖𝑓𝑛 spectrum will be indistinguish-

able from the direct decay. The addition of a sequential component in 
the decay scheme (already implemented in Fig. 1 e)-g)) improves the 
agreement with the 2B (reduced) relative energy plots in 2.1 < 𝐸𝑓𝑛𝑛 <

5 MeV slice.

2.2.3. 11Li: results and discussion

We repeat the same kind of analysis for 11Li. The full 3B (9Li +𝑛+𝑛) 
spectrum cannot be completely reproduced using a limited amount 
of structures, especially for relative energies above 3.5 MeV, possi-

bly due to the approximation in the resonances parametrization. We 
adopted 3 resonant structures centered at 0.08(2) MeV, 0.39(6) MeV, 

and 2.1(3) MeV, where peaks appear in the spectrum. The second 
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resonance is consistent with a previous measurement from Ref. [5]. 
Looking at Fig. 2 a), we can see that the data are not well repro-

duced on the tails of the 2.1 MeV resonance, which may hide several 
structures not distinguishable here, as in the previous work shown in 
Ref. [21] who adopted a similar resonant state. Differently from 13Li, 
in this case a sequential component clearly appears in the 9 Li +𝑛 2B 
relative energy spectrum. We compute the 2B relative energy spec-

trum for three representative regions of the 3B one and adjust with 
a calculation using two-neutron correlation functions modeled via the 
Lednicky-Lyuboshitz formalism. One is centered around the low en-

ergy resonances (0 < 𝐸𝑓𝑛𝑛 < 0.48 MeV), and another around the high 
energy resonance (1.92 < 𝐸𝑓𝑛𝑛 < 2.72 MeV). The intermediate region 
(0.88 < 𝐸𝑓𝑛𝑛 < 1.44 MeV) is centered around an area displaying an ex-

cess of counts, which could be explained by an additional resonance. 
A constraint is to use the minimum amount of resonances, and it ap-

pears that, in this range, the other spectra can be reproduced with the 
initial three resonances, as shown in Fig. 2. Fig. 2 b) shows the 2B 
relative energy spectrum of 10Li for the 0.88 < 𝐸𝑓𝑛𝑛 < 1.44 MeV inter-

val. This spectrum is fitted with the overlap of four resonant structures 
corresponding to four intermediate states in 10Li: a virtual state with 
scattering length fixed at a𝑠=-30 fm [4], and three fitted resonances 
centered at 0.30(6) MeV, 0.62(10) MeV and 1.1(1) MeV. The existence 
of those states is postulated based on the features of the 2B relative en-

ergy spectrum observed gating on the 0.88 < 𝐸𝑓𝑛𝑛 < 1.44 MeV (shown 
in Fig. 2 b)-d)) and 1.92 <𝐸𝑓𝑛𝑛 < 2.72 MeV intervals. The 0.3 MeV and 
0.62(10) MeV resonance are compatible with a measurement shown in 
Ref. [21]. The 1.1 MeV resonance is compatible with a measurement 
shown in Ref. [22]. The same functions are used to reproduce the re-

duced 2B relative energy spectra in Fig. 2.

2.2.4. Summary of experimental results

Based on the results presented in Sect. 2.2.2 and 2.2.3, we built a de-

cay scheme for the two Li isotopes of interest that is presented in Fig. 3. 
The probability of each decay path is represented by the width of the 
arrow representing the transition. The uncertainty on this probability is 
typically 10-15% in the case of 11Li, and 5% in the case of 13Li. In the 
case of 13Li, we observe sequential decay through 12Li only from the 3B 
relative energy region between 2 and 5 MeV. Otherwise, the decay is 
mainly direct in agreement with the findings of Ref. [10]. Conversely, 
the decay of 11Li is dominated by sequential decay via 10Li intermediate 
states.

3. Comparison with theoretical calculations

The relative-energy distributions of the two-neutron decay can be 
described naturally within three-body models [23,24]. This requires, 
first, a realistic description of the core + 𝑛 + 𝑛 decaying state, and sec-

ond, a formalism that provides the corresponding angular and energy 
correlations in the final state. In this work, we adopt the method pro-

posed in Ref. [12] and already applied in Ref. [25]. The main aspect 
of the method is to define a resonance operator, the eigenstates of 
which describe localized continuum structures as a combination of dis-

cretized continuum states of different energy. While lacking the proper 
asymptotic behavior, it was shown that a discrete-basis representation 
is enough to describe the resonance energy and decay width reasonably, 
as well as the initial-state dineutron correlations.

Here we focus on the decay properties of the 13Li ground-state res-

onance. The corresponding 11Li + 𝑛 + 𝑛 wave function was built within 
the hyperspherical description [12,26,27]. For simplicity, the spin of the 
core was ignored, and we used as a starting point the binary potentials 
employed in Ref. [28] for 11Li calculations. The core + 𝑛 potential was 
adjusted so that 12Li presents a p1∕2 resonance around 0.4 MeV above 
the 11Li+n threshold, close to the experimental levels in Fig. 3. With 
4

these ingredients, the ground-state resonance of 13Li at 0.2 MeV has a 
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Fig. 2. Fits of the 3B, 2B and reduced energy spectra of 11Li. “Seq. -30 fm”, “Seq. 
0.3 MeV”, “Seq. 0.62 MeV” and “Seq. 1.1 MeV” relate to the sequential decay, 
via the virtual state with 𝑎𝑠 =-30 fm, the 0.3 MeV resonance, the 0.62 MeV res-

onance and the 1.1 MeV resonance, respectively, in 10Li. “DD” relates to the 
direct decay of the 2.13 MeV resonance in 11Li. a)11Li 3B relative energy spec-

trum; b) 9+Li 𝑛 2B relative energy spectrum gated on 0.88 < 𝐸𝑓𝑛𝑛 < 1.44 MeV; c) 
2B 9+Li 𝑛 reduced relative energy spectrum for the same gate as b); d) 2B 𝑛+𝑛

reduced relative energy spectrum for the same gate as b). The slice of 3B rela-

tive energy spectrum presented here is shaded in panel a).

Fig. 3. Level schemes for 11Li (left) and 13Li (right). The arrows indicate the 
type of decay. The green ones indicate sequential decays, and the blue ones 
indicate direct decays. The levels in bold and red font are the ones that have 

been postulated in this work.
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Fig. 4. Comparison of the experimental 𝜀𝑓𝑛 and 𝜀𝑛𝑛 distributions with the theo-

retical three-body calculations for the decay of 13Li ground-state resonance (red 
line). Experimental data are the same as in Fig. 1 (c,d). The phase space distri-

bution, without n-n correlations, is also shown as a reference (blue line).

Fig. 5. Probability density distribution for the ground state of 11Li (left) and 13Li 
(right) from the three-body calculation.

sizeable width of 0.1 MeV, which is somewhat compatible with the ex-

perimental width of 0.16 MeV observed for the lowest energy structure. 
No excited states are predicted within this three-body model. Then, we 
find the outgoing solution of an inhomogeneous equation, where the 
source term is obtained from the square-normalizable state describing 
the resonance and takes into account the interactions [29]. The am-

plitudes in terms of asymptotic functions provide the corresponding 
relative-energy (or momentum) distributions.

The results for the reduced relative-energy spectra are presented in 
Fig. 4 together with the experimental data (from Fig. 1 panels c) and 
d)). Theoretical calculations have been used as input of the simulation 
described in Sect. 2.1 to take into account the experimental resolution 
and acceptance. The theoretical lines capture the general trend of the 
data for both 𝜀𝑓𝑛 and 𝜀𝑛𝑛 distributions, which is consistent with a direct 
decay for the ground-state resonance. However, the model does not pre-

dict any other resonances that exhibit signatures of sequential decay, as 
observed in the data for the 2.1 <𝐸𝑟𝑒𝑙,3𝐵 < 5 MeV slice. A better under-

standing of the decay scheme may require a more refined description 
of 13Li, in particular regarding the core+ 𝑛 interaction and the possible 
effect of core-excited states.

Fig. 5 shows the probability density obtained within the three-body 
model as a function of the neutron-neutron and core-neutrons distance. 
For comparison, the result for the ground state of the two-neutron halo 
nucleus 11Li, adopting the structure model described in Refs. [28,30], 
is also shown. The case of 11Li presents a rather diffuse spatial distribu-

tion around the dineutron-like structure, while for 13Li the distribution 
splits in two parts. The RMS 𝑟𝑛-𝑛 distance in the present three-body cal-

culations is 6.5 fm for the ground state of 11Li, and 8.1 fm for that of 
13Li. Overall, the increase from 11Li to 13Li suggests a more dilute spa-

tial configuration of the neutrons of 13Li, as expected for a low-lying 
resonant ground state. It is worth noting that a five-body description of 
13Li, i.e., four neutrons around a 9Li core, would provide a more consis-

tent description of 11,13Li, but such a model for the resonance decay is 
5

not yet available.
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4. Conclusions

We have presented here a study of the two-neutron decay of 13Li 
and 11Li excited states. Experimental data on two-neutron decay have 
been first interpreted within a phenomenological approach based on 
the formalism developed in Ref. [11] that allowed to pinpoint a sequen-

tial contribution not yet observed in 13Li decay to 11Li + 2𝑛. Overall, 
the decay of 13Li is dominated by the so-called direct two-neutron de-

cay contribution, while the one of 11Li presents important sequential 
components. Experimental spectra of 13Li have been also compared to 
the ones obtained with a three-body model calculations for the decay 
[12,29]. The shape of the fragment-neutron and neutron-neutron re-

duced energy distributions, capturing the direct nature of the decay, is 
well reproduced. The three-body model predicts a more dilute spatial 
distribution of the neutrons when going from 11Li to 13Li. Overall, we 
have shown that the two-neutron decay displays a sensitivity to neutron-

neutron correlations. Even if the present data constitute a step forward 
in terms of statistics and resolution, complementary measurements and 
analyses may bring additional information on the partial-wave compo-

sition of the relative energy spectrum. One may consider, for example, 
performing a multiple decomposition analysis of the missing momen-

tum spectrum. Our results encourage an improvement of the theoretical 
description of the excitation spectrum and an investigation of the de-

pendence of the observed properties (energy spectrum, partial wave 
content) on the reaction mechanism employed.
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