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Abstract: In the excitation of the resonant state followed by the sequential cluster-decay, the in-plane angular correl-

ation method is usually employed to determine the spin of the mother nucleus. However, the correlation pattern ex-

hibited in a two-dimensional angular-correlation spectrum depends on the selected coordinate system. In particular,

the parity-symmetric and axial-symmetric processes should be presented in a way to enhance the correlation pattern,

whereas the non-symmetric process should be plotted separately to reduce the background. In this study, three co-

ordinate systems previously adopted for correlation patterns in the literature are described and compared to each oth-

er. The consistency among these systems is evaluated based on the experimental data analysis for the 10.29-MeV

state in "*0. A spin-parity of 4 is obtained for all three coordinate systems.
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1 Introduction

Nuclear clustering has recently attracted great atten-
tion within the nuclear structure studies, especially for
nuclei in the expanded nuclear chart away from the 3-sta-
bility line [1-7]. The cluster structure is often formed and
stabilized at highly excited resonant states in the vicinity
of the cluster-separation threshold [8]. This structure can
be probed experimentally by nuclear reaction tools com-
bined with sequential cluster-decay. The reconstruction of
the resonant state from the decay fragments, by the so-
called invariant mass (IM) method, allows to select the
cluster states with large partial decay widths. This selec-
tion significantly reduces the level density at high excita-
tion energies, being in favor of the quantitative extrac-
tion of the physical properties of the resonances. Further-
more, a model-independent determination of the spin in
the reconstructed resonant state can be achieved though
the sensitive angular correlation method [9, 10]. This is
particularly important at high excitation energies, where
the differential cross-section method becomes almost fu-
tile due to the overlap of many close-by states and the un-
certainties in many fitting parameters [9].

Determination of the spin of each resonant state is of
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particular importance to form the molecular band, which
is required to firmly establish the clustering structure
[11]. Thus far, the angular correlation analysis has been
the most sensitive and reliable tool to determine the spin
of the resonant state [10, 12—15]. Nevertheless, the angu-
lar correlation plot depends on the selection of the co-
ordinate system, which varies for different types of exper-
iments and conventions of data analysis. Although in
most cases the z-coordinate axis is fixed in the beam dir-
ection, the definition of the spherical angle axis differs in
different coordinate systems. To date, no detailed analys-
is and comparison of these coordinate systems is
provided in the literature, which could lead to misunder-
standing and erroneous application of the angular correla-
tion method.

In this study, we systemically investigate three kinds
of coordinate systems that have been frequently applied
in the literature. The definitions and features of these sys-
tems are outlined and compared to each other. The con-
sistency of these systems is demonstrated by the experi-
mental data analysis for the 10.29-MeV resonant state in
0. Some suggestions for the application of the angular
correlation method are provided in the summary.
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2 In-plane angular correlation
2.1 General description

For a sequential decay reaction a(A,B* — ¢+ C)b, the
composite resonant particle B* may decay into e.g., two
spin-zero fragments. The angular correlation of the latter
is a sensitive probe for the spin of the resonant state in the
mother nucleus B [10]. In a spherical coordinate system,
with its z-axis pointing along the beam direction (Fig. 1),
the correlation function can be parameterized in terms of
four angles [10]. Namely, the center-of-mass (c.m.) scat-
tering polar and azimuthal angles, 6" and ¢*, respectively,
of the resonant particle B*; the polar and azimuthal
angles, ¢ and y, respectively, of the relative velocity vec-
tor v of the two fragments (the arrow connecting HI and
LI in Fig. 1). Both polar angles, 6* and y, are with re-
spect to the beam direction. The azimuthal angle ¢ is 0°
(or 180°) in the horizontal plane defined by the center po-
sitions of the detectors placed at opposite sides of the
beam (the chamber plane or the detection plane). Anoth-
er azimuthal angle y is defined to be 0° (or 180°) in the
reaction plane, fixed by the beam axis and the reaction
product B*. Because of the limited detector geometry in a
typical experiment, the correlation is often approxim-
ately constrained in the chamber plane, as shown in Fig. 1.
In this case, the azimuthal angles ¢ and y remain at 0° or
180°, depending on the selected coordinate system, and
the angular correlation appears as a function of only two
polar angles 6* and . This is referred to as the in-plane
correlation.

When the azimuthal angle y is restricted to 0° (or
180°), the most striking feature of the angular correlation
in the 6*-y plane appears, as the ridge structures associ-
ated with the spin of the mother nucleus ([9, 10, 16]). At
relatively small 6* angles, the structure is characterized by

Chamber Plane
HI

detectors

target

detectors

Fig. 1. (color online) Schematic diagram of the sequential
decay following a transfer reaction a(A, B* — ¢+ C)b , depict-
ing the polar angles 6* and ¢ in the detection plane. The two
decay fragments, ¢ and C, are specified as light ion (LI) and
heavy ion (HI), respectively, in the figure.

the locus ¢ = a#* in the double differential cross-section,
where @ depicts a constant for the slope of the ridge and
is almost inversely proportional to the spin of the reson-
ant state B* [10, 16]. The correlation is oscillatory along
the ¢ angle for a fixed 6%, and vice versa. Generally, this
in-plane correlation structure can be projected onto the
one-dimensional spectrum W(6* = 0°,y’ = ¢ — a6*) . With-
in the strong absorption model (SAM) [17-19], @ may be

related to the orbital angular moment /; of the dominant

. . Li—J
partial wave in the entrance channel through @ = ——,

with J being the spin of B* [9, 16]. [; can be evaluated
simply from [; = ro(A,l,/3 +Atl/3) \2uEcm. [20], with A, and
A, being the mass numbers of the beam and target nucle-
us, respectively. Here, u is the reduced mass and E. ,, de-
picts the center-of-mass energy. If the resonant nucleus is
emitted at angles close to 6" = 0°, the projected correla-
tion function W(y’) is simply proportional to the square
of the Legendre polynomial of order J, namely
|P;(cos())|>. This method has been frequently applied in
the literature ([21] and references therein) and will also
be demonstrated in the following section 2.3.

2.2 Different coordinate systems

As indicated above, in the application of the angular
correlation plot, it is important to enhance the ridge struc-
ture, which corresponds to the spin of the resonant moth-
er nucleus. Consequently, the selection of the coordinate
system for the plot is meaningful. For a non-polarized ex-
periment, the reaction process satisfies the axial sym-
metry around the beam axis. Moreover, the decay pro-
cess should satisfy the parity (space inversion) symmetry
with respect to the c.m. of the resonant mother nucleus. In
the two-dimensional correlation plot (plot of the double
differential cross-section), depicting functions of the po-
lar angles 6* and y, it is natural to plot these symmetrical
events in the same ridge band while placing the non-sym-
metric events elsewhere, to enhance the sensitivity to the
associated spin. This should be applied even for the
simple case of restricted detection around the chamber
plane. For instance, in Fig. 2 we schematically illustrate
two processes that generate the same polar angles 6* and
¥ but are not symmetric in terms of the resonance-decay.
These two processes should be distinguished from the

] |
(a) 7 (b) u,
2. ¥
_______ . W/\zf’beam
z/beam B*
HI e/

Fig. 2.  (color online) Schematic diagram of the two inde-
pendent reaction processes with the same polar angles. The
direction of the relative velocity vector vy is guided by the
light ion in both cases.
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ridge plot using an appropriate coordinate system, such as
the one using positive and negative 6%, as defined below.
In contrast, the coordinate definition should keep the four
symmetric processes in the same ridge band, as schemat-
ically portrayed in Fig. 3, such that the ridge structure ap-
pears continuously and a simple projection can bring

0=
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Hi /‘- z/beam Z/beam
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Var = (|wl, -07]) W - (wl, -10%])
Wion = (1w, -107]) Wion & ( =yl [0 )
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Fig. 3.

them together to enhance the sensitivity to the associated
spin. We introduce, in the following, three kinds of co-
ordinate systems and demonstrate their differences with
respect to plot-definition and consistency in extraction of
the spin.

A
z/beam \ z/beam

______________ —_— -

B* -
HI \/-'”

Was £ (7l [0¥]) W 2 (7=l 167])
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(color online) Schematic diagram of the four symmetric reaction-decay processes in the chamber plane. (a) and (b) are parity-

symmetric processes, while (c) and (d) are their axial-symmetric processes, respectively. All processes are identified by the angles ¢*
and ¢ defined in various coordinate systems, as described in the text.

In the first coordinate system (hereinafter refered to
as the 4« coordinate system), the relative velocity vector
of the decay products always points to the fixed detector
at one side of the beam (where ¢* = 0°). This is conveni-
entwhentwodecay particlesareidentical, suchasin’*Mg —
12C+12C [10], or each detector is designed to be sensit-
ive to only one type of the particles, such as 80 —'* C+a
with '%C always detected at one-side, while o is at the
other side of the beam [9]. By definition, 6* is positive on
the opposite side of the beam and negative on the same
side, in comparison with the fixed positive . With this
definition, processes (a) and (b) are plotted at one posi-
tion (negative 6%), while (c) and (d) are at another posi-
tion (positive 6%) (see present Fig. 4(A) or Fig. 5 in Ref.
[10]).

In another more “physical” convention [16] (herein-
after denoted as the yj,, coordinate system), the relative
velocity vector v, always points to a certain decay
particle (usually the lighter one, LI), corresponding to ¢* =
0°. The positive §* remains at the opposite side of the pos-
itive . Under this convention, the axial-symmetric pro-
cesses (a) and (c) will be plotted at the same position,
whereas (b) and (d) are plotted at another position, as
demonstrated in the present Fig. 4(B) or in Fig. 3 of Ref.
[16]. Due to the different detection efficiencies for light
and heavy particles, the correlation structure in this co-
ordinate system may differ from that in the 54 coordin-
ate system.

Additionally, on the basis of the ¢;,, coordinate sys-
tem, the polar angle y could also be assigned a positive
or negative sign, depending on the azimuthal angle y.

First, 0° of the azimuthal angle ¢* or y is defined by a de-
tector in the chamber plane. Then, a positive yy means
that y is close to 0°, while negative  means that y is
close to 180°. Hence, four intrinsically equivalent cases in
Fig. 3 are plotted at four different positions in the 6*-y
plane. This coordinate system is denoted as yyy. This
convention was used in some previous studies, such as in
Ref. [14], and also demonstrated in the present Fig. 4(C).
Thus, both 6* and y range across positive as well as neg-
ative scales. Since the experimental detection system may
not be exactly symmetric with respective to the beam ax-
is, the double differential cross-section in Fig. 4(C) seems
not symmetric neither. It is evident that this wider scale
distribution would give more consistent information for
the ridge structure, however in the meantime, it would re-
quire higher statistics.

The above-introduced three coordinate systems are
equally meaningful, since the non-symmetric process, as
shown in Fig. 2(b), does not appear in any of the defined
ridge bands. Meanwhile, these systems should be consist-
ent with each other in terms of extracting the spin of the
resonant mother nucleus. This consistency is demon-
strated below by experimental data analysis.

2.3 Experimental results

Recently, a multi-nucleon transfer and cluster-decay
experiment [22] 9Be(13C, 0’5 uC + a)a was per-
formed at the HI-13 tandem accelerator facility at the
China Institute of Atomic Energy (CIAE) in Beijing. Res-
onant states in 'O can be reconstructed according to the
invariant mass method [1, 5], as shown in Fig. 5 for
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Fig. 4. (color online) Angular correlation spectra for the 10.29-MeV state in 0 in the (A) ¥iix, (B) ¢ion and (C) ¥ coordinate sys-

tems, respectively. The projection lines in (A), (B), and (C) (the red-solid lines) correspond to a slope parameter @ = %5

b with f; =

13.9 7 (using ro = 1.2 fm). (a), (b), and (c) show the projections of (A), (B), and (C) onto the * = 0° axis, respectively. The black dot-
dashed line indicates the simulated detector efficiency in each coordinate system. All experimental distributions are compared with a

squared Legendre polynomial of the 4th order.

events with small 6* angles. The state at 10.29 MeV is a
good candidate for angular correlation analysis, owing to
its clear peak identification and relatively large y-angle
coverage. In Fig. 4, we plot the angular correlation spec-
trum for the "0 10.29-MeV state in the above described
three coordinate systems (Fig. 4(A-C)). Further, these
two dimensional spectra in 6* —y plane are projected onto
the 6*=0° axis according to the above described
v =y- I'%JG* relation, as exhibited in Fig. 4(a-c), re-
spectively. The projections are compared with the square
of the Legendre polynomial of order 4. Only the period-
icity of the distribution matters, whereas the absolute
peak amplitudes depend on the detection efficiency. Al-
though the distributions behave slightly differently in the
three coordinate systems, the periodicities of the experi-
mental spectra all agree with the Legendre polynomial of

order 4, corresponding to a spin-parity of 4 for the
10.29-MeV state in '"O. This consistency between vari-
ous coordinate systems indicates the reliability of the an-
gular correlation method in determining the spin of a res-
onant state.

Based on the consistency exhibited in Fig. 4 and the
symmetry property of the Legendre polynomial, we may
plot the projected correlation spectrum as a function of
|cos(y”)| [21], in order to increase the statistics in each bin
of the distribution. Furthermore, this plot is independent
of the above-defined coordinate systems. Moreover, the
excitation energy spectrum can be reconstructed, simil-
arly to that in Fig. 5, for each bin of |cos(y’)| and the cor-
responding event number can be extracted for the pure
10.29-MeV peak by subtracting the smooth background
beneath the peak. The experimental correlation spectrum
is plotted in Fig. 6. The theoretical function composed of
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Fig. 5. (color online) Excitation energy spectrum for "o
emitting to small ¢* angles. The state at 10.29 MeV is selec-
ted to demonstrate the angular correlation analysis.
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Fig. 6. (color online) Angular correlation spectrum for

10.29-MeV state in 180, in comparison to the Legendre
polynomials of order 4 (the red dotted line) and order 6 (the
blue dot-dashed line). A uniformly distributed background
is assumed to account for the uncorrelated component (the
long dot-dashed line). Theoretical angular distributions
have been corrected for the detection efficiency. The corres-
ponding reduced #? indicating the efficiency of the theoret-
ical description is also indicated in the plot.

a squared Legendre polynomial with a constant back-
ground, corrected by the detection efficiency, is used to
describe the experimental results. Not only the period-
icity, but also the magnitude of the function for a spin-
parity of 4* provide an excellent fit to the experimental
data, whereas other options of spin-parity can be ex-
cluded. A constant background is nevertheless needed in
the theoretical function, since the experimental data in-
clude some uncorrelated components stemming from
events within the 10.29-MeV peak, but away from the ex-
act 0* = 0° axis [10].

3  Summary

The fragment angular correlation in a sequential
cluster-decay reaction provides a method to determine the

spins of the resonant nucleus independent of models.
When the correlation spectrum is restricted to angles
close to the detection chamber plane, the ridged pattern
can be clearly seen in the two-dimensional plot with re-
spective to the two polar angles 6* and . According to
the ways to deal with symmetrical events, three coordin-
ate systems for different 6* and ¢ definitions have been
adopted in the literature for various experiments and for
the spin analysis. In the present work, we outlined these
systems and compared them to each other to clarify their
differences and consistencies. The systems are examined
by the cluster-decay data for the 10.29-MeV state in o,
measured in our recent experiment. This study provides a
better understanding of the angular correlation function,
and demonstrates the possible choices for the best extrac-
tion of the spin in a resonant state.

In the case where a resonant nucleus decays into two
spin-zero fragments, the two-dimensional correlation
spectrum for small 6* angles can be projected onto the 6*
= 0° axis. This projected spectrum may be described by a
squared Legendre polynomial with an order correspond-
ing to the spin of the resonant mother nucleus. Using this
method, a spin-parity of 4" is decisively determined for
the 10.29-MeV state in ""O.

Based on the above investigations, we propose the ba-
sic procedure for the application of the angular correla-
tion method. Firstly, the experiment should be designed
to have good detection for events at small 6* angles and
with wide ¢ coverage. Secondly, a proper coordinate sys-
tem should be selected according to the detection and
data-distribution characteristics. In principle, the best
choice is the ygy coordinate system, owing to its wider
angular range of the correlation spectrum, which may
help identify the ridge structure assuming the statistics
are sufficient. However, when the statistics are low, the
coordinate systems x OF ¥ion, depending on the detec-
tion arrangement, are more convenient. Thirdly, before
the projection onto the 6* =0° axis, the ridge structure
should be distinctly observed. Otherwise, any small shift
in the projection direction may lead to the wrong extrac-
tion of the spin, especially in the case of higher spin,
where more oscillations in the projected spectrum are ex-
pected. The detector efficiency should likewise be care-
fully examined, since large variations in the efficiency
curve may give rise to some non-physical structures in
the projected distribution. Finally, the projected spectrum
may be obtained by subtracting the background for each
bin of |cos(y’)|. This experimental spectrum can be com-
pared with the theoretical function (Legendre polynomial
corrected by the detection efficiency), and the goodness
of fit can be examined quantitatively. However, the cor-
rect projection parameter should be fixed before this fit-
ting procedure.

084001-5



Chinese Physics C Vol. 43, No. 8 (2019) 084001

References

(=]

Z. H. Yang, Y. L. Ye, Z. H. Li et al, Phys. Rev. Lett., 112:
162501 (2014)

M. Lyu, Z. Ren, B. Zhou et al, Phys. Rev. C, 93: 054308 (2016)
Z. Yang, Y. Ye, Z. Li et al, Sci. China. Phys. Mech., 57: 1613
(2014)

W. Jiang, Y. Ye, Z. Li et al, Sci. China. Phys. Mech., 60: 062011
(2017)

J.Li, Y. L. Ye, Z. H. Li et al, Phys. Rev. C, 95: 021303 (2017)

J. Feng, Y. Ye, B. Yang et al, Sci. China. Phys. Mech., 62: 12011
(2019)

H. L. Zang, Y. L. Ye, Z. H. Li et al, Chin. Phys. C, 42: 074003
(2018)

K. Tkeda, N. Takigawa, and H. Horiuchi, Prog. Theor. Phys.
Supp. E, 68: 464 (1968)

W. Rae and R. Bhowmik, Nucl. Phys. A, 420: 320 (1984)

M. Freer, Nucl. Instr. Meth. in Phys. Res. A, 383: 463 (1996)

11

12

13

16
17
18
19
20

21

084001-6

W. von Oertzen, M. Freer, and Y. Kanada-En ’yo, Physics
Reports, 432: 43 (2006)

F. Pougheon, P. Roussel, M. Bernas et al, Nucl. Phys. A, 325:
481 (1979)

S. P. G. Chappell and W. D. M. Rae, Phys. Rev. C, 53: 2879
(1996)

N. Curtis, D. D. Caussyn, N. R. Fletcher et al, Phys. Rev. C, 64:
044604 (2001)

R. J. Charity, J. M. Elson, J. Manfredi et al, Phys. Rev. C, 91:
024610 (2015)

S. Marsh and W. Rae, Phys. Lett. B, 153: 21 (1985)

P. D. Bond, Phys. Rev. C, 22: 1539 (1980)

W. E. Frahn, Phys. Rev. C, 21: 1870 (1980)

W. Frahn, Nucl. Phys. A, 337: 324 (1980)

N. Curtis, D. D. Caussyn, C. Chandler et al, Phys. Rev. C, 66:
024315 (2002)

D. Dell’Aquila, 1. Lombardo, L. Acosta et al, Phys. Rev. C, 93:
024611 (2016)

B. Yang, Y. L. Ye, J. Feng et al, Phys. Rev. C, 99: 064315 (2019)


http://dx.doi.org/10.1103/PhysRevLett.112.162501
http://dx.doi.org/10.1103/PhysRevC.93.054308
http://dx.doi.org/10.1007/s11433-014-5555-5
http://dx.doi.org/10.1007/s11433-017-9023-x
http://dx.doi.org/10.1103/PhysRevC.95.021303
http://dx.doi.org/10.1007/s11433-018-9258-7
http://dx.doi.org/10.1088/1674-1137/42/7/074003
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1016/0375-9474(84)90445-7
http://dx.doi.org/10.1016/S0168-9002(96)00866-2
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/0375-9474(79)90028-9
http://dx.doi.org/10.1103/PhysRevC.53.2879
http://dx.doi.org/10.1103/PhysRevC.64.044604
http://dx.doi.org/10.1103/PhysRevC.91.024610
http://dx.doi.org/10.1016/0370-2693(85)91433-9
http://dx.doi.org/10.1103/PhysRevC.22.1539
http://dx.doi.org/10.1103/PhysRevC.21.1870
http://dx.doi.org/10.1016/0375-9474(80)90060-3
http://dx.doi.org/10.1103/PhysRevC.66.024315
http://dx.doi.org/10.1103/PhysRevC.93.024611
http://dx.doi.org/10.1103/PhysRevLett.112.162501
http://dx.doi.org/10.1103/PhysRevC.93.054308
http://dx.doi.org/10.1007/s11433-014-5555-5
http://dx.doi.org/10.1007/s11433-017-9023-x
http://dx.doi.org/10.1103/PhysRevC.95.021303
http://dx.doi.org/10.1007/s11433-018-9258-7
http://dx.doi.org/10.1088/1674-1137/42/7/074003
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1016/0375-9474(84)90445-7
http://dx.doi.org/10.1016/S0168-9002(96)00866-2
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/0375-9474(79)90028-9
http://dx.doi.org/10.1103/PhysRevC.53.2879
http://dx.doi.org/10.1103/PhysRevC.64.044604
http://dx.doi.org/10.1103/PhysRevC.91.024610
http://dx.doi.org/10.1016/0370-2693(85)91433-9
http://dx.doi.org/10.1103/PhysRevC.22.1539
http://dx.doi.org/10.1103/PhysRevC.21.1870
http://dx.doi.org/10.1016/0375-9474(80)90060-3
http://dx.doi.org/10.1103/PhysRevC.66.024315
http://dx.doi.org/10.1103/PhysRevC.93.024611
http://dx.doi.org/10.1103/PhysRevLett.112.162501
http://dx.doi.org/10.1103/PhysRevC.93.054308
http://dx.doi.org/10.1007/s11433-014-5555-5
http://dx.doi.org/10.1007/s11433-017-9023-x
http://dx.doi.org/10.1103/PhysRevC.95.021303
http://dx.doi.org/10.1007/s11433-018-9258-7
http://dx.doi.org/10.1088/1674-1137/42/7/074003
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1016/0375-9474(84)90445-7
http://dx.doi.org/10.1016/S0168-9002(96)00866-2
http://dx.doi.org/10.1103/PhysRevLett.112.162501
http://dx.doi.org/10.1103/PhysRevC.93.054308
http://dx.doi.org/10.1007/s11433-014-5555-5
http://dx.doi.org/10.1007/s11433-017-9023-x
http://dx.doi.org/10.1103/PhysRevC.95.021303
http://dx.doi.org/10.1007/s11433-018-9258-7
http://dx.doi.org/10.1088/1674-1137/42/7/074003
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1143/PTPS.E68.464
http://dx.doi.org/10.1016/0375-9474(84)90445-7
http://dx.doi.org/10.1016/S0168-9002(96)00866-2
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/0375-9474(79)90028-9
http://dx.doi.org/10.1103/PhysRevC.53.2879
http://dx.doi.org/10.1103/PhysRevC.64.044604
http://dx.doi.org/10.1103/PhysRevC.91.024610
http://dx.doi.org/10.1016/0370-2693(85)91433-9
http://dx.doi.org/10.1103/PhysRevC.22.1539
http://dx.doi.org/10.1103/PhysRevC.21.1870
http://dx.doi.org/10.1016/0375-9474(80)90060-3
http://dx.doi.org/10.1103/PhysRevC.66.024315
http://dx.doi.org/10.1103/PhysRevC.93.024611
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/j.physrep.2006.07.001
http://dx.doi.org/10.1016/0375-9474(79)90028-9
http://dx.doi.org/10.1103/PhysRevC.53.2879
http://dx.doi.org/10.1103/PhysRevC.64.044604
http://dx.doi.org/10.1103/PhysRevC.91.024610
http://dx.doi.org/10.1016/0370-2693(85)91433-9
http://dx.doi.org/10.1103/PhysRevC.22.1539
http://dx.doi.org/10.1103/PhysRevC.21.1870
http://dx.doi.org/10.1016/0375-9474(80)90060-3
http://dx.doi.org/10.1103/PhysRevC.66.024315
http://dx.doi.org/10.1103/PhysRevC.93.024611

