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We introduce the formalism to describe heavy-ion double-charge-exchange (DCE) processes in the eikonal
approximation. We focus on the low-momentum-transfer limit, corresponding to the differential cross section at
6 = 0°, and for the first time, we show that it is possible to factorize the DCE cross section in terms of reaction
and nuclear parts. Whereas in the 6 # 0° case the nuclear part is a convolution of the beam and target nuclear
matrix elements (NMEs), for & = 0° we demonstrate for the first time that the transition matrix elements can be
written as the sum of double Gamow-Teller (DGT) and double Fermi (DF) type parts, and that they can both
be further factorized in terms of target and projectile NMEs. By making use of the interacting boson model
(IBM) formalism, we also show that the DGT and total parts of the neutrinoless double-g8-decay NMEs are in
linear correlation with DCE-DGT NMEs. This confirms the hypothesis of a linear correlation between them,
as introduced earlier [N. Shimizu et al., Phys. Rev. Lett. 120, 142502 (2018)]. The possibility of a two-step
factorization (TSF) of the very forward differential DCE cross section and the emergence of DGT and DF types
for the DCE nuclear matrix elements, combined with a linear correlation between DCE-DGT and Ovg8 NMEs,
opens the possibility of placing an upper limit on neutrinoless double-S-decay NMEs in terms of the DCE

experimental data at 6 = 0°.
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Introduction. Neutrinoless double-8 decay (OvBS decay)
is both one of the major experimental challenges [1-4] and, at
the same time, the most promising means of observing lepton-
number violation. It may provide proof that neutrinos are their
own antiparticles, namely, that they are of the Majorana type,
and give information on the absolute effective neutrino mass
[5-9] and right-handed leptonic current coupling constants
[7,10], and also insight into the matter-antimatter asymmetry
of the universe [11]. OvBB decay can take place in nuclei
via a neutrino exchange between two quarks if the electron
neutrino is a Majorana particle and has a nonvanishing mass
and/or right-handed couplings [5-7]. There are also other
mechanisms which may cause the decay of two neutrons into
two protons and electrons [7-9,11,12].

The mean decay lifetime of OvBB processes can be cal-
culated in terms of nuclear matrix elements (NMEs), which
depend both on the weak operator and nuclear structure of the
parent and daughter nuclei. Unfortunately, different nuclear
model approaches [13-18] disagree in their prediction of
NMEs by more than a factor of 2. Furthermore, these re-
sults may need additional renormalization or quenching [19].
The large differences in the calculated values of NMEs give
rise to some kind of theoretical error, which may severely
limit the possibility of extracting the desired information on
the neutrino mass once a decay signal is observed. These
discrepancies are related to intrinsic difficulties in obtaining
convergent results from many-body calculations of Ovg88 de-
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cay NMEs based on different models of nuclear structure,
such as, for example, the interacting boson model or the
shell model. Because of this, any experimental information
which may help to disentangle different model descriptions
may be very important. Some examples include two-nucleon
transfer reactions [20-24], nuclear structure studies of parent
and daughter nuclei [25], the study of B [26,27] and 2vB8
decays [18,28-32], single-charge-exchange (SCE) [33—40],
and pion double-charge-exchange (DCE) [41—43] reactions.

In SCE reactions, a proton is replaced by a neutron or vice
versa. SCE reactions provide information on Gamow-Teller
(GT) and Fermi (F) strengths at small scattering angles, which
represent another test for nuclear models and 8 decay GT and
F matrix elements [44]. This is related to the possibility of
factorizing [44,45] the cross section in terms of a reaction part
and nuclear matrix elements, which are proportional to those
involved in B-decay processes.

Nowadays, several experiments on heavy-ion DCE re-
actions are ongoing at the Research Center for Nuclear
Physics Osaka [46,47], Radioactive Isotope Beam Factory
RIKEN [48], and Laboratori Nazionali del Sud (LNS) INFN
[49-52]. The first two make use of high-energy heavy-ion
double-charge-exchange processes in order to study multi-
spin-isospin flip excitation modes, such as a high-energy
double-Gamow-Teller giant resonance (DGT-GR) [46], which
had been predicted three decades ago [53,54]. The experiment
NUMEN at LNS-INFN is aiming to extract information on
DCE NME:s from heavy-ion differential cross sections, with
the hope it can be used to put constraints on OvBB-decay
NME:s [49,51].
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Although DCE and OvgB-decay processes are mediated by
different interactions, the former by the strong and the latter
by the weak one, it has been recently proposed that the nuclear
matrix elements involved in DCE reactions may resemble, at
least for their geometrical structure, those involved in OvBp
decays [51]. As in the SCE case, the procedure of extract-
ing these NMEs neatly necessarily requires the factorization
of the reaction and nuclear parts, a procedure which has
never been demonstrated in the context of heavy-ion DCE
processes.

The aim of the present Rapid Communication is to provide
a theoretical description of DCE processes and, most impor-
tant, to investigate the possibility of a factorization, at least
within some approximations. Our first achievement (1) is the
proof that it is possible to factorize the DCE cross section
in terms of reaction and nuclear parts for & = 0°; whereas
in the 8 # 0° case the nuclear part is a convolution of beam
and target NMEs. We have also shown (2) that for 6 = 0°,
the transition matrix elements can be written as the sum of
DGT and DF parts, and (3) most importantly, that they can
both be further factorized, thereby disentangling target and
projectile NMEs. Finally, thanks to the two-step factorization
(TSF) of the very forward differential DCE cross section and
the emergence of a linear correlation between DCE-DGT and
0vBB NMEs, we open the possibility of placing an upper limit
on neutrinoless double-f-decay NMEs in terms of the future
DCE experimental data at 8 = 0°.

DCE processes. In heavy-ion DCE reactions two protons
(neutrons) are converted into two neutrons (protons) in the

J

target, and two neutrons (protons) are converted into two
protons (neutrons) in the projectile, while the mass number of
the target, A, and of the projectile, a, both remain unchanged.

The nucleon-nucleon charge-exchange effective potential
we consider,

Vee(q) = Vore(q) + Vir . (D

is the sum of a long- and medium-range one-pion-exchange
(OPE) part [55] and an effective zero-range (ZR) contact
interaction [56]. The latter, due to many-body correlations, is
written in coordinate space as follows:

ViR (F) = [er(T) - T2) + car(01 - 02)(T1 - T2)183(F)

@)

where the values of cgr=217MeVfm® and cr =
151 MeV fm? are taken from the literature [56].The OPE
and ZR interactions provide the expressions for the vertices
which we need in the computation of the diagrams in
Fig. 1. These diagrams describe a DCE process in which
two nucleons belonging to the target nucleus, Nt; and Nr»,
interact with two nucleons within the projectile, Np; and
Np;, as also depicted in Fig. 2. In order to build a DCE
effective potential that describes both long- and zero-range
interactions, we have to combine the effects of both types of
vertices.

The DCE-effective potential that we derived in the clo-
sure approximation, where the energies of the intermediate
nuclear states are replaced by an average constant value as
in Refs. [5,57], is given by

DCE, = = 4 f\(Ger -G -G1) - (Op2-G2)(0O12G2) -
V74, q2) = | =— = Tp1 - TT1 = — Tpy - T2
3\my wi (w1 + Ep) wy(wy + Ep)(w2 + ET)
) ct c&r(0p1 - 611)(Op2 - O12)  cregr(Op2 - O12)  cregr(Opr - O1)
Ep + Ep EFT + EFT EFT + EX Ep + EFT

(op1 - G1)(OT1 - G1)
wi (w1 + Ep)(w1 + Et)
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My
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JE)(

Here, 6p1.p2, OT1.T2, Tp1.p2, and Try 1o are spin- and isospin-
Pauli matrices for the projectile (P) and target (T) nucleon, G »
the conjugate momenta to the 71 » coordinates of Fig. 2, and
o = /G2 +m2; 5% ~ 400MeV fm® [56] and m, = 139.6
MeV [58] are the pﬂion coupling constant and mass, respec-
tively. The projectile and target closure energies are given
by Ef = (E® — E%), and E§ = (E2 — E),, respectively,
and the superscript « = GT or F, indicates the type of en-
ergy excitation. The first line of Eq. (3) corresponds to the
double-pion-exchange contribution (first diagram in Fig. 1),
the second to the double-contact term (second diagram in
Fig. 1), and, finally, the third line to the mixed pion-exchange
contact term (third diagram in Fig. 1). Further details on the
derivation of the previous potential of Eq. (3) will be given in
a forthcoming paper [59].

Here, we study the DCE transitions between 0T and 0™
ground states for both target and projectile nuclei. In this case,

i|(?Pl - Tr1)(Tp2 - Tr2)

'ET1>[CT(?P2 - Tr2) + cgr(0p2 - 62)(Tpr - Tr2)] + 1 < 2:| )

(

da_k

aQ K

the differential cross section in the c.m. frame is given by
I

2
(W) | T2,

where p is the reduced mass of the target-projectile system,
k and &’ the incoming and outgoing momentum, respectively,
and Ti¢ the T matrix of the reaction. We can calculate Tj; by
means of the distorted-wave Born approximation (DWBA),

“

T = (W, ¢ | V|0 ;)
1
- (27)3/2

where we also use the eikonal approximation for the c.m.
scattering

f AR OO-CR iy (5a)

—(PYWH( R — i(x(0)-0-R)
Vo (R)WH(R) = G x , (5b)
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FIG. 1. Leading diagrams in a double-charge-exchange process.
From top to bottom, they represent a double-pion-exchange inter-
action, a double-contact term and a mixed one-pion-exchange plus
contact term.

which is the product of the incoming and outgoing distorted-
wave functions, with momenta k and k’; Q =k’ — k is the
momentum transferred from the beam to the target, and

i 400
x(b) = _% / Uopl(z/7 b)dZ, + idcoul, (6)
—00 |

FIG. 2. Coordinate system used in the calculations. R is the
distance between the centers of masses of the two nuclei, target
(T) and projectile (P). rp; and rp, (r1; and rrp) are the distances
between the nucleons involved in the DCE process and the center of
the projectile (target) nucleus. The coordinates 7| = R+ 7py — o
and 7, = R + 7'y — T'py are the relative positions of the interacting
nucleons.

the eikonal phase [39], which is a function of the impact
parameter b, the optical potential Uy, which describes the
interaction between nuclei, and the Coulomb phase ¢cou. The
transition amplitude Mjs(m) of Eq. (5a) is given by

Mis(m) = (P¢|VPE|D;) | @)

where ®; ¢ are the intrinsic wave functions of the nuclei before
and after the interaction, which can be written as the product
of projectile and target nucleon wave functions; the index m =
(mt, mp, mp, mp) refers to the angular momentum quantum
numbers of the projectile and target nuclei wave functions,
and VPCE is the DCE potential of Eq. (3). In momentum
space, VPCE depends on ¢; and g,, which are the momenta
conjugated to the 7; and 7, coordinates, respectively (see
Fig. 2).

We can extract a simple and more compact form for the
transition amplitude within the low-momentum-transfer limit.
Indeed, within this specific limit, VPCE s dominated by the
contact potential [59,60], which is a zero-range interaction.
Thus, the two-nucleon-pair DCE potential of Eq. (3) can be
simply written as

crcgr(opr - oT1)
Ep + ETT

cregr(op2 - OT2)
EST + EY

c&r(Gp1 - 671)(p2 - O7T2)
~GT |, £GT
E;" + Ef

2
v -y Bt T Fr). (8
-0 LE5+EE (o1 - Tr1)(Tp2 - Tr2)- (8)

Thus, the transition amplitude of Eq. (7) within the low-momentum-transfer limit, in accordance with standard recoupling
techniques, can be rewritten as

M by T1 ,P1 ;T2 P2 CéT(zj +1) . > Dz = 1(1)7(0)
ir(m) ﬁ 62 L1 T e o o2 [lop1 x op2]""’[oT1 X OT2]™]
- 0 0 O

- EST + EGT

18,0 [op2 X OT12] [op1 X oT1] 4 4TI APl AT2 P2
ﬁ—i—\/gc cGTd = = + = = T T Tpy T : B : s 9
EY + EF TCGT 130< EST t EF EE + EOT (i Tt T[T o ¢ 0") &)

where the isospin operator rT’Ll rT+21P_1 Tp, describes the DCE process N1(A, Z) + Ny(a,z) - N1(A, Z +2) + Np(a,z — 2).
To compute the transition amplitude of the Nt(A, Z) + Np(a, z) — Nt(A, Z — 2) + Ny(a, z + 2) case, the previous isospin
operator must be replaced by Ty T Ty Tpy -
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In the present study, we focus on target 0+ — Of T transi-
tions, for which we only have the J = 0 contrlbutlon In this
particular case, Eq. (9) reduces to

MPBGT MPET MPBE . MBF
Mif(m) - 2[( TJTT PG—T>P ) + ( T—;T ]lz—>P )}’
0—0 EP + ET EP + ET

(10)

where MRCT,, and MRF ,, are DCE-double-Gamow-Teller
(DGT) and DCE- double Fermi (DF) matrix elements, respec-
tively, for a given nuclear transition of the projectile or target
(A =P, T), defined as

(A) - > 1(0)= = (A)
MBEY, = cor(@)| 2 :[U" x G VT T |©57), (11)
n,n’

and

MEE = cT d>(J/ )| Ztnrn

’ 12)

where the sum is over the nucleons (n, n’) involved in the
process. Finally, the cross section of Eq. (4) can be written in
the eikonal approximation and low-momentum-transfer limit
as

do (Vg (M
/ 72 4252 2F (9 ) _TGTT _Ié}'l' :
dQ Q—)O k Fl Ep +ET

MT—)T/ MP—)P’
Ef + EX

2

+ , (13)

where the angular distribution is given by

oo [ee]
F(0) pe Zn/ dz/ db e %% bJy(kbsin @) e *®)
Fand — 0

14
The above expression is written in cylindrical coordinates,
where Q = (Qy, Q) with |Qt| ~ k sin6 [39]. It should be
noted that in Eq. (13) the nuclear part of the differential cross
section is the sum of DGT and DF amplitudes, which are both
factorized in terms of target and projectile NMEs. This will
open the possibility of neatly extracting DGT and DF NMEs
from DCE experimental data at 8 = 0°.

In general, the GT- and F-excitation closure energies
have different values. (See Table 8 in [5]). In the present
work, we use the values Ep = 3.38 MeV and Er = 5.28
MeV for the closure energies of projectile and target
nuclei, respectively. These are calculated as the average
%((E;l‘"“ — E,-A’a)GT + (EAa — EIA’”)F) for both target and
projectile nuclei, with mass numbers A =40 and a = 18,
respectively. To test the validity of our approach, we com-
pute the 4OCa(lgo, 18Ne)“oAr DCE cross section® at 6 = 0°,

'In the case of target 0}y — Of transitions, the mixed term in

Eq. (9). oc (0F 05|12k + Pheonle
the ¢ operator is a rank-1 tensor, and in the DGT part of Eq. (9),
o (0F0F [[[op1 x Gp2]P[o11 x 1211?1070 ), the J # 0 contri-
butions are null.

%In the *°Ca('%0, "®Ne)*Ar process, projectile and target are sub-

ject to 80 — ®Ne and °Ca — “°Ar transitions, respectively.

|0£0;), vanishes because

TABLE 1. DCE-DGT and DCE-DF matrix elements for the
projectile, Mpoy O, and target, Mpoe 7, calculated by means
of the generalized seniority scheme. The matrix elements are given

infm™'.

Reaction MEEET Mpon
80 — BNe 0.86 0.35
Reaction MEEST MBS
0Cca — YAr 0.42 0.17

corresponding to the low-momentum-transfer limit, by means
of Egs. (13) and (14) and the “°Ca — “°Ar nuclear matrix
element reported in Table I. F(0) is evaluated in the sharp-
cutoff limit, where ¢/X(®) = ®(b — R), with R = 5.7 fm cor-
responding to the inflection point of the modulus of e'*x®;
thus, R is not a free parameter. It is estimated by means
of a standard Woods-Saxon shape for the complex nuclear
potential, i.e.,

vi iy
I+exp (%)  1+exp(

Vs = Vie + i Vim = —

)

15)
The values of the parameters V;, = —35.9 MeV, R, = 8.15 fm,
a, =043 fm, Vi = —101.5 MeV, R; =5.06 fm, and q; =
0.286 fm are taken from Ref. [61]. Our calculated cross
section is 8.9 ub/sr, which is in good agreement with the data
8.0—10.5 ub/sr) within the experimental error. (See Fig. 2
in [51]). To test the importance of DF-matrix elements, we
compare the differential cross sections calculated within the
6 = 0 limit on including the DF contribution. We get 8.9 and
6.6 ub/sr, respectively. We conclude that the DGT contribu-
tion is dominant, as DF provides only a 26% correction.

Results and discussion. Our results for DCE-DGT and
DCE-DF NMEs were obtained by evaluating the expectation
value of spin and isospin operators on projectile and target nu-
clei wave functions; see Eqgs. (11) and (12). Table I shows our
results for DCE-DGT and DCE-DF projectile matrix elements
in the case of 0 — '®Ne. We also provide our result for the
#0Ca — “Ar DCE-DGT and DCE-DF target matrix elements,
which we use to calculate the “’Ca ('®0, '¥Ne)**Ar DCE
cross section. The above target and projectile matrix elements
are computed by means of the generalized seniority approx-
imation, which provides a truncation scheme for the nuclear
shell model [62]. It is interesting that in the differential cross
section at = 0°, the DCE-DGT part is dominant. Indeed, as
shown in Table I, the ratio Mpon Mpos /Mpos  Mbas for
“ca('¥0, "*Ne)*Ar is only 0.16.

Forthcoming experiments will measure the DCE cross
sections for those nuclei which are involved in experimen-
tal OvBB-decay studies. In the following, we compute the
DCE-DGT and DCE-DF target matrix elements for some of
those nuclei. Our results are reported in Table II. These are
compared with DGT, DF, and total OvB88 matrix elements
(MODSJ;, MOUﬁﬂ, and M&Sgﬂ, respectively) from Ref. [63]. In
both calculations, ours and those of Ref. [63], the nuclear
matrix elements are computed by means of the microscopic
IBM-2 formalism [64]. Let us now study the DGT and DF
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TABLE II. Our calculated DCE-DGT (second column) and
DCE-DF (third column) matrix elements for the target are compared
with the OvBB-DGT (fourth column), OvBB-DF (fifth column), and
OvBB-total (sixth column) matrix elements from Ref. [63] (with
ga = 1). The matrix elements are in fm~'.

Reaction ME’?EG T ME‘?EF ME;EET Mg;gg MES;,
16y — Hogy 0.20 0.05 0.21 —-0.02 025
825e — 2Kr 0.28 0.08 0.31 —0.21 0.50
128Te — 128Xe 0.27 0.07 0.28 —0.16 043
7°Ge — "°Se 0.34 0.10 0.40 —-025  0.63

matrix elements of the target. In the target case, we discuss
the hypothesis of a linear correlation between ME’SEG T and
M@y or Mo This hypothesis was introduced by Shimizu
et al. in the context of a study aimed at finding a high-energy
double-Gamow-Teller giant resonance (DGTGR) [65].

In the present paper, we only deal with 0© — 0" DCE-
DGT matrix elements of ground-state target nuclei. Pure
0" — 2% DGT transitions will be the subject of a subsequent
paper [59].

Here, we conduct a simple linear regression analysis be-
tween our DCE-DGT NMEs and the OvB8 NMEs from
Ref. [63], as shown in Fig. 3. Specifically, in Fig. 3(a), we
compare our DCE-DGT results with DGT-OvB8-decay NMEs
[63]. A linear correlation is seen between the two sets of data,

DCE-DGT vs 0vBB-DGT. The regression line is given by
MESE = —0.07 + 1.36 Mpos . (16)

In Fig. 3(b), we compare DCE-DGT with OvBS-TOT. The
total OvBB NMEs can be written as [66]

2
MEL = MG, — (g_V) MEyy+ MLy (17)

where MG, Mz, and M 4, are the Gamow-Teller,
Fermi, and tensor contributions, respectively; according to
the hypothesis of conserved vector current (CVC), the vector
coupling constant is gy = 1 [67], while the value of the axial
coupling constant, ga, is not defined unambiguously. There
are three main possibilities:

1.269, Free value [63,68],
1 Quark value [57,69,70], (18)

8A = )
1.269A%18  Maximal quenching [63].

A linear correlation between the two sets of data, DCE-DGT
vs OvBB-TOT, emerges in all three cases in Eq. (18). For ga =
1 (see Table II), which is considered to be possibly the most
appropriate for OvBg [70], the regression line is given by

T,DGT
Maygigl, = =029 +2.74 Mg (19)

TOT

If we use the free value, we have MOvﬁﬂ|g 120 = —017+
SA=1.

2.08ME‘€EG T . while in the maximal quenching case, we ob-

- 0 T,DGT
tain Mgvgg|gA:1_269 oy = —0.78 + 584 M

In conclusion, our IBM results are compatible with the hy-
pothesis of a linear correlation between DCE-DGT and OvB8-
decay NMEs. This linear relation results from the short-range

0.40] o

=035
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% 030} el
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X 025 .~

0202 ‘ ‘ ‘

022 026 03 034

0.7¢
0.6f P

04/ e
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02t
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FIG. 3. Correlation between our calculated DCE-DGT NMEs
and (a) OvBB-DGT NMEs [63] and (b) OvBS-total NMEs [63]. The
orange squares, green triangles, red stars, and blue circles stand for
nocq — 116gn, 128Te — 28Xe 828 — 52Ky, and "°Ge — "°Se
data, respectively.

character of DCE and OvBB operators [71]. The emergence
of the linear correlation is independent of the value of the
axial-vector coupling constant. Nevertheless, different choices
of ga determine abrupt changes in the slope of the line DCE-
DGT vs 0vBB-TOT. For this reason, in order to provide more
valuable information on OvBB decays, it will be important
to place more stringent constraints on ga. To do this, the
effective value of the axial-vector coupling constant g at the
energy scale ~100 MeV relevant to OvgBf processes [57,70]
should be assessed. Several procedures have been proposed to
extract the effective value of ga, including studies of 8 and
2vBp decays, the shape of electron spectra of forbidden B
decays [27], muon capture [72], and so on.

In 07 — 0T DCE reactions at & = 0°, a contribution is
made by both DGT and DF NMEs, though the DCE-DGT
contribution is the dominant one. For this reason, one can
place an upper limit on DCE-DGT NMEs, which will cor-
respond to an upper limit on OvBB NMEs, thanks to the
existence of the linear correlation between them.

Summary and conclusions. We have presented the for-
malism for calculating the differential heavy-ion DCE cross
sections in the eikonal approximation at very forward angles.
We have shown explicitly, and for the first time, the following
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within the low-momentum-transfer limit: (I) The DCE differ-
ential cross section can be factorized into a nuclear part and
a reaction factor, where the latter is computed by means of
the eikonal approximation. (I) The nuclear part, which in the
case of 6 # 0° is generally a convolution of the beam and
target NMEs, can be written as the sum of DCE-DGT and
DCE-DF terms, which are both further factorized in terms
of target and projectile NMEs. Moreover, we have shown
that the differential cross section at § = 0° is dominated by
the DCE-DGT contribution. (III) Analogously to the SCE

case, where it was shown that the differential cross section at
6 = 0° only received contributions from the contact term [39],
the DCE differential cross section is dominated by contact
interactions.

In conclusion, the possibility of factorizing the very for-
ward differential DCE cross section, in combination with
the existence of a linear correlation between the DCE-DGT
and OvBB NMEs, opens the possibility of placing constraints
on neutrinoless double-f8-decay NMEs in terms of the DCE
experimental data at 6 = 0°.

[1] J. B. Albert et al. (EXO-200 Collaboration), Nature 510, 229
(2014).

[2] K. Alfonso et al. (CUORE Collaboration), Phys. Rev. Lett. 115,
102502 (2015).

[3] A. Gando, Y. Gando, T. Hachiya, A. Hayashi, S. Hayashida,
H. Ikeda, K. Inoue, K. Ishidoshiro, Y. Karino, M. Koga, S.
Matsuda, T. Mitsui, K. Nakamura, S. Obara, T. Oura, H. Ozaki,
1. Shimizu, Y. Shirahata, J. Shirai, A. Suzuki et al. (KamLAND-
Zen Collaboration), Phys. Rev. Lett. 117, 082503 (2016).

[4] M. Agostini et al. (GERDA Collaboration), Nature 544, 47
(2017).

[5] W. C. Haxton, G. J. Stephenson Jr., Prog. Part. Nucl. Phys. 12,
409 (1984).

[6] M. Doi, T. Kotani, and E. Takasugi, Prog. Theor. Phys. Suppl.
83, 1 (1985).

[7] T. Tomoda, Rep. Prog. Phys. 54, 53 (1991).

[8] R. N. Mohapatra, Phys. Rev. D 34, 3457 (1986).

[9] J. D. Vergados, Phys. Lett. B 184, 55 (1987).

[10] A. Morales, Nucl. Phys. B, Proc. Suppl. 77, 335 (1999).

[11] E. T. Avignone III, S. R. Elliott, and J. Engel, Rev. Mod. Phys.
80, 481 (2008).

[12] M. Hirsch, H. V. Klapdor-Kleingrothaus, and S. G. Kovalenko,
Phys. Rev. D 53, 1329 (1996).

[13] J. Suhonen and O. Civitarese, Nucl. Phys. A 847, 207 (2010).

[14] A. Meroni, S. T. Petcov, and F. Simkovic, J. High Energy Phys.
02 (2013) 025.

[15] R. A. Sen’kov and M. Horoi, Phys. Rev. C 88, 064312
(2013).

[16] F. Simkovic, V. Rodin, A. Faessler, and P. Vogel, Phys. Rev. C
87, 045501 (2013).

[17] M. T. Mustonen and J. Engel, Phys. Rev. C 87, 064302 (2013).

[18] J. Barea, J. Kotila, and F. Iachello, Phys. Rev. C 91, 034304
(2015).

[19] J. Engel and J. Menéndez, Rep. Prog. Phys. 80, 046301 (2017).

[20] B. Paes, G. Santagati, R. M. Vsevolodovna, F. Cappuzzello, D.
Carbone, E. N. Cardozo, M. Cavallaro, H. Garcia-Tecocoatzi,
A. Gargano, J. L. Ferreira, S. M. Lenzi, R. Linares, E.
Santopinto, A. Vitturi, and J. Lubian, Phys. Rev. C 96, 044612
(2017).

[21] S.J. Freeman and J. P. Schiffer, J. Phys. G 39, 124004 (2012).

[22] B. P. Kay, T. Bloxham, S. A. McAllister, J. A. Clark, C. M.
Deibel, S. J. Freedman, S. J. Freeman, K. Han, A. M. Howard,
A. J. Mitchell, P. D. Parker, J. P. Schiffer, D. K. Sharp, and J. S.
Thomas, Phys. Rev. C 87, 011302(R) (2013).

[23] J. P. Entwisle, B. P. Kay, A. Tamii, S. Adachi, N. Aoi,
J. A. Clark, S. J. Freeman, H. Fujita, Y. Fujita, T. Furuno, T.
Hashimoto, C. R. Hoffman, E. Ideguchi, T. Ito, C. Iwamoto, T.

Kawabata, B. Liu, M. Miura, H. J. Ong, J. P. Schiffer et al.,
Phys. Rev. C 93, 064312 (2016).

[24] S. V. Szwec, B. P. Kay, T. E. Cocolios, J. P. Entwisle, S. J.
Freeman, L. P. Gaffney, V. Guimardes, F. Hammache, P. P.
McKee, E. Parr, C. Portail, J. P. Schiffer, N. de Séréville, D.
K. Sharp, J. F. Smith, and I. Stefan, Phys. Rev. C 94, 054314
(2016).

[25] B. A. Brown, M. Horoi, and R. A. Sen’kov, Phys. Rev. Lett.
113, 262501 (2014).

[26] V. Cirigliano, S. Gardner, and B. Holstein, Prog. Part. Nucl.
Phys. 71, 93 (2013).

[27] J. Kostensalo and J. Suhonen, Phys. Rev. C 96, 024317 (2017).

[28] A. S. Barabash, Nucl. Phys. A 935, 52 (2015).

[29] M. Horoi and A. Neacsu, Phys. Rev. C 93, 024308 (2016).

[30] J. Suhonen and O. Civitarese, J. Phys. G 39, 085105 (2012);
J. Maalampi and J. Suhonen, Adv. High Energy Phys. 2013,
505874 (2013).

[31] V. A. Rodin, A. Faessler, F. Simkovic, and P. Vogel, Nucl. Phys.
A 766, 107 (2006).

[32] E. Caurier, A. Poves, and A. P. Zuker, Phys. Lett. B 252, 13
(1990).

[33] M. Ichimura, H. Sakai, and T. Wakasa, Prog. Part. Nucl. Phys.
56, 446 (20006).

[34] D. Freckers, P. Puppe, J. H. Thies, and H. Ejiri, Nucl. Phys. A
916, 219 (2013).

[35] K. Yako, M. Sasano, K. Miki, H. Sakai, M. Dozono, D. Frekers,
M. B. Greenfield, K. Hatanaka, E. Ihara, M. Kato, T. Kawabata,
H. Kuboki, Y. Maeda, H. Matsubara, K. Muto, S. Noji, H.
Okamura, T. H. Okabe, S. Sakaguchi, Y. Sakemi er al., Phys.
Rev. Lett. 103, 012503 (2009).

[36] J. Suhonen and O. Civitarese, Phys. Lett. B 725, 153 (2013).

[37] E. Caurier, F. Nowacki, and A. Poves, Phys. Lett. B 711, 62
(2012).

[38] T. R. Rodriguez and G. Martinez-Pinedo, Prog. Part. Nucl.
Phys. 66, 436 (2011).

[39] C. A. Bertulani, Nucl. Phys. A 554, 493 (1993).

[40] H. Lenske, Nucl. Phys. A 482, 343 (1988).

[41] J. d. Vergados, Phys. Rev. D 25, 914 (1982).

[42] A. Fazely and L. C. Liu, Phys. Rev. Lett. 57, 968 (1986).

[43] S. Mordechai, N. Auerbach, M. Burlein, H. T. Fortune, S. J.
Greene, C. F. Moore, C. L. Morris, J. M. ODonnell, M. W.
Rawool, J. D. Silk, D. L. Watson, S. H. Yoo, and J. D. Zumbro,
Phys. Rev. Lett. 61, 531 (1988).

[44] T. N. Taddeucci et al., Nucl. Phys. A 469, 125 (1987).

[45] H. Lenske, J. I. Bellone, M. Colonna, and J. A. Lay, Phys. Rev.
C 98, 044620 (2018); H. Lenske, J. Phys. Conf. Ser. 1056,
012030 (2018); J. 1. Bellone, M. Colonna, H. Lenske, and

061601-6


https://doi.org/10.1038/nature13432
https://doi.org/10.1038/nature13432
https://doi.org/10.1038/nature13432
https://doi.org/10.1038/nature13432
https://doi.org/10.1103/PhysRevLett.115.102502
https://doi.org/10.1103/PhysRevLett.115.102502
https://doi.org/10.1103/PhysRevLett.115.102502
https://doi.org/10.1103/PhysRevLett.115.102502
https://doi.org/10.1103/PhysRevLett.117.082503
https://doi.org/10.1103/PhysRevLett.117.082503
https://doi.org/10.1103/PhysRevLett.117.082503
https://doi.org/10.1103/PhysRevLett.117.082503
https://doi.org/10.1038/nature21717
https://doi.org/10.1038/nature21717
https://doi.org/10.1038/nature21717
https://doi.org/10.1038/nature21717
https://doi.org/10.1016/0146-6410(84)90006-1
https://doi.org/10.1016/0146-6410(84)90006-1
https://doi.org/10.1016/0146-6410(84)90006-1
https://doi.org/10.1016/0146-6410(84)90006-1
https://doi.org/10.1143/PTPS.83.1
https://doi.org/10.1143/PTPS.83.1
https://doi.org/10.1143/PTPS.83.1
https://doi.org/10.1143/PTPS.83.1
https://doi.org/10.1088/0034-4885/54/1/002
https://doi.org/10.1088/0034-4885/54/1/002
https://doi.org/10.1088/0034-4885/54/1/002
https://doi.org/10.1088/0034-4885/54/1/002
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1016/0370-2693(87)90487-4
https://doi.org/10.1016/0370-2693(87)90487-4
https://doi.org/10.1016/0370-2693(87)90487-4
https://doi.org/10.1016/0370-2693(87)90487-4
https://doi.org/10.1016/S0920-5632(99)00440-5
https://doi.org/10.1016/S0920-5632(99)00440-5
https://doi.org/10.1016/S0920-5632(99)00440-5
https://doi.org/10.1016/S0920-5632(99)00440-5
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/RevModPhys.80.481
https://doi.org/10.1103/PhysRevD.53.1329
https://doi.org/10.1103/PhysRevD.53.1329
https://doi.org/10.1103/PhysRevD.53.1329
https://doi.org/10.1103/PhysRevD.53.1329
https://doi.org/10.1016/j.nuclphysa.2010.08.003
https://doi.org/10.1016/j.nuclphysa.2010.08.003
https://doi.org/10.1016/j.nuclphysa.2010.08.003
https://doi.org/10.1016/j.nuclphysa.2010.08.003
https://doi.org/10.1007/JHEP02(2013)025
https://doi.org/10.1007/JHEP02(2013)025
https://doi.org/10.1007/JHEP02(2013)025
https://doi.org/10.1007/JHEP02(2013)025
https://doi.org/10.1103/PhysRevC.88.064312
https://doi.org/10.1103/PhysRevC.88.064312
https://doi.org/10.1103/PhysRevC.88.064312
https://doi.org/10.1103/PhysRevC.88.064312
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1103/PhysRevC.87.045501
https://doi.org/10.1103/PhysRevC.87.064302
https://doi.org/10.1103/PhysRevC.87.064302
https://doi.org/10.1103/PhysRevC.87.064302
https://doi.org/10.1103/PhysRevC.87.064302
https://doi.org/10.1103/PhysRevC.91.034304
https://doi.org/10.1103/PhysRevC.91.034304
https://doi.org/10.1103/PhysRevC.91.034304
https://doi.org/10.1103/PhysRevC.91.034304
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1088/1361-6633/aa5bc5
https://doi.org/10.1103/PhysRevC.96.044612
https://doi.org/10.1103/PhysRevC.96.044612
https://doi.org/10.1103/PhysRevC.96.044612
https://doi.org/10.1103/PhysRevC.96.044612
https://doi.org/10.1088/0954-3899/39/12/124004
https://doi.org/10.1088/0954-3899/39/12/124004
https://doi.org/10.1088/0954-3899/39/12/124004
https://doi.org/10.1088/0954-3899/39/12/124004
https://doi.org/10.1103/PhysRevC.87.011302
https://doi.org/10.1103/PhysRevC.87.011302
https://doi.org/10.1103/PhysRevC.87.011302
https://doi.org/10.1103/PhysRevC.87.011302
https://doi.org/10.1103/PhysRevC.93.064312
https://doi.org/10.1103/PhysRevC.93.064312
https://doi.org/10.1103/PhysRevC.93.064312
https://doi.org/10.1103/PhysRevC.93.064312
https://doi.org/10.1103/PhysRevC.94.054314
https://doi.org/10.1103/PhysRevC.94.054314
https://doi.org/10.1103/PhysRevC.94.054314
https://doi.org/10.1103/PhysRevC.94.054314
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1103/PhysRevLett.113.262501
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1016/j.ppnp.2013.03.005
https://doi.org/10.1103/PhysRevC.96.024317
https://doi.org/10.1103/PhysRevC.96.024317
https://doi.org/10.1103/PhysRevC.96.024317
https://doi.org/10.1103/PhysRevC.96.024317
https://doi.org/10.1016/j.nuclphysa.2015.01.001
https://doi.org/10.1016/j.nuclphysa.2015.01.001
https://doi.org/10.1016/j.nuclphysa.2015.01.001
https://doi.org/10.1016/j.nuclphysa.2015.01.001
https://doi.org/10.1103/PhysRevC.93.024308
https://doi.org/10.1103/PhysRevC.93.024308
https://doi.org/10.1103/PhysRevC.93.024308
https://doi.org/10.1103/PhysRevC.93.024308
https://doi.org/10.1088/0954-3899/39/8/085105
https://doi.org/10.1088/0954-3899/39/8/085105
https://doi.org/10.1088/0954-3899/39/8/085105
https://doi.org/10.1088/0954-3899/39/8/085105
https://doi.org/10.1155/2013/505874
https://doi.org/10.1155/2013/505874
https://doi.org/10.1155/2013/505874
https://doi.org/10.1155/2013/505874
https://doi.org/10.1016/j.nuclphysa.2005.12.004
https://doi.org/10.1016/j.nuclphysa.2005.12.004
https://doi.org/10.1016/j.nuclphysa.2005.12.004
https://doi.org/10.1016/j.nuclphysa.2005.12.004
https://doi.org/10.1016/0370-2693(90)91071-I
https://doi.org/10.1016/0370-2693(90)91071-I
https://doi.org/10.1016/0370-2693(90)91071-I
https://doi.org/10.1016/0370-2693(90)91071-I
https://doi.org/10.1016/j.ppnp.2005.09.001
https://doi.org/10.1016/j.ppnp.2005.09.001
https://doi.org/10.1016/j.ppnp.2005.09.001
https://doi.org/10.1016/j.ppnp.2005.09.001
https://doi.org/10.1016/j.nuclphysa.2013.08.006
https://doi.org/10.1016/j.nuclphysa.2013.08.006
https://doi.org/10.1016/j.nuclphysa.2013.08.006
https://doi.org/10.1016/j.nuclphysa.2013.08.006
https://doi.org/10.1103/PhysRevLett.103.012503
https://doi.org/10.1103/PhysRevLett.103.012503
https://doi.org/10.1103/PhysRevLett.103.012503
https://doi.org/10.1103/PhysRevLett.103.012503
https://doi.org/10.1016/j.physletb.2013.06.042
https://doi.org/10.1016/j.physletb.2013.06.042
https://doi.org/10.1016/j.physletb.2013.06.042
https://doi.org/10.1016/j.physletb.2013.06.042
https://doi.org/10.1016/j.physletb.2012.03.076
https://doi.org/10.1016/j.physletb.2012.03.076
https://doi.org/10.1016/j.physletb.2012.03.076
https://doi.org/10.1016/j.physletb.2012.03.076
https://doi.org/10.1016/j.ppnp.2011.01.047
https://doi.org/10.1016/j.ppnp.2011.01.047
https://doi.org/10.1016/j.ppnp.2011.01.047
https://doi.org/10.1016/j.ppnp.2011.01.047
https://doi.org/10.1016/0375-9474(93)90232-M
https://doi.org/10.1016/0375-9474(93)90232-M
https://doi.org/10.1016/0375-9474(93)90232-M
https://doi.org/10.1016/0375-9474(93)90232-M
https://doi.org/10.1016/0375-9474(88)90595-7
https://doi.org/10.1016/0375-9474(88)90595-7
https://doi.org/10.1016/0375-9474(88)90595-7
https://doi.org/10.1016/0375-9474(88)90595-7
https://doi.org/10.1103/PhysRevD.25.914
https://doi.org/10.1103/PhysRevD.25.914
https://doi.org/10.1103/PhysRevD.25.914
https://doi.org/10.1103/PhysRevD.25.914
https://doi.org/10.1103/PhysRevLett.57.968
https://doi.org/10.1103/PhysRevLett.57.968
https://doi.org/10.1103/PhysRevLett.57.968
https://doi.org/10.1103/PhysRevLett.57.968
https://doi.org/10.1103/PhysRevLett.61.531
https://doi.org/10.1103/PhysRevLett.61.531
https://doi.org/10.1103/PhysRevLett.61.531
https://doi.org/10.1103/PhysRevLett.61.531
https://doi.org/10.1016/0375-9474(87)90089-3
https://doi.org/10.1016/0375-9474(87)90089-3
https://doi.org/10.1016/0375-9474(87)90089-3
https://doi.org/10.1016/0375-9474(87)90089-3
https://doi.org/10.1103/PhysRevC.98.044620
https://doi.org/10.1103/PhysRevC.98.044620
https://doi.org/10.1103/PhysRevC.98.044620
https://doi.org/10.1103/PhysRevC.98.044620
https://doi.org/10.1088/1742-6596/1056/1/012030
https://doi.org/10.1088/1742-6596/1056/1/012030
https://doi.org/10.1088/1742-6596/1056/1/012030
https://doi.org/10.1088/1742-6596/1056/1/012030

HEAVY-ION DOUBLE-CHARGE-EXCHANGE AND ITS ...

PHYSICAL REVIEW C 98, 061601(R) (2018)

J. A. Lay, ibid. 1056, 012004 (2018); J. A. Lay, S. Burrello,
J. I. Bellone, M. Colonna, H. Lenske, and within the NUMEN
project, ibid. 1056, 012029 (2018).

[46] M. Takaki et al., JPS Conf. Proc. 6, 020038 (2015).

[47] M. Takaki et al., CNS-REP-94 9, (2016).

[48] T. Uesaka et al., RIKEN RIBF NP-PAC, NP1512-RIBF141
(2015) (unpublished).

[49] F. Cappuzzello et al., Eur. Phys. J. A 54, 72 (2018).

[50] F. Cappuzzello et al., J. Phys.: Conf. Ser. 630, 012018
(2015).

[51] F. Cappuzzello et al., Eur. Phys. J. A 51, 145 (2015).

[52] C. Agodi et al., Nucl. Part. Phys. Proc. 265-266, 28 (2015).

[53] P. Vogel, M. Ericson, and J. D. Vergados, Phys. Lett. B 212, 259
(1988).

[54] N. Auerbach, L. Zamick, and D. C. Zheng, Ann. Phys. (NY)
192, 77 (1989).

[55] S.-O. Béickman, G. E. Brown, and J. A. Niskanen, Phys. Rep.

124, 1 (1985).

[56] G. F. Bertsch and H. Esbensen, Rep. Prog. Phys. 50, 607
(1987).

[57] S. M. Bilenky and C. Giunti, Int. J. Mod. Phys. A 30, 1530001
(2015).

[58] C. Patrignani et al. [Particle Data Group], Chin. Phys. C 40,
100001 (2016).

[59] E. Santopinto, H. Garcia-Tecocoatzi, R. Magana Vsevolodovna,
and J. Ferretti (unpublished).

[60] R. Magana Vsevolodovna, Ph.D. thesis, Universita degli Studi
di Genova, 2018.

[61] Y. Eisen, H. T. Fortune, W. Henning, D. G. Kovar, S. Vigdor,
and B. Zeidman, Phys. Rev. C 13, 699 (1976).

[62] 1. Talmi, Nucl. Phys. A 172, 1 (1971); S. Shlomo and I. Talmi,
ibid. 198, 81 (1972).

[63] J. Barea, J. Kotila, and F. Iachello, Phys. Rev. C 87, 014315
(2013).

[64] A. Arima, T. Ohtsuka, F. Iachello, and I. Talmi, Phys. Lett. B
66, 205 (1977).

[65] N. Shimizu, J. Menendez, and K. Yako, Phys. Rev. Lett. 120,
142502 (2018).

[66] F. Simkovic, G. Pantis, J. D. Vergados, and A. Faessler, Phys.
Rev. C 60, 055502 (1999).

[67] O. Dumbrajs, R. Koch, H. Pilkuhn, G. C. Oades, H. Behrens,
J. J. De Swart, and P. Kroll, Nucl. Phys. B 216, 277 (1983).

[68] W. M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (20006).

[69] V. A. Rodin, A. Faessler, F. Simkovic, and P. Vogel, Phys. Rev.
C 68, 044302 (2003); F. Simkovic, S. M. Bilenky, A. Faessler,
and T. Gutsche, Phys. Rev. D 87, 073002 (2013).

[70] S. Dell’Oro, S. Marcocci, and F. Vissani, Phys. Rev. D 90,
033005 (2014).

[71] E. R. Anderson, S. K. Bogner, R. J. Furnstahl, and R. J. Perry,
Phys. Rev. C 82, 054001 (2010); S. K. Bogner and D. Roscher,
ibid. 86, 064304 (2012).

[72] M. Kortelainen and J. Suhonen, J. Phys. G 30, 2003 (2004).

061601-7


https://doi.org/10.1088/1742-6596/1056/1/012004
https://doi.org/10.1088/1742-6596/1056/1/012004
https://doi.org/10.1088/1742-6596/1056/1/012004
https://doi.org/10.1088/1742-6596/1056/1/012004
https://doi.org/10.1088/1742-6596/1056/1/012029
https://doi.org/10.1088/1742-6596/1056/1/012029
https://doi.org/10.1088/1742-6596/1056/1/012029
https://doi.org/10.1088/1742-6596/1056/1/012029
https://doi.org/10.7566/JPSCP.6.020038
https://doi.org/10.7566/JPSCP.6.020038
https://doi.org/10.7566/JPSCP.6.020038
https://doi.org/10.7566/JPSCP.6.020038
https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1088/1742-6596/630/1/012018
https://doi.org/10.1088/1742-6596/630/1/012018
https://doi.org/10.1088/1742-6596/630/1/012018
https://doi.org/10.1088/1742-6596/630/1/012018
https://doi.org/10.1140/epja/i2015-15145-5
https://doi.org/10.1140/epja/i2015-15145-5
https://doi.org/10.1140/epja/i2015-15145-5
https://doi.org/10.1140/epja/i2015-15145-5
https://doi.org/10.1016/j.nuclphysbps.2015.06.007
https://doi.org/10.1016/j.nuclphysbps.2015.06.007
https://doi.org/10.1016/j.nuclphysbps.2015.06.007
https://doi.org/10.1016/j.nuclphysbps.2015.06.007
https://doi.org/10.1016/0370-2693(88)91313-5
https://doi.org/10.1016/0370-2693(88)91313-5
https://doi.org/10.1016/0370-2693(88)91313-5
https://doi.org/10.1016/0370-2693(88)91313-5
https://doi.org/10.1016/0003-4916(89)90117-6
https://doi.org/10.1016/0003-4916(89)90117-6
https://doi.org/10.1016/0003-4916(89)90117-6
https://doi.org/10.1016/0003-4916(89)90117-6
https://doi.org/10.1016/0370-1573(85)90108-5
https://doi.org/10.1016/0370-1573(85)90108-5
https://doi.org/10.1016/0370-1573(85)90108-5
https://doi.org/10.1016/0370-1573(85)90108-5
https://doi.org/10.1088/0034-4885/50/6/001
https://doi.org/10.1088/0034-4885/50/6/001
https://doi.org/10.1088/0034-4885/50/6/001
https://doi.org/10.1088/0034-4885/50/6/001
https://doi.org/10.1142/S0217751X1530001X
https://doi.org/10.1142/S0217751X1530001X
https://doi.org/10.1142/S0217751X1530001X
https://doi.org/10.1142/S0217751X1530001X
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevC.13.699
https://doi.org/10.1103/PhysRevC.13.699
https://doi.org/10.1103/PhysRevC.13.699
https://doi.org/10.1103/PhysRevC.13.699
https://doi.org/10.1016/0375-9474(71)90112-6
https://doi.org/10.1016/0375-9474(71)90112-6
https://doi.org/10.1016/0375-9474(71)90112-6
https://doi.org/10.1016/0375-9474(71)90112-6
https://doi.org/10.1016/0375-9474(72)90773-7
https://doi.org/10.1016/0375-9474(72)90773-7
https://doi.org/10.1016/0375-9474(72)90773-7
https://doi.org/10.1016/0375-9474(72)90773-7
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1103/PhysRevC.87.014315
https://doi.org/10.1016/0370-2693(77)90860-7
https://doi.org/10.1016/0370-2693(77)90860-7
https://doi.org/10.1016/0370-2693(77)90860-7
https://doi.org/10.1016/0370-2693(77)90860-7
https://doi.org/10.1103/PhysRevLett.120.142502
https://doi.org/10.1103/PhysRevLett.120.142502
https://doi.org/10.1103/PhysRevLett.120.142502
https://doi.org/10.1103/PhysRevLett.120.142502
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1103/PhysRevC.60.055502
https://doi.org/10.1016/0550-3213(83)90288-2
https://doi.org/10.1016/0550-3213(83)90288-2
https://doi.org/10.1016/0550-3213(83)90288-2
https://doi.org/10.1016/0550-3213(83)90288-2
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1088/0954-3899/33/1/001
https://doi.org/10.1103/PhysRevC.68.044302
https://doi.org/10.1103/PhysRevC.68.044302
https://doi.org/10.1103/PhysRevC.68.044302
https://doi.org/10.1103/PhysRevC.68.044302
https://doi.org/10.1103/PhysRevD.87.073002
https://doi.org/10.1103/PhysRevD.87.073002
https://doi.org/10.1103/PhysRevD.87.073002
https://doi.org/10.1103/PhysRevD.87.073002
https://doi.org/10.1103/PhysRevD.90.033005
https://doi.org/10.1103/PhysRevD.90.033005
https://doi.org/10.1103/PhysRevD.90.033005
https://doi.org/10.1103/PhysRevD.90.033005
https://doi.org/10.1103/PhysRevC.82.054001
https://doi.org/10.1103/PhysRevC.82.054001
https://doi.org/10.1103/PhysRevC.82.054001
https://doi.org/10.1103/PhysRevC.82.054001
https://doi.org/10.1103/PhysRevC.86.064304
https://doi.org/10.1103/PhysRevC.86.064304
https://doi.org/10.1103/PhysRevC.86.064304
https://doi.org/10.1103/PhysRevC.86.064304
https://doi.org/10.1088/0954-3899/30/12/017
https://doi.org/10.1088/0954-3899/30/12/017
https://doi.org/10.1088/0954-3899/30/12/017
https://doi.org/10.1088/0954-3899/30/12/017

