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Influence of pairing and deformation on charge exchange transitions
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We describe the importance of charge-exchange reactions, and in particular Gamow-Teller transitions, first to astrophysical processes and
double beta decay, and then to the understanding of nuclear structure. In our review of their role in nuclear structure we first provide an
overview of some of the key steps in the emergence of our current understanding of the structure of nuclei, including the central role played
by the isovector pairing and the quadrupole-quadrupole channels in the description of energy spectra and in the manifestation of collective
modes, some associated with deformation of the nuclear shape. We then turned our focus to Gamow-Teller (GT) transitions in relatively light
nuclei, especially in thepl f shell, where isoscalar pairing may be playing a role in competition with the isovector pairing that dominates

in heavier regions. Following a summary of the progress made in recent years on this subject, we report a systematic shell model study
aimed at providing further clarification as to how these pairing modes compete. In this study, we use a schematic Hamiltonian that contains
a quadrupole-quadrupole interaction as well as both isoscalar and isovector pairing interactions. We first find an optimal set of Hamiltonian
parameters for the model, to provide a starting point from which to vary the relevant pairing strengths and thus assess how this impacts
the behavior of GT transitions and the corresponding energy spectra and rotational properties of the various nuclei involved in the decays.
The analysis includes a comparison with experimental data as an important theme. The need to suppress the isoscalar pairing mode when
treating nuclei with a neutron excess to avoid producing spurious results for the ground state spin and parity with the simplified Hamiltonian
is highlighted. Varying the strength parameters for the two pairing modes is found to exhibit different but systematic effects on GT transition
properties and on the corresponding energy spectra, which are detailed.
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1. Introduction observed, would shed light on the understanding of neutrino

properties. While some experimental results are mentioned,
Gamow-Teller (GT) transitions provide an important and usethe emphasis here is on the theoretical developments in the
ful tool in the exploration of nuclei [1-4]. They play a key last few decades.

role in thes decay and electron capture processes that arise in We then turn to the important role of Gamow Teller
stellar evolution [5, 6], in the double beta decay process [7’81ransitions in nuclear structure. The dominance of the

and in neutrino nucleosyn_the3|s [9-11]. Furthermore, the¥1uadrupole—quadrupole interaction in the particle-hole chan-
are very useful for the testing of nuclear models. nel and isovector.{ — 0) pairing in the particle-particle
There are two types of GT transition§T". in which a  channel serves as the microscopic foundation for the use
proton is changed into a neutron, a@@_ in which aneutron  of the pairing plus quadrupole Hamiltonian, whose develop-
is changed into a proton. The transition strength B(GT) canment is briefly reviewed.
be obtained fron decay studies, but with excitation ener-
gies limited by the) values of the decays. On the other hand,
with charge-exchange (CE) reactions, suclias), (n, p),
(d,2He), or Hey), it is possible to access GT transitions for
large values in energy without tli¢ value restriction. Exper- and isovectorT = 1), in both of which the neutron and pro-

imental measurements for such reactions at angles cl@Se to .
9 ton can have net zero orbital angular momentum and thus

and with an mmdent energy above 100 MeV/nucleon provldeexploit the short-range nuclear force. Its role in relatively
valuable information about GT transitions.

light nuclei has been studied in recent years with a variety
In this work, we describe the relevance of charge-of formalisms. Some of the earliest work considered the ex-
exchange reactions, and in particular Gamow-Teller transitension of mean field techniques like BCS or Hartree-Fock-
tions, in the various areas noted above in which it is knowrBogolyubov (HFB) [12, 13] to include the proton-neutron
to play an important role. We begin with a description of its pairing channel. Its possible importanceNn~ Z nuclei has
role in nucleosynthesis in astrophysical environments and ialso been studied recently in the context of the nuclear shell
double beta decay, a rare process whose neutrinoless modenibdel in several recent works [14,15]. Of particular inter-

For a meaningful description of relatively light nuclei
with N = Z, however, it is important to also consider the
possible importance of proton-neutrgmy pairing. Proton-
neutron pairing can arise in two channels, isoscalas(0)
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estis the isoscalar pairing channel as it is expected to be esp2:  The relevance of Gamow-Teller transitions
cially important for nuclei withV = Z andN ~ Z [16, 17].
2.1. Charge exchange reactions and the Gamow-Teller

We focus our attention on GT transition intensities in the strength function
2p1f shell and particularly nuclei in thé = 40 — 48 region. . . o
For these nuclei, the transitiof&7_ and the reaction&, n) Charge exchange reactions em'ploylng nuclear pr'OJectl'Ies and
are the primary experimental tools used to obtain the distrit2rgets play afundamental role in the study of the isospin- and
bution of intensities, but the reactiotHe) has served as an SPin-isospin dependent response of nuclei. They reveal im-
alternative experimental tool. This review includes many ofPortant aspects of nuclear dynamics, connecting strong and

the most cited published works, but we apologize in advanc¥/€ak interactions [20]. One of them is the Gamow-Teller
for any omissions. strength distribution, which is usually inaccessible to beta

decays, but can be obtained with high resolution using reac-

Though as noted earlier, mean field technigues have oftefions such asy, ) (i.e, isospin-lowering) andr, p) (i.e.
been used to treat the interplay of the various pairing model§OSPin-raising), performed at intermediate energies and at
in nuclei neatV = Z, itis known that they can lead to serious N€@rly zero momentum transfer [21, 22]. There is a propor-
errors because of their violation of symmetries [18]. [Note:tionality between single charge-exchange reaction cross sec-
Recent efforts [19] to build a symmetry-restored mean fieldions in the forward directione.g. (p, ») and (3H§,t), and
approach have proven promising.] For this reason it is eSpé;_he Gamoyv-TeIIer (GT) strength into the same final nuclear
cially useful to study how the various modes of pairing com-States, which also h_°|7d5 or the, (p)-type of charge-exchange
pete in nuclear systems nedf = Z in the context of the éactions, suc;h aél(h_ Be) [23]. In nuclei with a neutron ex-
nuclear shell model, whereby it is possible to treat all pairing®®SS: the main contribution to the GT strengths comes from
modes on an equal footing, to preserve all symmetries, ant'® removal of a neutron from an o_ccupled smgle-partlcle
also to naturally incorporate the effects of deformation whichState and the placement of a proton into an unoccupied state

are critical in the regions in which these pairing modes ard1aving either the same quantum numbers or those of the spin-
thought to be important. orbit partner. However, the opposite channel, explored with

(n, p and ¢,2He) reactions, is Pauli forbidden in medium-

For the above reasons, we have chosen to use tHeavy nuclei and can only be effective if the Fermi surface is
shell model to assess how the various pairing modes affmeared out, which can introducgaradial dependence that is
fect Gamow-Teller intensities in light’ ~ Z nuclei. our  usually notincluded in the analysis [24].
approach is inspired by earlier work [14] where a simple  The smearing of the Fermi surface is in many cases ob-
parametrized shell model Hamiltonian was used in order tdained introducing like-particle isovectod (= 0) pairing
have a a tool for systematically isolating the effects of thecorrelations at mean field level through the BCS approach,
two pairing channels. The model includes a quadrupoIeWh"e more sophisticated deformed selfconsistent Hartree-
quadrupole interaction as well as both isoscalar and isovectdrock calculations with density-dependent Skyrme forces are
pairing interactions. By leaving out other components of re2S0 employed [25, 26]. Residual proton-neutron interactions
alistic nuclear Hamiltonians, we can focus directly on the efn the particle-hole and particle-particle channels are intro-
fects of the different pairing modes, albeit at the cost of missduced employing the proton-neutron Quasiparticle Random
ing some important features of the structure of the nuclei wd”hase Approximation (pnQRPA) [27-30]. This interaction

consider. gives rise to collective spin modes such as the giant Gamow-
Teller resonance [31].
We consider in this analysis even-mass nuclei frém- It has been observed that the measured total Gamow-

42 — 48. We focus on the fragmentation of GT transition Teller transition strength in the resonance region is much
strengths, but also consider the energy spectra of both tHess than a model-independent sum rule predicts, the so
parent and daughter nuclei involved. called “quenching” phenomena [31-33]. It has been par-
tially explained introducing coupling with-hole excitations

A summary of the paper is as follows. In Sec. 2 we re-[34—36], associated with nuclear correlations, which cause
view the role of Gamow-Teller transitions in astrophysics andmany of the resulting peaks to be weak enough to become
particle physics, briefly describe the pairing and quadrupoletinobservable in full shell model calculations [1, 37, 38], to
quadrupole interactions and then summarize earlier she# Schiff part of the GT strength to higher energies due to
model investigations of Gamow-Teller transitions in#pe f ~ 2-particle-2-hole excitations [39], tensor correlations [40],
shell. In Sec. 3 we briefly describe the model we use and ifinite momentum transfer in relativistic QRPA descriptions
Sec. 4 describe selected results of our analysis for GT trad41], and with the presence of two- and three-body weak cur-
sition strengths. We leave a discussion of the correspondinkgnts [38,42].
results for energy properties to the Appendix, where we also The theoretical estimate of GT nuclear matrix elements
show results of a related Hamiltonian [14] differing only in of beta-decay and electron-capture processes in heavy nuclei,
the choice of single-particle energies. which are usually deformed, has seen important develop-
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ments in the last decades. One of the latest involves employ- Theoretical calculations involve the evaluation of nuclear
ing the projected shell model with many multi-quasiparticletransition matrix elements, which have been estimated using
configurations included in the basis, which shows that thea variety of nuclear modelsShell model calculationkave
B(GT) distributions can have a strong dependence on the déeen used to estimate the double-beta decay nuclear matrix
tailed microscopic structure of the relevant states of both thelements for**Ca [62-66] and in heavier nuclei [67, 68].

parent and daughter nuclei [43]. Large-scale shell-model calculations f8Ca, including two
harmonic oscillator shells261d and 2p1f) found that the
2.2. Charge_exchange reactions in astrophysics neutrinoless double-beta decay nuclear matrix element is en-

hanced by about 30% compared2pl f-shell calculations

Many relevant astrophysical processes like stellar burning69]. With this formalism a very good linear correlation
neutrino nucleosynthesis, explosive hydrogen burning antietween the double Gamow-Teller transition to the ground
core-collapse supernovae involve nuclear weak interactionstate of the final nucleus and the neutrinoless double beta
[44]. Their description requires state of the art nuclear moddecay matrix element has been observed [70]. Shell model
els associated with experimental data coming from radioacMonte Carlo methods also provide valuable results [71]. The
tive ion-beam facilities [5, 45]. Supernova explosions are asQuasiparticle Random Phase Approximation (QRPA) pro-
sociated with the collapse of the core of a massive star. Theides a consistent treatment of both particle-hole and particle-
dynamics of this process involves electron capture on thouparticle interactions in calculations for the nuclear matrix
sands of nuclei, whose rates must be estimated employinglements governing two-neutrino and neutrinoless double-
microscopic models [46]. beta decay [72]. It opened the way to resolve the discrep-

Neutrinos generated in supernova explosions induce nuancy between experimental and calculated two-neutrino de-
clear reactions which play an important role in the nucle-cay rates, employing both schematic [73—75] and realistic in-
osynthesis of heavy elements [47, 48]. Recent advances #igractions [76-78]. The suppression was also found employ-
their description have benefited from new experimental daténg a generalized-seniority-based truncation scheme [79],
on allowed Gamow-Teller strength distributions, which areand in QRPA calculations including particle number projec-
accurately reproduced employing improved nuclear model§on [80]. Extensions of these techniques have been widely
and computer hardware capabilities, including shell modegpplied to estimate the neutrinoless nuclear matrix elements
diagonalization and the proton-neutron Quasiparticle Ran[81-84], the decay to excited states [85-89], and the influ-
dom Phase Approximation [6]. As most nuclei relevant toence of proton-neutron pairing [90]. To avoid divergences
astrophysical processes have a large neutron excess, with pfeund in the calculations, a renormalized QRPA version was
ton and neutrons occupying different nuclear major shellsintroduced [91-93] which had its own difficulties [94-99].
partial occupation numbers must be estimated. In the stel- The influence of deformation on double beta decay rates
lar high density environments, finite temperature dependentas studied with the deformed QRPA formalism [100-103]
occupations are estimated employing the shell model Montend the Pseudo SU(3) scheme [104, 105]. The projected-
Carlo approach, later combined with the RPA to unblock theHartree-Fock-Bogolyubov (PHFB) approach, employing a
Gamow-Teller transitions at all temperatures relevant to corepairing plus multipole type of effective two-body interaction,

collapse supernovae [49]. shows that deformation plays a crucial role in the nuclear
structure aspects of the decays [106—110].
2.3. The double beta decay The NUMEN project employs an innovative technique to

access the nuclear matrix elements entering the expression of
One of the nuclear processes associated with the weak intee |ifetime of the double beta decay by cross section mea-
action that continues to attract much experimental and theasrements of heavy-ion induced Double Charge Exchange
retical attention is double beta decay [50, 51, 53-61]. TWO{DCE) reactions. It has reached the experimental resolution
neutrino double-beta decay has the longest radioactive halfng sensitivity required for an accurate measurement of the
lives ever observed, an outstanding experimental achievepCE cross sections at forward angles. However, the tiny val-
ment that continues with new developments [7]. Its neutri-yes of such cross sections and the resolution requirements

noless mode is a forbidden, lepton-number-violating nucleagemand beam intensities much larger than those manageable
transition whose observation would have fundamental impliith the present facility [111].

cations for neutrino physics and cosmology. A wide range

of experiments has been performed and are in execution or

planned to discover this decay, unseen up to now [8]. The 4. The quadrupole-quadrupole and pairing Hamilto-
theoretical estimate of the decay rates for the two-neutrino nians

and neutrinoless modes are defined as second-order pertur-

bative expressions starting from an effective electroweak LaAs needed background for our discussion of the role of
grangian [61]. The neutrinoless mode can proceed througBamow Teller transitions in nuclear structure physics, we
mechanisms involving light Majorana neutrinos, heavy Ma-first give a brief reminder of some important concepts and
jorana neutrinos, sterile neutrinos and Majorons. early developments in nuclear structure theory.
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Isovector pairing interactions, those coupling like parti- is the mostimportant component in the particle-particle chan-
cles to zero total angular momentum [112], play a funda-hel, while the quadrupole-quadrupole interaction is the most
mental role in low energy nuclear structure, and are particimportant in the particle-hole channel [134]. Extensive shell
ularly relevant in the understanding of mass differences bemodel calculations confirm the dominance of the quadrupole-
tween even and odd-mass nuclei. Extending the Bardeeguadrupole component of the interaction [135, 136].

Cooper and Schrieffer (BCS) description of superconductiv-  The quadrupole-quadrupole interaction can be associated
ity [113] as a number-nonconserving state of coherent pairsyith the second order Casimir operator of tHe/(3) al-
Bohr, Mottelson and Pines [114] proposed a similar physicgebra, allowing for an algebraic description of nuclear dy-
mechanism to explain the large gaps seen in the spectra gmics [137, 138] in the rotational regime, generalized for
even-even atomic nuclei, later corrected for finite size effectsheavy nuclei in the pseudsl/ (3) model [139, 140], with the
employing particle number projection [115-117]. The ex-pseudo-spin symmetry that enters in this model now known
act solution of the isovector pairing Hamiltonian was pre-to have a relativistic origin [141—144]. It has been found that
sented by Richardson and Sherman in 1963 [118]. In thene ST/ (3) symmetry of the quadrupole term is broken mainly
last decades it was extended to families of exactly—solvablgy the one-body spin-orbit term, but that the energies depend
models, called generically Richardson-Gaudin (RG) mod-strongly on pairing [145]. The inclusion of a quadrupole-
els [119, 120], which found application in different areas ofpajring channel allowed for a very detailed description of ro-
quantum many-body physics including mesoscopic systemsational bands in heavy deformed nuclei with many quasi-
condensed matter, quantum optics, cold atomic gases, quagarticle excitations in the Projected Shell Model [146, 147].
tum dots and nuclear structure [121]. While these methods were generalized to include realistic
Neutron-proton (np) pairing has long been expected taffective interactions in Hartree-Fock-Bogolyubov calcula-
play an important role inV = Z nuclei. both through its tions [148], and in extensive analysis of shape coexistence in
isovector and isoscalar character. While the relevance dfuclei[149], in this review we will focus on the pairing-plus-
isovector /' = 0) np-pairing is well established, the role quadrupole Hamiltonian, but with the inclusion of isoscalar

of isoscalar np-pairing continues is still being debated [122]pairing as well for the reasons noted in the Introduction.
The first exact solution of the proton-neutron isoscalar-

isovector " = 0, 1) pairing Hamiltonian with nondegen-
erate single-particle orbits and equal pairing strengths wag 5. shell model description of Gamow-Teller strengths
presented in 2007, as a particular case of a family of in- in 2p1 f-shell nuclei
tegrableSO(8) Richardson-Gaudin models [16]. There is
clear evidence for an isovector np condensate as expectdthe growth in computational power, the development of so-
from isospin invariance. However, and contrary to early ex-phisticated shell model codes and the use of realistic poten-
pectations, a condensate of deuteron-like pairs appears quii@ls, consistent with two-nucleon data, has opened in the
elusive [123]. last decades new avenues for a detailed microscopic descrip-
Particle-number-conserving formalisms have been extion of the dynamics of medium mass nuclei, both its single-
plored for the treatment of isovector-isoscalar pairing in nu-particle and collective character. In particular, it enabled
clei, but the agreement with the exact solution is less satisa quantitative description of rotational motion and Gamow-
factory than in the case of th&l/(2) Richardson model for Teller transitions [136]. Full shell model calculations in
pairing between like particles [17]. This leads to the impor-the 2p1f shell, including the orbitalg7/2, p3/2,p1/2 and
tant conclusion that the isoscalar and the isovector protonf5/2 successfully reproduce the spectra, binding energies,
neutron pairing correlations cannot be treated accurately byuadrupole moments and transition rates [150, 151], pro-
models based on a proton-neutron pair condensate [124]. viding a microscopic description of the onset of rotational
A major step in the microscopic description of the low- motion [135, 152, 153] and the quenching of Gamow-Teller
energy spectrum of nuclei was made in the early 60s byransitions [1, 37, 154]. More recently, novel realistic inter-
Baranger [125] in terms of quasiparticle fermions with resid-actions, like the slightly monopole-corrected version of the
ual two-body interactions, the most important of whichwell-known KB3 interaction, denoted as KB3G, were able
is the quadrupole-quadrupole interaction, associated witko reproduce the measured Gamow-Teller strength distribu-
qguadrupole deformation of the nuclear shape and the exisions and spectra &pl f-shell nuclei in the mass range=
tence of rotational bands [126]. Soon thereafter this ledt5 — 65 [155], while a new shell model interaction, GXPF1J,
to birth of the pairing-plus-quadruple-model [127]. Mean- has been employed to describe the electron capture reaction
field quadrupole-quadrupole correlations allow for shell cor-rates, and the strengths and energies of the Gamow-Teller
rections in the single-particle structure of spherical and detransitions in the even isotopes of Ni frafi — 64 [2, 156].
formed nuclei [128]. Collective properties of vibrational and These interactions have been successfully employed [3, 4] to
rotational nuclei have been described employing boson exdescribe the most recent experimental results [157-160], and
pansion techniques with this Hamiltonian [129-133]. have enabled a study of the evolution of the GT strength dis-
A detailed tensorial analysis of realistic shell model tribution from stable nuclei to very neutron-rich nuclei [161].
Hamiltonians has conclusively shown that isovector pairingn the2p1 f shell the estimated quenching factoris0.744,
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slightly smaller but statistically compatible with ti21d- HereQ = Q, + @p is the quadrupole mass operator and
shell value [162]. : @ . @ : is the two-body part of the quadrupole-quadrupole
An anticorrelation between the total Gamow-Teller operator. AlsoP' is the operator that creates a correlated
strength and the transition rate of the collective quadrupol@air with L = 0, S =1,J = 1,T = 0, whereasS! is the
excitation has been observed [163, 164], which can be simwperator that creates a correlated pair with= 0, S = 0,
lated with artificial changes of the spin-orbit splitting [165]. J = 0, T = 1. Finally, the first term is the contribution
Full shell model Monte Carlo calculations fé&f = Z  of single-particle energies, which are taken from the realistic
2p1 f-shell nuclei [166] with a schematic Hamiltonian con- interactionK B3 (see [150]):€7/2 = 0.0 MeV, €3/5 = 2.0
taining isovector pairing and quadrupole-quadrupole interacMeV, €; /, = 4.0 MeV, andes /, = 6.5 MeV.
tions found a transition with increasing temperature from a  Note that our Hamiltonian indeed contains the key
phase of isovector pairing dominance to one where isoscalgjuadrupole-quadrupole interaction emphasized in Subsection
pairing correlations dominate [167]. The appearancE of 2.4 and also contains both isovector and isoscalar pairing,
1 ground states inV = Z odd-odd nuclei has been con- whose relative importance, as we noted, will be a key fo-
nected to the combined effect of the isoscalar and isovectagus of our interest. It of course also includes an underlying

L = 0 pairing components of the effective nucleon-nucleonsingle-particle field, which as also noted in Subsect. 2.4 can
interaction [168]. While in general isovector pairing domi- play a critical role.

nates in the ground states, the isoscalar pair correlations de- |1 js interesting to note here that much the same Hamil-
pend strongly on the spin-orbit splitting [169]. The isoscalarignjan was used in Ref. [14], which also systematically ex-
(I' = 0, 5 = 1) neutron-proton pairing interaction plays a pjored some features of the same nuclear region. However, in
decisive role for the concentration of GT strengths at the firstyy a4t work a different set of single-particle energies was used
excited 1+ state if?Sc, but this effect is suppressed in heav-involving a sum of the one-body parts of the quadrupole-
ler V' = Z nuclei by the spin-orbit force supplemented by q,adrople interaction and the spin-orbit interaction. We wil
the quadrupole-quadrupole interaction [170]. The isoscalagyiefly show the corresponding results for such a choice of
pairing interaction enhances the GT strength of lower energyjgmiitonian in Appendix A.

excitations inV = Z nuclei [171]. The competition between We will focus here on the effect of varying the strength

T F 1 andT = (l)_I pairing IgorLeE\tlonls wl;;ls alac'): ;tUdlled using parameters for the isovector and isoscalar pairing terms, leav-
se —.conS|stent artree-Fock- 0golyubov ( ,) plus qua,s'"lng the strength of the quadrupole-quadrupole interaction and
partlple random-phas_e app_rommatlon cal?rulatlons, Shfw'nghe single-particle energies unchanged. As noted above, we
that it can cause the inversion of the = 0 anc_iJ =1 restrict the analysis to even-mass nuclei near the beginning of
states near the ground state [172]. An analysis of Gamov‘ﬁherlf shell, namely withd — 42—48. All calculations re-

Teller transitions and neutron-proton-pair transfer reaction?)Orted here have been carried out using the ANTOINE shell-
reveals that thé U (4)-symmetry limitis not realized if’Sc |, 1ol code [136,174,175]

[173] and it is strongly broken by the spin-orbit interaction

and by increasing neutron excess [15]. As our goal is to leave the quadrupole-quadrupole

strength and the single-particle energies unchanged as we
. . search for the effect of varying the two pairing strengths, we
3. SyStemat'C. ,mOdfal CalCU|at'0ns_ of Gamow need to first choose an optimal set of parameters. We can
Teller transitions in the 2p1 f major shell then vary the pairing strength parameters away from their op-
In thi i din th ind  thi . d timal values, while keeping the others fixed, to see how these
n this section and n theé remainder of this review we e'changes impact the description of the properties of interest.

scribe model calculations through which we can systemati-Our approach for choosing tlotimal Hamiltonian parame-
cally appraise the role of the various key components of th‘?ers is based on two primary criteria:

nuclear Hamiltonian introduced in Subsection 2.4 on proper-
ties of Gamow-Teller transition rates (and to a lesser extent )

the associated nuclear spectra) for nuclei in the vicinity of 1. G0od reproduction of the low-energy spectra of the nu-
N=Z. For such nuclei, we can readily focus on the interplay clei of interest (especially the" states of odd-odd nu-
between all of the key interactions discussed and especially clei),

between isovector and isoscalar pairing correlations.
. o 2. Good description of GT properties and especially their
3.1. Model and Optimal Hamiltonian fragmentation.

We focus our attention on even-mass nuclei in the region ) ] . o .
from A = 42 — 48, in which the valence neutrons and pro- ~ Our analysis, described in some detail in Appendix B,
tons reside outside an assumed doubly-ma&%@a core and  SUJgeESts:

are restricted to the orbitals of ti#»1f major shell. The

Hamiltonian we use is e For N = Z nuclei the optimal set of parameters for
~ R PO P even-mass nuclei witll = 42 — 48 are: x = —0.065
=Y eii+x(:Q-Q:+aP P+81-8). 1) Meviaobos
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FIGURE 1. Energy spectra of the daughters (a, c, e and g) and parents (b, d, f and h) nuclei, comparing the results obtained with the optimal
Hamiltonian to experimental data [176].

e WhenN # Z, as likewise discussed in Appendix B, nuclei we consider, thereby providing the starting part
the ground states of odd-odd nuclei with such a Hamil- for our analysis of the impact of changes to the pairing
tonian and attractive isoscalar pairing typically have strengths.
spin and parityl *, at variance with the experimental
data. Thus, fotV # Z nuclei, we simplyturn off the In what follows we first very briefly discuss the energy

isoscalar pairingi.e. seta = 0. This leads to a good spectra emerging from this optimal Hamiltonian and then fo-
overall description of most features exhibited by thecus on the role of the various pairing modes on GT transitions.
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FIGURE 2.Comparison of the experimental [177] and theoretical results for B(GT) transition strengfi€tor 42Sc as a function of the
isovector pairing strengthand the isoscalar pairing strengthwhich only acts in the daughter nucleus.
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FIGURE 3. Comparison of the experimental [178] and theoretical results for B(GT) transition strengti€or **Sc as a function of the
isovector pairing strength Since both nuclei involved have neutron excesses, the isoscalar pairing strength isseit to

A further discussion of the role of the pairing modes on en-at the cost of losing the fragmentation of GT intensities that
ergy spectra is reserved for Appendix B. emerges nicely for the optimal Hamiltonian (see the follow-
ing subsection).

4. Results 4.2. GT Transitions

4.1. Energy spectra Below are the results obtained for GT transition intensities,
, . and their dependence on the pairing strengths. The values of
The energy spectra that emerge from our optimal Hamllto-B(GT) are multiplied by the usual quenching factor74)?

nian for the eight nuclei involved in the GT transitions we [38,162].
study are shown in Fig. 1. All experimental data was ob-
tained from [176]. In all cases the ground state angular moz 5 1 4 — 49
mentum agrees with the observed values. Furthermore, in all
odd-odd daughter nuclei the energies of the firstare ac-  The GT transition strengths fd?Ca — *2Sc are shown in
curately reproduced by the model. Lastly, the energy of therig. 2, as functions of the isovector pairing strengtivhich
first 2t state in all of the nuclei we consider is fairly well applies to both the parent and daughter nucleus] the
reproduced. isoscalar pairing strength, which only contributes to the
In the case of®V the model predicts a near degeneracyproperties of thé?Sc daughter nucleus.
between the lowest three states, those with= 01, 1T and Whena = b = 6 (the optimal pairing strengths) there is
2%, somewhat closer than in experiment, but nonetheless ia single strong peak at almost the exact experimental energy
reasonable agreement. and strength. There are small satellite peaks at higher energy
On the other hand, the calculated energies of states iwith somewhat more strength than seen experimentally.
even-even nuclei with angular momenta higher thanare As a is increased the strength to the lowést state in-
somewhat more compressed than the experimental energiasgases, albeit slowly, while the energy of that state goes
thereby losing the rotational properties that were better dedown in energy and eventually far = 12 becomes the
scribed in Ref. [14]. In Appendix B, we show how increasing ground state. A$ is increased, for a givem, the main peak
the pairing strengths expands these energy spectra, howevaoves up in energy, but with no noticeable change in its
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FIGURE 4. Comparison of the experimental [158] and theoretical results for B(GT) transition strengtigifer “6V as a function of the
isovector pairing strengthand the isoscalar pairing strengthwhich only acts in the daughter nucleus.

strength. The presence of a single dominant peak is an inddecay*¢Ti — %6V has a neutron excess, the daughter nucleus

cation that these nuclei have good SU(4) symmetry. does not. Thus we assume= 0 for the parent nucleus and
present the results as a function of ihevalue used in de-

422 A=4 scribing the daughter. In addition, the results are shown as

Figure 3 depicts the GT intensities fhCa— 44Sc. As both  a function of the isovector pairing strengthused for both

nuclei have a neutron excess, we et 0 for both and vary  nuclei. These results are shown in Fig. 4.

the isovector pairing strengthonly.

In this case, and in contrast t = 42, the experimental The results are interesting. Here there is strong fragmen-
data shows several satellite peaks at fairly low energies. Fd@tion of the strength for the optimal= b = 6 parameters,
the optimalb = 6 isovector strength, the lowest excitation though the lowest state has slightly more strength than the
is roughly five times more strongly populated than the nexinext few. However, the overa_lll strength to thfase states is in
few, in contrast with the experimental data where the relaf€@sonable accord with what is seen in experiment.
tive enhancement is roughly two. The lowest peak moves up
in energy a9 is increased and becomes progressively mor
dominant.

Though not part of thed = 44 GT decay, it is worth
commenting briefly here on th% = Z nucleus**Ti. The
spectrum of**Ti is shown in Fig. 11 of Appendix B.2 for
several choices of the isovector and isocalar pairing strengt
(since it hasV = Z both pairing modes are relevant). The ; n T
first point to note is that liké*Sc and**Ca the lowest states zﬁzgzylon of the lowesL™ state but now while lifting its
are well described by the optimal Hamiltonian. In contrast to '
them, however, the higher angular momentum states are too As in our mass-44 discussion, we also comment here on
compressed, so that the resulting spectrum is even more rehe rotational energy pattern for the even-even nuctéiis
moved from that of arbU (3) rotor. We can partially restore As can be seen from Fig. 1f), the higher angular momentum
theSU (3) pattern and get a better overall description descripstates are compressed with respect to experiment for the op-
tion of the energy spectrum by increasing the isovector pairtimal Hamiltonian and would require an increase in isovector
ing strength td = 12. On the other hand, as we see from Fig. pairing (see Fig. 13 in Appendix B.3) to improve the overall
3, anincrease in the isovector pairing strength would lead to description of those states and in doing so partially restore
loss of fragmentation in the corresponding mass-44 GT patthe rotationalSU (3) symmetry. But as just noted, such an
tern, in worse agreement with the experimental data. Thuicrease of the isovector pairing strength has the effect of
there is a competition between the fragmentation producefbcussing the GT strength in the lowest peak, thereby also
by the spin-orbit operator [15] and by isovector pairing. serving to partially restor€U (4) symmetry.

Other features of the results worth noting are that (1) even
F‘[hough we produce an appropriate fragmentation pattern the
individual strengths for = b = 6 are substantially larger
than in the data, (2) the effect of increasimgs, as for the
other masses studied, to focus increasing strength in the low-
est1™ state while lowering its energy and (3) the effect of in-
n:sreasing) is, again as for other masses, to likewise enhance

4.23. A=—46 Though isoscalar pairing is only of importance to the
daughter nucleu$’V, its increase likewise has the effect of

Next, we analyze the GT results obtained for the nuclei withrestoringSU (4) symmetry, as is evident from Fig. 4, and to

massA = 46. While the parent nucleus involved in the GT worsen the reproduction of the experimental results.
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FIGURE 5. Comparison of the experimental [179] and theoretical results for B(GT) transition strengtfigifer 8V as a function of the
isovector pairing strengthh Since both nuclei involved have neutron excesses, the isoscalar pairing strength issef for both.

42.4. A=148 guadrupole-quadrupole interaction that produces background
, . . . deformation.
Finally, we treat the GT transitions iA = 48. In this case The first step in this analysis was the choice of the op-

the relevant decay i§'Ti — *V, for which both the parent  timal Hamiltonian parameters within our model. This was
and daughter nuclei have a neutron excess. Thus, in Fig. ggne by focussing on the parameters that provided an opti-
where we compare the experimental and calculated transitiog | description of the energies of the loweststates in the
rates, the theoretical analysis is only shown as a function ofyclej of interest, a good description of the other low-lying
the isovector pairing strength states of these nuclei, and an optimal GT fragmentation pat-
The model with the optimab = 6 isovector strength tern. A significant outcome of this part of the analysis was
produces the lowest energy excitation in close agreement the realization that for a restricted model Hamiltonian of the
W|th experiment. HOWeVer, the |eVe| Of fragmentation in thetype we used we mustirn off isoscalar pairing when deal-
data is not well reproduced. The strength is concentrated ingg with nuclei having a neutron excess to avoid producing
Single peak at 2 MeV, which is where the Strongest State Iie%e incorrect ground state Spin and pa“ty for many such nu-
in the data, but it is several times more strongly populate@|ei. Our optimal Hamiltonian is able to achieve good overall
than any other. A% is increased, the overall effect is to in- f|tS to experimenta| data for both energy Spectra and GT de_
crease the level of fragmentation across an increasingly widefay properties, albeit with the limitations inherent in the rel-
range of states, in worse the agreement with experiment.  atively simple parametrization we use. Highlights are an ac-
In this case, the optimal parameters give acceptable rezyrate reproduction of the properties of the lowkStstates,
sults for the energy spectra of the daughter and parent nuclgid a reasonable description of the GT fragmentation pattern.
(Fig. 1g and 1h), neither of which extends to particularly  \we then varied the isoscalar and isovector pairing
high angular angular momentum. In the casé“@r, where  strengths from their optimal values to systematically study
the data extends to high angular momentum and whose repw the two pairing modes affect first the GT properties of
sults are shown in Fig. 16 in Appendix B.4, the optimal these nuclei and subsequently, in the Appendix, the energy
Hamiltonian gives a good description of the spectrum up tosystematics. Our analysis extends fram-= 42 to A = 48.
J™ = 167. The fact that the rotational pattern of this nu- ~ Our analysis of the effect on GT transition properties
cleus is fairly well described without having to dramatically showed that an increase in the isoscalar pairing strength in
modify the pairing strengths reflects the fact that in a systemhose systems in which it is activé/(= Z nuclei) focuses
with a large product of the number of valence neutrons an@&T strength on the lowestt state while lowering its en-
protonsN, x N, the effects of the quadrupole-quadrupole grgy. Increasing the isovector pairing strength, which is al-
interaction are increasingly more dominant and changes iWays active, also focuses GT strength on the lowésstate

the pairing strengths have a less important effect. but raises its energy.
Our analysis of the impact of the two pairing modes on
5. Summary and Conclusions energy spectra showed that the isoscalar and isovector pair-

ing modes focus primarily on the odd-J states and the even-J
In this work, we first reviewed the role played by Gamow- states, respectively. Enhancing the isoscalar strength system-
Teller transitions in stellar nucleosynthesis and in double betatically lowers the first * state and expands the set of odd-J
decay, and summarized theoretical results obtained employtates. In contrast, enhancing the isovector pairing strength
ing shell model and mean field techniques over the last haxpands the even-J part of the spectrum.
century. The pairing plus quadrupole Hamiltonian was in-
tr_oduced and the role of the isoscalar pairing interaction Wa%\ppendix
discussed.

Inthe second part of this review we explored the effects ofp | The original model

proton-neutron pairing on even-mass nuclei in the beginning
of 2p1 f shell. The analysis was done in the framework of theAs mentioned earlier, the work describe in Sec. 3 took in-
nuclear shell model using a parametrized Hamiltonian thaspiration from the model introduced in [14], for which the
contains not only isoscalar and isovector pairing but also &amiltonian is
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FIGURE 6. Energy spectra of the daughters (a, ¢, e and g) and parents (b, d, f and h) nuclei, comparing experimental data and results obtaine:
with the Hamiltonian'1).

tra of the daughters (a, ¢, e and g) and parents (b, d, f and
) h) nuclei, compared with the experimental data, are shown in
1)

—

Hi=x (@ -Q+aPt - P+bST - S+a Z 1.5, Fig. 6. They are calculated with the same optimal parameters
[

as for the model discussed in Sec. 3, namely: —0.065

For the sake of comparison, we show here the energiylev.’ a=b= G, butwitha = 20 as was used in [14]. Here
spectra that emerged for that Hamiltonian. The energy sped?C In the case ofV 7 Z we mustturn off the isoscalar
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pairing, (.e. seta = 0), to produce the correct energy of the 2 Exp b=0 b6 be12

lowest1™T states in those nuclei. ) . —
Having the full quadrupole-quadrupole interaction, and z1 4 - T

not just its two-body part as in Eq. (1), provides a better %2 . o= —

description of the rotational properties of these nuclei and in ! —

particular the spreading of the higher part of their spectra. On ¢ — o — ¢ — o — o

the other hand, no combination of parameters reproduces the

47 ground state irf®V. This is the main reason we have cho- FIGURE 8. Rotational band of?Ca as a function of the strength
sen to use the single-particle energies of the KB3 interactio®f the isovector pairing interactidnin comparison with the exper-
in the results presented in Sec. 3 of the main body of thidmental data.

aper.
bap states. The results, though optimal for this Hamiltonian
. . parametrization, still show clear limitations of the model. In
B. Energy Spectra and rotational properties particular, it is not possible to produce a very low-lying
In this part of the Appendix, we return to the Hamiltonian state, as is present in the data. It WOU|d. be necessary to In-
clude other components of the two-body interaction to repro-

described in Sec. 3 of the main body of this review and show .
duce this.

the effect of varying the strengths of the isoscalar (where ap- ) -
propriate) and isovector terms in the Hamiltonian (1) on the __AAnother pointworthy of note in Fig. 7 concerns the effect

energy spectra of the nuclei under discussion. Some of thig! the isovector pairing in the presence of isoscalar pairing.
material has been referred to already in Sec. 3 and in sucynen the isovector pairing strengtis weak the ground state
cases we do not repeat the discussion is al™. As the isovector strength is ramped up thestate

emerges as the ground state. Thus in the presence of non-
B1A =49 degenerate single-particle levels it is the interplay of isovec-
tor and isoscalar pairing that produces the ground state spin
In Fig. 7, results for the energy spectra for the daughter nuin N = Z nuclei, a conclusion that in fact carries through to
cleus*?Sc are shown. heavierN = Z nuclei as we will see when we present those
Two points should be noted: results.
(1) The best overall reproduction of the experimental spec- Next we consider the corresponding results*a, the .
trum occurs for equal values ofandb, and pgrent nucleus for GT decay. These results are shown in
Fig. 8. We only present the levels of the ground state rota-
(2) the optimal choice iz = b = 6. tional band in these figures.

With these values the lowest state has essentially the _ >Ince there Zri only r\]/aI(?_nce ”eﬁtronﬁ ?ﬁ:ah|soscalar
correct energy and there is a reasonable density of low-lyind®@/1"g IS omitted from the figure. Note that the spectrum

8
a) [[a=0 ] —
Exp b=0 b=6 b=12 - 3.0/3) Exp b=0 b=6 b=12 =l
6 2.5
N 0* 2 20
Z — % Z
= 4| o+ o+ o* 5+ 2 1.5 3+ 7+ 7+ 7
e 2* 7t - 7t = 3* ~ 10 7E — 6 @ — — 3*
= 5+ 5* 5t 2+ m —— — 3+ — ¥ 3*
2 — kS — K 3+  id 0.5 i e e 1"
- 7 2* —— - =4 =+ —— 6
- 1+ 1+ 1+ 00, — & = o g = 4+
0 —— = - I 2 5 2 2+
8
b 3.0,b) [a=6]
) Exp b=0 b=6 b=12 ; i Exp b=0 b=6 b=12 -
‘ :
—~ 20
% e 0" + % 15 &
s 4 0+ o+ ot 5*7 \E/ . 3 7+ — 7t N N ar 7&
=1 - T I — o0 — 7 6 6 3+
m 5 — s 5+ 2} ) py — 3 o — 3, —— 3 3
2 — 3+ 3 3 1+ 5 I 3+4 R 4} — 1+6
7* —_—r ¥ 2* 0.0 —_ 6t — T — g = 4
- 1+ p— o+ — It 2+ o+ ¥ o
0 JE— s JR— o JR— - JE— 0+
3 0 ! 9 3.0(¢) a=12
) a=12 : Ex b=0 b=6 b=12
Exp b=0 b=6 b=12 25 P
6 § 2.0 - e 7/ 7+
= 3 [5] — 3+
> o o O S 15 3 ¢ = ¢ — — 6
4 + — - i b - i h — 3 3
g 02* 7 7+ . 5 m 19 — 3 4 3+
JR— N N N k
@ 5 — 5 ==, i 0.5 A 3 L — L
2 . . E 3 —_— - +
— 3 2 2% 0.0 — 6t — 2  — _ 1
S = g o — 1+ Vil 1
[ — — — 1 —

FIGURE 7. Energy spectra of>Sc as a function of the isovector FIGURE 9. Energy spectra of*Sc as a function of the isovector
b and isoscalaa pairing strengths in comparison with the experi- b and isoscalan pairing strengths in comparison with the experi-
mental data. Results are shown fgrb = 0, 6, and 12. mental data. Results are shown éorb = 0, 6, and 12.
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does not exhibit a rotational pattern even o 0. Clearly  optimal energy spread arises o= 6, the spectrum is com-

the presence of the single-particle energies eraseStit8) pressed as the isovector strength is decreased with the gap
rotational behavior of the purely quadrupole interaction, ancbetween the ground state and the first exci2édstate be-

in the presence of isovector pairing the rotational pattern i€oming very small, and the first excitéd state remains too

not recovered. In all cases, the, 47 and6™ tend to group  high in energy for all isovector strengths.

together, in marked contrast to the experimental data where Next we considef*Ti with 2 valence neutrons and 2 va-
only the4t and6™ states are grouped. Nevertheless the opience protons, for which the results are shown in Fig. 11.
timal results seem to arise when we chobse 6, in accord  Though not a part of the GT decay, it is worth looking

with the conclusion from thé&®Sc analysis. at it nevertheless to study the effect of the different pair-
ing modes on its rotational properties. Without pairing and
B2A=44 single-particle effects the quadrupole-quadrupole interaction

would produce a pure rotor witBU (3) symmetry. Single-

The calculated spectra of the daughtéBc are shown in  particle effects by themselves perturb this pattern, as can be
Fig. 9 with the experimental data. seen from the = b = 0 results in the figure. Both isovector

We include isoscalar pairing in the figure as it enables u@nd isocalar pairing spread the spectrum, in better agreement
to demonstratehat isoscalar pairing must be removed whenwith experiment, but do not restore the pure rotational char-
N # Z. Notice that only in the case = 0 is the ground acter.
state spir2* reproduced. Using = 6 it is nearly degenerate
with the 17 state, while form = 12 the ground state spin and B.3 A = 46
parity arel ™.

The results for the parent nucledéCa are shown in NOw we consider the energy spectra of the= 46 nuclei
Fig. 10. The features observed as a function of the isovednvolved in the GT decag’Ti — “OV.

tor strength parameter are similar to those see¢d@a: the The results f_Owa are shown in Fig. 12. The same basic
features as for lighteN = Z nuclei are seen here. When the

intensity of both pairings decrease simultaneously, the spec-

8
Exp b=0 b=6 b=12 trum energies are reduced. When we reduce the isoscalar
56' o, pairing alone (note this is aN = Z nucleus so that isoscalar
24 B o, =g pairing is relevant), there is no appreciable effect on the states
= + = I p 4% . .
W = 2*: Ve =6, — 7 with even angular momentum, whereas those with odd angu-
—_— - S 2 * .
— 0 = — “r lar momentum gradually compress. Finally, when decreas-
o — . = ¢ —— e = 0 ing the isovector strength alone, a compression of the overall
FIGURE 10. Energy spectra of*Ca as a function of the isovector SE’reCtrLj_m occurs and the ground state gradually changes from
pairing strength b in comparison with the experimental data. 0Ttol™.
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FIGURE 12. Energy spectra ot®V as a function of the isovector
b and isoscalan pairing strengths in comparison with the experi-
mental data. Results are shown forb = 0, 6, and12.

FIGURE 11. Rotational band ot*Ti as a function of the isovector
b and isoscalat pairing strengths in comparison with the experi-
mental data. Results are shown forb = 0, 6, and12.
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FIGURE 14. Rotational band of®Ti as a function of the isovector
pairing strength in comparison with the experimental data. ResultsFIGURE 16. Energy spectra of®Ti as a function of the isovec-
are shown fom =0, b = 0,6, and12. tor b pairing strength in comparison with the experimental data. %
Results are shown fer =0, b =0, 6, and12.

Next we turn our discussion t§Ti for which the rele-
vant results for the rotational band are shown in Fig. 13. Asrroneous features in the low-energy spectrum when treating
a nucleus with a neutron excess we only show the results asraiclei with a neutron excess.
function ofb. The main features of these results were already  Results for the energy spectra 6fTi are exhibited in

described in Subsec. 4.2.3. Fig. 15 as a function of the parameter While the model
with the optimal value ob = 6 reproduces the experimental
B.4A=48 spectrum reasonably well, the agreement is rapidly lost when

we increase or decrease
Finally we show results in Fig. 16 for the states of the
ground state rotational band in tié = Z nucleus*®Cr.

Lastly we treat nuclei withA = 48. We first discuss those

that participate in the GT decayTi — 48V and afterwards

briefly comment orf*Cr. - . These results were already discussed in Subsec. 4.2.4 in the
The results for'®V are shown in Fig. 14. We include main body of the paper

a # 0 values even though this nucleus has a relatively large '

neutron excess, for reasons that will be made clearer soon.
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