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We investigate the effects of residual tensor force (TF) and pairing force on the Gamow—
Teller (GT) transitions in four magic nuclei, Ca, °Zr, 132Sn and 2®®Pb. The TF is taken
into account by using the Briickner G-matrix theory with the charge-dependent (CD) Bonn
potential as the residual interaction of charge-exchange quasiparticle random phase ap-
proximation (QRPA). We found that particle-particle (p—p) tensor interaction does not
affect the GT transitions because of the closed shell nature in the nuclei, but repulsive
particle-hole (p—h) residual interaction for the p—A configuration of spin-orbit partners
dominates the high-lying giant GT states for all of the nuclei. It is also shown that apprecia-
ble GT strengths are shifted to a lower energy region by the attractive p—h TF for the same
Jx = j» configuration, and produce the low-lying GT peak about 2.5 MeV in ¥*Ca. Simulta-
neously, in *°Zr and '32Sn, the low-energy GT strength appears as a lower energy shoulder
near the main GT peak. On the other hand, the shift of the low-lying GT state is not seen
clearly for 2% Pb because of the strong spin-orbit splitting of high j orbits, which dominates
the GT strength.

Subject Index D03, D06, D13

1. Introduction

The tensor force (TF) in the nucleon—nucleon (N—N) interaction is one of the key ingredients
for understanding various nuclear correlations in finite nuclei. As already indicated by H. Bethe
1940 [1], and by E. Gerjuoy and J. Schwinger [2], the deuteron, (J* = 11, T = 0) is never in a
bound state without the TF, contrary to the unbound di-neutron system (J™ = 0", 7= 0) in
which TF is not active [3]. This means that the primordial nucleosynthesis could not be started
without the TF. Lots of phase-shift analyses of the N—N scattering data show that the TF in
the triplet-even channels, 3S; and 3D states, are strongly attractive [4,5]. Since the monumental
papers regarding the TF, the TF effects in nuclei have been examined in the mean field model
from 1970s [6], and have been extensively studied by many theoretical models and experiments
during the last 20 years [7-19]. Specifically, a recent study of the role of the TF by the advanced
shell model clarified that the non-central tensor interaction is attractive between j. =/ — 1/2
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and j. = [+ 1/2 states, but it is repulsive for j. and j. states or forj. and j_ states[7,13,18,20].
The TF effect in the Skyrme force type has also been discussed in detail in Refs. [10,12,21-25],
which confirms the TF properties discussed by the shell models and emphasizes the important
role of TF in the density functional theory (DFT).

In fact, the TF has a non-spherical property and a spin-triplet feature. Therefore, one may
conjecture that the nuclear deformation could be closely associated with the TF. It could be a
challenging task to find a realistic relation or correlation between the microscopic TF and the
macroscopic (or collective) properties like the deformation parameter. Along this line, recent
works in Refs. [15,16,26,27] discussed the TF effects on the nuclear deformation: they argued
that the TF effects may change the deformation in the Hartree-Fock (HF) Bardeen—Cooper—
Schriffer (BCS) scheme with the Gogny-type finite-range pairing interaction [15,26,28] and also
by the HF model with M3Y-P6 interaction [16,27].

The spin-triplet aspect of the TF is also interesting because the isoscalar (IS) pairing has
the spin-triplet nature in the neutron—proton channel. This point was argued especially in
medium-heavy N=Z nuclei, where the spin-orbit (SO) coupling could be small and does not
overwhelm the spin-triplet IS pairing [29,30]. The microscopic relationship of the TF and the
spin-triplet interaction in the mean field still needs more study from the microscopic point of
view.

In general, the experimental data of Gamow-Teller (GT) strength have observed the GT
Giant Resonance (GTGR) around Egr — Ep = (26 A~'3 — 18.5(N — Z)/A) MeV with respect
to the central peak of the Fermi-type transition £ to the isobaric analogue state (IAS) [31,32].
The GTGR excitation energy is mainly induced by the SO force in the mean field, and is pushed
up further by the repulsive particle-hole (p—/) interaction.

For the nuclei near closed shells, specifically for N = Z + 2 nuclei, some GT strengths are
shifted to the low-energy region mainly by the attractive particle—particle (p—p) interaction
originating from the TF according to our previous QRPA calculation [33]. For example, the
experimental data of GT strength distribution for > Ca(*He,7)**Sc [34] exhibit the most promi-
nent peak at a much lower energy region than the systematically observed GTGR energy. This
peak is termed as Low-energy Super GT (LeSGT) [35], which was attributed to the attractive
property of the p—p interaction in the low-energy GT state of N = Z + 2 nuclei [36]. Namely, a
typical GTGR excitation between the p—/ states of the spin-orbit (SO) partner is moved to the
lower-energy region by the attractive p—p interaction.

Here we remind the reader that the IS pairing is dominated by the spin-triplet channel, which
effectively accounts for most of the neutron—proton (np) TF interaction. This feature originates
from the fact that the spin-triplet, >S; and 3Dy, interaction is larger than that of the spin-singlet
np contribution; for example, ! P; interaction. The TF effects clearly give rise to a similar effect
to that caused by the IS pairing, as shown in our previous paper [33]. We also note that the TF
is partially included in the isovector (IV) spin-triplet np pairing part, which is dominated by the
attractive spin-triplet interaction (*P, and 3 Py), but the magnitude is smaller than that of the
IS spin-triplet one.

However, even for some double magic or single magic nuclei, we may find a population of
GT states in low-lying excitation as shown for ¥*Ca in Fig. 1(a). Such populations in low-lying
states are peculiar for N = Z + 2 nuclei. In this work, we investigate the energy shift of the GT
states induced by the TF for closed-shell nuclei. This shift could be an interesting phenomenon
because in the closed-shell nuclei the p—/ interaction is dominant in contrast to the p—p
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Fig. 1. (Color online) GT(-) transition strength distribution B(GT(-)) of **Ca. Experimental data by (p,n)
reaction in panel (a) are taken from Ref. [50]. Results of (b), (¢), and (d) are without (left-hand panel)
and with (right-hand panel) the TF. The normalization factor g, is fixed in all the calculations, but the
factor g, is changed as 0.5, 0.7 and 1.0 for the panels (b), (c) and (d), respectively. The calculated results
are smoothed out by a Lorentzian function with the width parameter of 1 MeV. The experimental data
contain the isovector spin-monopole strength (IVSM) in the forward angle cross-sections. However, the
excitation energy of dominant IVSM peak is expected at around 35 MeV in the*Ca(p,n)*¥Sc reaction
[51], and the IVSM has very small strength below 20 MeV, and does not affect the present discussion
much.

interaction in the N = Z + 2 nuclei. In Section 2, we briefly explain the formulas used in present
calculations. Numerical results are presented with detailed discussions in Section 3. Summary
and conclusions are given in Section 4.

2. Basic formulas

Since we calculate the GT transition of the magic nuclei in the framework of Quasiparticle
Random Phase Approximation (QRPA), we start from the construction of the BCS state for the
ground state of the mother nuclei. In this work, we take into account the like-pairing (neutron—
neutron (nn) and proton—proton (pp) pairing) as well as the unlike-pairing correlations, such
as neutron—proton pairing (np) via the TF by taking Goswami formalism [37-40] in a BCS
approach. Since the theoretical approach for the BCS had already been discussed in detail in
our previous papers [33,41-43], here we only present the basic formula. We exploit the following
BCS transformation between the quasiparticle and the real particle in an « state:

Cl]lL Uip Ulp Vip Vin C}L,

Cl; _ Uzp Uop Vop Von CL ’ (1)
ay —Vip —Vin Ulp Uy Cp

a) —V2p TV U2p Un)  \Ci),
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where u and v coefficients are calculated by the 4 x 4 BCS equation

€p—hp 0 Apj Api Uarp Uarp
0 €n — An Anﬁ Apii Ug'p —E Ug'n o)
Ay Api A 0 - e ’ @
pp pit —€p T Ap Va''p Va'p
Anﬁ Anﬁ 0 —€, + )\n o Va''n o Va'n o

where E,, is the energy of a quasiparticle, and « is indicated by a set of quantum numbers to
specify the single-particle state (SPS). Since our formalism includes the np pairing correlations,
we have two different types of quasiparticles, quasi-proton and quasi-neutron. However, the
isospins of the quasiparticles cannot be clearly defined [43]. Therefore we denote the isospin
indices of quasiparticles as «”(8"”) = 1, 2 hereafter instead of 7, = £1. The Greek letters with
a prime («', B, y’, 8’) are reserved for the isospin of the real particle [see Egs. (11) and (12)].
The pairing potentials in Eq. (2) are permitted between the nucleons in a time-reversed state
(a@) [38], while the unlike-pairing may have («x«) pairing as well as (&) pairing [39], which
are effectively included in the present framework. For the mean field we take a Woods—Saxon
potential (WS) [44] for its usefulness and simplicity.

The pairing potentials in Eq. (2) are calculated using the G-matrix derived from the realistic
Bonn CD potential [45], which explicitly incorporated the TF via the 7 and p-meson exchange
potentials in the N-N interaction:

Apﬁ,), = Aap&p = _I:ngG(aaCC’ J9 T = 1)](u>]kpﬂvlpf + u;pcv2p6) s (3)
J,c

Api, = Dgpan = — |:[ Zgr{p:lG(aacc, J, T = 1)]Re(u’fn(v1pc + 13, v2p,)
J,c

+ [ Do e tiGlaace, J, T = 0)|Im(ui, viy, + uznﬁ.vzp(.)] SN
J,c

where the Briickner G(aacc J, T) matrix in Egs. (3) and (4) represents the state-dependent pairing
matrix elements (PMEs) calculated in the spherical basis [45]. Agnan 1s Obtained from Eq. (3)
by replacing p by n.

As for the isoscalar np pairing we have two modes, spin-singlet (S = 0) and spin-triplet (S = 1).
The S = 1 state comes from the (x«) and (&@) pairings, which require an 8 x 8 transformation
matrix instead of Eq. (2) [40]. However, in the present 4 x 4 scheme, we effectively take into
account the 7"= 0 channel by the (e«) and (@&) channels in the following way. By adopting the
procedure in Ref. [40] for np and 71p pairings, we assume

<anap, T = Oleair|IBnprv I'=0>=<anap, T = O|Vpair|/§nlép7 T'=0>. (5)

Then the AZ=" pairing potential is given as Im A= =0 and Re A’=0 = Im AT= by

anop anop anap anap

Egs. (5)—(7) in Ref. [40]. It leads to

A0 = 218050 21A NP = HATS (6)

apan apan apan

where the factor of two is due to & pan and & pan pairings, respectively. Therefore, we multiply
the g/~ by a factor of two, so that the pairing strength parameters are set as (g,, gu, g, » 2 *
ggpzo)’ which are renormalization constants due to the restricted Hilbert model space in
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Table 1. Empirical np pairing gaps, Ay,”, from five-point pairing index formula [46]. The 7= 1and T =
0 contributions to the theoretical np pairing gaps, Aff; in Eq. (7) obtained by the fitting of g,,, are also

presented. The 7= 0 contribution turns out to be maximally within a few percentage of the empirical
pairing gaps.

48Ca 9OZr ISZSn 208Pb
AZ';,”’(MEV) 0.418 0.190 0.409 0.237
AT =1) 0.415 0.170 0.405 0.234
A;[;(T =0) 0.003 0.020 0.004 0.003

practical calculations. Since the characteristic features of the isospin dependence are taken into
account already in the PMEs obtained by the G-matrices, we treat the coupling strengths as

gh0 = g1 =" = gup. The g, and g, are fitted to reproduce the empirical pairing gap, A;"” and

A" (evaluated by a five-point mass formula), respectively [46].
After fixing the pairing strengths to the nn and pp pairing gaps, theoretical np pairing gaps

are calculated as [46—48]
Ay = —[(Hy + E\ + Ey) — (H)? + E, + E)] . (7

Here Hg(Hgsp ) is a total BCS ground state energy with (without) np pairing and Ey + E>(E, +
E,) is the sum of the lowest two quasiparticle energies with (without) the np pairing potential
A5 in Eq. (2). For the complex pairing gap A, in Eq. (4), we take their absolute values.
Finally, the strength parameter g,, is fitted to reproduce the empirical np pairing gap data,
Ay,", which are also deduced from the ground state masses of nearby nuclei. We tabulate the np
pairing gaps in Table 1, and refer to our previous papers for the detailed calculations of the BCS
wave functions including the TF [41,42]. Hereafter, we briefly summarize the QRPA model,
which is applied for calculations of GT strength distributions of the magic nuclei considered
in this work.

We start by adopting the standard QRPA formalism based on the equation of motion of the
following phonon operator acting on the BCS ground state [43]:

Ql = Z (X0 gk AT (@ BB K) — Y s x Al BB K] , (®)

pacte” ps BB

where pq(8) (Po(p) = 1) in the summation denotes the sign of the total angular momentum
projection of the given state a(8). The pairing creation and annihilation operators composed
by two quasiparticles are defined as

T 7 7 K i 7 "
Al BB'K) = [alal,] . Alaa’BB'K) = [agp aaa]”. ©)

where K is the projected quantum number of intrinsic angular momentum on the symmetry

axis and a good quantum number in the axially deformed nuclei.
Within the quasi-boson approximation for the phonon operator, we obtain the following
QRPA equation including the np pairing correlations in the BCS ground state for describing
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the correlated QRPA ground state:

A g g Ao g P P P
FE i i 2T L i &) i i
BUG0 LRG0 G0 Lo g0 ey eppst0  ehpso
aBfyd(K) aBys(K) aByd(K) afyd(K) apyd(K) aByd(K) afyd(K) afyd(K)
P g P P g g g g
a0 a0 T oeppia0 ey TOABe0 Touppsa0 T appi eyt
g0 T epeo T ghpto T a0 et Y efpst0 T apysto Y apyato
apyd(K) afyd(K) afyd(K) afyd(K) apyd(K) aByds(K) afyd(K) afyd(K)
X(’;lél)]( X(‘:lﬁl)l(
A:/(';zszm A:/(IL:ZKZ)K
Aj(’flaz)K ’Y(leﬂZ)K
X(’;}za DK X(’gzﬂ HK
x| = hQY N , (10)
{7(1;]151)1( }j(l«;’lﬁl)K
}:(7252)1( }:(212;52)1<
):(r;laz)K ):(Z:l,ez)K
Y(I;Iza HK Y(Io’;z,al K
where the amplitudes X (e BPK and Yoo sk in Eq. (10) stand for the forward- and backward-

going amplitudes, respectively, from a state aa” to another state 88" [43]. The forward and
backward amplitudes X", BENK and Y7, BANK in the phonon operator in Eq. (8) are related to
X gk = ‘/io'aa”ﬂﬁ”X(’ga//ﬁﬂ//) x and Y™ arppryk = 200088 Yo g i EQ. (10), where
Oaarppr = 1 1f @ = B and «” = B”, otherwise oy ppr = V2 [43].

If we switch off the np pairing, all off-diagonal terms in the A and B matrices in Eq. (10)
disappear with the replacement of 1 and 2 into proton and neutron. Then the QR PA equation is
decoupled into pp + nn + pn + np QRPA equations. The pp + nn QRPA can describe charge-
conserving reactions such as the M1 spin or EM transitions on the same nuclear species, while
np + pn QRPA describes charge-exchange reactions like the GT( 4/ — ) transitions. The A and
B matrices in Eq. (10) are given by

0(”,3”)/”5” .

ACtﬂy(S(K) — (E(JlC{” + Eﬂﬁ”)8(1)/8&”]/”8/358/3”5” — O'aa//ﬂﬁ//o'yy//ssﬁ
X E [—gpp(uaa//aruﬂﬁ//ﬂ/uyyr/y/u&s//a/ + V()t()[”()l/V,Bﬁ”ﬂ/v)/)///)//vsa//(s/) VO{O[/,B/B/, Vy/aa/

a/ﬂ/y/a/
— gph(“aa”a’vﬁﬂ”ﬂ’”yy”y’véé”é’ + Vota”a’uﬁﬂ”ﬂ’Vyy”y’uéé”é’) VCtO{’LS(S/, y)/’ﬂﬁ’
_ gph(uaa,,a,vﬁﬁ//ﬁ,vyyny/uwﬁa/ + vaa//a/uﬂﬁ”ﬂ,uyy//y/vaa//(;,) V‘m/yy” 88’;3/3’]’ (11)
”ﬁ//y/ls// _
(X,B]/(S(K) = — O'aa//lgﬂ//o'yy//sa//

X

E [gpp(uaar/aruﬁﬁ/rﬂ/vyy//y/V(gs//a/ + Voca”a’vﬁﬂ//ﬁ/”yy”y’uga//a/) Vaa’ﬂﬁ’, yy'88"
a/ﬂ/yf(sl

—_ gph(uaot”a/vﬁﬂ”ﬁ’Vyy”y’uaé”(S’ —|— Vaa//a/uﬁﬂ//ﬂ/uyy//y/V(Sa//S/) VD(O[’(S(S/, J/V/ﬂﬁ/
— gph(uozot”ot’Vﬁﬂ”ﬂ’“yy”y’vﬁé”é’ —|— Vaa”o/uﬂﬂ”ﬂ’Vyy”y’uaa”é’) VD{O(’}/)//, 88//35/]5 (12)

where u and v coefficients are determined from the BCS equation. The g,, and g, stand for p—p
and p—h renormalization factors for the residual interactions in Egs. (11) and (12). The two-
body interactions Vg, ,s and Vs, , 4 are p—p and p—h matrix elements of the residual N-N
interaction V, respectively, which are calculated from the G-matrix.
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The G-matrix is obtained by using the Briickner reaction matrix based on the realistic Bonn
potential for the N—N interaction inside nuclei from the Bethe-Goldstone equation as follows:
GW )ap. ys = Vg s + VQ%B%#G(W)M "y (13)
where «, B, v, and § indicate the associated quantum numbers of single-nucleon basis states as
stated before (oscillator wave functions with single-particle energies from a WS potential). H,
is the harmonic oscillator Hamiltonian and Q) is the Pauli operator. For finite nuclei, the start-
ing energy W is chosen as an average single-particle energy. VQ%B% is the one boson exchange
potential of the Bonn group [45]. The repulsive (attractive) TF effects between j. (- and j. (<)
(>( <) and j.( ) states appear explicitly on the G-matrix as shown in fig. 4 of Ref. [49].
The GT transition amplitudes from the ground state of an initial (parent) nucleus to the
excited state of a daughter nucleus, i.e., the one phonon state K* in a daughter nucleus, are
written as [43]

< K*,m|GT x| ORPA >

= D Nawnppro <" ppaloxl BB nps > [taa pVpsnX gk + Vaa s Yioar sl
aa’ BB’ oy

< K, m|GT | ORPA >

= Z Naa”ﬂﬁ” < Ola//P,Oa|UK|.3,3””Pﬁ > [uaa”pvﬁﬂ”n Y(Zza”ﬂﬂ”)K + Vot(x”puﬂﬁ”nAX(lga"ﬁﬂ")K] (14)
aa” pa BB pp
where the | ORPA > denotes the correlated QRPA ground state in an intrinsic frame and the
normalization factor is given as Nyorppr (J, T) = /1 — 8ap8arpr (—1)/TT /(1 + 8458475 ) With to-
tal isospin 7. The particle model space was extended up to Ny = 10/w in the spherical basis.

3. Results

Before discussing numerical results concerning the TF effect, we briefly explain how to sepa-
rate the TF effect in the G-matrix calculation based on the CD Bonn potential [45,52]. Because
the TF is not accommodated well in the j—j coupling scheme [53], we exploit the N-N potential
represented by the L-S coupling scheme, |LSJM > basis [52]. The N-N potential, which is a
summation of the contributions of meson-exchange potentials given by the six helicity ampli-
tudes, is decomposed by spin-singlet, uncoupled spin-triplet and coupled spin-triplet channels
[45]. Here the uncoupled and the coupled spin-triplet channels correspond to the cases of J =
L and J = L +£ 1, respectively. The coupled case mainly comes from the p- and m-exchange
potentials and corresponds to the TF comprising AL = 2 and AL = 0 components [45]. Inside
nuclei, not only J = 1, but also other J-coupling TFs play significant roles.

3.1. GT strength distribution of **Ca
In Fig. 1, we present the TF effect on the GT strength distribution for *Ca by switching the TF

on and off in the residual interaction by the G-matrix. The GT transition operator is defined
by

O(GT1) =) ot (15)

for the charge exchange (1, p) and (p, n) channels, respectively. We notice that “®Ca is a doubly-
magic nucleus where the p—/ interaction becomes significant for GT transition. Therefore while
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Fig. 2. (Color online) (Left) Calculated SPS energies by using the WS potential [44], where the black
dashed lines indicate Fermi energies. (Right) Schematic diagram right of GT transition for ¥Ca. The
blue and red arrows in the right-hand panel represent the main p—/ configurations of GT transition,
respectively, at E.x = 2.5 and 10.5 MeV. For magic nuclei, the repulsive (attractive) p—p TF between
725 and T ( 72 and ;7 (>)) states is changed to the attractive (repulsive) p—h TF by the Pandya
transformation.

the p—p strength is fixed as g,, = 0.75, the p—/ strength, g,;, is varied from 0.5 to 1.0. These
variations are multiplied by the QRPA matrix elements for the p—p and p—/ interactions in the
QRPA equation, respectively, in Egs. (11) and (12).

Experimental GT strength distribution data in Fig. 1(a) shows a small peak in low-lying en-
ergy region around E., = 2.5 MeV, and also main broad peak at E.x = 7-15 MeV. The main
configuration for the low-energy peak is the p—A excitation, v0f7, — m0f7,, and the high-
energy peak is dominated by the spin-flip p—/ excitation, v0f7, — w0f5,. We study the role
of TF on these GT peaks. In the left-hand panel of Fig. 1, the p—/ interaction is changed
by a factor g,, = 0.5, 0.7 and 1.0 for Figs. 1(b), (c) and (d), respectively, without TF. With-
out the TF, the positions of the low-energy and high-energy peaks are not changed so much
even with the increase of the g,, strength. With the TF, the low-energy peak is slightly en-
riched and more fragmented, and with the increase of the g,, strength the low-lying state
is slightly shifted to the lower-energy region, as shown in the right-hand panel of Fig. 1.
This shift is attributed to the attractive p—i TF property on the same j, = j, as displayed in
Fig. 2.

High-lying GT states are not very affected by the TF. The fragments come from the np pairing
containing the tensor force in the residual interaction. The configuration of the GT states is
increased because of slight melting of Fermi surfaces of protons and neutrons by the np pairing
correlations in HFB calculations, which gives rise to the fragments, although the TF turns out
to affect only a few percentage in the np pairing gap at the BCS stage. For reference we tabulated
the np pairing gaps for the nuclei exploited in this work in Table 1. Moreover, the off-diagonal
matrix in the QRPA equation may enhance such fragmentations.
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Fig. 3. (Color online) Effect of the p—p interaction on the GT(-) transition strength distribution B(GT(-))
of ¥Ca. Left-hand (right-hand) panels are the results without (with) TF. Panels (b), (c), and (d) show
the results where the normalization factor g,;, = 1.0 is fixed, but the factor g, is changed as 0., 0.2 and
0.75. Other factors are the same as those in Fig. 1.

The GT transition configurations for the low-lying GT state at Eo, = 2.5 MeV for ¥Ca is
represented as the blue arrow in Fig. 2; its transition is on the same shell orbit (v0f7, — 7 0f72),
and TF makes the attractive p—/ residual interaction. The high-lying state is dominated by the
transition of the SO partners (vOf7, — 7w 0f5,,) with the repulsive p—/ residual interaction (see
red arrow).

In Fig. 3 we show that the GT strength distributions are almost insensitive to the change of
gpp strength. This means that the repulsive p—p TF on the same /7, shell is not active because of
the closed shell structure of “®Ca. Instead, the TF appears as the attractive p—/ interaction for
the v0f7, — m0f7, channel and the repulsive p—/ interaction for the v0f7, — 7 0f5;, channel,
as illustrated in Fig. 2. This feature comes from the following Pandya transformation between
p—h and p—p matrix elements:

. IR
<ap T Wlys ™ IT > = =S d TP W Giajsinis: JIW (35355 TT) (16)

X <ab; J T Vs |By: J T >,

where W (o jgjy js; JJ ') is a Racah’s coefficient which is equivalent to a 6j-symbol.

3.2.  GT strength distribution of *° Zr, 13° Sn, and *"® Pb

In the left-hand panel of Fig.4(a) for °Zr, there appears a left shoulder of the main GT state
around E.x = 9 MeV in the experimental data. If we include the TF in the RPA calculation,
shown in Fig. 4(b), the left shoulder shifts slightly towards the high-energy GT region compared
with Fig. 4(c) without the TF. We also notice that the shoulder around E¢, = 6~8 MeV in

9/15

¥20z aunf Gz uo Jasn Aysieaun BuedueH Aq £066/9//20A€90/9/420Z/8101e/d8)d/woo dno olwapede//:sdiy woly pspeojumoq



PTEP 2024, 063D02 Ha Eunja et al.

T T T T 20 T T T T
6 |- (a)Exp. %Zr(p,n) S, = 5.076MeV_ [ (@)Exp."®2Sn(p,n) S, =9.620 MeV |
| S, =1015Mev ] — [ S, =5.770 MeV |
I - Q =6.111MeV—- 1ol Q =-3.103 MeV ]
9 2+ o " : 9 I e ]
m o e ° ® e LI m : o ® o ® ° o0 4
0 e I... I. T T LR 0 pere I....I T T -
1 1 2 2 1 1 2 2
o S 05 2 25 g0 5l 5 2 2
—~ [ (b)+TF 1~ () +TF F
= 10 [ Gpn(95)=0.7(0.9) 1 1= 50 [ 9on(Gpp)=1.15(0.65) |
) [ ]
@ sf ] @ ]
25 25
25 15 2 25
E., [MeV] E., [MeV]

Fig. 4. (Color online) The TF effects on the GT strength distributions for *°Zr (left-hand panel) and '3>Sn
(right-hand panel). The panels (b) and (c) correspond to the cases with and without the TF, respectively.
The normalization factors are fixed to be g,;, = 0.7(1.15) and g,, = 0.9 (0.65) for **Zr ('3*Sn), respectively.
Experimental data of the (p,n) reaction are from Ref. [54] and Ref. [55], respectively.

Fig. 4(c) is more fragmented and a new small peak at around 5 MeV appears as a result of
the TF effect. For the®Zr case with the TF, the low-lying state around E,, = 9 MeV is mainly
the transition from v0gg,, to 70g9/, and the new small peak around E,., = 5 MeV comes from
mainly the transition from vipy; to w1py, due to the melting of the proton Fermi surface
presented in Fig. 6. The dominant high-lying GT peak at Eex = 16 MeV comes from the v0Ogg)»
to 7 0g, state, which is similar to the case of **Ca.

The high-lying GT peak is shifted about 1 MeV higher in energy by the repulsive p— TF and
becomes close to the experimental peak position. We found almost the same mechanism also
for 1328n case. The low-energy strength is more fragmented by the TF and the main GT peak is
shifted to higher energy by about 3 MeV and becomes consistent with the experimental data.
The TF effect is more enhanced in the heavier nuclei as shown in the shift of the main GT peaks
in Fig. 4.

Since the p—p interaction is almost negligible in the double magic nuclei as shown in Fig. 3,
we investigated the property in °°Zr in Fig. 5, because the proton number Z = 40 is not a well-
developed magic number. As displayed clearly in the right-hand panel of Fig. 6, one can see
the smearing of proton SPS in the vicinity of the proton Fermi energy given in the left-hand
panel of Fig. 6. Because of the melting of the Fermi surface, a slight difference is noticed in
the B(GT™) distribution by the change of g,, in the paring channel in Fig. 5, contrary to the
negligible difference in the case of “*Ca in Fig. 3.

In Fig. 7, we examine the TF effects on a heavier double magic nucleus, *®Pb, where one
could not find the shoulder feature below the main GT peak in the experimental data as shown
in Fig. 7(a), in contrast to the other magic nuclei. In Figs. 7(b) and (c), the shoulder is smoothed
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Fig. 5. (Color online) Effect of the p—p interaction on the GT(-) transition strength distribution B(GT(-
)) of #Zr. Calculated results are obtained by changing the factor g, as 0., 0.5, and 0.9 with a fixed
normaization factor g,,= 1.0.
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Fig. 6. (Color online) (Left) SPS of *°Zr and (right) their occupation probabilities, with their Fermi
energies denoted as dashed lines. The occupation probabilities are calculated by v> = v%n + v% ) and vf, =

v3, +v3, in Eq. (2).

out below the main GR state, which has a much larger width than the other nuclei. This is due
to the strong SO interactions for high j orbits in the p—/ configurations and also the higher
energy level density with the increase of the neutron number. We notice that the main GT peak
is shifted higher in energy by about 500 keV by the TF, while the entire spectrum is not much
affected by the TF in >*®Pb.
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Fig. 7. (Color online) The same as Fig. 4, but for 2 Pb. The normalization factors are fixed to be 8oh =
0.65 and g,, = 0.65. Experimental data of the (p,n) reaction in panel (a) are from Ref. [65].

The effect of TFs on GT as well as spin-dipole (SD) excitations was discussed in a RPA model
with Skyrme-type effective energy density functionals (EDFs) in Refs. [56-58]. In this RPA
model, the triplet-even and triplet-odd TFs are introduced in both HF and RPA calculations.
The strengths of TFs are examined against the experimental data of GT and spin-dipole state in
the closed shell nuclei. In the GT case [56], the effect of the triplet-even TF competes with that
of the triplet-odd one and shifts down the energy of GT states, contrary to the present result,
because of the different mean fields exploited. The best results of Skyrme-TFs are obtained
with an attractive triplet-even and a modest repulsive triplet-odd tensor force, which largely
cancel each other and give a good agreement with the experimental excitation energies of GT
states in °Zr and 2®Pb. The triplet-even tensor interaction of G-matrix is attractive as well
as that of Skyrme tensor interaction. For the p—/ type excitations for higher GT peaks, the
G-matrix works as a repulsive interaction and shifts the GT peaks close to the experimental
energies. This is also the case in the Skyrme tensor force. The triplet-odd part is attractive in
G-matrix, while the Skyrme tensor is slightly repulsive. The contribution of the triplet-odd part
is rather small for the positive parity excitations and does not play any significant role for the
GT excitation.

12/15

¥20z aunf Gz uo Jasn Aysieaun BuedueH Aq £066/9//20A€90/9/420Z/8101e/d8)d/woo dno olwapede//:sdiy woly pspeojumoq



PTEP 2024, 063D02 Ha Eunja et al.

The GT strengths of closed shell nuclei have also been discussed with beyond mean field mod-
els; the particle-vibration coupling (PVC)+RPA model [59,60], the relativistic PVC model [61],
and also subtracted second RPA (SSRPA) models [62,63]. These beyond mean field models
took into account more than 1p—14 model space and intended to describe not only the low-
lying GT states, but also the main GT peaks. In particular, the calculated width of the main
GT peak [59] is increased and becomes close to the observed one by the inclusion of more than
1p—1h model space. The calculated half-lives of double magic nuclei also show a very good
agreement with experimental data [60,64]. In the SSRPA, the coupling to 2p—2h states is ex-
plicitly included and induces a large quenching of GT strength below E., <20 MeV which is
consistent with the experimental observations. In Refs. [62,63], the Skyrme-type tensor inter-
actions were introduced in the SSRPA model. Qualitatively, both the beyond mean field effect
and the TF induced by Bonn potential improve the description of low-energy GT strength. We
found, however, that the precise description of GT energy and strength depends on the model
adopted; for example, the low-lying GT state in the “*Ca is well described in the present cal-
culation, but the energy depends on the adopted TF in SSRPA [63]. It is a future theoretical
challenge to clarify quantitative differences of the TF effect on the GT and SD states between
the realistic TF derived from G-matrix and the phenomenological ones.

Here we note that we did not use the Landau—-Migdal approach, but we adopt the G-matrix
from the Briickner HF model. In principle, the effect of realistic g, parameter of the spin-
isospin channel is included in the BHF approach. For example, the Landau—Migdal parameter
was studied by using BHF model in Ref. [66] and shown to be consistent with phenomenological
values adopted in experimental GT states analysis [67].

4. Summary and conclusions

In summary, we study the GT strength distribution of the magic nuclei “®*Ca, *°Zr, 13>Sn, and
208Pb using the QRPA model with realistic TF. For “*Ca, the low-lying GT strength appears
clearly as a single peak both in the experiment and the calculated results. The attractive nature
of tensor correlation for the p—/4 configuration with the same proton and neutron j orbits shifts
the peak position lower and gives a good agreement with the experimental data. For *°Zr, a
shoulder appears below the main GT peak in the strength distribution, and a plateau shows up
below the GT peak in '*2Sn. These GT strengths are made slightly broader by the p— TF. On
the other hand, the repulsive p—i TF pushes the high-lying main GT peaks up in energy and
forms better agreements with the experimental main GT peak positions. This phenomenon is
in contrast to the GT shift for N = Z + 2 nuclei, where the attractive p—p TF force shifts largely
from the high-lying GT strength to the low-lying GT state, the so-called Low energy Super
GT (LeSGT) state. This difference can be understood via the Pandya transformation, in which
the attractive p—p tensor interaction in the N = Z + 2 nuclei is changed to the repulsive p—/h
interaction in the magic nuclei.

Thus, the TF property in the GT strength distribution of the magic nuclei shows up differently
to that in the N = Z + 2 nuclei, i.e., it depends on whether the p—p interaction is dominant or
the p—h interaction dominates the GT excited states. For the magic nuclei considered in this
work, we showed that the attractive p—/ TF contributes to the evolution of the low-lying GT
transition, while the repulsive p—i TF contributes to the high-lying GT excitation. By the TF
to the spin-orbit force, the low-lying peak appears as a single peak for #Ca, a left shoulder of
the main GT peak for *°Zr, and a plateau for '32Sn, and hindered in the background in a heavy
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nucleus 2%®Pb. The systematic study of the TF including open-shell and deformed nuclei might
be interesting. Such a study is planned for a future project.
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