
Systematic calculation of T = 1 triplets with proton–neutron mixed

energy density functionals

K. Sato,∗1 J. Dobaczewski,∗2,∗3,∗4 T. Nakatsukasa,∗1,∗5 and W. Satu�la∗2,∗4

We performed a systematic calculation for T = 1
isobaric analog states (IASs) based on energy den-
sity functionals (EDFs) including proton-neutron (p-n)
mixing. Recently, we developed a new model to calcu-
late IASs on the basis of the Skyrme EDFs that include
arbitrary mixing between protons and neutrons1). In
this framework, single-particle states are generalized as
superpositions of proton and neutron components. In
connection with this extension of single particles, den-
sity functionals are also extened to those with mixing
between protons and neutrons2). In this work, we con-
sider an extension of EDFs including p-n mixing only
in the particle-hole (p-h) channel, with both the rota-
tional and isospin symmetries conserved. Our ultimate
goal, however, is to develop a consistent symmetry-
unrestricted EDF approach including p-n mixing both
in the p-h and pairing channels.
We developed a code for the p-n mixing calculation

by extending the code “HFODD,”3) which solves the
nuclear Skyrme–Hartree–Fock(–Bogolyubov) problem
by using the Cartesian deformed harmonic-oscillator
basis. In this p-n mixing calculation, we perform
isocranking calculation by adding the isocranking term

to the Hamiltonian: ĥ� = ĥ−�λ ·�̂t. Here, �̂t is the isospin
operator. The isocranking term is analogous to that
used in the standard tilted-axis-cranking calculations
for high-spin states. By adjusting the isocranking fre-
quency �λ, we can control the size and direction of the
isospin of the system.
In Ref. 1), we developed an efficient method for de-

termining the isocranking frequency and successfully
applied the isocranking model to the IASs in even-
even A = 40− 56 and odd-odd A = 14 isobars. Thus,
we demonstrated that the p-n mixed single-reference
EDF approach is capable of quantitatively describing
the isobaric analog excited states. Among the results
in Ref. 1), that of odd-odd T = 1 IASs is of partic-
ular interest (See Fig. 4 in Ref. 1)). We calculated
the energies of the I = 0+, T = 1 triplet of states
in the A = 14 isobars, 14C, 14N, and 14O by using
the SkM* EDF. We found that there is asymmetry be-
tween the energy differences |E(Tz = 0)−E(Tz = −1)|
and |E(Tz = 0)−E(Tz = 1)|, which may be related to
charge asymmetry and independence of the NN inter-
action. To investigate this point, in this study, we per-
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formed a systematic calculation of the T = 1 triplets in
A = 4n+2 nuclei. We calculated the triple energy dif-
ference (TED)4) 2E(Tz = 0)−E(Tz = 1)−E(Tz = −1)
with several Skyrme parameter sets. In this model,
while the Tz = ±1 IASs are obtained with the stan-
dard Hartree-Fock calculation without p-n mixing, the
Tz = 0 IAS is calculated using the isocranking model
and is described by a single time-even Slater determi-
nant consisting of p-n mixed single particles.
Figure 1 shows examples of the results of the calcu-

lation. We plot the deviation of the calculated TEDs
from the experimental data in the A = 14− 58 region.
The TEDs in the T = 1 triplets calculated with the
SLy4, SIII, and SkM* parameter sets are shown. One
can see a systematic underestimation of the TEDs in
Fig. 1. In this calculation, we used isoscalar EDFs,
which are invariant under rotation in isospin space,
plus the Coulomb energy functional. This systematic
deviation may imply that we need to extend function-
als further to include isospin breaking terms. We al-
ready started performing a calculation including the
isospin breaking interaction, which will be reported
elsewhere.

-0.8

-0.6

-0.4

-0.2

 0

 0.2

 0.4

 10  15  20  25  30  35  40  45  50  55  60
A

TE
D

(c
al

c.
)-

TE
D

(e
xp

.) 
(M

eV
) SLy4

SIII
SkM*

Fig. 1. Deviation of the calculated triple energy difference

from the experimental data5), TED(calc.)-TED(exp.),

for the T = 1 triplets in A = 14− 58 nuclei. The TEDs

calculated with SLy4, SIII, and SkM* are plotted.

References
1) K. Sato et al.: Phys. Rev. C 86, 061301(R) (2013).
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Energy and mass-number dependence of hadron-nucleus total

reaction cross sections†

A. Kohama,∗1 K. Iida,∗1,∗2 and K. Oyamatsu∗1,∗3

The size of an atomic nucleus is one of the most fun-
damental quantities that characterize the bulk proper-
ties of nuclei. It is well known for β stable nuclei in
the ground state thanks to systematic measurements of
electron and proton elastic differential cross sections.
This helps clarify the equation of state of nuclear mat-
ter near the saturation point.1)

In this work, we systematically analyze nuclear re-
action data that are sensitive to nuclear size, namely,
proton-nucleus total reaction cross sections σR(p+A)
and differential elastic cross sections, using a phe-
nomenological black-sphere (BS) approximation of nu-
clei that we are developing. In this framework, the
radius of the black sphere “a” is found to be a useful
length scale that simultaneously accounts for the ob-
served σR(p+A) and first diffraction peak in the proton
elastic differential cross section. This framework is ex-
pected to be applicable to any kind of projectile that
is strongly attenuated in the nucleus. On the basis of
a cross-section formula constructed within this frame-
work (BS cross-section formula)2) as function of the
target mass number A and the proton incident energy
Tp, we find that a less familiar A1/6 dependence of σR

plays a crucial role in describing the Tp dependence.
In order to illustrate the A dependence of σR, in

Fig. 1, we compare the values of the BS cross-section
formula with those obtained by using the square-well
potential of the same radius “a” within the eikonal
approximation for the cases of natu.C and Pb. By not-
ing that a very well scales as A1/3, we examine the
difference in the A dependence between the two ex-
pressions. As a result of expansion in A, the leading
term is proportional to A2/3, while the subleading term
is proportional to A1/3 multiplied by an A dependent
exponential suppression factor in the eikonal approxi-
mation, which causes a different Tp dependence from
the solid curve in each panel of Fig. 1. This difference
results from the A1/6 dependence in σR.
By comparing the solid curves in the upper and lower

panels of Fig. 1, one can see the relatively weaker Tp

dependence for the case of Pb. The cross section itself
grows proportional to ∼ A2/3, while the Tp-dependent
term is proportional to ∼ A1/6, leading to O(A−1/2)
corrections to the O(A2/3) term. Thus, the relative
change in the cross section by Tp is suppressed. This
is the reason why the slope toward a lower Tp becomes
steeper for the case of C than that of Pb. The lat-
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Fig. 1. Comparison of the BS cross-section formula (solid

curve) with the eikonal approximation based on the

square-well potential (dashed curve) for σR(p+
natu.C)

(upper) and σR(p +natu./208 Pb) (lower) as a function

of Tp. We adopt both the BS radius at 800 MeV and

the square-well radius as 2.70 fm for carbon and 7.40

fm for lead. The values of σBS (≡ πa2), which are rep-

resented by squares with crosses, are obtained from the

measured peak angle of the first diffraction maximum of

the proton elastic scattering. They are consistent with

the measured σR (◦3), ×4)).

est empirical values of σR
4) apparently support the

presence of the O(A1/6) correction term in σR.
A part of this work was already reported in Ref.[5].
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