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Noniterative finite amplitude methods for giant resonances
and the application to the neutron radiative capture cross
sections

Hirokazu Sasakil"*, Toshihiko Kawano', and Ionel Stetcu!

"Los Alamos National Laboratory, USA

Abstract. We calculate the electric dipole (E1) and the magnetic dipole (M1)
giant resonances with noniterative finite amplitude methods and demonstrate
how the fully microscopic density functional theory predicts the giant reso-
nances without any phenomenological parameters. Then, we calculate neutron
capture reactions based on the statistical Hauser-Feshbach theory with the result
of E1 and M1 transitions and find that the capture cross sections for deformed
nuclei are enhanced due to the contribution from the low energy M1 scissors
mode.

1 Introduction

Giant resonances (GRs) are collective motions of nucleons inside the nucleus. Since the
first measurement of the electric giant dipole resonance (GDR) in the photoabsorption exper-
iments [1], various types of GRs were experimentally confirmed [2]. The strengths of GRs
are applied to nuclear reaction theories, nuclear data evaluations, and stellar nucleosynthe-
sis. In particular, neutron capture cross sections are calculated with the strengths of electric
dipole (E1) and the magnetic dipole (M1) transitions under the Brink-Axel hypothesis [3] in
the statistical Hauser-Feshbach theory [4, 5]. Since the production of large amounts of un-
stable nuclei, the calculated neutron capture cross sections are essential to the rapid neutron
capture process (r-process) inside core-collapse supernovae and neutron-star mergers that can
synthesize half of the heavy elements on the periodic table [6]. The capture reaction is also
important for the neutrino-induced nucleosynthesis in core-collapse supernovae [7—10].

The fully microscopic density functional theory (DFT) is a contemporary theoretical ap-
proach to studying nuclear structures. Various GRs can be microscopically calculated with
random-phase approximation (RPA) and the extended quasiparticle-RPA (QRPA) by consid-
ering pairing interactions [11, 12]. The finite amplitude method (FAM) [13, 14] is a feasible
method to solve the self-consistent (Q)RPA equation and applied to various collective excita-
tions such as multipole modes on photoabsorptions [15-19], B-decays [20, 21], and sponta-
neous fission [22].

In this paper, we overview the noniterative FAM developed in our previous works [18, 19]
and show the results of giant resonances and the neutron capture cross sections for deformed
nuclei.
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2 Methods

We briefly introduce the framework of the noniterative FAM and the derivation of RPA
matrices. From the linear response of the time-dependent Hartree-Fock (TDHF) equation and
the Fourier transform, the equations of forward and backward amplitudes of a frequency w
are given by [13, 16, 18]

(&n — & — W) Xpi(W) + (Pl Sh(w) |$;) — (Pl Vexi(w) 185) (D
(en — € + W)Yi(w) + (¢l Sh(W) |y =il Vext() ) » )

where X,,/(w) and Y,,;(w) are matrix components of forward and backward amplitudes,
{3 =1,...,A) and {¢,,}(m = A + 1, ...) are hole and particle states of the HF single-particle
states, €,/; is the corresponding HF energy eigenvalue, Ve (w) is the external field for collec-
tive motions, and 6i(w) is the residual interaction induced by the external field. We drop the
index w hereafter. The obtained forward and backward amplitudes from the above equations
are applied to calculate transition strengths and cross sections of GRs.

One of the difficulties to solve Egs. (1) and (2) is to calculate 64. FAM is an efficient way
to calculate such a residual interaction. In the framework of FAM, the residual interaction is
described with a small parameter 7,

1
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where h is the TDHF Hamiltonian. In the conventional FAM, the residual interaction and
amplitudes are calculated iteratively with Egs. (1)-(5).

In the limit of 7 — 0, the residual interaction in Eq. (3) is described by the linear combi-
nation of the forward and backward amplitudes [18],
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In such explicit linearization, we do not need any parameter 7 and iterative procedures to
solve Egs. (1)-(5) as done in the conventional FAM. Then, the RPA equation is derived from
Egs. (1), (2), and (6),
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where the components of RPA matrices A and B are calculated with the linearization of
the Skyrme potentials. The detailed descriptions of these matrices are given in Ref. [18].
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Figure 1. The GDR cross sections for (a)’*®Pb and (b)!**Sm. The solid line shows the result of the
noniterative FAM. The dotted and dash-dotted lines show the partial contributions from dB(E,, Dy)/dE,
and } x_.; dB(E,, Dg)/dE,. The symbols are both the reported and evaluated experimental data [25,
26]. The dash line is the evaluated GDR cross section [27].

The above discussion can be extended to the framework of QRPA with the HF+BCS single-
particle states by multiplying a BCS parameter such as {j, = u,v, + Tu,v, by the operators
[19]. Such extension from RPA to QRPA is needed for the calculation of the M1 transition
for open-shell and deformed nuclei. We calculate both E1 and M1 transitions for even-even
nuclei based on the noniterative FAM-QRPA with SLy4 Skyrme interactions [23].

The photoabsorption cross sections obtained in the microscopic calculations are applied
to the neutron capture cross sections through the statistical Hauser-Feshbach model. The
calculation is carried out with the coupled channels Hauser-Feshbach code CoHs [24]. The
calculated photoabsorption cross sections o5 (Ey; XL) (X = E,M,L = 1) are used for the
y-ray strength function,

O-abs(Ey; XL)
2L + l)ﬂ(hC)ZE)Z,L_l ’

fxi(Ey) = (11)

where E, is the energy of the emitted photon from the compound nucleus. The y-ray strength
function is used to calculate the y—ray transmission coefficient in the statistical model.

3 Results and Discussions

Figure 1 shows the FAM-QRPA results of GDR cross sections for 2*®Pb and '*Sm. We
employ the E1 operator Dg(K = 0,+1) [18] in Eq. (10) with Im w=62.5 keV. We adjust the
values of peak cross sections with a convolution of a Lorentzian function. The calculation
results (solid lines) reproduce well the resonance energies of the evaluated cross sections
(dashed lines) within 0.6 MeV. We remark that such a calculated resonance energy is almost
independent of the choice of the Lorentzian width in the convolution. The partial contribu-
tions from different K(= 0, 1) in the E1 operator are shown in the dotted and dash-dotted
lines. The dash-dotted line in Fig. 1(a) is completely twice the dotted line because 2*®Pb is a
spherical nucleus and the transition strength is independent of the value of K. On the other
hand, the GDR peak splits into two for deformed nuclei such as >*Sm. The FAM results in
Fig. 1(b) reproduce such a split of the GDR. The energy-weighted sum rule m; [17, 18] com-
puted from both the integration of os(E,; E1) and the HF ground-state density is consistent
within a few percent for 2°®Pb and '>*Sm.
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Figure 2. The transition strengths of the M1 transitions for '**Gd. The solid (dotted) line shows the
result with (without) the contribution from the spin-flip transition.
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Figure 3. The neutron capture cross sections on (a)'*>Gd and (b)'3*Gd. The solid line shows the result
with FAM photoabsorption cross sections (XL = E1, M1) in Eq. (11). The dash-dotted line shows the
result without the contribution from the M1 transition lower than 4 MeV. The dashed line shows the
result with the internal y-ray strength functions in CoHs, which are phenomenologically parameterized
giant resonances. The symbols are experimental data [30-33].

Figure 2 shows the results of the M1 transition strengths for '3®Gd with and without the
spin g factor in the M1 operator that includes both spin and orbital angular momentum oper-
ators. The spin-flip transition dominantly occurs in E, > 5 MeV and the contribution from
the orbital motion is prominent at low energies. Such low energy M1 transition associated
with the orbital operator can be seen as a scissors mode induced by the collective motions
of nucleons inside a deformed nucleus. The scissors mode appears around 3 MeV and the
total strength is Y} B(M1) ~ 3u? for rare-earth nuclei [28]. We obtain )} B(M1) = 4.9u%
by integrating the solid line in Fig. 2 up to 4 MeV. This overestimation can be improved by
introducing the quenching of the spin g factor [29] in the M1 operator.

Figure 3 shows the calculated neutron capture cross sections for '*>Gd and '*°Gd com-
pared with experimental data. There is no experimental data for '**Gd due to an unstable
nucleus. The properties of the calculated cross sections are similar for both stable and unsta-
ble Gd isotopes. For the calculation of the y-ray strength function in Eq. (11), we employ
the FAM results of the E1 and M1 transitions for **Gd and '°Gd. The calculated capture
cross sections are sensitive to the strength functions at low energies. The dash-dotted lines
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are lower than the solid lines, which indicates the enhancement induced by the low energy
M1 scissors mode (E, < 4 MeV). The contribution from the M1 scissors mode is discussed
with the average y—ray width (I',) [19] and the M1 scissors mode contributes to about half
of the total calculated cross section. The calculated capture cross section with the FAM re-
sult is lower than the dashed line and experimental data in Fig. 3(a). Such a discrepancy can
be improved by microscopic calculations beyond QRPA such as quasiparticle-phonon model
(QPM) [34] and quasiparticle time blocking approximation (QTBA) [35]. Such advanced
theoretical frameworks can induce fragmentation of the El transition strength to the low en-
ergy tail of GDR and enhance the y-ray strength function at low energies. The pygmy dipole
resonance (PDR), which appears near and below the neutron separation energy impacts both
the y-ray strength function and the neutron capture cross section [34, 36, 37]. The strength
of PDR in a nucleus with neutron excess is also important for constraining the electric dipole
polarizability [38, 39] and the neutron skin [40].

4 Conclusion

We rederive the (Q)RPA equation based on the noniterative FAM and calculate the E1
and M1 photoabsorption cross sections. The FAM calculation reproduces well the resonance
energies of GDRs for heavy nuclei without any phenomenological parameters. For the M1
transition, we confirm both spin-flip transitions in the 5 to 10 MeV excitation energy and the
contribution from orbital motions at low energies where the M1 scissors mode was observed
in nuclear experiments. We apply the FAM result of E1 and M1 transitions to the calculation
of neutron capture cross sections for deformed gadolinium isotopes in the statistical Hauser-
Feshbach model. The M1 scissors mode can contribute to about half of the capture cross
sections. The underestimation of the calculated cross section could be improved by consid-
ering the uncertainty of low energy El transitions neglected in the framework of QRPA.
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