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The enhancement of radiative strength function (RSF) in the region of low y-rays energy (E, < 12 MeV),
which is caused by the pygmy dipole resonance (PDR), is treated within the phonon damping model (PDM)
plus exact thermal pairing (EP) without adding any extra PDR strength function. The numerical calculations
performed for 119Dy show that, because of the effect of EP, the EP+-PDM can describe reasonably well the
total RSF data in both low- and high-energy regions of y rays. Consequently, as compared to the conventional
description within the phenomenological generalized Lorentzian and standard Lorentzian models, the EP4+-PDM
calculations can eliminate, at least, eight free parameters. This indicates the important role of microscopic
approaches towards the precise description of the RSF. In particular, temperature is found to have significant
contributions to the RSF below the neutron separation energy, questioning again the validity of the Brink-Axel

hypothesis in this energy region.
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The photon or radiative strength function (RSF), defined
as the average electromagnetic transition probability per unit
of y-ray energy E, [l], plays an important role in the
study of nuclear reaction properties, such as y-ray emis-
sion rate, reaction cross section, and/or nuclear astrophysical
processes [2-5]. The experimental information of the RSF
is often divided into the low- and high-energy regions of
y rays. In the region of high-energy y transitions (S, <
E, < 15 MeV, where S, is the neutron separation energy),
the RSF is directly related to the giant dipole resonance
(GDR) deduced from the photoabsorption cross-section data,
which is well understood via many (y,n) reactions [6].
However, in the region of low-energy y transitions (E, <
S.), the experimental RSFs are rather scarce because of
less collectivity in this region. In the late 1990s and early
2000s, the Oslo Cyclotron Group developed an advanced
technique, called the Oslo method, to simultaneously ex-
tract the nuclear level density (NLD) and RSF from the
experimental primary y-ray emitted spectra by using the
light ions induced and/or inelastic-scattering reactions, such
as CHe, ay), CHe, *He'y), (p, p'y), (p,dy), etc. [1-14].
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Basically, the Oslo method was developed based on the Brink-
Axel hypothesis [15,16] in which the experimental primary
y-ray matrix is proportional to the product of the NLD p(E*)
(E* denotes the excitation energy) and y-ray transmission
coefficient Tx,(E,) or RSF fx,(E,) = EA(E),)/(ZJTE)%“' ),
where X stands for the electric (E£) or magnetic (M) excitation
and A is the multipolarity. This assumption implies that the
RSF does not depend on E*, leaving all the dependence on E*
in the NLD. Based on this assumption, many experimental
NLD and RSF data below S, have been extracted and are
accessible for different applications [17]. The Oslo method, at
present, is considered as the most advanced method capable
of providing reliable NLD and RSF data. In particular, a
recent analysis of the RSF extracted from the photoneutron
(v, n) cross sections in the energy region S, < E, < 13 MeV
has shown an excellent matching between the RSF data of
160-1641yy extracted from the light ions induced and the (y, n)
reactions at £, = S, [18]. This finding indicated the fulfill-
ment of the principle of detailed balance and, thus, confirms
the reliability of the Oslo method and data.

From the theoretical aspect, the simplest description of
the RSF for the electric dipole (E1) transitions is given
in terms of a standard Lorentzian (SLO) distribution with
the energy-independent GDR width [15]. However, this
phenomenological distribution overestimates the experimen-
tal RSF data at E, < S, [3,19], indicating that the above
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assumption of energy-independent GDR width does not hold
for the low-energy y transitions. In other words, the energy-
dependent GDR width had better be taken into account in
the theoretical calculation of the RSF. In addition, recent
experiments have clearly shown that the RSF in the low-
energy region should have contributions from not only the
GDR, but also the spin-flip M1 or giant magnetic dipole
resonance, pygmy dipole resonance (PDR), and quadrupole
E?2 excitation [10,11,13]. As a matter of fact, in a later model
proposed by Kadmensky-Markushev-Furman (KMF) based
on the Fermi-liquid theory [20], a functional form similar to
the SLO is introduced with a GDR width, which is borrowed
from the collisional damping model, depending on the ex-
citation energy or temperature. This temperature-dependent
GDR width is proposed in order to reproduce the nonzero
limit of the GDR width when E, approaches zero. The
KMF together with other improved versions, such as gener-
alized Lorentzian (GLO) [21], enhanced GLO [22], modified
Lorentzian [23,24], and generalized Fermi liquid [25] models
have provided a good description of the RSFs in many nuclei
in the low-energy region, and they become common models
for the phenomenological analysis of experimental RSF data.
However, these phenomenological models cannot explain the
mechanism of the enhancement underlying the E1 RSF at
E, < S,, such as the PDR. Moreover, these models have no
predictive power since they rely on a number of parameters,
whose values are obtained by fitting to the existing experi-
mental data. In this case, microscopic models are obviously
preferable to phenomenological ones.

Although a number of phenomenological RSF models
have been proposed, there exists only one microscopic model,
namely, the quasiparticle random-phase approximation
(QRPA). The latter was first proposed based on the
Hartre-Fock plus BCS mean field with a Skyrme SLy4
interaction [26]. The RSF for the E'1 strength in this case is
calculated by folding all the QRPA resonance strengths at the
energies E;, which are smoothed into a continuous line shape
by the normalized Lorentzian function. However, this QRPA
version still employs a temperature-independent GDR width
taken from the experimental data or empirical systematics.
This causes some deviations of the calculated E'1 strengths
from the experimental data in the low-energy region (see,
e.g., Fig. 3 in Ref. [26]). An improved version of the QRPA
was later developed in which the Hartree-Fock-Bogoliubov
(HFB) mean field with the Skyrme BSk2-7 interactions was
employed and a temperature-dependent GDR width was used
instead of the temperature-independent one [27]. Although
the E'1 strengths obtained within this improved QRPA version
are in better agreement with the experimental data than
those obtained within the previous one (see, e.g., Figs. 6
and 7 in Ref. [27]), this model has to employ two fitting
parameters, namely, Csr for the energy-dependent width
(Eq. (18) in Ref. [27]) and « for the temperature-dependent
width (Eq. (21) in Ref. [27]). In addition, two QRPA versions
above have been applied to describe a large scale of E'1
strengths in all nuclei with 8 < Z < 110, but they have not
been used to calculate the M1 strengths or higher. Hence,
the E1 RSF obtained within these two QRPA versions
cannot be directly compared with the total RSF, which is

the sum of all the £1, M1, E2, and PDR excitations. In a
recent extended QRPA version, which is based on an axially
symmetric deformed HFB-+QRPA with the finite-range
Gogny DI1M interaction, both E1 and M1 strengths have
been calculated for a large number of nuclei [28-30], and the
calculated E'1+M 11 strengths are directly compared with those
extracted from the Oslo, nuclear resonance fluorescence,
average resonance capture, and thermal neutron capture
measurements [28-31]. Since the DIM-+QRPA version
was developed with the purpose of providing a satisfactory
description of available experimental data as well as being
considered for practical applications in nuclear reactions and
astrophysical studies, some phenomenological corrections
have been carried out in this model. These corrections, for
example, include a broadening and a shift of the QPRA
strengths and/or empirical damping of the collective motions
(see, e.g., Sec. 4.3 of Ref. [31] and references therein).

Very recently, we have proposed a microscopic model to
simultaneously describe the NLD and RSF [32]. For the RSF,
we employ the phonon damping model (PDM) [33-35], which
consistently includes the exact thermal pairing (EP) [36,37],
in order to take into account both temperature-dependent
GDR width (within the PDM) and thermal pairing (within
the EP). Within the EP+PDM, the total RSF is calculated as
the sum of the PDM strength functions Sy, (E, ) for all the
E1, M1, and E2 resonances at a given temperature 7. In par-
ticular, it has been shown in Ref. [32] that the RSFs obtained
within the EP+PDM for '"'72Yb nuclei at 7 = 0.7 MeV
are in excellent agreement with the Oslo data at E, < S,
indicating a violation of the Brink-Axel hypothesis. Moreover,
the EP4-PDM has reproduced well the enhancements of the
RSF data in the region of 2.1 < E,, < 3.5 MeV in '"""!72Yb,
which are associated with the two-component PDR in the
low-energy region. This result, which has not been reproduced
in any microscopic model so far, was naturally obtained owing
to the effect of EP, implying the important contribution of
thermal pairing on the RSF at low energy. The goal of the
present Rapid Communication is to shed light on the micro-
scopic nature of the low-energy enhancement in the RSF data
caused by the PDR. Three dysprosium isotopes '¢!:162163Dy
are selected for illustration as their latest experimental RSF
data have shown a strong dominance of the E1 strengths,
whereas the spin-flip M1 and E?2 resonances have negligible
contributions to the total RSF [18].

Following our previous work in Ref. [32], the RSF for the
E1 excitation is calculated within the PDM as!

1 7 opiUei(Ey, T)SE1(Ey . T)
3n2htc? ) 2 E, ’

fEl(Eyv T)= (
ey

where oz is the GDR cross section, I'g; is the temperature-
dependent GDR width, and Sg; is the GDR strength function

"The factor 5 appears in Eq. (1) due to the transformation be-
tween the Breit-Wigner (BW) distribution used in the PDM and the
Lorentzian (L) distribution used in the global parameter fitting (see,
e.g., Egs. (64) and (65) of Ref. [40]), whereas the second term in Eq.

(65) of Ref. [40] is omitted in Eq. (1) because its effect is negligible.
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having the form as [34,38]

1 YGor(Ey,, T)
7 (E, — Egpr)? + [vepr(E,, T)I*

In Eq. (2), Egpr is the GDR energy and ygpr(E,, T), which
is used to calculate the thermal width

Lepr(Ey, T) = 2ycpr(E,, T),

is the damping of the GDR phonon given by, e.g., Eq. (4) of
Ref. [33]. For the treatment of pairing, the EP is used and the
EP+PDM formalism is well described, e.g, in Refs. [38—40],
so we do not repeat it here. The model contains two param-
eters F; [for the coupling to the collective particle-hole (ph)
configurations] and F; [for the coupling to the noncollective
particle-particle (pp) and hole-hole (hh) configurations]. The
value of F) is fixed in order to reproduce the experimental
GDR width I'gpr at T = 0 or that obtained from the global
parametrization [41] in the case if no experimental width is
available. The F, value is also selected at T = 0 so that the
GDR energy obtained from the EP+PDM does not signifi-
cantly change with 7. Another way to determine the value of
F, is based on the experimental or empirical width at high T
in Ref. [42], that is, adjusting F> so that the calculated width
at a given T # 0 is equal to the corresponding experimental
or empirical value. Both F| and F;, are, thus, temperature-
independent parameters with F; < F,. Within the PDM, the
thermal width is described not only at the GDR energy, but
also at each phonon energy o, resulting in a fully microscopic
temperature-dependent width, which is a realistic feature for
a reliable prediction of the RSF.

The numerical calculations are carried out for
whose single-particle spectra are calculated by using an axi-
ally deformed Woods-Saxon potential [43]. The parameters
of the Woods-Saxon potential are chosen to be the same as
those in Ref. [37] with the quadrupole deformation param-
eters 8, equal to 0.271, 0.341, and 0.283 for ''Dy, 162Dy,
and '%Dy, respectively [44,45]. The EP calculation is per-
formed by using a truncated space consisting of 12 doubly
degenerated deformed single-particle levels around the Fermi
surface where pairing has the strongest contribution. The
values of the pairing interaction parameter G for neutrons
and protons are adjusted, as usual, to reproduce the corre-
sponding pairing gaps at T = 0 extracted from the odd-even
mass formulas. Beyond the truncated levels, the nucleons
are considered as independent particles (without pairing) and
are, therefore, treated by the finite-temperature independent-
particle model [32]. For ''-1$3Dy, the latest analysis of the
experimental data by using the phenomenological models in
Ref. [18] has indicated that their total RSF is mostly domi-
nated by the E'1 excitations, whereas the M1 spin-flip and E2
excitations are found to be negligible. In particular, Ref. [18]
also indicated that, in addition to two GDRs described by the
GLO model, the total RSFs of '¢""193Dy should contain one
M1 scissors resonance (SR) at £, ~ 2.8 MeV and two PDRs
at E, ~ 12.7 and 15.2 MeV, which can be both described by
the SLO, namely, frse = fgr + fer + feori + feor2 + fsr-
However, to calculate the total RSF within the EP+PDM, we
need only fzr, fgu,and fsg, thatis, the contributions of fppr)
and fppro are neglected as their effect is already included with

Sei1(Ey, T) = @)

161,162,163Dy
b

12 , ‘ ‘ ‘ S— :
@Dy 3,

1

;\&ﬁDy

0 1 2 0 1 2 0 1 23
T (MeV) T (MeV) T (MeV)

FIG. 1. Exact proton (dashed lines) and neutron (solid lines)
pairing gaps as functions of T for '*'~'%Dy.

the PDM via the EP. These strength functions fzr, fgi, and
fsr are consistently calculated within the EP4-PDM by using
Eq. (1). The GDR and SR parameters (at 7 = 0) employed
in the calculations of the total RSF within the EP+PDM are
given in Table I. Here, the GDR energies E! and E/ and their
widths are taken from the global parametrization obtained
from the hydrodynamic model of Steinwedel-Jensen (SJ) in
Ref. [41]. Moreover, these GDR energies are shifted by using
Ejy = Ef — (I'/2)? according to the transform between the
L and BW distributions [40]. In the present Rapid Communi-
cation, to perform systematic calculations for all nuclei, even
when the experimental values for Egpgr are not available, we
employ the global values Ey taken from Ref. [41]. The param-
eters of the SR are kept unchanged as in Table IV of Ref. [18].
As for the GDR cross sections og; and opn used in our
calculations, they are directly calculated from the EP+-PDM
strength functions Sg, (E,) at T =0, namely, o(E,) =
CxSg1(E))E, [40]. Here, C is a normalization factor en-
suring the fulfillment of the GDR sum rule C = TRK(1 +
«)/ [ Se1(Ey)E,dE,, where TRK = 60NZ/A (MeV mb) is
the Thomas-Reich-Kuhn sum rule. The enhancement fac-
tor k = 0.5-0.7 is caused by the meson-exchange forces. In
the present Rapid Communication, we choose the average
value k = 0.6. The EP+PDM strength function Sg((E,) =
SE{ (Ey) + SE]u (E,) is used for axially deformed nuclei. The
satisfaction of the GDR sum rule leads to the total inte-
grated cross-section o = fa(Ey)dEy = TRK(1 + «). The
cross sections of two GDR components, which are referred
to as the EP+PDM cross sections, are calculated based on an
assumption that the total area is equal to the integrated cross
section of the two GDR components in an axially deformed
nucleus and, thus, o, I'g, = o Ugr + ogn i [46], where

gl FE{I

= 1.9 +0.07 [47]. The obtained EP+PDM cross sec-

ol FE’
tiolns shown in Table I are within the range of those taken from
the GLO fitting [18] and global parametrization of SJ [41].

Figure 1 shows the neutron and proton pairing gaps as
functions of T obtained within the EP for '°""'%Dy. These
pairing gaps are calculated within the canonical ensemble
in order to mimic the mean-field pairing ones [38]. It is
clear to see in this figure that the exact neutron and proton
gaps decrease with increasing T and remain finite even at
T =3 MeV. This feature of the EP gap is well known for
finite nuclei [48-50]. In addition, the exact neutron gaps of
odd '%118Dy nuclei [Figs. 1(a) and 1(c)] slightly increase
at low 7 ~ 0.2 MeV due to the weakening of the blocking
effect at finite 7' [51]. Figure 2 depicts the total RSFs obtained
within the PDM with and without the EP in Fig. 1 versus
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TABLE I. Parameters used for the E'1 and scissors resonance RSFs. SJ denotes the Steinwedel-Jensen model [41].

Nucleus EII ox! FEll El” ogl FEI" Esr OsR sk
Method (MeV) (mb) MeV) MeV) (mb) MeV) MeV) (mb) MeV)
61py ST [41] 12.50 137.30 3.30 15.60 247.70 5.10 2.78 0.50 0.79
GLO [18] 12.70 262.00 3.00 15.20 175.00 2.20 2.78 0.50 0.79
EP+PDM 12.50 187.70 3.30 15.60 231.00 5.10 2.78 0.50 0.79
162y SJ [41] 12.00 138.30 3.10 15.90 278.60 5.30 2.81 0.54 0.76
GLO [18] 12.70 264.00 3.10 15.20 176.00 2.20 2.81 0.54 0.76
EP+PDM 12.00 198.20 3.10 15.90 218.70 5.30 2.81 0.54 0.76
1%2py SJ [41] 12.40 139.30 3.20 15.60 278.60 5.10 2.84 0.73 0.69
GLO [18] 12.70 262.00 3.20 15.20 175.00 2.20 2.84 0.73 0.69
EP+PDM 12.40 198.20 3.20 15.60 239.50 5.10 2.84 0.73 0.69

the experimental data in Ref. [18] as well as those obtained
within the microscopic DIM+QRPA (E1 and E14+M1) and
phenomenological GLO-SLO models. Here, the QRPA RSFs
for E1 and E14+M1 are taken from Fig. 10 of Ref. [18]. The
GLO-SLO is divided into three cases, namely, with two PDRs,
with one PDR, and without a PDR. It is seen in Fig. 2 that
the total RSFs obtained within the GLO-SLO without and
with one PDR significantly underestimate the experimental
data. The PDM calculations without the EP and at finite T
overestimate the experimental RSF, whereas due to the effect
of the EP, the RSFs obtained within the EP4+PDM agree
reasonably well with the measured data in both E, regions

1072 ‘ ' EP+PDM =059 MeV/ 6 | ‘ el
o 161 —— EP+ =0.59 Me! = EP+PDM for E.
f . (@)"'Dy —PomT=059MeV , | 5F — ppMfore A
< 1076 . _#” 1 S L --EP+PDMforE! R
g i é} 4 - - pDMforE! /w:«’M
T=0.59 MeV N
=107 v 1 =3¢
S g —
HJ’ WDy(iHe,zHe) uj‘z E
o1 0-8 . :G:Dy(zHe,a) ER
- + 'Dy(y,n) 1
+ 163Dy(,\” n)
; j . , ; , , ; !
162 — EP+PDMT=0.56 MeV ——EP+PDM for E! T
‘ (b) Dy — PDM T=0.56 MeV —~ 5F —PDMforE} 2~
S 106 7 1> — - EP+PDM for E! e
) % % 4F - - PDM for E! , v
T=0.56 MeV -
g 1 0—7 [ 1= o 1
— =
=
w 162 3 3 EJ’ 2 ]
1 08y L . Dy(*He,"He) | _
QRPA . |63D 3
2 y(*He, 1) 1
Y= T(E“H’M])QRPA . 1‘(’ZDy(y, n)
t t } t t t + } t t } t
163~ — EP+PDM T=0.59 MeV — EP+PDM for E} ‘
| P (€)' *Dy —PDMT=059 KteV__ 5t — POMforEl N
> 10 W < | == EP+PDM for E
§ % o 41 -- PDMforE}
T=0.59 MeV
=107 123
= -
W 1u2
[T =4 E1 ° 164y (3
2 QRPA Dy(*He,a) | L= 1
o (E1+M1)geen  + "*Dy(y, n)
.

0 2 4 6 8 10 12 0 2
Ey (MeV) E,(MeV)

FIG. 2. (a)—(c) Total RSFs obtained within the PDM (thin solid
lines), EP4-PDM (thick solid lines) versus the QRPA RSFs for the
E1 and E1+M]1 excitations and the experimental data taken from
Ref. [18] for '*''%Dy. The dashed, dash-dotted, and dotted lines
stand for the RSFs obtained within the phenomenological GLO-SLO
models with two PDRs, one PDR, and without a PDR, respectively.
The QRPA E'1 and E'1+M 1 RSFs are taken from Fig. 10 of Ref. [18].
(d)—(f) GDR widths I'(E,) for the E! and E!" excitations obtained
within the PDM and EP4-PDM for !¢/ Dy,

below and above S,. The QRPA E1 RSF agrees with the
experimental data at £, > S, only, whereas adding the M1
excitation to the £1 RSF significantly improves the overall
description of the QRPA. This result of the EP4+PDM RSF
can be explained as follows. The PDM itself (without the EP)
includes all the thermal excitations of not only ph, but also
pp and hh configurations, which appear at finite temperature.
These correlations enhance the RSF at low energy (0 < E,, <
6 MeV) as seen by the thin solid lines in Figs. 2(a)-2(c). When
the EP is included in the PDM, the E'1 strength is enhanced,
but at T = 0 only (see, e.g., Ref. [39]). With increasing T, the
EP+PDM E1 strength is slightly reduced as compared to the
PDM one, but this difference between the EP4+-PDM and the
PDM E1 strengths is relatively small, which insignificantly
changes the RSF. However, the EP+-PDM width I'g, (E,, T)
is significantly reduced as compared to that given by the PDM
without the EP [see Figs. 2(d)-2(f)]. This result is similar to
that reported in Refs. [35,38]. This decrease in the width leads
to smaller values of the EP+-PDM RSFs, which eventually
match the experimental RSF as seen in Figs. 2(a)-2(c). Hence,
pairing plays an important role in this case, namely, reducing
the width of the E'1 strength distributions at low T or E, . In
other words, pairing makes the collective dipole excitations
more stable than the nonpairing case.

The temperatures at which the EP4-PDM RSFs agree with
the experimental data are found to be 0.56 MeV for '®*Dy and
0.59 MeV for both '®'Dy and '*Dy. These temperatures are
close to the Tt values obtained independently from the analy-
sis of the corresponding NLDs using the constant-temperature
(CT) model as well as those which provide the right pairing
strength and lead to the good description of nuclear structure.
The most interesting result here is that, while the GLO-SLO
analysis for the RSF needs to add two PDRs on top of the
GDRs, our EP+PDM as well as the QRPA do not need to
include any extra strength function. In the other words, the
presence of the PDRs in the RSFs of dysprosium isotopes
can be microscopically explained by the effect of ground-state
pairing within the QRPA as well as the effect of the EP
within the EP+PDM. Moreover, within the PDM and/or the
EP+PDM, the RSF at E,, < S, increases with T, whereas its
value at E,, > S, is insignificantly changed as T varies, similar
to that reported in Ref. [32]. The above results indicate that
the Brink-Axel hypothesis is unlikely to hold, which is in line
with our previous study for '7°-!72Yb in Ref. [32].
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[ === (EP+PDM)g14sr ]
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¥ - - - QRPA-Olim*

--- QRPAQlim~

T VI S S N N N S B T |
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|
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FIG. 3. Total RSFs obtained within the EP4+-PDM for the E'1
(thin solid line) and the E'1 + SR (thick solid line) excitations ver-
sus the QRPA RSFs for the lower (QRPA + Olim™) (dash-dotted
line) and upper (QRPA + Olim™) (dashed line) limits taken from
Refs. [30,31] for '®’Dy. The RSF obtained for the E1 excitation
only within the PDM (dotted line) is also shown for comparison.
Experimental RSF data are the same as those in Fig. 2(b).

Since the EP4-PDM is able to describe the RSF without the
need of adding any extra PDR as discussed above, we have
eliminated, at least, eight free parameters as compared to the
phenomenological description within the GLO-SLO model,
significantly reducing the uncertainty in the theoretical pre-
diction. This is an important advantage of using a microscopic
model rather than the phenomenological ones. In Fig. 3, we
make a comparison for the RSFs of '®*Dy obtained within our
EP+PDM (with and without using the SR) and the results
of the DIM + QRPA + Olim* and D1M+QRPA + Olim™
calculations taken from Refs. [30,31] as well as the PDM cal-
culation for the E'1 excitation only. This figure clearly shows
that, although the PDM E'1 RSF overestimates the experimen-
tal data, it has reproduced a part of the enhancement of RSF
around E,, = 1-4 MeV, where the SR was experimentally ob-
served [18]. This is due to the thermal couplings of the ph, pp,
and hh excitations within the PDM. As the EP is taken into ac-
count, the EP+PDM E1 RSF decreases to match nicely with
the experimental values around E, = 1-2 MeV, whereas it

underestimates the experimental RSF in the SR region (around
E, =2-4 MeV). Hence, by adding the SR excitation, the
full EP+PDM RSF for the E, = 2-4 MeV agrees well with
the experimental RSF in the entire energy range. Meanwhile,
although both QRPA + Olim~ and QRPA + Olim* RSFs are
in overall agreement with the measured RSF data, they under-
estimate the experimental data in the SR region. The reason
might be due to the thermal effect caused by the ph, pp, and hh
couplings, which are not taken into account within the above
QRPA calculations. A similar result is also seen in 161’163Dy,
but the contribution of the EP+-PDM peak to the SR in ' Dy
is weaker than that in '®1-192Dy.

In conclusion, the present Rapid Communication has ap-
plied the EP4+-PDM developed in Ref. [32] to microscopically
study the total RSFs in '®"'Dy nuclei. The results ob-
tained show that, due to the effect of the EP, the EP+PDM
can describe reasonably well the RSF data in both low
(below S,) and high-energy (above S,) regions without the
need for using any extra strength function. As a result, at
least, eight free parameters have been eliminated within the
EP+PDM calculations as compared to the description by the
phenomenological GLO-SLO model. Temperature is found
to have a significant effect on the RSF at the low-energy
E, < S,, whereas it does not change much the RSF in the
high-energy one E, > S,, questioning again the validity of
the Brink-Axel hypothesis. In addition, due to the effects of
the EP and couplings of all ph, pp, and hh configurations,
the EP+PDM can also partially reproduce the effect of scis-
sors resonance in the '*'~1%Dy nuclei at low E,, without the
need for including a SR strength function in the RSF. These
findings indicate the importance of the EP and couplings to
noncollective pp and hh configurations at finite temperatures
in the microscopic description of total RSF in excited nuclei.

L.T.P. and N.Q.H. acknowledge support of RIKEN where
this work was initialized. This work was funded by the Min-
istry of Science and Technology (MOST) of Vietnam under
the Program of Development in Physics towards 2020 (Grant
No. DTDLCN.02/19) and the National Foundation for Sci-
ence and Technology Development (NAFOSTED) of Vietnam
(Grant No. 103.04-2019.371). N.N.D acknowledges support
from the National Research Foundation of Korea (NRF)
through Grant No. NRF-2020R10101006029.

[1] J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(Wiley, New York, 1952).

[2]1 J. A. Holmes, S. E. Woosley, W. A. Fowler, and
B. A. Zimmerman, At. Data Nucl. Data Tables 18, 305
(1976).

[3] J. Kopecky and M. Uhl, Phys. Rev. C 41, 1941 (1990).

[4] T. Rauscher, F. K. Thielemann, and K. L. Kratz, Phys. Rev. C
56, 1613 (1997).

[5] S. Goriely, Phys. Lett. B 436, 10 (1998).

[6] S.S. Dietrich and B. L. Berman, At. Data Nucl. Data Tables 38,
199 (1988).

[7] L. Henden, L. Bergholt, M. Guttormsen, J. Rekstad, and T. S.
Tveter, Nucl. Phys. A 589, 249 (1995).

[8] T. S. Tveter, L. Bergholt, M. Guttormsen, E. Melby, and J.
Rekstad, Phys. Rev. Lett. 77, 2404 (1996).
[9] A. Schiller, L. Bergholt, M. Guttormsen, E. Melby, J. Rekstad,
and S. Siem, Nucl. Instrum. Methods Phys. Res., Sect. A 447,
498 (2000).
[10] A. Voinov, M. Guttormsen, E. Melby, J. Rekstad, A. Schiller,
and S. Siem, Phys. Rev. C 63, 044313 (2001).
[11] U. Agvaanluvsan et al., Phys. Rev. C 70, 054611 (2004).
[12] M. Guttormsen et al., Eur. Phys. J. A 51, 170 (2015).
[13] A. C. Larsen et al., Phys. Rev. C 93, 045810 (2016).
[14] M. Guttormsen et al., Phys. Rev. C 96, 024313 (2017).
[15] D. M. Brink, Ph.D. thesis, Oxford University, 1955.
[16] P. Axel, Phys. Rev. 126, 671 (1962).

061302-5


https://doi.org/10.1016/0092-640X(76)90011-5
https://doi.org/10.1103/PhysRevC.41.1941
https://doi.org/10.1103/PhysRevC.56.1613
https://doi.org/10.1016/S0370-2693(98)00907-1
https://doi.org/10.1016/0092-640X(88)90033-2
https://doi.org/10.1016/0375-9474(95)00133-L
https://doi.org/10.1103/PhysRevLett.77.2404
https://doi.org/10.1016/S0168-9002(99)01187-0
https://doi.org/10.1103/PhysRevC.63.044313
https://doi.org/10.1103/PhysRevC.70.054611
https://doi.org/10.1140/epja/i2015-15170-4
https://doi.org/10.1103/PhysRevC.93.045810
https://doi.org/10.1103/PhysRevC.96.024313
https://doi.org/10.1103/PhysRev.126.671

L. TAN PHUC et al.

PHYSICAL REVIEW C 102, 061302(R) (2020)

[17] https://www.mn.uio.no/fysikk/english/research/about/
infrastructure/ocl/nuclear-physics-research/compilation/.

[18] T. Renstrgm et al., Phys. Rev. C 98, 054310 (2018).

[19] C. M. McCullagh, M. L. Stelts, and R. E. Chrien, Phys. Rev. C
23, 1394 (1981).

[20] S. G. Kadmensky, V. P. Markushev, and V. I. Furman, Yad. Fiz.
37, 277 (1983) [Sov. J. Nucl. Phys. 37, 165 (1983)].

[21] J. Kopecky and R. E. Chrien, Nucl. Phys. A 468, 285 (1987).

[22] J. Kopecky, M. Uhl, and R. E. Chrien, Phys. Rev. C 47, 312
(1993).

[23] V. A. Plujko, Nucl. Phys. A 649, 209 (1999).

[24] V. A. Plujko, Acta Phys. Pol. B 31, 435 (2000).

[25] S. E. Mughabghab and C. L. Dunford, Phys. Lett. B 487, 155
(2000).

[26] S. Goriely and E. Khan, Nucl. Phys. A 706, 217 (2002).

[27] S. Goriely, E. Khan, and M. Samyn, Nucl. Phys. A 739, 331
(2004).

[28] M. Martini, S. Peru, S. Hilaire, S. Goriely, and F. Lechaftois,
Phys. Rev. C 94, 014304 (2016).

[29] S. Goriely, S. Hilaire, S. Peru, M. Martini, 1. Deloncle, and F.
Lechaftois, Phys. Rev. C 94, 044306 (2016).

[30] S. Goriely, S. Hilaire, S. Peru, and K. Sieja, Phys. Rev. C 98,
014327 (2018).

[31] S. Goriely et al., Eur. Phys. J. A 55, 172 (2019).

[32] N. Quang Hung, N. Dinh Dang, and L. T. Quynh Huong,
Phys. Rev. Lett. 118, 022502 (2017).

[33] N. Dinh Dang and A. Arima, Phys. Rev. Lett. 80, 4145
(1998).

[34] N. Dinh Dang and A. Arima, Nucl. Phys. A 636, 427 (1998).

[35] N. Dinh Dang and A. Arima, Phys. Rev. C 68, 044303 (2003).

[36] N. Quang Hung and N. Dinh Dang, Phys. Rev. C 79, 054328
(2009).

[37] N. Quang Hung and N. Dinh Dang, Phys. Rev. C 81, 057302
(2010).

[38] N. Dinh Dang and N. Quang Hung, Phys. Rev. C 86, 044333
(2012).

[39] N. Dinh Dang and N. Quang Hung, J. Phys. G: Nucl. Part. Phys.
40, 015103 (2013).

[40] D. Chakrabarty, N. Dinh Dang, and V. M. Datar, Eur. Phys. J.
A 52,143 (2016).

[41] T. Belgya et al., Handbook for Calculations of Nuclear Reaction
Data: Reference Input Parameter Library-2 (IAEA, Vienna,
Austria, 2006), IAEA-TECDOC-1506.

[42] A. Schiller and M. Thoennessen, At. Data Nucl. Data Tables 93,
549 (2007).

[43] S. Cwiok, J. Dudek, W. Nazarewicz, J. Skalski, and T. Werner,
Comput. Phys. Commun. 46, 379 (1987).

[44] https://www-nds.iaea.org/RIPL-3/.

[45] P. Moller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data
Nucl. Data Tables 109, 1 (2016).

[46] B. L. Berman and S. Fultz, Rev. Mod. Phys. 47, 713 (1975).

[47] G. M. Gurevich et al., Nucl. Phys. A 351, 257 (1981).

[48] V. Martin and J. L. Egido, Phys. Rev. C 51, 3084 (1995).

[49] L. G. Moretto, Phys. Lett. B 40, 1 (1972).

[50] N. Quang Hung, N. Dinh Dang, and L. G. Moretto, Rep. Prog.
Phys. 82, 056301 (2019).

[51] N. Quang Hung, N. Dinh Dang, and L. T. Quynh Huong,
Phys. Rev. C 94, 024341 (2016).

061302-6


https://www.mn.uio.no/fysikk/english/research/about/infrastructure/ocl/nuclear-physics-research/compilation/
https://doi.org/10.1103/PhysRevC.98.054310
https://doi.org/10.1103/PhysRevC.23.1394
https://doi.org/10.1016/0375-9474(87)90518-5
https://doi.org/10.1103/PhysRevC.47.312
https://doi.org/10.1016/S0375-9474(99)00063-9
https://www.actaphys.uj.edu.pl/R/31/2/435/pdf
https://doi.org/10.1016/S0370-2693(00)00792-9
https://doi.org/10.1016/S0375-9474(02)00860-6
https://doi.org/10.1016/j.nuclphysa.2004.04.105
https://doi.org/10.1103/PhysRevC.94.014304
https://doi.org/10.1103/PhysRevC.94.044306
https://doi.org/10.1103/PhysRevC.98.014327
https://doi.org/10.1140/epja/i2019-12840-1
https://doi.org/10.1103/PhysRevLett.118.022502
https://doi.org/10.1103/PhysRevLett.80.4145
https://doi.org/10.1016/S0375-9474(98)00211-5
https://doi.org/10.1103/PhysRevC.68.044303
https://doi.org/10.1103/PhysRevC.79.054328
https://doi.org/10.1103/PhysRevC.81.057302
https://doi.org/10.1103/PhysRevC.86.044333
https://doi.org/10.1088/0954-3899/40/1/015103
https://doi.org/10.1140/epja/i2016-16143-9
https://doi.org/10.1016/j.adt.2006.12.002
https://doi.org/10.1016/0010-4655(87)90093-2
https://www-nds.iaea.org/RIPL-3/
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1103/RevModPhys.47.713
https://doi.org/10.1016/0375-9474(81)90443-7
https://doi.org/10.1103/PhysRevC.51.3084
https://doi.org/10.1016/0370-2693(72)90265-1
https://doi.org/10.1088/1361-6633/ab05ac
https://doi.org/10.1103/PhysRevC.94.024341

