PHYSICAL REVIEW LETTERS 127, 182501 (2021)

Comprehensive Test of the Brink-Axel Hypothesis in the Energy Region
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The validity of the Brink-Axel hypothesis, which is especially important for numerous astrophysical

calculations, is addressed for '1%120.124Sn below the neutron separation energy by means of three
independent experimental methods. The y-ray strength functions (GSFs) extracted from primary y-decay
spectra following charged-particle reactions with the Oslo method and with the shape method demonstrate

excellent agreement with those deduced from forward-angle inelastic proton scattering at relativistic beam

energies. In addition, the GSFs are shown to be independent of excitation energies and spins of the initial

and final states. The results provide a critical test of the generalized Brink-Axel hypothesis in heavy nuclei,
demonstrating its applicability in the energy region of the pygmy dipole resonance.
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Introduction.—Gamma-ray strength functions (GSFs)
describe the average y decay and absorption probability
of nuclei as a function of y energy. Besides their genuine
interest and importance for basic nuclear physics, they are
required for applications in astrophysics [1], reactor design
[2], and waste transmutation [3] based on the application
of the statistical nuclear reaction theory. A particular
example is large-scale reaction network calculations of
neutron capture reactions in the r-process nucleosynthesis.
Accordingly, there are considerable efforts to collect data
on the GSF in many nuclei [4] and extract systematic
parametrizations [5], which allow extrapolation to
unknown, exotic cases.

Although all electromagnetic multipoles can, in princi-
ple, contribute, the GSF is dominated by E1 radiation with
smaller contributions from M1 strength. Above particle
threshold it is dominated by the isovector giant dipole
resonance (IVGDR), but at lower excitation energies the
situation is complex. In nuclei with neutron excess, one
observes the formation of the pygmy dipole resonance
(PDR) [6,7] located on the low-energy tail of the IVGDR.
Although the detailed structure of the PDR is under debate,
it is commonly believed that its strength is related to the
magnitude of neutron excess. As the r process involves
nuclei with extreme neutron-to-proton ratios, the impact of
low-energy E1 strength on the (n, y) reaction rates and the
resulting r-process abundances can be significant [8—11].
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The GSFs used in large-scale astrophysical network
calculations of the r process [12] are based on model
calculations of ground-state photoabsorption. Their appli-
cation requires the validity of the Brink-Axel (BA) hypoth-
esis [13,14], which in its generalized form states that the
GSF is independent of the energies, spins, and parities of
the initial and final states and depends on the y energy only.
However, recent theoretical studies [15—17] put that into
question, demonstrating that strength functions of collec-
tive modes built on excited states generally do show
dependence on the excitation energy. Shell-model calcu-
lations in light nuclei [16] found E1 strength functions
approximately independent of excitation energy consistent
with the BA hypothesis, but it remains an open question
whether this can be generalized for heavier nuclei.

Because of the importance for astrophysical applications,
there are many recent experimental studies in the low-energy
regime with controversial results, claiming either confirma-
tion [18-21] or violation [22-25] of the BA hypothesis.
Possible nonstatistical y-width distributions observed in
s- and p-wave neutron capture experiments [26] would
also represent proof against the BA hypothesis [27].

There are two major sources of GSF data [4]. One class
of experiments determines the ground-state photoabsorp-
tion by measuring the subsequent y [28] or neutron [29]
decay. Alternatively, the primary y-decay distribution is
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extracted in light-ion-induced compound reactions (the
so-called Oslo method [30-33]). Experiments measuring
particle or y decay are limited to the excitation-energy
region above or below the neutron threshold, respectively.
In principle, a comparison of (y,y’) and Oslo experiments
for the same nucleus should provide a test of the validity of
the BA hypothesis [34], but is complicated by the assump-
tions necessary to extract the GSF. For (y,y’) experiments
with broad bremsstrahlung beams, one needs to model the
experimentally inaccessible ground-state branching ratios
and the significant contributions to the spectra due to
atomic scattering. The analysis of Oslo-type data is based
on the validity of the BA hypothesis, and assumptions have
to be made about the intrinsic spin distribution and the
reaction-dependent spin population.

In such comparisons, possible violations of the BA
hypothesis have been observed. In heavy deformed nuclei
at excitation energies of 2—-3 MeV, the GSF is dominated by
the orbital M1 scissors mode [35]. Larger strengths have
been reported in most y-decay experiments (see, e.g.,
Refs. [36,37]) than found in the (y,y’) experiments [38],
but the results strongly depend on the assumed form of the
E1 strength function in this energy range [39]. Ateven lower
energies (< 2 MeV), a general increase of the GSF (called
upbend) is seen in Oslo-type experiments [40,41]. No
corresponding strength can be present in ground-state
absorption experiments on even-even nuclei due to the
pairing properties of the nuclear force, which lead to the
absence of levels at low excitation energies. In the energy
region near neutron threshold, a nonstatistical decay behav-
ior of the PDR has been reported [42,43]. The possible
impact of the PDR on the GSF extraction is expected to be
largest in magic and semimagic nuclei because of the
reduced level density and a shift of part of the IVGDR
strength toward lower energies due to K splitting in
deformed nuclei.

Here we present a benchmark study allowing a test of the
BA hypothesis in the energy region of the PDR taking
advantage of recent experimental progress, which over-
comes most of the problems discussed above. First, a
method for the measurement of E1 strength distributions—
and thereby the E1 part of the GSFs—in nuclei from about
5to 25 MeV has been developed using relativistic Coulomb
excitation in inelastic proton scattering at energies of a few
hundred MeV and scattering angles close to 0° [44]. Such
data also permit extraction of the M1 part of the GSF due to
spin-flip excitations [45], which energetically overlaps with
the PDR strength. Second, a new system for the measure-
ment of y emission in Oslo experiments based on large-
volume LaBr;(Ce) detectors allows qualitatively new tests
of the BA hypothesis, as described below, including
resolved coincidence studies of decay to the ground-state
and low-lying excited states.

Combining data from the two methods allows for testing
the generalized BA hypothesis with respect to the energy

and spin independence of initial and final states in the PDR
region. Here we present a case study for !16:120.1245n The
choice is based on the following considerations. (i) Data for
E1 and M1 strength distributions in the stable Sn isotopes
from (p, p’) experiments at 295 MeV have recently become
available [46,47] and found to agree well with the GSF
above threshold deduced from the latest (y, n) experiments
by Utsunomiya et al. [48]. (i) The isotopes have high
neutron threshold energies, providing a large overlap region
between the GSFs deduced from the (p, p’) and the Oslo
experiments. (iii) While their low-energy structure is very
similar, the GSFs of the Sn isotopes show a distinct
dependence on neutron excess in the PDR region [49].

Experimental details and data analysis.—The inelastic
proton scattering experiments and the methods to extract
the E1 and M1 contributions to the GSF are described in
detail in Ref. [47]. The ''°Sn experiment at the Oslo
Cyclotron Laboratory (OCL) has previously been reported
in Refs. [50,51]. A 38 MeV *He beam was used to produce
116Sn nuclei via the ''"Sn(*He, ay) reaction, where the
charged particles were measured with eight collimated Si
detectors at 45° and the y rays with the Nal(Tl) array
CACTUS [52].

We provide here a brief description of the new
experiments at OCL. A 16-MeV proton beam of intensity
I = 3—4 nA provided by the MC-35 Scanditronix cyclotron
impinged on self-supporting targets of '2%:124Sn. The target
thicknesses and enrichments were 2.0 mg/cm?, 99.6%
(*?°Sn) and 0.47 mg/cm?, 95.3% ('?*Sn). The reactions
of interest were 2%124Sn(p, p'y). The targets were placed in
the center of the Oslo SCintillator ARray (OSCAR) [53,54],
consisting of 30 cylindrical LaBr;(Ce) y-ray detectors
of size 3.5 x 8.5 in. mounted on a truncated icosahedron
frame. Charged particles were registered with 64 Si
particle AE — E telescopes (SiRi) [55], covering angles
126° — 140°. The energy resolution of OSCAR is ~2.7% at
E, = 662 keV. The front ends of the LaBr;(Ce) crystals
were placed 16 cm from the center of the target. Particle-y
coincidences were recorded using XIA digital electronics
[56]. Approximately 5.3 x 107 and 1.3 x 10”7 proton-y
coincidences were measured in the excitation-energy range
up to the neutron thresholds for 12°Sn and '?Sn, respectively.

The proton energy deposited in the SiRi telescopes was
transformed to initial excitation energy E, in the residual
nucleus using the reaction kinematics, and the data were
arranged in an E, vs y-ray energy matrix. The y-ray spectra
for each E, bin were unfolded with the technique described
in Ref. [30] using the response function of the OSCAR
detectors [57]. The distribution of primary y rays (the first
emitted y rays in the decay cascades) for each E, bin was
obtained through an iterative subtraction method [31]. The
resulting primary y-ray matrix for the example of '2’Sn is
displayed in Fig. 1.

With the primary y-ray matrix P(E,, E,) at hand, we can
use the ansatz [32]

120,1 24Sn
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FIG. 1. Experimental primary y-ray matrix P(E,, E,) for '°Sn.
The yellow dashed line indicates the neutron threshold S,,, while
the dashed red and blue lines (regions 1 and 2) confine transitions
to the ground state and the first excited J* =2% state at
E.=1.171 MeV. The solid blue lines (region 3) mark the
region 4.5 < E, <9.1 MeV, E, > 1.3 MeV used for the Oslo
method analysis.

P(Evax) O(p(Ef)T(E},) (1)

to simultaneously extract the level density p(E ) at the final
excitation energy E; = E, — E, and the y-ray transmission

coefficient 7 (E,). For dipole decay, the y-ray transmis-
sion coefficient is connected to the y-ray strength function
f(E,) through the expression 7 (E,) = 2zE,f(E,). The
application of Eq. (1) assumes that the generalized form of
the BA hypothesis holds. Both p and 7 can be extracted
from a y?> minimization of a chosen area of the primary
y-ray matrix [32]. For '?Sn, the area confined by the blue
lines (area 3) in Fig. 1 was chosen for the decomposition.
The minimization yields the functional forms of both the
p(Es) and f(E,), except for the absolute value and the
slope (see the Supplemental Material for details [58]).
The level density at low excitation energies is normalized
using available information on low-lying discrete levels,
while the value p(S, ), obtained from the s-wave neutron
resonance spacing D, or from systematics, is used to
further constrain the normalization. Finally, the GSF is
normalized to the value of the average total radiative width
from s-wave neutron resonance experiments. Details of
the normalization procedure and a presentation of all
parameters, as well as the choice of the primary y-ray
matrix area for !1%1201248pn can be found in the
Supplemental Material [58].

Results and discussion.—Figure 2 compares the GSFs
for 1161201245 extracted using the Oslo method (blue) and
from inelastic proton scattering [47] (orange). In the energy
regions where both results overlap, the two fundamentally
different methods yield agreement of the y-ray energy
dependence as well as absolute values within the estimated
uncertainty bands for all three nuclei in support of the BA
hypothesis.

10 Oslo method, tot. err. L

= E [ Oslo method 3

7 C 0 (pp)

% i

2 107k -

[, F F

7 F

@) /
10 F 116sn E

IZOSn i 124Sn

5556657 75885905

575576 65 7 75.8 85995 5556657 758 859 95

Seo 1 ~
~ ' ~

~ I ~

E, (MeV)

P 2 I‘ 2 B 3 B

C

(]

l\2 2 b

= 1t

N—" 1 L

7 y/

O 1 1 1 1 1 1 1 1 1
6 6.5 7 6 6.5 7 6 6.5 7

E, (MeV)

E, (MeV)

FIG.2. Comparison of the GSFs for 161201245 obtained from the Oslo method (blue) and from the (p, p') experiments [47] (orange).
The total error bands for the Oslo method (light blue) are asymmetric and include all uncertainties. The dark blue band represents
statistical and systematic uncertainties from the unfolding and the extraction of primary y rays. The E, bin widths are 128 and 200 keV

for the Oslo data and the (p, p’) measurements respectively.
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Peaklike structures at £, ~# 6.5 MeV with a width of
about 200 keV (FWHM) are systematically observed in the
(p, p') data [47,59] as highlighted in the lower part of
Fig. 2. The strength at the peak shows an increase from
1 x 1077 t0 2.2 x 1077 MeV 3 with the increasing neutron
number from ''°Sn to '?Sn. While the present as well
as (y,7') data discussed below represent the isovector
response, a concentration of isoscalar E1 strength has
also been found in '**Sn between 6 and 7 MeV [60,61].
The mutual observation in reactions probing the isoscalar
and isovector response is considered a signature of the
PDR [6,7].

The (y,y') data on '16:120:1245 [62 63] show correspond-
ing peaks at about 6.5 MeV with comparable strength but a
rather dramatic suppression at higher excitation energies,
reaching an order of magnitude at 8.5 MeV. The differences
have been attributed to an increasing complexity of the
wave functions of the excited states (as expected for the
IVGDR), resulting in small branching ratios to the ground
state. Such an interpretation is corroborated by a recent
(v,7') experiment on '2Sn with improved sensitivity [64].
Applying statistical model corrections of the branching
ratios, the deduced photoabsorption cross sections agree
within the considerable model dependence of such a
procedure discussed above. We note that the recent reali-
zation of (y,y’y”) experiments in combination with
quasimonoenergetic photon beams from laser Compton
backscattering promises a competitive extraction of photo-
absorption cross sections below threshold in the future [65].

The possible observation of a peak around 6.5 MeV in
the Oslo data is unclear. No such structure is visible for
'1%Sn. However, the statistics in the high-E, range for this
older experiment were insufficient to track its existence. A
peak at 6.5 MeV can be seen in the GSF of >°Sn, but the
fluctuations of data points below and above are of similar
size. In !24Sn, where the peak is most pronounced in the
ground-state photoabsorption experiments, a potential
structure with respect to the uncertainties from the extrac-
tion of primary y-rays is observed. We note that, although
systematic uncertainties are large for '>*Sn due to the
absence of level density information from neutron capture
reactions, variations within the total error bars may shift
the GSF up or down, but the peak around 6.5 MeV
remains.

An alternative way to test the BA hypothesis with
Oslo-type data is to study the GSF as a function of the
initial and final excitation energy as outlined in Ref. [18].
From the primary y-ray matrix, we extract the GSF for
256-keV wide excitation-energy bins. This way, we can
investigate the possible variation of the GSF as a function
of initial excitation energy. The results of applying this
procedure to the '?Sn data are illustrated in Fig. 3, where
the GSFs for three narrow initial excitation energies are
compared to the Oslo-method data extracted from the full
E range. Each GSF was scaled to the Oslo-method results
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FIG. 3. GSF of '29Sn for narrow initial excitation-energy bins at
(a) 5.6 MeV, (b) 6.3 MeV, and (c) 7.4 MeV with a width of
256 keV (red data points) compared to the Oslo method result for
the full excitation-energy range 4.5 < E, < 9.1 MeV (blue). For

the Oslo method, the total error band is shown. For both
approaches, an £, bin width of 128 keV is used.

by a y? fit. There is overall good agreement, but the GSFs
for the selected initial energy bins exhibit stronger fluctua-
tions compared to the standard Oslo method strength. This
can be traced back to the reduced number of levels in the
initial-state bins, which lead to an increase of fluctuations
of the Porter-Thomas intensity distribution expected for
statistical decay [66]. An analog analysis of the final-state
energy dependence shows comparable agreement.

Finally, we test the spin independence of the present
results by applying a novel approach to extract the energy
dependence of the GSF in a largely model-independent
way (the so-called “shape method” [67]). Here, we use the
capability of the OSCAR array to resolve the decay to the
ground state and to the first excited 27 state studying again
the case of the '?°Sn isotope (regions 1 and 2 in Fig. 1).
Compared to the much broader spin range contributing
to the full Oslo dataset, this defines initial spin windows
J =1-3 and J = 1 for levels directly feeding the 2™ state
and 0" ground state, respectively. As the dipole GSF is
given by [68]
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FIG. 4. Comparison of the GSFs for 2°Sn extracted with the
Oslo method (blue band) from selective decay to the ground state
and the first excited 27 state utilizing the shape method (red and
green triangles) and from the (p, p') data [47] (orange band). The
E, bin widths are 128 keV for the Oslo and shape-method data
and 200 keV for the (p, p’) data.

T <F},(El-,Ef,E},,Jf»p(Ei,Jf)
f(E Ef E,JT) = s ’
7

one can extract information on the shape of the y strength
from the intensities N, [defined in Eq. (13) of Ref. [67] ]
proportional to the average, partial radiative width
(T',(E;,Ef,E,,J7)) in the diagonals.

The GSF deduced from the shape method is shown in
Fig. 4 together with those extracted from the Oslo method
and from the (p, p’) data. Data points from decay to the 0"
and 2% state are shown by red and green triangles,
respectively. The error bars include only statistical errors,
which are typically smaller than the symbol sizes. Since the
shape method does not provide an absolute normalization
of the strength, the results were scaled to the (p, p’) data by
a least-squares fit. The shapes of all three GSFs agree
within their uncertainties, demonstrating independence
from the particular spin distribution of the initial and final
states. The comparison of the GSF from inelastic proton
scattering with the shape-method data points from ground-
state decay illustrates the direct correspondence between
“upward” and “downward” strengths.

Summary and conclusions.—We present a critical test of
the generalized BA hypothesis in heavy nuclei in the energy
region below the neutron threshold. It is based on a
comparison of the GSFs in 10120124y deduced from
relativistic Coulomb excitation in forward-angle inelastic
proton scattering [44] and from Oslo-type experiments.
The two sets of GSFs agree within experimental uncer-
tainties in the energy region between 6 MeV and the
neutron threshold, demonstrating that the generalized BA
hypothesis holds for the studied cases in this energy region,
and experiments based on ground-state photoabsorption
indeed provide the same information on GSFs in nuclei as

Oslo-type experiments. The presence of peaks around
6.5 MeV attributed to the PDR remains unclear in the Oslo
data. However, their overall contribution to the GSF—if
present—is small. Thus, the assumptions made in the
calculations of (1, y) reactions relevant to r-process nucleo-
synthesis are verified. Further tests of the BA hypothesis
include a demonstration of the independence of the GSFs
from the energies and spins of initial and final states. The
latter utilizes the novel shape method [67], which allows a
largely model-independent extraction of the energy
dependence of the GSF from the selective decay to specific
final states.

It remains an open question to what extent these results
can be generalized. Since we are discussing averaged
properties, the most critical parameter is a sufficiently
large level density. The examples studied here are
semimagic nuclei with correspondingly low-level density
values. Thus, we expect that our conclusion on the BA
hypothesis may hold, in general, for heavy nuclei with
ground-state deformation (and thus higher level densities)
[19], except for doubly magic cases [69]. Future compar-
isons should explore the limits of ground-state photo-
absorption experiments to extract the GSF as a function
of y energy, level density, and mass number.
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