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Abstract. Photon strength functions describing the average response of the nucleus to an electromagnetic
probe are key input information in the theoretical modelling of nuclear reactions. Consequently they
are important for a wide range of fields such as nuclear structure, nuclear astrophysics, medical isotope
production, fission and fusion reactor technologies. They are also sources of information for widely used
reaction libraries such as the IAEA Reference Input Parameter Library and evaluated data files such as
EGAF. In the past two decades, the amount of reaction gamma-ray data measured to determine photon
strength functions has grown rapidly. Different experimental techniques have led to discrepant results
and users are faced with the dilemma of which (if any) of the divergent data to adopt. We report on a
coordinated effort to compile and assess the existing experimental data on photon strength functions from
the giant dipole resonance region to energies below the neutron separation energy. The assessment of the
discrepant data at energies around or below the neutron separation energy has been possible only in a
few cases where adequate information on the model-dependent analysis and estimation of uncertainties
was available. In the giant dipole resonance region, we adopt the recommendations of the new TAEA
photonuclear data library. We also present global empirical and semi-microscopic models that describe
the photon strength functions in the entire energy region and reproduce reasonably well most of the
experimental data. The compiled experimental photon strengths and recommended model calculations are
available from the PSF database hosted at the IAEA (www-nds.iaea.org/PSFdatabase).

1 Introduction are important quantities for the theoretical modelling of

nuclear reactions. The PSF describing both the photoex-

Photon strength functions (PSFs) describe the average re-  citation and deexcitation of the atomic nucleus by ~-ray
sponse of the nucleus to an electromagnetic probe. They absorption or emission plays a key role in all kinds of

a

o . . nuclear reactions where the electromagnetic interaction
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may compete with the strong or weak interactions. As
a consequence, PSFs are also relevant sources of input in-
formation for other databases such as the photonuclear
data library [1], the Reference Input Parameter Library
(RIPL) [2], evaluated data files such as Evaluated Gamma
Activation File (EGAF) [3], Evaluated Nuclear Struc-
ture and Decay File (ENSDF) [4], and transport files in
ENDF-6 format [5], which are supported by the Inter-
national Atomic Energy Agency (IAEA). The concept of
PSF stems from statistical physics and is based on the as-
sumption that at high excitation energies the number of
excited states, hence the nuclear level densities (NLDs),
is high enough, so that the nuclear decay properties can
be treated statistically. In this respect, the PSF describes
the average probability to absorb or emit a ~-ray of a
given energy E.. Reaction theory relates the PSF to the
photoabsorption cross section that is known to be domi-
nated by the electric dipole (£'1) radiation, at least in the
high ~-ray energy region of 10-20 MeV characterizing the
well-known Giant Dipole Resonance (GDR) [1,6]. Outside
this energy region, especially below the particle separation
energies, the magnetic dipole (M1) contribution may be-
come significant.

Most of the PSF studies, be it experimental or theoreti-
cal, make the assumption that the average electromagnetic
decay process (i.e. the photo-deexcitation) can be directly
related to the inverse photoexcitation and essentially de-
pends only on the energy of the emitted «-ray, and not on
the absolute excitation energy of the initial or final states,
or the specific nuclear properties (such as the spin and
parity) of the nuclear states involved. This assumption is
known as the Brink-Axel hypothesis [7,8] that has played
a key role in the description of the photo-deexcitation pro-
cess, especially in reaction theory. While the Brink-Axel
hypothesis is well established in the GDR energy region,
at low energies, in particular below the neutron threshold,
its validity is still open to debate and is under both the-
oretical as well as experimental investigation. For exam-
ple, theoretically studies within the Fermi liquid theory [9]
have found that photo-deexcitation PSF, traditionally de-

pull
noted as f, is a function of the excitation energy of the
final state, which in turn depends on the excitation energy
of the initial state and the v-ray energy E.. In contrast,

the photo-excitation process, with the PSF denoted as 7,
only depends on the y-ray energy. At low excitation ener-
gies, such a temperature effect in the photo-deexcitation
PSF was shown to be ra_t)her small [10], so that, in this en-

ergy regime, ?(Ew) ~ f(E,). Experimentally, the Brink-
Axel hypothesis was investigated and shown to be valid to
a good approximation, for y-ray transitions between states
in the quasicontinuum region below the particle separa-
tion energy, from a variety of experiments, including those
measuring average intensities of primary transitions from
(n,7) [11,12], (p,7v) [13-15], and (v,70) reactions [16],
or using data from two-step 7 cascades [17] or charged-
particle-induced reactions [18-20]. However, different ex-
perimental studies exploiting the photon scattering (vy,7)
technique have found indications that the Brink-Axel hy-
pothesis is at least partially violated below the neutron
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separation energy (see e.g. [21,22]), including novel meth-
ods, using a combination of quasi-monochromatic photon
beams and a -7 coincidence setup which allows for the
simultaneous determination of the photo-absorption and
photo-deexcitation PSFs [23].

As already mentioned above, a large number of exper-
iments have been devoted over the past decades to unrav-
eling the electromagnetic response of the atomic nucleus
providing a wealth of information on the total PSFs and
the relative contributions of the various components of
given multipolarities (L) and types (electric or magnetic,
X = FE or M). Starting from the early 60s, significant
effort was made to study PSFs using particle reactions
such as (p,7), (d,p) and other charge-exchange reactions.
A comprehensive review of all this work was published
by Bartholomew et al. [24] which sets the principles of
the method for extracting PSFs from charged-particle-
induced reactions. Reference [24] also describes additional
techniques yielding information on PSFs including (v,7’)
and (n,7) measurements. Significant contribution from
the (n,7) reaction came from analysis of primary tran-
sitions following the decay of neutron resonances. Infor-
mation on PSFs from these experiments were later de-
tailed in ref. [25]. Subsequently, a series of coordinated
international efforts to develop reliable PSFs for reaction
modelling on the basis of all the available experimental
information at the time, were conducted at the TAEA.
The recommended PSF's (generically denoted as fxr,(E))
for both the photoexcitation and photo-deexcitation pro-
cesses were included in RIPL [2] which has been widely
used by the scientific community. In the past two decades,
there has been considerable growth in the amount of re-
action data measured to determine integrated PSF's using
photon, neutron and charged-particle beams, with each
method probing different or overlapping energy ranges and
revealing interesting phenomena such as pygmy resonance
strength, M1 scissors mode, and low-energy strength en-
hancement, often referred to as “upbend”. Quite often the
different experimental techniques used to extract PSF's
lead to discrepant results and users are faced with the
dilemma of trying to decide which (if any) amongst the
divergent data they should adopt. It is therefore impor-
tant that all these experimental data are compiled and
assessed by experts who would then recommend the most
reliable data for use in the various applications.

To address these growing needs in PSFs, the IAEA
held a consultants’ meeting where experts reviewed the ex-
perimental methods and currently available PSF data [26],
and recommended a coordinated effort to compile, as-
sess and make recommendations to the user community.
As a result, the IAEA organised a Coordinated Research
Project (CRP) on “Generating a Reference Database for
Photon Strength Functions” (2016-2019) [27,28]. The ob-
jective of the project was to create a dedicated database
for PSFs at relatively low excitation energies (typically
below 30 MeV) which would include all available experi-
mental data, a critical analysis of the discrepant data and
recommendations to user community supported by global
theoretical calculations. Three meetings were held during
the CRP to monitor progress and revise the assignments
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in order to achieve the final objective [29-31]. The scope
of the CRP included the following activities:

— measurements,

— compilation of existing data,

— assessment and recommendation of data,

— global theoretical calculations,

— comparison of models with the bulk of data,
— dissemination through an online data library.

In the present review paper we report on the work that
was performed and the results that were obtained for all
the above items. Specifically, sect. 2 includes a description
of the various experimental methods sensitive to PSFs and
used to extract or test PSFs. Section 3 shows how, for each
of the experimental methods, the PSFs have been assessed
and extracted to be included in the final PSF library. Sta-
tistical and systematic uncertainties are also discussed in
sect. 3 in view of existing discrepancies between different
experimental techniques. Section 4 provides theoretical
recommendations for a detailed and large-scale description
of the dipole F1 and M1 strength functions. Two differ-
ent theoretical approaches are considered, namely the phe-
nomenological Lorentzian-type model and the more fun-
damental semi-microscopic quasi-particle random phase
approximation (QRPA). A detailed comparison between
experiments and theory is presented in sect. 5. Such a
comparison allows us to test systematically the recom-
mended models and validate their predictive power in the
various energy regions of interest in applications, namely
in the zero-energy limit, below the particle separation en-
ergy and in the GDR regime. Finally, in sect. 6, the TAEA
PSF database (URL: www-nds.iaea.org/PSFdatabase),
including both experimental data (sect. 6.1) and theoret-
ical predictions (sect. 6.2), is described and final recom-
mendations are given. Both recommended PSF models are
also compared for exotic neutron-deficient and neutron-
rich nuclei in sect. 6.3. Conclusions are drawn in sect. 7.

2 Experimental methods

Many experimental techniques have been used to obtain
information on PSFs which are included in the database
described in sects. 3 and 6. This section gives a short de-
scription of those experimental methods as well as other
techniques that were used to verify the PSF models (see
sects. 5).

2.1 Nuclear resonance fluorescence

Photon scattering from nuclei, also called nuclear res-
onance fluorescence (NRF), is a suitable tool to study
dipole PSF's below the neutron-separation energy. Nuclear
states are excited from the ground state via absorption of
dipole (L = 1) and, to a lesser extent, quadrupole (L = 2)
photons. NRF experiments aim at the determination of
the photoabsorption cross section o, on an absolute scale.
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The PSF fx is connected with o via the relation
-

o~ (JT)
E — Y\Yx ,
fXL( 7) g!](T(fLC)2E’2yL71

with g; = (2J, + 1)/(2Jp + 1), where Jy and J, are the
spins of the ground and the excited states, respectively,
and o.(J]) corresponding to o, for states with specific
spin and parity J7. In photon scattering, the energy-
integrated scattering cross section Iy = [ 0, dE of an ex-
cited state at an energy F, can directly be deduced from
the intensity of the respective transition to the ground
state

(1)

I5(Ez) = I, (E5, )/ [W(Ey, 0)@5 (Ey)Nag] . (2)

Here, I,(E,,0) denotes the intensity of a considered
ground-state transition at FE,, observed at an angle 6 rel-
ative to the beam direction. W(E,,#) describes the an-
gular distribution of this transition. The quantity N is
the areal density of the atoms in the target and @, (E,)
stands for the photon flux through the target area at the
energy of the considered level.

Spins of excited states can be deduced by comparing
ratios of y-ray intensities, measured at two angles, with
theoretical predictions. The optimum combination com-
prises angles of 90° and 127° because the respective ratios
for the spin sequences 0 — 1 — 0 and 0 — 2 — 0 in even-
even nuclei differ most at these angles. The parities of
excited states can be derived from the polarizations of the
ground-state transitions from experiments using polarized
~v-beams or Compton polarimeters.

The integrated scattering cross section is related to the
partial radiative width of the ground-state transition Ij

according to
2
whe I?
I, = 0 3
(Ez > 9J T, (3)

where I, is the total radiative width of the excited level.
The partial radiative width Iy is proportional to the re-
duced transition strength B(XL) of a ground-state tran-
sition. These reduced transition strengths can be deduced
from spectra including well-isolated transitions from low-
lying states and have been the basis for the study of
phenomena appearing up to excitation energies of about
3MeV, such as couplings of quadrupole and octupole
states [32] and the scissors mode [33].

In experiments with high-energy + beams, the determi-
nation of the absorption cross section o, and consequently
the PSF is complicated by the following problems. First,
a high-lying excited state can deexcite to low-lying ex-
cited states (inelastic scattering) in addition to the direct
deexcitation to the ground state (elastic scattering). In
the case of inelastic scattering, inelastic and subsequent
cascade transitions appear in the measured spectrum in
addition to ground-state transitions. To deduce the ab-
sorption cross section from the elastic scattering cross
section, which is proportional to the measured intensity,
one needs to know the branching ratio by of the ground-
state transition: 0., = 0., /bg. This branching ratio is also
needed, if one is interested in the partial radiative width
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of a ground-state transition Iy to deduce E1 or M1 tran-
sition strengths. The branching ratio appears as the quan-
tity bo = I'o/I in eq. (3).

In experiments using quasi-monoenergetic photons,
which have mainly been performed at the High-Intensity
~-ray Source (HIyS) [34] of the Triangle Universities Nu-
clear Laboratory (TUNL) in Durham, the branching ratios
by may be estimated from the intensities of the ground-
state transitions in the excited energy window and the in-
tensities of the transitions depopulating the lowest-lying
states (21 states in even-even nuclei), which collect the
intensities of most of the inelastic transitions [35,36]. Al-
ternatively, -y coincidence measurements performed at
HI~S have been used to determine relative branching ra-
tios I'; /I, where i denotes an inelastic transition (see, for
example refs. [37,38]).

In experiments using broad-band bremsstrahlung up
to high energy, such as the ones performed at the
~ELBE facility [39] of the Helmholtz-Zentrum Dresden-
Rossendorf (HZDR), a great number of levels is excited in
a wide energy range. The inelastic transitions from high-
lying levels can feed a considered level well below the
end-point energy of the bremsstrahlung, which is a fur-
ther complication. In the case of such a feeding, the mea-
sured intensity of the ground-state transition is greater
than the one resulting from a direct excitation only. As a
consequence, the integrated scattering cross section I, s
deduced from this intensity contains a portion I originat-
ing from feeding in addition to the true integrated scatter-
ing cross section I, (eq. (3)). The problem of feeding can
partly be solved by measuring at several bremsstrahlung
end-point energies and considering transitions close to
the respective end-point energies only. An alternative is
the estimate of intensities of inelastic transitions using
codes for the simulation of statistical v cascades, namely
MCGCS [40] and vyDEX [41], which are analogous to the
DICEBOX code [42,43] used mainly for neutron-capture
reactions.

In experiments that populate states at high excitation
energy and therefore high level density, a number of weak
transitions may not be resolved, but they rather form a
quasicontinuum. To take into account the full intensity of
all transitions in the determination of the cross sections,
various attempts have been made to estimate the intensity
in the quasicontinuum, which has to be separated from
the intensity appearing from atomic scattering processes
in the target. This “atomic background” can for exam-
ple be simulated using codes in GEANT4 [44] and sub-
tracted from the experimental spectrum. The remaining
nuclear spectrum including resolved peaks and quasicon-
tinuum is then used for further analysis. Such analyses are
described for example in refs. [40,41] for experiments with
bremsstrahlung at the YELBE facility and in refs. [35,36]
for experiments with quasi-monoenergetic beams at the
HI~S facility.

2.2 The Oslo method

The Oslo method is a technique which allows for the simul-
taneous extraction of the NLD and PSF from particle-y
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coincidence data and is described in detail in ref. [45]. This
method probes the PSF below the neutron separation en-
ergy.

Until recently, all experiments have been performed
at the Oslo Cyclotron Laboratory (OCL) using proton,
deuteron, *He or alpha beams on isotopically-enriched
targets and the experimental setup at OCL. There, the
energy of the outgoing charged particles are measured
with the Silicon Ring particle-detector array [18] which
can be placed in forward or backward angles with re-
spect to the beam direction. The emitted ~-rays are mea-
sured with the CACTUS array [46], consisting of 28 colli-
mated 5” by 5” Nal(Tl) detectors and more recently with
the upgraded OSCAR array consisting of 30 large-volume
(89 mm x 203 mm) LaBrs:Ce detectors.

The particle-y coincidence data are sorted into a ma-
trix of initial excitation energy E; versus y-ray energy ..
For each excitation energy bin the 7-ray spectra are un-
folded [46] using the response functions of the detectors.
From these unfolded «-ray spectra, the distribution of pri-
mary y-rays was obtained for each excitation energy bin
by means of an iterative subtraction technique, known as
the first-generation method [47]. Here, the main assump-
tions are that the Brink hypothesis [7] is valid and that
the y-decay routes from a given excitation energy are in-
dependent on whether it was populated directly in the
reaction, or through v-ray decay from above-lying states
(see ref. [48] for a discussion on the uncertainties for the
subtraction technique).

The NLD p(Ey) at the excitation energy E;y = E; —
E., and the total y-ray transmission coefficient, T, (E,) =
Ty + Te1 (assuming dipole transitions dominate), are
related to the primary ~-ray spectrum by

P(Ew E;) o« p(E; — E’Y)T’Y(E’Y)7 (4)

as also illustrated in fig. 1, where the energy distribution
P(E,, E;) of the first-generation 7-transitions is shown.
Since no 7-rays are emitted with energy larger than the
initial excitation energy, the matrix appears as a triangle.
The P(E,, E;) landscape is assumed to be described by
the product of the level density and the  transmission
coefficient. Thus, one value for the level density (orange)
is based on the values of the transmission coefficient in a
certain y-ray energy range. Analogous, one value of the
transmission coefficient (green) is determined by the NLD
in a corresponding excitation-energy range. T, (E,) and
p(Ey) are extracted with a x? fit [45] yielding the unique
solution of the functional shape of p(Ey) and T, (E, ). Fur-
thermore, a normalization to known experimental level
data is performed to establish the correct slope and abso-
lute values of the NLD and total dipole PSF.

The extraction is limited to the E, and the excitation
energy region of the primary -ray matrix where the de-
cay is assumed to be statistical. The NLD is normalized
by comparing with the known discrete levels at low exci-
tation energy, and then by extrapolation using a constant
temperature (CT) form [49] from the highest excitation
energy deduced from the Oslo method to the neutron sep-
aration energy S,,. The NLD at S, is determined from the
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P(Ey} EI) x
P (Ef = Ei - E}/) T(E}/)

E,

Fig. 1. Schematic representation on how NLDs and PSFs
are extracted from the primary ~-ray spectrum. The first-
generation vy-ray distribution (yellow triangle) is given by the
product of the level density p(E; — E,) and the ~-ray trans-
mission coefficient T, (E,). All values of the elements of the
p(E; — E) and T, (E,) vectors are allowed to vary in order to
give the best fit to the P(E,, E;) landscape.

average neutron resonance spacing Dy and the spin cutoff
parameter o in a process detailed in ref. [45]. The trans-
mission coefficients are normalized to the average total ra-
diative width (I7,) of neutron resonances, as described in
ref. [50], and converted to the total dipole PSF f7, which
includes both the E1 and M1 contributions, by

Fi(Ey) = T,(E,)/(2nE2). (5)

f1 in eq. (5), is a special case of the more general fx,,
since in this method L = 1 dominance is assumed and
X cannot be distinguished, therefore what is measured
is the sum f1 = fg1 + far1. In cases where (I,) and/or
Dy are not available, systematics from a suitable mass
region or neighboring nuclei is often used, see for example
refs. [51-53].

Recently, the Oslo method has been further devel-
oped to allow for the study of the NLDs and PSFs in
more neutron-rich nuclei, either via the analysis of exper-
imental data following beta-decay, the so-called beta-Oslo
method [54-56] or using inverse kinematic reactions [57].
It is important to note that both of these newly developed
methods measure particle-vy coincidences and use these co-
incidences to obtain excitation energy E; versus y-ray en-
ergy matrices to which the Oslo method is applied.
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2.3 Neutron resonance capture data

During the 1960s-1990s the resonance behaviour of neu-
tron interaction with matter was studied in many labo-
ratories worldwide using both, the white neutron spec-
tra and time-of-flight (TOF) techniques, allowing to mea-
sure properties of individual neutron resonances. A sig-
nificant fraction of these studies measured ~-ray spectra
that were primarily used as a spectroscopy tool for deter-
mining properties of neutron resonances as well as levels
at low-excitation energy of the residual nuclides. However,
in some cases, the y-decay properties of different radiation
types X L were exploited for obtaining information on fx,
in the E, range between S, and S,, —2 or 3 MeV.

The compound nucleus mechanism for neutron capture
is a dominant process up to several MeV of incident neu-
tron energy. Therefore, the statistical model is generally
used to describe y-ray decay at these energies. An excep-
tion to this can occur in thermal or resonance capture in
certain mass regions, where non-statistical processes may
become important.

The derived fxr(E,) data are based on the experi-
mental determination of the partial radiative width I, ¢
from measured primary ~v-ray intensities. Two types of
experiments are usually considered, i) the capture on iso-
lated resonances using TOF spectrometry, known as the
Discrete Resonance Capture (DRC), and ii) the average
resonance capture (ARC) with filtered neutron beams.
Three filter materials, '°B, #°Sc or °9Fe, have been used for
ARC experiments. The beams are produced by transmis-
sion through filter materials, which yield neutron beams
with bell-shaped energy distributions at mean neutron en-
ergies of about 150 eV, 2keV and 24 keV, respectively. The
boron-filtered beam primarily removes the thermal com-
ponent, while Sc and Fe yield quasi-monoenergetic beams
of a 1-2keV width as a result of the presence of a max-
ima in the transmission of neutrons through these ele-
ments/isotopes. Such facilities were built in four labora-
tories in the US, namely Argonne National Laboratory
(ANL), the National Bureau of Standards, the Idaho Nu-
clear Engineering Laboratory INEL and Brookhaven Na-
tional Laboratory (BNL) between 1970 and 1980. Three
other laboratories, JAEP/PPEI Obninsk (Russia), Kiev
(Ukraine) and KFK Karlsruhe (Germany), have also pub-
lished ARC data. The majority of all adopted data origi-
nates from BNL due to its high neutron fluence and effi-
cient processing tools.

Common to all these experiments is the necessity to
average over Porter-Thomas fluctuations [58] which are
expected to govern the distribution of partial radiative
widths. In the DRC experiments the differential data are
numerically averaged over measured isolated resonances
to decrease the influence of these Porter-Thomas fluctu-
ations, while in the ARC experiments the averaging is
inherent in the experiment since what is measured is the
capture on neutron resonances present in the filtered beam
neutron window. The DRC are given in the absolute PSF
scale and can be used for the absolute normalization of
the ARC data (which are in all cases given only in rela-
tive units).
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The individual strength corresponding to primary
transitions from resonances with a given parity to individ-
ual final levels with the same parity connected via transi-
tions of XL type, fxr,r, was determined for a number of
different energies as

(2L+1)
fXL,f(E'y):%v (6)

where I', s is a partial radiation width of a transition with
E,, corresponding to the energy difference between the ini-
tial state and a final level f. The symbol () stands for un-
weighted averaging over included resonances and D is the
s- or p-wave resonance spacing for resonances with given
spin and parity. The spread of individual fxr,  values is
assumed to be primarily but not complete suppression of
the Porter-Thomas fluctuations, or other effects such as
p-wave contributions, and is taken care of in the data pro-
cessing [59-62].

In order to increase the statistical accuracy of DRC
data, the averaged quasi-monoenergetic strength func-
tion was introduced, involving an additional averaging
step, and was implemented in all the previous compila-
tions [63-65]. The average is applied over a selected num-
ber of primary transitions in the narrow energy region,
neglecting the additional energy dependence above the
phase factor of partial widths. For an energy range of
about 1 MeV, this is an acceptable assumption. The aver-
age strength function can therefore be expressed as

gL
ety = W B0
where ((I'y¢ /E.(Y2L+1)>> is an unweighted mean over the
used primary transitions and included resonances. Equa-
tion (7) is valid for both DRC and ARC data, though the
averaging over resonances is implicit in the experimen-
tal process in the ARC case but needs to be performed
explicitly in the DRC case. These estimates of (f(E,))
obtained from DRC are then used in the absolute nor-
malization of the ARC data. In order to have such infor-
mation also for nuclides without available DRC measure-
ments, mass-dependent systematics (as power function of
A) have been derived for both E1 and M1 transitions.
The case of the F1 radiation (used for normalization) is
shown in fig. 2. The absolute majority of data lies between
6-7MeV, except for the low-mass and actinide nuclides.
The least-square-fit based on a power dependence on the
mass A leads to the following systematics for the F1 and
M1 PSFs

<<fE1>> = 0.004 A1.52:|:O‘21 (8)
<<fA11>> = 0.012 AO.Z,LQ:I:OQI7 (9)

where the measure of the goodness of the fit can be esti-
mated as x? = 0.6 for the E1 and 0.13 for the M1. More
details can be found in refs. [60,61].

2.4 Primaries from thermal neutron capture

Thermal/cold neutron beams are produced by nickel lined
guides that transport the neutrons to low-background
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Fig. 2. Comparison between the DRC quasi-monoenergetic
doubly average strength functions ((fg1)) at (E,) = 6.5+
0.5MeV (squares) with the least-square analysis systematic
(eq. (8)) as a function of the atomic mass A (for details see
ref. [62]). The quoted errors are the statistical error increased
by Iy and D uncertainty estimates of 10%.

counting stations far from the neutron source. If the guides
are curved, no fast neutrons and ~-rays coming from the
source reach the target area. At the Budapest reactor fa-
cility, where many experiments have been performed, cold
and thermal neutron beams are transported to the Prompt
Gamma-ray Activation Analysis (PGAA) target station
approximately 35m from the reactor wall [66]. A similar
experimental configuration has been constructed at the
Garching FRM-2 reactor [67].

Gamma rays following decay of the thermal neutron
capture are measured with the help of semiconductor de-
tectors and relative ~-ray intensities per neutron cap-
ture can be often deduced from these measurements. At
the Budapest reactor, the relative intensities are obtained
from a comparison to known absolute cross sections of
individual transitions —that are obtained using stoichio-
metric compounds or mixtures containing ~-ray cross sec-
tion standards such as H, N, Cl, S, Na, Ti, or Au [68]—
and from the thermal cross sections for (n,7) reactions.
The partial 4-ray cross section values have been compiled
in the EGAF library [3,69] for all elements with Z = 1-83,
90, 92 except for He and Pm.

In nuclei with sufficiently high level density, the to-
tal radiative width of individual neutron resonances show
very small fluctuations. Relative y-ray intensities per neu-
tron capture can thus be converted to partial radiative
widths to individual final levels I'y; via I'yy = P, (I).
Partial radiative widths of primary transitions can be used
to obtain information on PSF's similarly as in the DRC ap-
proach. The difference between the DRC data and thermal
neutron capture is that in the latter the averaging can be
done only for different final levels f in a selected range
AE,, but not over different initial resonances. It means
that the individual fxr ; values are obtained only from
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Energy in AE

Energyin E

Fig. 3. Schematic representation of the procedure to identify
the primary transitions in the Ratio method. The particle en-
ergies from the AE — E particle detectors (left) determine the
excitation energy of the residual nucleus (second panel from
left). Well-known transitions deexciting low-lying levels (third
panel from left) are used for the identification of these levels.
Only coincidence events where the energy of the second de-
tected transition fits the difference between the region “1” and
the energy of a selected low-lying level (right) are considered
in the analysis.

a single value of I,y and not from averaging indicated by
() in eq. (7).

Absence of averaging over different resonances leads
to smaller suppression of the Porter-Thomas fluctuations
than in the case of DRC/ARC data. In addition, these
fluctuations prevent observation of primary transitions to
all levels in the range AE, and a correction for unobserved
transitions has to applied. This correction can be done
under the assumption that the observed transitions are
the strongest ones in the AE, energy range and that the
number of final levels f accessible via transitions of XL
type in this range is known. However, as thermal/cold
neutron capture proceeds purely via s-wave neutrons, the
capturing state has a unique parity and the XL types of
primary ~-rays populating final levels of known spin and
parity can be directly inferred.

2.5 Average resonance proton capture

Measurements from (p,~) reactions to deduce the PSFs
are similar to the ARC method introduced in sect. 2.3
where many different resonances are populated in the cap-
ture reaction. Using high-resolution v-ray detectors to de-
tect y-rays deexciting these resonances allows one to iden-
tify the primary transitions connecting to low-lying final
levels. There are also similarities between the extraction
of data from (p,7) measurements and from those in the
Ratio method shown in fig. 3. However, for (p, y) reactions
the excitation-energy is determined by the proton beam
energy.

The measurements were typically performed for pro-
ton energies F), ranging between 1 and 4 MeV. The num-
ber of resonances in each measurement is usually deter-
mined by the thickness of the target. Typically, targets
that cause 10-50keV energy loss of the incoming proton
energies were used. The proton energy loss in the target
also determines the width of the = line observed in the
detector. The excitation energy resolution limits the ap-
plicability of the method to nuclei for which the spacing
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of individual final low-lying levels is at least several tens
of keV. Another factor that needs to be considered is that
with an increasing Coulomb barrier, (p,7) cross sections
decrease. Hence, the method is suitable for nuclei with
A < 90 for which (p,«) cross sections can be measured
with good statistics. On the other hand, the need for suf-
ficiently high NLD in the resonance region to suppress
expected Porter-Thomas fluctuations of individual transi-
tion intensities requires that nuclei with masses A 2> 50
are used. Another factor to consider is that the method
works when the neutron separation energy in the product
nucleus is much higher than the proton separation energy,
i.e. for nuclei such that Q,, < —FE,, where £, is the
maximum proton energy.

To suppress the influence of the Porter-Thomas fluc-
tuations, the average intensities of primary v transitions
to a specified final low-lying level were extracted for pro-
ton energies within (typically) AE, = 0.5-1.2MeV wide
interval. Intensities of transitions to the same final level
were summed together for all proton energies in the AE,
range and this sum of intensities was attributed to the ~
energy at the middle of the AE), range. Using transitions
to levels with the same spin and parity, the relative E,
dependence of the PSFs was thus obtained; for details see
refs. [13,15].

Levels of different spins have often been considered.
However, to get the same normalization of data sets for
different spins, a correction is needed for feeding from res-
onances with different spins. These different contributions
were usually calculated within the Hauser-Feshbach for-
malism. Absolute normalization of measured intensities
to the PSF is determined from a comparison of measured
cross sections for the direct population of selected low-
lying states (one or a few) using the Hauser-Feshbach cal-
culations; the y-ray transmission coefficient T, (E,) (for a
single y-ray energy) was the only quantity in the simula-
tion of the cross section which was assumed to be unknown
and its value needed for reproducing the cross section
yielded the absolute PSF [13,15]. Obtained PSF values
correspond to the total dipole PSF f;.

2.6 The Ratio method

The Ratio method [70] is a model-independent approach
to obtain the energy dependence of the PSF. The method
relies on the detection and extraction of correlated
particle-y-~y events from reactions for which the excitation
energy of the residual nucleus can be experimentally deter-
mined. Charged particles and their energies are detected
in particle detectors (e.g. silicon particle telescopes [70],
phoswhich detectors [71] or similar) and their kinematics
and knowledge of energy losses allows for the determina-
tion of the excitation energy of the residual nucleus which
is produced in the reaction.

The ~-rays are detected with high-resolution, high-
purity Germanium detectors, possibly in combination
with high-efficiency detectors, such as LaBrs:Ce. Only
events for which the energy sum of the two detected -
rays, one of them being the primary transition feeding
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a well resolved low-lying level from E; and the second
transition originating from a known decay of a low-lying
level, equals to the initial energy E; within the energy res-
olutions of the detectors are considered in the subsequent
analysis, see schematic sketch in fig. 3. Any particle-y-~
event satisfying these conditions provides an unambiguous
determination of the origin and destination of the observed
primary transition, as shown schematically in fig. 3. The
data is extracted on an event-by-event basis and each -
ray transition is corrected for their efficiency as well as for
the branching ratio in the case of transitions from discrete
states. The Ratio method can be applied as long as the
primary -ray transitions feed discrete states of the same
spin and parity and is independent of model input and
eliminates systematic uncertainties.

The energy dependence of the PSF is obtained from
the ratio R of intensities I(£,) for two different primary
~-ray energies from the same initial excitation energy F; to
discrete low-lying levels of same spin and parity at energies
E¢ and By, as

(10)

Data on primary ~-ray intensities of transitions from
an excitation energy bin to different discrete levels can be
used to obtain the £, dependence in a broad energy range
by a x? minimization procedure [70-72]. Data correspond-
ing to different spins and parities of final low-lying levels
can be normalized in the same way. The absolute value
of the PSF must be determined independently and an at-
tempt to normalize relative PSF values to that from the
(7,1n) reaction was made in ref. [72].

2.7 Inelastic proton scattering

Inelastic proton scattering experiments, i.e. (p,p’) reac-
tions, with polarized proton beams at energies of 295 MeV
have been recently performed at the Research Center for
Nuclear Physics (RCNP) at Osaka University (Japan).
The energy distribution of scattered protons is mea-
sured with the high-resolution GRAND RAIDEN mag-
netic spectrometer at various forward laboratory angles,
typically between 0° and 10°. The measured spectra pro-
vide information on the electromagnetic excitation prob-
ability of a nucleus from the ground state to excitation
energies in the range of approximately 5—20 MeV.

The contribution of E'1 and M1 transitions to this pro-
cess can be separated by two independent methods, using
i) polarization transfer observables that can be determined
from the measurement of the polarization of scattered neu-
trons using a carbon polarimeter [73], and ii) multipole
decomposition analysis that exploits the angular distri-
bution of scattered protons [74,75]. Both methods give
consistent results [20]. When separating F1 and M1 tran-
sitions using the polarization method, it is assumed that
the spin-flip transitions originate from M1 transitions for
E, ~5-15MeV.
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The E1 PSF E is obtained from the measured cross
section under the assumption that it comes solely from
the Coulomb excitation process via a virtual photon [76].
The M1 cross sections are converted to reduced transition
strengths and corresponding M1 photoabsorption cross
sections with the approach described in detail in refs. [77,
78].

It should be mentioned that only the spin part of the
M1 transition operator is expected to play a role in the
small-angle proton scattering. Strictly speaking, only part
of the M1 PSF is determined. As it is expected that the
orbital part of the M1 operator does not significantly con-
tribute to transitions with E, ~ 5-15MeV, the M1 PSF
determined in this E, range should be a very good ap-
proximation of the actual M1 PSF. Similar experiments
aiming at extracting the spin-flip part of the M1 transi-
tions have been performed previously [79] but the PSFs
were not determined.

2.8 Photonuclear data

The dipole PSFs were calculated on the basis of all the
experimental data on photoreaction cross sections com-
piled in the EXFOR database [80]. The photoneutron
cross sections have been measured as a function of the
photon energy by means of monochromatic beams pro-
duced predominantly by annihilation-in-flight of positrons
(e.g. measurements at the Lawrence Livermore National
Laboratory, USA, and the CEA-Saclay, France) as well
as using Bremsstrahlung beams (e.g. the experiments
at the Max-Planck-Institute for Chemistry (Germany),
Melbourne University (Australia), Moscow State Univer-
sity (Russia)). For partial photoneutron reactions, (v, n),
(7,2n), ... cross sections were determined through direct
neutron detection and counting of residual v-ray activ-
ity. Additionally, various methods were used to obtain
cross sections with protons in the outgoing reaction chan-
nels which are needed for the determination of the to-
tal photoabsorption cross section [81-83]. Photoneutron
cross sections have also been measured at GDR peak en-
ergies and below in experiments based on laser-induced
Compton backscattered y-rays (e.g. at the NewSUBARU
facility of Konan University, Japan). Partial and total
photoneutron cross sections have been revised using the
experimental-theoretical re-evaluation method of the par-
tial photoneutron reaction cross sections based on objec-
tive physical criteria of the data reliability [84]. It should
however be noted that open questions on the determina-
tion of the effective neutron detection efficiency, may im-
pact the determination of the photoabsorption cross sec-
tions, as discussed in ref. [85]. Details about the adopted
photoreaction data, the experimental conditions as well
as the recommendation in case of conflicting data (includ-
ing in particular discrepancies between the Livermore and
Saclay data) are given in the CRP review paper on “Up-
dated TAEA Photonuclear Data Library” [86].
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2.9 Additional methods for PSF comparisons

Here we describe some additional methods that do not
allow for the extraction of absolute values or energy de-
pendences of the PSF but are sensitive to the PSF and
therefore can provide information on the compatibility or
validity of existing PSF models.

2.9.1 Singles ~-ray spectra from (n, ) reaction

The validity of various PSF models can be checked using
unfolded (or detector response corrected) ~-ray spectra
from (n,7) reactions. Predicted spectra can be obtained
from any code that can generate a ~y-ray spectrum using
the statistical model. Transitions between levels below a
critical excitation energy can not be treated in the statisti-
cal model, therefore, in these cases the relative intensities
of these transitions, which are known experimentally, are
adopted. Internal conversion coefficients are also consid-
ered, which are importantespecially in heavy nuclei.

The methodology of this testing technique has been
reported in ref. [87] for the 1**Cd(n,~)***Cd reaction. The
data analysis is performed with the statistical model code,
Bin Type Simulation (BITS), which uses as input different
PSF and NLD models and can only be used with unfolded
experimental spectra which are corrected for the detector
response function. The method for unfolding the spectra
detailed in ref. [88] is based on the prescription described
in sect. 3.2 of ref. [24].

The BITS code solves the sequential integration nu-
merically by setting up 100keV bins from the critical en-
ergy up to the separation energy of the daughter nucleus.
The number of levels with different spins and parities in
the bins is calculated from the corresponding NLD and
their summed populations are calculated from thee feed-
ing from the levels in the bins above. The starting level
is the capture state with definite spin and parity and is
given a population of 1. The program starts with this ini-
tial condition and distributes the intensity to final levels
or bins using the average decay widths (I’y xr(E—E,)) to
calculate the electromagnetic branching ratios which are
corrected for internal conversion. The sum of the branch-
ing ratios is normalized to 1. Repeating the process down-
wards, in decreasing excitation energy, the decay-scheme
is built up and the decay strengths are stored in a decay-
scheme matrix of 6 dimensions which are indexed by the
initial and final levels and their spins and parities. Below a
given critical energy, the experimentally known (discrete)
part of the decay scheme of the nucleus is taken into ac-
count to describe discrete electromagnetic transitions us-
ing internal conversion corrections. The ~v-ray spectrum of
full energy peaks is collected from the decay-scheme ma-
trix from which single, two-step and higher multiplicity
spectra can also be collected. It is useful to collect spectra
versus multipolarities for electric and magnetic types of
transitions to learn about their relative contributions. In
addition, visual comparison of the calculated and experi-
mental spectra are provided with contributions from the
calculated E1 and M1 decays.
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2.9.2 Two-step and multi-step cascade spectra

Another method to validate PSF's is via comparison of co-
incidence v-ray spectra with predictions of the statistical
model of the nucleus. Two different experimental setups
are used for these measurements.

The first setup consists of a pair of high-resolution Ge
detectors which allows for measurements of so-called two-
step v cascades (TSCs), see e.g. [89-91]. These experi-
ments have been mainly performed at Dubna (Russia) [92]
and Rez near Prague (Czech Republic) [89)].

The analysis of experimental data allows to get
background-free ~y-ray spectra corresponding to decays
that connect the capture state (very often just above S,,)
with preselected, well-separated low-lying levels of the nu-
cleus via two vy-rays. The spectra can be obtained by ap-
plying a cut on the detected energy sum deposited in the
two Ge detectors.

Due to the high resolution power of Ge detectors, nar-
row peaks corresponding to TSCs to the preselected levels
depositing the total energy of the cascade, are observed in
the sum-energy spectra. Only events contributing to these
peaks are then analyzed. Spectra of deposited ~-ray ener-
gies from one or both detectors can then be constructed.
The analysis method [89] excludes detected TSCs populat-
ing other levels than those of interest and efficiently rules
out the accidental coincidence and Compton-related back-
ground. A contribution of a TSC via an intermediate level
in a TSC spectrum is almost exclusively given by a pair of
narrow, symmetrically located lines. Typically, spectra for
several pre-selected final levels are available which allows
analysis of not only “true” two-step cascades but also of
more-step v cascades. The influence of the detection sys-
tem on spectra is relatively simple and can be applied if
efficiencies of the two detectors are taken into account [90].

The second experimental setup exploits a highly-
segmented array of lower resolution scintillation detec-
tors that allows for measurements of cascades for differ-
ent detected multiplicities M. Different measured spectra
can be used for comparison with statistical model predic-
tions. They include the sum-energy spectra, multiplicity-
distribution (MD) spectra and spectra of individual de-
posited v energies for individual M, often called multi-
step v cascade (MSC) spectra. The MSC spectra, con-
structed only from those v decays that deposit the en-
ergy sum corresponding to the QQ-value of the reaction in
the detection system, allow to get more information on
PSFs than spectra constructed from all detected events.
In addition, a cut on @-value usually allows also for very
efficient subtraction of the background [93,94]. The prox-
imity of individual detectors requires simulation of the
response of the detection setup. This response is usually
applied to simulated cascades. These spectra have been so
far obtained mainly from measurements at the DANCE
detector at Los Alamos [95,96]. The DANCE detector is
a highly-segmented high-efficiency array consisting of 160
BaF, crystals that cover a solid angle of approximately
3.5m. Figure 4 illustrates the way how MSC spectra are
produced.
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Fig. 4. Illustration of the production of MSC spectra for a nucleus with the neutron separation energy close to 6 MeV. The
left part of the figure (a) shows three possible decays of the nucleus. The sum-energy spectra (b) can be obtained for individual
multiplicities. Using events in the highlighted areas in the sum-energy spectra, the MSC spectra (c) for these multiplicities can
be obtained. The red cascade from (a) will contribute to the multiplicity M = 4 MSC spectrum at points indicated by red

arrows in bottom right part of (c).

With the exception of the TSC spectra in ref. [97] that
used the (p,7) reaction, all other available data come
from the capture of slow-energy neutrons. Specifically,
TSC spectra, that suffer from the low efficiency of Ge de-
tectors are measured using thermal neutrons while MSC
spectra typically use spectra from isolated neutron reso-
nances. The advantage of neutron capture is that the spin
and parity of the capturing state are known, which is im-
portant as spectra from resonances with different J”™ can
significantly differ [93,98].

The simulations of 7 cascades were usually performed
with the Monte Carlo code DICEBOX [42], which allows
for the consideration of Porter-Thomas fluctuations of in-
dividual transitions.

2.9.3 Average radiative widths

The total average radiative width (I’,) is also a quan-
tity containing global information on the PSFs. Theoret-
ically, (Iy) represents a folding of the deexcitation PSFs
(or equivalently transmission coefficients T'xr(E,)) and
NLD (see e.g. [2]), i.e.

D Sn+En
) =50 X[ meu® s,
T XTLar’0

+E, - E,, J,m)dE,, (11)
where the summation runs over all spins J, parities m and
transition types XL, E,, is the neutron incident energy
and p(E,J,7) the energy-, spin- and parity-dependent
NLD. The ~-ray transmission coefficient, Tx 1, (E,) is re-
lated to the PSF fxr(E,) as

TXL(E'7> = 27TE3L+1fXL(Ev)- (12)
Average radiative widths, like neutron strength functions
and the average spacing of resonances, are obtained from

the analysis of parameter sets for resolved resonances [2,
99].

Data for s-wave average radiative width are available
for about 228 nuclei [2] and have been used here to test
PSF models. The predicted average radiative width re-
mains however sensitive to the adopted NLD model, as
discussed in sect. 5.10.

2.9.4 Maxwellian-averaged cross sections

The radiative neutron capture cross sections can also pro-
vide information on the PSF. At keV neutron energies, the
radiative neutron capture cross section is essentially pro-
portional to the total photon transmission coefficient .7,
which in turn, like the average radiative width in eq. (11),
is sensitive to the folding of PSF and NLD [100, 101], as

Sn+En
Ty= Y / ' 2r B2t £ 1 (E,)
v = 0 5y XL\

Jm, X, L

xp(Sp + E, — E,, J,m)dE,. (13)
A large compilation of about 240 experimental
Maxwellian-averaged neutron capture cross sections

(MACS) at 30keV for nuclei with 20 < Z < 83 [102,103]
is available and has been considered for testing the PSF
models.

3 Development of the experimental PSF
database

In this section, the assessment and selection criteria for
the PSF data to be included in the library are discussed.
Uncertainty analyses are elaborated in specific cases and
re-analysed for two nuclei for which data from both the
NRF and Oslo methods are available.

3.1 Compilation of PSFs

The PSF data from the experimental methods described
in sect. 2 were compiled in an experimental database. The
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majority of PSF data were provided directly by the groups
performing the measurements and include experimental
results available as of January 2019. The photonuclear
data were obtained from other databases and processed
to obtain PSFs. In some cases, such as (p,7) reactions,
PSF data were extracted directly from tables in the re-
spective publications, or when not available in table for-
mat, from the figures. It is important to emphasize that
PSF data measured with the different methods is con-
sidered and included only from those publications where
the original work extracted the PSF explicitly. Although
valuable information can be obtained solely from capture
cross section measurements, use of this data go beyond
the scope of this work. Each set of data was assessed to
verify the suitability for its inclusion as a data file in the
library and accompanied by a README file, detailing key
information to place the data into context.

3.1.1 PSFs extracted from NRF measurements

The compilation comprises dipole strength functions f;
that were deduced from absorption cross sections accord-
ing to the prescription given in sect. 2.1. The data result
from experiments covering the excitation-energy range
from typically 4-5MeV up to S,,, in which the absorption
cross sections and the related dipole strength functions

ﬁ)(EW) were deduced as a smooth function of energy.

In the case of broad-band bremstrahlung measure-
ments at YELBE [39], v-rays were measured with two
shielded HPGe detectors placed at 90° to the beam and
two at 127° to the beam. Spectra were response and effi-
ciency corrected. The photon flux was determined by us-
ing known level widths in ''B. Background due to atomic
processes in the target was determined in simulations and
subtracted from the spectra. Subtracted spectra contain
resolved peaks and nuclear quasicontinuum. These ~-ray
spectra were corrected for feeding and branching inten-
sities obtained from simulations of statistical v cascades.
The absorption cross sections were obtained from scat-
tering cross sections by using average branching ratios of
ground-state transitions obtained from the simulations.
Uncertainties of the absorption cross sections include sta-
tistical uncertainties, and 5% uncertainties each for effi-
ciency, photon flux and atomic background. The absorp-
tion cross sections are compiled in the EXFOR database.

Some experiments obtained data at energies above the
neutron separation energy. These do not represent the to-
tal photoabsorption cross sections because of the opening
of the competing (y,n) channel and these PSF values are
therefore not included in the data file. Total dipole PSF's
for 23 different nuclei for energies up to the neutron sepa-
ration energies have been included in the PSF library. For
3 nuclei measured at HIyS [34] (128Xe, *4Xe and 1**Ba),
both the F1 and M1 PSFs are available separately. The
assessment of data did not find grounds on which to ex-
clude any of the available sets of data.

Page 11 of 52

3.1.2 PSFs extracted from the Oslo method

The compilation includes total dipole PSFs E(E,Y) from
the Oslo method analysis, as described in sect. 2.2. It also
includes data analyzed using the beta-Oslo method and
data from inverse kinematics experiments (Inverse-Oslo)
which have become available over the last few years. The
data typically cover an energy range from about E, ~
1-2MeV up to a maximum energy E, ~ S,,.

For data sets obtained prior to ~ 2012, only statisti-
cal errors are included in the PSF data, while for newer
data sets systematic errors are also considered, which is
some cases also include uncertainties due to NLD models,
Dy and (I7,). These are typically represented by upper
and lower uncertainty bands. Where possible PSF data
obtained from different NLD models are provided in sep-
arate data files. Where it was not possible to extract in-
dividual data sets for different normalizations then one
data file is provided and the expected variations are pro-
vided in terms of error bars. In several cases, the published
PSF data were re-analyzed, usually due to the availabil-
ity of new data for NLDs and/or PSFs normalizations. In
these cases the PSFs from both analyses are included in
the library as they provide the user insight into the range
of uncertainties due to model dependencies. Similarly, if
more experiments were performed in the same nucleus,
the extracted PSFs from each unique experiment are in-
cluded in the library since these sets of data are considered
to be independent of each other (they may have different
energy ranges, beam energy, detector arrangement, etc.).
113 sets of total dipole PSFs f; for 72 different nuclei mea-
sured with the Oslo method for energies up to the neutron
separation energies have been included in the PSF library.

3.1.3 PSFs extracted from DRC/ARC

Two different experimental techniques, ARC and DRC
(see sect. 2.3), were applied to obtain information on PSFs
from resonance neutron capture experiments. The recent
re-analysis of all available data from both types of ex-
periments resulted in two separate databases, DRC-2018
and ARC-2019. The resulting PSF data files present the
partial value averaged over measured resonances for each
primary transition. For a detailed description of this work
and processing of the data, we refer to refs. [59-62]. The
results were merged in the final DRC+ARC 2019 library,
which includes information on PSFs for 88 nuclides with
masses between 20 < A < 240. The list of nuclei available
in the DRC4+ARC-2019 library is shown in table 1.
Recommended data were chosen from all extracted
data sources and if data for both ARC and DRC experi-
ments were available, the ARC filtered beam results were
preferred because of better statistical accuracy due to av-
eraging over a much larger number of resonances com-
pared to the DRC data. An example of this feature is given
in fig. 5 for DRC and ARC data for 19 Au; the DRC values
correspond to averaging over only 4 s-wave resonances.
The uncertainty of the average value due to Porter-
Thomas fluctuations is thus expected to be about 70%.
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Table 1. Content of the DRC+ARC-2019 database. The symbol “x” corresponds to data that have been included in the DRC
(and DRCH+ARC, if no ARC data is available) database, (x) to DRC data for which binned results are available only, “0” to
data not used due to insufficient averaging or missing transition rates, and “xx” to data that have been included in the ARC
(hence ARC+DRC) database. The nucleus corresponds to the compound system.

Nucleus DRC ARC DRC+ARC Nucleus DRC ARC DRC+ARC
F-20 X Gd-156 XX XX
Mg-25 X X Gd-157 (x) XX XX
Al-28 b b Gd-158 XX XX
Si-29 X X Gd-159 X XX XX
Si-30 X X Dy-162 XX XX
S-33 X X Dy-163 XX XX
Cl-36 X X Dy-164 XX XX
Sc-46 X X Dy-165 XX XX
Cr-53 X X Ho-166 XX XX
Cr-54 X X Er-168 X XX XX
Fe-57 X X Er-169 X X
Fe-59 X X Tm-170 X XX XX
Co-60 X X Yb-172 XX XX
Cu-64 X X Yb-174 X XX XX
Ge-74 X b Lu-176 X XX XX
As-76 XX XX Lu-177 x x
Zr-92 XX XX Hf-178 X XX XX
Nb-94 X X Hf-180 XX XX
Mo-93 X 0 X Ta-182 X XX XX
Mo-96 XX XX W-183 X X
Mo-98 XX XX W-184 X XX XX
Mo-99 X 0 X W-185 XX XX
Ru-100 X W-187 XX XX
Ru-102 X XX XX 0Os-188 XX XX
Rh-104 X X 0Os-189 XX XX
Pd-106 X XX XX Os-191 XX XX
Pd-109 XX XX 0s-193 XX XX
Ag-108 (x) (x) Tr-192 XX XX
Cd-114 XX XX Ir-194 XX XX
In-116 X X Pt-195 XX XX
Sb-122 X X Pt-196 X XX XX
Sb-124 X X Pt-197 XX XX
Te-124 XX XX Pt-199 XX XX
Te-126 X X Au-198 X XX XX
1-128 X XX XX Hg-199 X

Ba-135 XX XX Hg-200 X

Ba-136 X XX XX Hg-202 X

Nd-144 X X Th-233 X XX XX
Nd-146 X XX XX U-235 X X
Sm-148 X XX XX U-236 X XX XX
Sm-150 X XX XX U-237 X X
Sm-155 XX XX U-239 X XX XX
Eu-154 XX XX Np-238 XX XX
Gd-155 (x) XX XX Pu-240 X XX XX
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Fig. 5. PSFs from DRC (upper panel) and ARC (lower panel)
measurements from the '°7Au(n,~)'*®Au reaction. The large
scatter of E'1 transitions is for DRC data is from a small num-
ber of 4 s-wave resonances (uncertainties due to the Porter-
Thomas fluctuations are not included), while a very good av-
eraging is obtained for ARC data where the averaging is made
over =~ 60 resonances. The decreased detection sensitivity limit
from lower TOF neutron fluence results in the detection of only
one M1 transition with the rest undetected. Uncertainties are
only statistical ones increased by 10% due to estimated uncer-
tainty in I’y and D.

This uncertainty is not indicated in fig. 5. The error bars
correspond only to uncertainties of measured transition in-
tensities increased by I, and D uncertainty estimates of
10%. When the number of resonances studied in a DRC
experiment is large, the resulting data distribution is com-
parable to ARC measurements as shown in fig. 6 for '**Er.

In the absence of ARC data, DRC data, even those
measured with a small number of resonances, were in-
cluded in the final version of the DRC+ARC-2019 library.
As long as DRC data is processed in a doubly average
quasi-monoenergetic format of ((fxr)) (see sect. 2.3), they
give a satisfactory estimate of the absolute value of the
PSF.

The performance of this database was thoroughly val-
idated against the previous evaluations [62] and in case
of conflicting results, the reasons (such as difference in
selected resonance parameters, different £1 or M1 as-
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Fig. 6. DRC (upper panel) and ARC (lower panel) data
from *$7Er(n, ) **®Er reaction. The comparable number of res-
onances, 81 in DRC and effectively about 250 from the boron
filtered beam with a full width at half maximum of about 1 keV
is averaged. The lower-detection sensitivity of DRC experiment
prevents detection of low-energy M1 and all E2 transitions.

signments or applied spacing) are discussed in detail in
refs. [59,61,62].

The PSF library includes DRC and ARC for 88 nuclei,
out of which 34 are DRC data and 54 ARC data. Among
the 34 DRC data sets, E'1 strengths are available for 33
nuclei, M1 strengths for 29 nuclei and E2 for 8 nuclei only.
The 54 ARC data sets include data on E1 for 52, M1 for
49 and E2 for 22 nuclei.

3.1.4 PSFs from the capture 7-ray library

The intensities of primary transitions from thermal neu-
tron captures, available in the EGAF library [3] (see
sect. 2.4), were exploited for the determination of the PSF
for individual transition types. The EGAF library consists
of approximately 32000 prompt thermal neutron capture
~v-ray cross sections for nearly all elements. For primary
transitions these were converted to fxr s as described in
sect. 2.4.

To suppress the influence of the Porter-Thomas fluc-
tuations, several neighboring transitions were binned
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together and averaged. The average value needs to be
in many cases corrected for weak, unobserved transitions
within the energy bin.

The expected number of transitions within each bin
was obtained from the spin-dependent level density based
on a modified CT model [104] where the temperature is
taken from the RIPL-3 library [2] and the backshift energy
is the yrast energy for each spin taken from ENSDF [4].
The expectation value of the total unobserved transition
intensity in a bin was estimated assuming the Porter-
Thomas distribution [58] of individual intensities under
the assumption that the observed transitions (after con-
version to fxp, r) are the strongest ones occurring in the
bin. The PSFs values in the database were corrected for
this estimate.

Given uncertainties correspond only to statistical un-
certainties in the determination of the average value and
an additional 20% uncertainty in the estimate of the miss-
ing strength. Neither an uncertainty due to Dy and (I’;),
nor the uncertainty in the determination of the average
PSF's values (coming from the Porter-Thomas fluctuation)
is included. As the number of transitions in a bin is typ-
ically 3 to 10, the latter uncertainty is significant and it
reaches values of about 40-80%. It can be deduced from
the number of observed and expected transitions in the
bin.

A total of 808 ~v-ray binned PSF data have been ex-
tracted from thermal neutron capture data for a total of
209 nuclei, including E1 PSFs from 206 nuclei, M1 for
153 nuclei, £2 for 38 nuclei and M2 for 2 nuclei.

3.1.5 PSFs from average resonance proton capture

The data were published primarily in the pre-1990s with
the technique described in sect. 2.5 and direct communi-
cation with the authors was not possible. Data has been
extracted from the publications, either directly from the
tables provided or by digitizing the graphs. No averaging
of the PSF for a given nucleus over transitions to more
low-lying levels has been performed. The typical E, range
covered in this method is about 2-4 MeV wide and is lo-
cated between the proton and neutron separation energies
of nuclei in the A = 46 to A = 90 mass region. More
specifically, the measured excitation energy region typi-
cally starts at ~ 2MeV above S), given by the minimum
proton energy used in the experiment. Depending on the
values of S, and S,, the region investigated is generally
between about 5 and 10 MeV although for ?°Zr measure-
ments have been performed beyond S, [14]. Specific infor-
mation, in particular details on the uncertainty analysis,
may not be available at all or is only partially described
in the original publications. A detailed understanding of
the uncertainties assigned to most of the data is therefore
lacking. In some publications, no mention on the origin of
the uncertainties are made while estimates of statistical
and/or systematic uncertainties are provided in other pub-
lications but generally without much detail on how these

were obtained. Data on the total dipole PSF (f_l from (p,~)
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measurements are available for 22 nuclei and are included
in the PSF library.

3.1.6 PSFs from the Ratio method

The method (sect. 2.6) was developed recently and only

relative values of the total dipole PSF <f—1 are obtained
unless a normalization to GDR data is performed. Such a
normalization has been performed for the case of *Mo [72]
and the data is included in the database. The data covers
a range from F, ~ 1.5MeV to a few hundred keV below
the neutron separation energy. For detailed discussions on
the different sources of uncertainties see refs. [70,72].

3.1.7 PSFs from inelastic proton scattering

The compilation includes PSFs that were extracted from
inelastic proton scattering reaction data using polarized
proton beams. The measured intensities are converted to

E1, M1 and total dipole PSFs and correspond to 71) as
described in sect. 2.7. They are provided in separate files,
covering the excitation-energy range from about 5MeV
up to approximately 20 MeV. Data is available for *Mo,
1208y and 2%®Pb nuclei. The uncertainties correspond to
those published in the original papers [20,74,75,105].

3.1.8 PSFs extracted from photonuclear data

Photoabsorption PSF data files have been compiled from
photoneutron cross sections including the photofission
cross section for fissioning nuclei and the photoproton
cross sections as compiled in the EXFOR library [80, 86].
A full list of the corresponding photonuclear cross sections
can be found in ref. [106]. The spin-independent E1 PSF
was extracted from the photoabsorption cross section as
described in refs. [1,2,24,106] by applying the more gen-
eral eq. (1) to the special case of E'1 photoabsorption, i.e.

UEl(E'y)

fe1(Ey) = W )

(14)

where og1(E,) = o(v,abs) is the total photoabsorption
cross section of 1 ~-rays with energy F, summed over
final states with all possible spins.

The E1 PSF uncertainties have been estimated with
respect to the cross section uncertainties found in the EX-
FOR database [80]. The mean values and uncertainties of
the PSF extracted from the various experiments are differ-
ent but results of recent experimental data are, as a rule,
in agreement within experimental errors. Figure 7 shows
representative examples of PSFs extracted from different
experiments. It can be seen that the relative uncertainties
of the E1 PSFs in the vicinity of the GDR are of the or-
der of 10 to 20% for recent experimental data. It should be
mentioned that the experimental-theoretical re-evaluation
method based on objective physical criteria of the data
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Fig. 7. Photoabsorption PSF for *°La and '®!Ta extracted
from experimental photo cross sections [107-113].

reliability [84] could significantly decrease the relative un-
certainties under discussion.

The E1 PSFs were extracted from photoneutron cross
sections that include the emission of particles, but do not
include contributions from the (v,~) channel. Such a con-
tribution dominates however just above the neutron sepa-
ration energy. For this reason, when extracting PSF from
photoabsorption cross sections (eq. (14)), only data lying
sufficiently above the neutron threshold have been consid-
ered. More specifically, the present £'1 PSF library only
considers y-ray energies for which the (v, ) cross section
is expected to be at least ten times smaller than the photo-
particle-emission cross section. The specific y-ray energy
interval (Ae) for which the experimental cross section rep-
resents the total photoabsorption cross section was esti-
mated using simulations of the photoabsorption cross sec-
tion obtained using the nuclear reaction code TALY'S [101]
and typically Ae < 1.5 MeV. Below S,, + Ae, the PSF ob-
tained from eq. (14) has incorrectly small values if it is
extracted from a (y,n) cross section.

The procedure used to determine this low-energy cut-
off (Ae) requires a decomposition of the total photoab-
sorption cross section into partial cross sections through
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the following relations

(v, abs) = ov(y,7) + o' (v, abs),
o'(v,abs) = a(y,sn) + o(v,cp) + (7, F). (15)
Here, o¢(v,7) = o(v,7)+0(7,7') is the total photon scat-
tering cross section to excited states in the target nucleus,
i.e. the sum of the cross sections of elastic «-ray scat-
tering via different types of intermediate states (without
shape-elastic component) and non-elastic y-ray scattering;
o’(7, abs) is the photoabsorption cross section with emis-
sion of the particles; o(7y, sn) is the total photoneutron re-
action cross section; o (7, ¢p) is the photo-charged-particle-
emission cross section and o (v, F') the photofission cross
section. More details can be found in [31,86,106].

For every nucleus in the photodata library, the spe-
cific energy interval Ae was estimated, so that the o4 (v, )
cross section from (7,7) transitions does not exceed
more than 10% of the total photoabsorption cross section
o (7, abs), i.e.

at(v,7)
(7, abs)
0(77 abs) B O'/(’Yv abS)

_ I —0.1. (16)

50(Ey = S, + Ae) =

Figure 8 illustrates the experimental photoneutron cross
sections for 1*°In and '39La, together with the theoreti-
cal decomposition into various contributions. The TALY'S
calculations were performed with the “Simple Modified
Lorentzian” (SMLO) model of PSF (see sect. 4.2), the
CT plus Fermi gas NLD model [117] and the default
parameters for the additional input quantities. It can
be seen in fig. 8 that neglecting the (,7) contribution
leads to a fast decrease of the photoabsorption cross sec-
tion o’ (v, abs) for ~-ray energies approaching the neutron
threshold. The experimental cross section for 3°La de-
noted by diamonds [116] corresponds to the (v,7) cross
section measured in a NRF experiment and decreases just
above S,, due to the opening of the strong neutron emis-
sion channel.

Figure 9 illustrates the energy-dependence of the ratio
of the cross section from (v, ) transitions to the total pho-
toabsorption cross section (eq. (16)) for °In and **9La
isotopes. Figure 10 gives the resulting energy intervals Ae
for all nuclei for which the PSF has been extracted from
the photonuclear library.

Similarly to low energies in the vicinity of the neutron
separation energy, at high energies the measured cross sec-
tion may not reflect the total photoabsorption. In that
case, many channels with various particle emissions are
open and the quasi-deuteron breakup component dom-
inates. For this reason, all PSFs from photoabsorption
cross sections have been extracted only up to a maxi-
mum energy egp at which the quasi-deuteron component
is expected to become higher than 10% of the total pho-
toabsorption cross section. All cross sections have been
estimated on the basis of the SMLO PSF's (sect. 4.2) and
the quasi-deuteron component from the standard model of
ref. [118]. The resulting values of egp are shown in fig. 10.
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Fig. 8. Comparison between theoretical and experimental [80]
photoabsorption cross sections for *°In and !*°La isotopes.
Experimental cross sections are taken from refs. [109,114-116].
The vertical dashed lines correspond to S, and the vertical
solid lines to the «-ray energy S, + Ae where do = 0.1. Also
shown are the estimated SMLO total photoabsorption cross
sections o (7, abs) (blue solid line) and the partial cross sections
o'(,abs) (red-dashed line), and o¢(7,~) (green dot-dash line).

The E1 PSFs were extracted from all available ex-
perimental data on photoreaction cross sections from the
EXFOR database [80] and the recent update of the pho-
tonuclear library [86]. In total, the E1 PSFs are given for
159 isotopes between 9Li and 2*°Pu including 19 elements
of natural isotopic composition corresponding all together
to 465 different entries. The PSF values for 7-ray ener-
gies below S,, + Ae and above egp were discarded from
the data files but are included in the README files (see
sect. 6).

3.2 Uncertainty analysis on test cases
PSFs from different experimental techniques are often not

consistent [26]. The inconsistencies can be substantial es-
pecially between results from Oslo and NRF data. The
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Fig. 9. Contribution o of o¢(v,7) to o (v, abs) as a function of
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Fig. 10. Low-energy cut-off Ae (blue squares) and high en-
ergy cut-off egp (red circles) as a function of the atomic mass
number A.

PSFs deduced from the Oslo and NRF techniques are
based on several assumptions and depend, for instance,
on the NLD model used during the data processing pro-
cedure. Below we describe different sources of uncertainty
in these two techniques and perform an enhanced uncer-
tainty and NLD model analysis, in two nuclei for which
Oslo and NRF results exist.

3.2.1 Uncertainties in the NRF method

In NRF experiments, photoabsorption cross sections are
deduced from intensity distributions that include resolved
peaks as well as a quasicontinuum, determined as the
intensity after subtracting the atomic background (see
sect. 2.1). For the determination of the photoabsorption
cross section the intensities of inelastic transitions have
to be subtracted from the total intensity distribution.



Eur. Phys. J. A (2019) 55: 172

(MeV™®)

- 1 078

4 5 6 7 9 10 11 12

8
E (MeV)

Fig. 11. The PSFs deduced from (,7') data of 3°Y [120]
(red circles). Maximum uncertainties obtained from applying
extreme limits of level densities in the simulations of v cascades
are shown by blue solid lines. The data were re-processed using
the code yDEX [41] for the cascade simulations. Oslo data
from the (*He,® He') reaction [53] (green squares) are shown for
comparison, together with extreme uncertainty limits (green
solid lines).

Furthermore, the remaining ground-state transitions have
to be corrected for their branching ratios (see sect. 2.1).
The relative intensities of elastic and inelastic transitions
can be estimated by simulations of statistical v cascades.
The initial values of the PSFs and NLDs are input data
in these simulations. The initial strength functions for E'1,
M1, and E2 radiation are Lorentzian-shaped using param-
eters taken from the RIPL database [2]. Absorption cross
sections are determined with an iterative technique [41],
in which the E1 input PSF is taken from the output of the
preceding step. Level density parameters are taken from
the compilation [119]. The given uncertainties are taken
into account in the simulations for the CT plus Fermi
gas model as well as the back-shifted Fermi gas (BSFG)
model. The extreme limits of the resulting strength func-
tions can be determined by combining PSF's obtained us-
ing the limits of the uncertainties given in ref. [119]. This
has been done for the cases of Y [120] and 13°La [116] in
the present uncertainty analysis. Error bars include sta-
tistical uncertainties and uncertainties of detector efficien-
cies, of photon flux as well as a lo deviation from the
mean values in the individual simulations. In the present
analysis, all combinations of upper and lower limits of the
level-density parameters were applied. To determine the
extreme lower and upper limits of the strength functions,
the values with the greatest deviations from the mean were
combined. The results are shown in figs. 11-12 and are
compared with the data obtained in experiments based
on the Oslo method [121].
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Fig. 12. The PSFs deduced from (7,~') data of **La [116]
(red circles). Maximum uncertainties obtained from applying
extreme limits of level densities in the simulations of - cascades
are shown by blue lines. Oslo data from the (*He,? He') reac-
tion [52] (green squares)