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1. Introduction

The upbend phenomenological modelling has been introduced in Refs. [1,2] and described by
Egs. 1 and 2 in Ref. [1]. Both, the constant E1 upbend and the increasing M1 upbend with
decreasing E, are based on the shellmodel calculations of lightnuclei which have guided the shape
of these phenomenological expressions [1]. The Oslo data have been used to determine an
adjustment to the experiment results. These data, however, include the E1 plus M1 modes, which
may be a source (their ratio) of the uncertainty together with the level density model dependency
used in their derivation. Furthermore, the Oslo data do not extend below a gamma ray energy of
2 MeV, thus the lowest energy region is missing. Such a situation certainly shows the need to
search for additional reliable data, especially for energies below 2 MeV.

The neutron capture with energies above the thermal region, such as the discrete resonance capture
(DRC) or average resonance capture (ARC) data, suffer fromthe fact that the low energy data are
not measured, and this for two reasons. The energy cutoff of the gamma-ray pair spectrometers is
at 3-4 MeV and if the single Ge (Li) low-energy data are measured, their large amountcomplicates
the assignment of the primary mode. This meansthat for the DRC and/or ARC measurements the
low energy detection limitis around 4 MeV and consequently no directinformation for the upbend
region is available.

However, the thermal capture (THC) technique, not yet fully exploited in photon strength function
(PSF) studies, is certainly an important source of information, with its high quality of low-energy
data, especially for light mass targets due to their low level densities. The recently evaluated THC
data over several transitions [3-5] give a quite robust information on the low-energy primary
transisitions and their strength behaviour. Another source of THC data is collected in the EGAF
database [6], which includes a complilation of data from targets within the mass region
6 < A < 240. The results are given in a binned (over several transitions) formatto diminish the
strong Porter/Thomas fluctuations.

In this work we concentrate on the thermal data and seek for new evidencefor the upbend behavior,
in combination with the averaged data. The stronglow-energy gammarays thathave been detected
in light mass targets have not yet been used to learn about the E1 upbend formalism [1]. The
situation is shown in Fig. 1 for nuclides with A< 60. The THC data, binned over the E, region of
0.5-2 MeV, are plotted with the EGAF data entries below <E,> = 2.5 MeV.
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FIG. 1. PSF data from THC data [4] and EGAF thermal capture data [ 6] plotted as function of the mass A. The data

with energies between 0.5 — 2.5 MeV (majority within 1 and 2 MeV) have been used as entries. The common trend

follows the exponential dependence of ~ e ***increasing with A — 0. The <6.5 MeV> systematic is plotted (green

dashed line) to showthe excess of PSFexperimental values against thetail of the statistical Giant Dipole Resonance
(GDR) prediction. This situationis supported by Fig. 25 in Ref. [2].

The present work has been carried out with the aim to investigate the E1 and M1 THC data and
the underlying modelling of low-energy transitions with E, — 0. This report is divided in two
main sections, studyingE1 and M1 behavior atlow gamma-ray energies. We have chosen the mass
range with A < 70, one of the reasons is that in this mass region the ARC data are absent and the
DRC dataare scarce and based on a limited amount of resonances. We will concentrate on possible
new information on the PSF behavior in the upbend region for E1 and M1 strength separately, and
try to compare and connect the low energy results with previous ARC/DRC observations for
A >70. The final section will give conclusions and ideas for novel revisions of the upbend
expressions.



2. E1 radiation

2.1. Low mass targets: the 28Al case and validation test analysis

This subsection is devoted to test processing and assumptions in the analysis of thermal capture
data used for the PSF conclusions. The light target 27Al has been chosen. The present situation of
the 28Al THC data and the theoretical predictions of the D1IM+QRPA+0lim and shell model (SM)
calculations are shown in Fig. 2 (taken from Refs [1,3]).
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FIG. 2. THC E1 (blue) and M1(red) data plotted together with D1M+QRPA-+0lim prediction (full curves) and the
SM results (dotted curves). Note the underestimation ofthe E1 experimental PSF below E,~ 4 MeV by both theoretical
predictions, while the M1 prediction starts to disagree below 3 MeV. Further note the almost constancy of the SM
curves at the lowest energies which indicates that the gamma-ray energy dependence is close to E,’ for both E1 and
M1 radiation.

In this section we further concentrate on E1 radiation only. The first action was to check the
absolute normalization of the intensity I, and this was done by a comparison of two independent
thermal data experiments, the analysis in Refs. [3-5] and the EGAF data [6]. The results are shown
in Fig.3 where data are derived from the original analysis of Ref. [8] and compared with a re-
analysis with recent spectroscopic information.
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FIG. 3. THC data from Ref. [3]and the EGAF binned database [ 6]. Note the good agreement between two independent
data sets; this supports the absolute calibration together with the total strength which obeys 21,~ 100 and indicates
that the majority of primary strength isassignedin the decay scheme.

The other comparison was againstthe resonance data. The only DRC experimentforthe 27 Al target
is the fast neutron capture measurement of Bergqvist [8]. The data adopted in the DRC include
three resonances at E, = 34.8keV (J =3%), 86.2 keV (2*) and 91.4 keV (3-). A search for possible
unresolved doublets has been carried out because of the use of Nal total-absorption spectrometer
with limited gamma-ray resolution. After a careful treatment we have decided to use only the data
from the lowest s-wave resonance at 34.8 keV.
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FIG. 4.E1 THC data fromthe “’Al(n,) reactionand the DRC datafromthe 34.8keV s-wave resonance together with
the systematic <<f(E1)>>(6.5MeV) curve (greendashed line). Note the good agreementof the THC and DRC data.
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The statistical quality of 1, intensities of the second resonance was found insufficient and the third
p-wave resonance was only quoted in an integral decay strength. The results of the new DRC
BA| dataare shown inFig. 4. The authorsin Ref. [8] have reached the following conclusionwhich
may be relevant for the use of the combined E1 and M1 experimental dataas Oslo measurements:

“The keV capture experiments, in good agreement with those of other nuclides in this
mass region, establishing with no outstanding exceptions, that M1 competes favorably
with E1. An empirical rule, valid at least for neutrons of keV energy and lower, seems to
operate in the case of the s—d-shell nuclides.”

The low-energy E1 data for 28Al indicate a good agreement between THC and DRC experiments
and the disagreement between the experimental data and the D1M + QRPA +0lim prediction in
Fig. 2. Another obvious possible contribution to the E1 strength upbend for 22Al comes from the
Direct Capture (DC) model (reviewed in Refs [4,5]) and discussed in Section 2.2.

The recent upbend treatment in 28Al - The D1IM+QRPA+0lim results in Fig. 2 used the
phenomenological E1 upbend expression (Ref [1]) given by

fe1(Ey) = felQRPA(E,) + foU / [1 + & E,~Ep], (1)

of the initial de-exciting state and fy and E, are free parameters adjusted to the SM calculations or
the Oslo data (Ref [1]). The E1 upbend is assumed, in all E1 decays, independent of the
deformation. The upbend component is negligibly dependent on the gamma-ray energy below the
neutron binding energy B,. The D1IM+QRPA+0lim PSF, including the upbend (for an excitation
energy U =5 MeV), is compared in Fig. 6 for ZAl with the THC experimental data (Ref [8]).

The fitted curves are smooth eye-guiding trend fits of the data entries. The difference between the
experimental data and the theoretical prediction (red curves) is enormous and the upbend
component (blue constant curve in Fig. 5, left panel) is unable to solve the disagreement. The size
needed forareasonable fitis impossible to be viewed as a “constantbackground” contribution and
an energy dependent component, increasing with the decreasing E, needs to be proposed. The
gamma ray strength function definition requires a phase reduction of the dipole radiation by a
factor of E,2. This means that when we try to identify the E, dependence of the PSF, firstly we
“reduce” the absolute gamma strength I, or I',; by this factor. Any deviation from this dependence
suggests the relevance of a model with another energy dependence. In the ARC (2 and 24 keV
capture) measurements the I,/E,° ratio was successfully used as a tool to identify the E1 primary
transitions, based on the assumption that the GDR model (~ E,°) dominates the decay. This
dependence has been confirmed in the whole mass region for E, > 4 MeV transitions, leading to
the E,2PSF dependence (Refs[1-5,9-11]). The PSF data above 4 MeV follow several GDR models
and are further in agreement with the theoretical D1IM+QRPA. However, for E, — 0 the standard
Lorentzian (SLO) and the D1M+QRPA models tend to zero in disagreement with experimental
evidence.
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FIG. 5. THC data compared with the theoretical predictions of the DLM+QRPA and upbend components. Note the
constancy and small contribution of the upbend with U = 5 MeV and large disagreement of the pure statistical
contributionfromthe D1M+QRPA model, which reproduces the PSF E1 data (ARC, DRC, THC) for energies above
4 MeV.

Several Lorentzian based models (GLO, EGLO and MLQO) have been proposed to solve this
problem by introducing a dependence with respect to the final state nuclear temperature T. The
role of nonstatistical effects such as the DC has already been discussed in Refs [3-5], therefore it
seems to be evident that the DC may significantly contribute and even dominate for certain mass
regions.

The trend analysis, recently introduced in Refs [4,5], crudely infers the energy dependence of
experimental data by a fitted trend function. If the power dependence is applied, the fitted slope
can be used to guess the underlying “model” energy dependence. The slope analysis has been used
earlier and details can be found in Refs [4,5]. If we assume that the DC component is responsible
for the E1 strength in 28Al, we can expect the PSF phase space factor to vary as E,2. The slope of
the E1 THC data was found as E,»7 which agrees rather well with the expected DC model
(Ref. [12]), taking all uncertainties into account. This suggests that the nonstatistical influence in
the 2s1d-shell targets is presentand should be taken into account for all targets. The analysis of
the data trend uses an exponential dependence which better describes the dependence in a broader
region and is less sensitive to a singular outlier. Such a trend analysis will be used to predict the
E1PSF limitatE, = 0.

The majoruncertainty of the trend analysis atlow energies, besides the width of the adopted energy
range, can be the effect of missed points especially below E,~1 MeV. Data in this energy region
are rarely measured or identified as primary transitions. To test the influence of these missing

transitions, two measurements of 33S from McMaster University (Ref. [13]) and Raman et al.
(Ref. [14]) have beencompared. While the lowest detected E1 transition in Ref.[16] has the energy

E, =1965 keV, five transitions in Ref. [15] have been identified below this energy with the lowest
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atE, = 274 keV. Both derived PSFs are shown in Fig. 6. The results show that the trend of data in
the E, range between 2 and 5 MeV, dominant for the slope exponent value, is not severely
influenced by the data below 1 MeV. Encouraged by this result we expect that the trend analysis
is a tool which can help to identify the PSF value at E, = 0.
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FIG. 6. Differential PSF values of primary transitions in **S, derived from I, intensities from Refs [ 15] and [ 16], for
final states withunambiguously assigned parity thatguaranteesthe E1 and M1 selection. The greendata pointis the
<f(E1)>systematics at 6.5MeV. Plotted curves areunweightedtrendfits to showthe PSFbehavior as an exponential
functionof E,and used in the trend analysis. Note the small difference in the power exponent of both E1 curves and
the similarity of data above 2 MeV.

The main conclusion here supports the present THC analysis and suggests that it can be safely
applied to the remaining light mass targets to study their low-energy data behavior.

2.2. Direct capture

The 28Al thermal cross section analysis, based on parameters from Ref. [17], fully supports the DC
origin of E1 transitions: o(y)n = 0.231 b, XI,(E1) = 0.48 => o(E1) = 0.111b and the calculated
o(DC) =0.108. The presence of the non-statistical mode is further supported by astrong (n,y)-(d,p)
correlation (a well-established signature for the DC model) found in Refs [13,16]. Based on this
result we may expect that DC gives a dominant contribution to the gamma-ray E1 strength
extracted in light s-d shell targets. Its strength and the region of influence can be estimated from
the calculated DC contributions (Ref. [17]) to the thermal capture (see Refs [4,5]), as shown in
Fig. 7. One question remains open, namely how the GDR model functionsin the 3s—> 2p(1f) shell
configuration and to whatextentthe E1 systematics isapplicable inthese nuclidesif the E1 energy
is far from 6.5 MeV.
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FIG. 7. Thermal E1 cross sections derived from Ref. [17] (o(E1) green points) plotted together with the calculated
DC component [17] (o(D) red points) for targets with A < 70. The plotted curve is a fitted trend only for visual
guidance. Note that for several nuclides with A < 35 both values are equal. The two strong data points above 10b
belongto single resonancethermal cross sections of *Cl and *°V. The behavior for targets above A ~ 50 suggests that
the statistical mode starts to dominate. It may be concluded thatthe E1 strength for light masstargetswith A< 45 is
dominated by the DC model providing the majorE1 componentandoverruling the standard upbend.

The THC state, i.e., the initial state for the THC, especially for light nuclides is formed by tails of
positive/negative resonances and/or the potential capture. As mentioned in Ref. [17]:

“The direct capture cross section (D) is calculated for 2200 m/s neutrons in the
framework of the Lane-Lynn theory. This was done to differentiate the contribution from
the negative energy resonances (called the bound states) and the direct capture
component. It is assumed here that interference terms between the direct and the
compound components are absent or negligible. Because of the absence of nearby s-wave
resonances in some nuclei, the internal compound resonance contribution is negligible,
resultingin o, (B) = o, (D).”

This results in the resonance tails between resonances being negligible and not affecting the cross
section (the area of DRC and ARC data). This implies that they differ fundamentally from the
thermal capture state and, furthermore, that the Brink hypothesis is not applicable for general PSF
conclusions.

The present analysis can be finalized with the following conclusions:

1. The presence of the nonstatistical direct capture in the thermal capture for A <70 targets is
confirmed, based onarobustanalysis of experimental THC and EGAF results, using a large
number of primary transitions with 1 <E, < 4 MeV.

2. This effectis dominant for targets below A ~ 45 while for massesup to A ~ 70 the GDR
model starts to dominate the E1 strength due to the shift of the 2p(1f) shell to lower
excitation energies and by depopulating E1 primary transitions with energies above 5 MeV.
The experimental data below 4 MeV are then absent.

14



3. In targets, where the DC dominates (light nuclides), the statistical GDR model is at low
E, energies (0lim region) dominated by the DC contribution

4. However, it needs to be kept in mind that this effectis present only for thermal neutron
incident energies and should not be included in general E1 description.

5. THC datafor A<45 nucleiare affected by the dominant DC componentand shouldtherefore
not be considered to extract a statistical PSF at low energy.

2.3. THC database for A < 70 nuclides

Based on results and experience with the 28Al data processing, this methodology is applied to all
A < 70 targets to search for either possible systematic behavior or the origin of low-E, transitions.
We have addressed all measured targets (compared with the EGAF listing) below A ~ 70 and
generated a new database called ELTHC70 (Ref.[18]). As data sources we used the present THC
evaluations or the EGAF partial £/, data. The choice of the adopted source was based on a
comparison of both entry libraries. The EGAF data have been adopted only if they were superior
to THC data or if the latter were absent. The final list is given in Table 1. Data with transitions
only above E, =4 MeV have notbeen included.

TABLE 1. List of recommended E1 thermal capture data with A <70 from the THCand EGAF data sources. The last
column gives the Olim exponential intercept of the PSF at E, =0, derived from E, <4 MeV data points. No entry is
given fordisregardedtrend (data shortage) or missing data below 4 MeV. Fora detail overview, it is recommended to
download data fromthe ELTHC70 link.

EGAF/PGAA | THC EGAF Recommended | Trend Trend fel(Ey =0)
processed | sources DC +0lim | Olim [10-8MeV-3]
in this for visual | for visual
work analysis analysis

F-20 + THC

Na-24 + THC + 2.74

Mg-25 + THC + 16.57

Mg-26 + + THC+ EGAF

Mg-27 + THC 73.59

Al-28 + THC + 33.50

Si-29 + + EGAF + 4.33

Si-30 + + EGAF + 21.84

P-32 + THC + 11.36

S-33 + + EGAF + 15.57

S-34 + + THC+ EGAF + 10.8

S-35 + THC + 2.40

Cl-36 + THC + 11.3

CI-38 + THC + 4.86

K-40 + THC + 2.36

Ar-41 + EGAF + 7.59

K-41 + Not used

Ca-41 + THC

K-42 + EGAF + 14.44

Ca-44 + EGAF

Ca-45 + EGAF + 2.22

Sc-46 + THC

15



EGAF/PGAA | THC EGAF Recommended | Trend Trend fel(Ey =0)
processed | sources DC +0lim | Olim [10-8MeV-3]
in this for visual | for visual
work analysis analysis

Ti-49 + THC + 0.41

Ti-50 + EGAF

V-51 + THC

Cr-51 + THC

V-52 + THC

Cr-55 + EGAF

Mn-56 + EGAF + 1.6

Fe-57 + THC + 0.23

Fe-59 + EGAF 0.07

Ni-59 + EGAF +

Co-60 + + THC+ EGAF

Ni-61 + + THC+ EGAF 1.80

Ni-63 + + EGAF 0.19

Cu-64 + THC 1.67

Ni-65 + EGAF

Zn-65 + THC

Cu-66 + THC 0.38

Zn-68 + THC

For all recommended sources (see the 4t column) a graphical presentation has been prepared. The

assigned E1 entries are divided into two groups, those with E, <4 MeV and data above 4 MeV.

This division assumes that the statistical contribution below 4 MeV is small and that the low-
energy data give primarily an information on the “upbend” component which substantially differs
from the statistical E, — 0 imit. An example of such a graphical approach is shown in Fig. 8 for
38C| data. The <<6.5 MeV>> systematics is added to indicate the expected performance of the
statistical model. For the trend curve, an exponential format is used; this allows to extrapolate the

PSF closed to the E, = 0 limit. The uncertainty of such a trend prediction is given by the size and
width of the E1 data points “window” below 4 MeV.
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FIG. 8. E1 PSF data of *’Cl(n,»)*Cl reaction plotted for the trend analysis of the upbend 0lim performance. The red
curveisa GDR estimatebased onthe DRC <<6.5MeV>> systematics.

In the conclusion for targets with A < 45 (Section 2.2.), the competition between the DC
contribution and the tail of the statistical model has been acknowledged. Two columns in Table 1
show values, which can be used to visually differentiate both upbend components.

The adopted trend projections of data are given in the last column of Table 1 and plotted in Fig. 9.
The resulting E, = 0 values are affected by uncertainties due to differences in the number of data
points, their amount and E, energies. However, uncertainties are small enough not to disturb the
median of the data. The above-mentioned competition of two different upbend components is
nicely demonstrated by the difference of the fg1(E, = 0) =14.8 and 0.79 108 MeV-3 for the DC and
statistical modes, respectively. From this ratio, it is obvious that the statistical upbend component
is negligible for nuclides where the DC is active. For data with A > 50, the number of pure Olim
entries is limited and for more information on the Olim region, estimates should be looked for in
heavier nuclides (see the following section).
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FIG. 9. Adopted E,= 0 PSF fromthe exponential trend analysis of the E1 THC datafortargetswithA<70. Note
the distinctdifference between the twomass regions above and below A~45.

2.4. Binned PSF data from A > 70 nuclides

The shift of primary E1 transitions to higher E, energies hasbeen observed in the previous section
for nuclides with A > 50. This is common to all PSF data, including thermal (THC) and average
resonance (DRC and ARC) capture data. The Brink hypothesis (Ref. [19]) has become a tool to
describe the E1 emission in Lorentzian-based models starting with the standard Lorentzian (SLO)
model with an energy-independent width I',. However, severe problems of this model have been
identified, such as the overestimation of the E1 strength below the binding energy and/or the
underestimation of the gamma-ray spectra at low E, energies. Especially the disagreement in the
gamma-ray spectra suggested a possible underestimation of the E1 strength at low energies. To
overcome these problems, Kadmenskij et al. (Ref. [20]) proposed an energy dependence GDR
width and a temperature broadening of final states which led to a E1 PSF with a non-zero low-
energy limit. These problems have been addressed with success by different GDR models, such as
GLO (Refs [21-23]), EGLO (Ref. [24]) and SMLO (Refs [25,26]) models and recently by the
microscopic D1M+QRPA+0lim calculations (Refs [1,2]). The high energy PSF values
(E, > 4 MeV) have been successfully validated up to the actinide region, however, the low-energy
E1 transitions (for E, <4 MeV) have not been sufficiently analyzed and thus the PSF behavior for
E, approaching zero energy remained open. The absence of such transitions has two reasons.
Firstly, the presence or absence of proper initial and final states severely influences the location of
the E1 strength in the decay scheme and, consequently, the available experimental information.
The other limitation is due to the low detection efficiency of the Ge (Li) pair spectrometry for low-
E, energies. Additionally, the decreased resolution power of the single crystal Ge (Li) detectors at
low energies with increased number of secondary transitions below E, < 4 makes the assignment
of primary transitions difficult.
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Until now we have primarily explored the partial THC data with A <70, but for heavier nuclides
the data below E, ~ 4 MeV are missing. That was the reason to turn our attention to another THC
source, namely the binned EGAF data. The full information on the binned (over several entries in
an energy window) EGAF database is given in Ref. [2]. The large amount of data is presented in
Figs 24 and 25 of Ref. [2] where itis compared with the SMLO and D1M+QRPA+0lim predictions
as a function of the mass A and the energy E,. However, this global comparison smooths away the
behavior of individual nuclides. We have chosen another approach to the binned EGAF data from
Ref. [6] (a robust thermal capture database) and the result is shown in Fig. 10.
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FIG. 10. Grouped EGAF data plotted as a function of the mass A. The average energy groups <E,> are given inthe
right corner. The plotted trend curves serve as a guiding average. Data below 3 MeV are plotted as the large data
pointsto indicate their presenceonly for targets below A~ 70. The extended three pointsat A~ 130 are exceptions.
However, in this region, withthe DC 3s—> 2p(1f) shell configuration, a significant DC component is again expected.
Going to higher energy groups thetrendis nicelychanging to an A’ dependence, as expected fromthe GDR model.

To get a partially unsmoothed response on the mass and E,, we have grouped the data per nucleus
in five energy groups from 0 up to 7 MeV medium energies assigned as 0-2 MeV <1.5>, 2-3 MeV
(<2.5>), 3-4 MeV (<3.5>), 5-6 MeV (<5.5>) and 6-7 MeV (<6.5>), respectively. In case of
multiple entries in an energy window, an unweighted average value has beentaken. Such an energy
groupingcan be viewed asan energy dependentrepresentation fora particular nucleus keepingthe
benefit of the original binning. Results for the dependence on the mass A or E, are shown in
Figs 11and 12.

The nextstep was to convertthese data into energy-dependententries grouped into five mean mass
groups from 50 to 250. In this way we simulated the energy dependent representation of binned
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EGAF data which may give information on the PSF behavior for E, — 0, providing an important
source of information for the upbend formulation. The results are shown in Figs 11-12.

EGAF- binned A f(Ey)
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FIG. 11. Grouped EGAF E1 dataplotted as a function of theenergy E . The trend curves followa smooth dependence

with the increasing A. Note the extrapolated values at E, — 0 which can be attributed to the upbend tail of the
statistical model. Data with A < 50 are not included because of the DC dominance. Exponential fits are shown by
solid lines.
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FIG. 12.Sameasin Fig.11, but the DC datafor 4<50targets are binned in four energy groups. Exponential fits are
shown by solid lines.
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An empirical conclusion may be given for the E, — 0 limit of the PSF extracted from the trend
projections in Fig. 11 for many nuclides (except for targets with A <50). The zero limit fg;(E,=0)
represented mainly by the <E,>=1.5MeV bin scatters around the (0.05 —3) 10-8 MeV-2 range on
the basis of the linear projection of the grouped EGAF data for nuclides with A>50 (see Fig. 12).
This behavior is enhanced for light nuclides by the DC processes. To estimate this enhancement
accurately, all adopted partial data for A <50 below 4 MeV (from Table 1) have been binned in 4
energy groups as shown in Fig.12. The corresponding trend curve (dark blue) represents the DC
component and demonstrates again its dominance against the statistical data.

10° . ‘ ‘ ‘ ‘
: ® A=50-75 —— 64Ni
® A=75-100 ——88Sr
& ® A=100-125 —114Sn
> 107 -
(«b]
>
OP [ J
g. 10t | ° ) i
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10 ST : D1M+QRPA+0lim
LT s T + E -
10t T S Ul +exp( Eg E )]
L ‘ @ ‘ ‘ “\\ ‘ So ‘\‘\ ‘ ]
0 1 2 3 4 5 6 7 8

FIG. 13. Grouped EGAF E1 data(circles) asa functionof the energy E,. The upbend expression fe1(0lim) based on
Eq. (2) (dashed lines) is shown for an average A value in each of the mass bins. The solid lines represent the
corresponding D1M+QRPA+0lim predictions with the newly determined fe1(0lim) for specific nuclei within each
mass bin. Avalue of U=5 MeV isadopted inall estimates of fe1(0lim).

If we use the upbend formulation given by Eq. 1 in Ref. [1], where the values of f,=10-1'MeV+
and Eo=3 MeV were proposed based on the SM calculations, an improved determination of these
parameters can be extracted fromthe THC data as illustrated in Fig. 11. If we consider an average
value of the neutron binding energy of 5 MeV and take advantage of the <E,>=1.5MeV bin, we
can extract the f, parameter, at least for A>50 nuclei, with the simple expression

fo=(0.02A1)/5 10-8 MeV-. 2
The resultingupbend functional fg; (0lim) =fU/([1+exp(-E,-Eo)] is shown in Fig.13 for the average

A value in each of the massbin together with THC data. It describes the lowest energy bin around
1.5 MeV relatively well. Assuming the D1IM+QRPA (without the upbend component) predictions
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reproduce the E,>4 MeV data (Refs [1,2]), it can be inferred that the new determination of the
upbend expression (2) improves the overall description of the E1 PSF within the whole nuclear
chart. Expression (2) is clearly valid only for A>50, so that a minimum value of f;~10-10 MeV-4
should be imposed for light species.

2.5. Conclusions for the E1 strength

The neutron thermal capture data for PSF applications have recently been thoroughly investigated
and presented inthree INDC reports (Refs [3-5]). The main objective was to ascertain whether any
trustworthy low-energy E1 thermal capture data exist and, in addition, whether data trend
conclusions can be made from the lowest detected transitionsand then used to extract an upbend
formulation. The recent conclusions and observations on E1 behavior can be summarized as

1. Thereis strongevidence that for low-mass targets (A < 45), direct capture data account for
the majority of the E1 decay strength. Thisinformation,underlined by the DC model, should
be considered in the upbend component. However, it is noted that this conclusion applies
only for thermal neutron captures. The presence of the DC model will be diminished with
increasing incident energies by the dominant presence of the resonance capture.

2. For targets with A > 50 the thermal capture low-energy primary transitions are rarely present
except for the actinide isotopes of Th, U and Pu, which have extremely low neutron binding
energies. However, for E1 transitions, we efficiently explored the data trend towards the
Olim region and empirically established that the E1 PSF at E, = 0 in the range between
(0.05-3) 108 MeV-2 has a small mass A dependence as given by Eq. (2).

3. Several earlier models, such as GLO, EGLO or SMLO, introduce a non-zero fg; limit for
transition energies E, tending to zero. The empirical limit, introduced in Ref. [1], is a purely
phenomenological upbend, based on two external sources, the experimental data of the Oslo
group and the SM calculations. This upbend component has been applied to the
D1M+QRPA calculation.

4. The present E1 results from THC data allowed us to further improve the upbend expression
suggested in Ref.[1] by introducingamass dependence in the expression of the fo parameter
and renormalizing its value with the lowest energy bins available.

3. M1 radiation

The M1 radiation mode substantially differs fromthe E1 because the adopted collective excitation
models (Spin flip and scissors mode) are located below the neutron binding energy and influenced
by deformation. Another relevant difference is that despite some observation of the nonstatistical
behavior of M1 radiation (see examples in Refs [27, 28]), the contribution of nonstatistical
excitations to the decay strength is believed to be negligible. The above-described successful E1
campaign has been repeated for the M1 analysis.

3.1. Database for A < 70 nuclides

First, we reviewed the available data in the low-mass region with A <70 forusingthe present THC
entries and, if needed, complemented with EGAF sources in the partial PSF format (processed in
this work). The listing of addressed data is shown in Table 2. The main weight is again expected
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from low-energy transitions indicating most accurately the zero-limit behavior as E, — 0. An
example of the M1 data is given in Fig. 14 for 20F,

F-20 En = THC
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FIG. 14. M1 PSF data from the **F(n,»)*°F reaction plotted together with an exponentially decreasing trend
describing the zero-limit upbend. Note the smoothly increasing strength towards E, — 0. A similar feature is found
forall studiednuclides.

TABLE 2. List of recommended M1 thermal capture data with A <70 from the THC and EGAF data sources. The last
column givesthe zero-limitintercept at E, =0 value, derived fromall data points. No entry indicates the disregarded
trend (data shortage) and the value in brackets stands for a too narrow E, group. For a detailed overview, it is
recommendedto download the database from the M1THC70 link (Ref [29]).

EGAF/PGAA THC EGAF Recommended | Olim trend M1 fw(Ey =0)
processed | sources Recommended [10-8 MeV-3]
in this for visual Exponential fit
work analysis - 0lim

F-20 + THC 2.97

Na-24 + THC + 4.7

Mg-25 + THC + 1.12

Mg-26 + + THC+ EGAF 1.28

Mg-27 + THC 3.55

Al-28 + THC + 22.5

Si-29 + + EGAF + 0.18

Si-30 + + EGAF + 1.59

P-32 + THC + 9.09

S-33 + + EGAF + 0.27

S-34 + + THC+ EGAF + 0.49

$-35 + THC

Cl-36 + THC + 0.67

Cl-38 + THC

K-40 + THC + 12.29

Ar41 + EGAF
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EGAF/PGAA THC EGAF Recommended | Olim trend M1 fwi(Ey =0)
processed | sources Recommended [108 MeV-3]
in this for visual Exponential fit
work analysis - 0lim

K-41 + Not used

Ca-41 + THC 14.54

K-42 + EGAF + 1.71

Ca-45 + EGAF

Sc-46 + THC 2.52

Ti-49 + THC 3.02

Ti-50 + EGAF 12.75

V-51 + THC

Cr-51 + THC

V-52 + THC 6.89

Cr-55 + EGAF

Mn-56 + EGAF

Fe-57 + THC 1.15

Fe-59 + EGAF (0.08)

Ni-59 + EGAF 1.69

Co-60 + + THC+ EGAF 2.47

Ni-61 + + THC+ EGAF 32.77

Ni-63 + + EGAF

Cu-64 + THC 33.18

Ni-65 + EGAF (0.07)

Zn-65 + THC

Cu-66 + THC 15.88

Zn-68 + THC

The adopted trend projection of the E, — 0 values are given in the last column of Table 2 and are
plotted in Fig. 15. The resulting E, = 0 values vary uncertainties due to differences in the number
of data points and the width of the E, energy region. The scatter in Fig.3 is due to the Porter-
Thomas fluctuations, but the fitted trend still gives a reasonable description of the mean <PSF>in
value and its spread. With mass A, a weak increase is observed and can be described by
<PSF>gim = 0.00133 Al5,
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FIG. 15. Adopted M1 PSF at E,= 0 extracted fromthe exponential trend analysis of the M1 THC partial data for
targetswith A<70.

3.2. Binned data for A >70 nuclides

The same processing as for the E1 data has been repeated for M1transitions. The <PSF>ggar data
were grouped in the similar six E, windows, namely <1.5>=0-2 MeV, <2.5>=2-3 MeV, <3.5>=3-
5MeV, <5.5>=5-6 MeV, <6.5>=6-7 MeV and <7.5> > 7 MeV. The resulting PSFs are plotted in
Fig. 16. The firsttwo groups are plotted as large data points, to indicate data which may strongly
influence the E, — 0 behavior. The low-energy data (E, < 3 MeV) are present only for A < 70
targets (with two exceptions at the mass 131 and 210). The M1 PSF trend is found to increase with
E, — 0 for all masses and is mainly formed by tails of the spin-flip and scissors mode resonances.
It is only slightly dependent on the target deformation and allows us to adjust the upbend in the
lowest energy region. In the case of the M1 mode, the non-statistical component remains
negligible, so that the rise of the M1 strength for energies E, — 0 is well presentin the PSF in
contrast to the E1 case.
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EGAF- M1 binned <Ey>f(A)
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FIG. 16. Grouped EGAF dataas a function of mass A for differentenergy groups. The mean energies <E, > aregiven
inthe right corner. The plotted trend curves serve as a guiding average. Notethat the 1.5 and 2.5 MeV groups (dark
blue and red points) data are present only for A < 50 nuclides. The extension of the <2.5> curve above A ~ 100 is
dueto two data pointsat A=131and 210.

The next step was the conversion of these energy-dependent data into five mean mass groups from
50 to 250, similar as the binning made for E1 transitions (see Sect. 2.4). The results are shown in
Fig. 17. An empirical conclusion may again be proposed for the PSF E, — 0 limit extracted from
the trend projections in Fig. 16 excepttargetswith A>250. The derived PSF at E,=0 values scatter
around 2 108 MeV-3 within the range of (1 - 10) 10-8 MeV-3 based on the linear projection of data
for nuclides with A < 200. The trend above A = 200 should not be considered due to the limited
amount of data, as can beseen in Fig. 16.
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FIG. 17. Grouped EGAF M1 data plotted as a function of the energy E,. Note the extrapolated outlier of the
A =200-250 curve is not considered (see text). The best value is probably in the middle of the (1 — 10) 10 MeV?
range.

Because the smooth shape of the M1 PSF, the trend analysis using the partial data can also be
applied for A > 70 targets and be combined with A < 70 results. All data analyzed in this work
have been considered, altogether 38 nuclides with masses 20 < A < 233. The correctness of the
fitting procedure depends on the low-energy point E, (low), the width of the energy window and
the amount of included data points. If E,(low) is about5 MeV or more, the extrapolation for the
E, — 0 limit becomes dubious, even if many data points are available. The dispersion of the f(M1)
values above A > 70 masses is rising and, at A ~ 150, the trend towards the zero limit starts to be
inaccurate and therefore is not included here. The results of this analysis are shown in Fig. 18. The
datafortwodifferentE, regionslookreasonablewith aslightly increased trend for the high-energy
transitions, which is caused by the fitting procedure. Additionally, the collective M1 (spin-flip,
scissors mode) excitations are present throughout all masses, with some variations depending on
nuclear deformation.
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FIG. 18. The adopted PSF values at E,= 0 extracted fromthe exponential trend analysis of the M1 thermal capture
partial data for targetswith 20 < A < 233. The data are divided into two energy groups below and above 4 MeV,
shown as blue and red datapoints. Note the missing data above A~ 150, explainedin the text.

Finally, all presentapproaches point towards the same information, namely a mean <fy1(E,=0)>
value of the M1 PSF at zero energy in the (1 - 10) 10-8 MeV-3range. Itis then justified to use such
THC data for the normalization of the M1 upbend formulation and to check the validity of the
theoretical PSF in this energy region. More specifically, the M1 upbend has been empirically
expressed as (Refs [1,2])

fMl(OIim) =C e'”Ey

where 7=0.8MeV-1and C =102 MeV- for all nuclei with 4>105 and C =3 108 exp (-4 ) MeV-3
for lighter nuclei (where f, is the quadrupole deformation parameter). Such values for C, i.e., for
the E= 0 limit of the M1 PSF, are seen to be compatible with the present THC estimates (see
Fig. 17). For A < 100 nuclei, the upbend character of the M1 PSF is clearly visible for energies
E,<2.5MeV. Interestingly, when comparing the E1 and M1 strength in the E,=0 limit, as can be
seen from Figs 13 and 17, the E1 PSF is abouta factor of 3 to 10 smaller than the M1 PSF, for
light A <100 nuclei.
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3.3. Conclusions for the M1 strength

The main objective wasto review the low-energy thermal M1 capture dataand used them to update
and improve the existing upbend formulation. The recent conclusions and observations on the M1
behavior can be summarized as

1. Thereis strongevidence thatthe M1 strength hasasmooth increasingtrend with decreasing
gamma-ray energy forall targets with A <250. The collective M1 (spin-flip, scissors mode)
excitations and their variation with nuclear deformation are hidden within the Porter-
Thomas data dispersion.

2. For targets with A> 70 the low-energy M1 THC transitions are less present. However, we

explored efficiently the data trend from light A targets to establish the E, — 0 limit of the
M1 PSF for all targets up to A ~ 250 to range between (1-10) 108 MeV-3.

3. The empirical M1 upbend PSF extracted from the shell model calculation and previously
proposed in Refs.[1,2], i.e., fm1(0lim) = C exp(-#E,), is compatible with THC data.

4. Final remarks

The neutron thermal capture data for PSF applications have recently been thoroughly investigated
in three IAEA INDC reports (Refs [3-5]). The present work has been carried out with the aim to
investigate the E1 thermal capture data and the underlying modelling of low energy transitions
with E, — 0. The main objective was to ascertain whether any trustworthy low-energy E1 thermal
capture data exist and, in addition, whether data trend conclusions can be made from the lowest
detected transitions and then used to extract an upbend formulation. One of the novel conclusions
is the information on the M1/E1 strength ratio in the E, — 0 region, which has a value of
M1/E1 ~ 10.

The results of this study contributed more accurate E1 and M1 upbend formulas, normalized to
model free experimental evidence from thermal neutron capture data. As an additional benefit the
direct E1 capture has been reviewed and its role in the capture mechanism at thermal incident
neutron energies verified.
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