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The decay from excited levels in medium and heavy nuclei can be described in a statistical
approach by means of Photon Strength Functions and Level Density distributions. The study of
electromagnetic cascades following neutron capture based on the use of high efficiency detectors
has been shown to be well suited for probing the properties of the Photon Strength Function of
heavy (high level density) and/or radioactive (high background) nuclei. In this work we have
investigated for the first time the validity of the recommended PSF of actinides, in particular 23°U,
238Np and ?*'Pu. Our study includes the search for resonance structures in the PSF below S, and
draws conclusions regarding their existence and their characteristics in terms of energy, width and
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electromagnetic nature.
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I. INTRODUCTION

The decay of an excited nucleus by emission of vy-rays
is determined by the levels with given spin and parity
available at lower energies and by the transition proba-
bilities towards them. In the extreme statistical model,
the partial radiation width for transition of type XL (X:
electric or magnetic, L: multipolarity) between individ-
ual levels (at energy E*) and final levels f around E* -
E, is:

1

— 7E2L+1 E
p(J,?T,E*) fXL( ’y),

(Ty)

where p is the level density and fx, is commonly referred
to as Photon (or v-ray) Strength Function (PSF).

The energy dependence of PSF has been studied
deeply by means of photo-absorption experiments, al-
ways in the region well above the neutron separation
energy (S,) where it is dominated by the Giant Electric
Dipole Resonance (GEDR). Experimental data at high
energies are adjusted to one, two (for deformed nuclei) or
even three [2] Lorentzian functions that reproduce quite
well the experimental data. The problems arise when
extrapolating to lower energies, where several and signif-
icantly different parameterizations are proposed (KMF,
EGLO, MLO, QRPA) [1]. The experimental information
around or below S, (<I',> from o(n,y) experiments,
pick-up or inelastic reactions with *He nuclei [3], two
step (n,y) cascades [4], nuclear resonance fluorescence
[5], etc.) is scarce and sometimes contradictory. Previ-
ous works have reported the existence of structures in
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the tail of the E1 PSF (pygmy resonance) [6] or of the
M1 PSF (scissors mode) [7].

The present work is aimed at (i) perform the first ex-
perimental study of PSF of actinides at energies below
Sn and (4) provide information about the existence of
structures in the low energy tail of E1 and M1 PSF.

II. THE MEASUREMENT

The energy and multiplicity of the y-rays emitted in
the cascade following neutron capture reactions is di-
rectly determined by the level density and PSF of the
compound nucleus. In this work, we have studied the
y-ray cascades from neutron capture on 234U [8], 23"Np
and 249Pu [9] in order to extract information on the asso-
ciated PSF of the compound nuclei in the energy range
below S, (~5.3 MeV). The relation between the capture
cascades and the physical quantities of interest is not
straightforward and hence the method that we present
in the following is not deterministic. However, qualita-
tive as well as quantitative valuable information can be
extracted from the present study.

The cascades from neutron capture reactions have
been detected using the Total Absorption Calorimeter
(TAC) [10] of the n_TOF experiment at CERN. The de-
tector is an array of 40 BaF; crystals of 15 cm thickness
that covers 95% of 4w. The most important character-
istic of the TAC for the purpose of this work are its
large efficiency for detecting capture cascades (~100%),
its reasonable energy resolution (16% at 662 keV) and
its large segmentation.

The experimental information of interest for this work
is the matrix of deposited energy Eg,, in the TAC as
function of the multiplicity m,, which corresponds to
the number of crystals involved in the detection of each
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Fig. 1. (Color online) TAC response to capture cascades
from 23U, 238 Np and ?*'Pu. Upper left: multiplicity distri-

bution. Rest: total deposited energy distribution for different
multiplicities.

capture cascade. This information has been retrieved
for individual cross section resonances so that (i) the
capture to background ratio is maximized and (i) the
spin and parity of the capture level in the compound
nucleus is well defined: 1+ for 2*U and ?*!'Pu, and 1+,
2+ for 238Np.

The experimental Egy,, distributions for m., = 1, 2, 3
are shown in Fig. 1 together with the m, distribution. It
is clearly observed that both the deposited energy spec-
tra and the multiplicity distributions are very similar for
235U and 24'Pu, and very different from those of 238Np,
which in addition shows a significantly higher multiplic-
ity. It is important to note that the shape of all Egypy
distributions differ only at low multiplicities, agreeing
pretty well for m¢, > 3.

III. STRATEGY FOR THE STUDY OF PSF

Monte Carlo simulations allow one establishing the
connection between PSF and the TAC response to cap-
ture cascades. Simulations of the processes under study
have been carried out by using the code DecayGen [11]
for the generation of capture cascades and a GEANT4
simulation [12] of the TAC for the subsequent detection
of the ~-rays in the detector.

The inputs for DecayGen are the known level scheme
at low excitation energies and the parameters from
RIPL-2 [1] for the level density (BSFG) and for the PSF
for E1, M1 and E2. The PSF for El is described by
an Enhanced Generalized Lorentzian (EGLO), while a
Standard Lorentzian (SLO) is used for the M1 and E2
PSF.

Provided that the level density models describe well
the level scheme above the known excitation energy re-
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gion, the comparison between the simulated and exper-
imental responses of the TAC to capture cascades give
indications about the goodness of the PSF used as input
for DecayGen. The PSF are then modified accordingly
and the new comparison provides information about the
new PSF. In this way it is possible to test and validate
different models of PSF including or not structures be-
low S,.

IV. RESULTS

The following discussion is focused on the results for
24Py and the results for the other nuclei are presented
in less detail at the end of the section.

The comparison in Fig. 2 between the experimen-
tal (black) and simulated data (blue) with PSF from
RIPL-2 (see top-left panel in Fig. 2) indicates that the
simulation do not reproduce the measurement, showing
clearly a lack of transitions with energies around ~2.3
MeV. In order to investigate the existence of a structures
in the tail of the E1 PSF around such energy, we have
performed several simulations with variations of the E1
PSF that include a Gaussian like structure with energy
and width varying between 1 and 5 MeV and between
0.1 and 3 MeV, respectively. The best reproduction of
the experimental data (red line in Fig. 2), both in mg,
and Egum, is achieved with a structure at E, = 2.3 MeV
with I';, = 0.75 MeV. The modified PSF for E1 transi-
tions is shown in the top-left panel of Fig. 2, where the
one from RIPL-2 is displayed as a dashed line. The PSF
for M1 and E2, shown as blue and green lines, remain
unchanged.

Simulations with different E, and I'y, have shown that
TAC response is very sensitive to such parameters. In-
deed, we can state that the resonance energy is deter-
mined within ~200 keV and its width is surely in the
range 0.5 ~ 1.5 MeV.

Simulations with the structure in M1 PSF yielded re-
sults almost similar to those with E1, this time with the
resonance shifted up to 2.9 MeV. Regarding the nature
of this structure in the PSF, we are thus unable to con-
clude whether the structure is in E1 or M1 PSF at the
moment. The M1 nature would indicate that the struc-
ture is scissors mode which energy is shifted down with
respect to rare-earth nuclei.

A similar investigation for the case of 235U reveals that
also in this case the experimental data are reproduced
only when including a Gaussian like structure in the E1
PSF, with the same energy and width than in the 241 Pu
case. Indeed, this could be already expected from the
comparison of the experimental data (see Fig. 1), where
both nuclides show similar structures in the Eg,, distri-
butions for m¢, = 1, 2.

The case of 238Np is very different from the other two.
It is observed in Fig. 1 that both m., and Fg,y,, distri-
butions are significantly different than those of 23°U and
241Py. Again, the simulations using the recommended
PSF from RIPL-2 do not reproduce at all the experimen-
tal data. But contrary to the previous cases, the search
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Fig. 2. (Color online) Top left: RIPL (dashed-line) and
tuned (solid-line) PSF for ?*'Pu. Rest: Comparison of the
experimental (black) and simulated (color) TAC response to
240Py(n,y) using the RIPL (blue) and tuned (red) PSF.

for a suitable enhancement of the E1 or M1 PSF that
allows reproducing the data has failed. As it could be
expected by the absence of structures in the m., = 1.
Egum distribution, it does not seem likely that there is a
structure in the PSF. It has been only possible to repro-
duce the experimental data after an extreme reduction
of the E1 over M1 ratio in the complete energy range,
for which we have not found any physical explanation.
Hence, conclusions can not be reached at this stage of
the study for the case of 238Np, but there are indications
that E1 transition may not be dominant any longer at
energies below S, as indicated in some previous works
[13].

V. CONCLUSIONS AND PERSPECTIVES

The measurement of neutron capture reactions with
the n_ TOF Total Absorption Calorimeter provide valu-
able information about the decay pattern of the com-
pound nucleus, which is directly related to the basic
properties of the nucleus such as the level scheme and
transition probabilities, i.e., photon strength functions
(PSF).

The comparison of the experimental and simulated
(with PSF as input) response of the TAC to 7-ray cas-
cades from 239U, ?*8Np, and 24'Pu has revealed clear
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indications of the existence of a low energy structure in
the dipole PSF for the even-odd nuclei ?*°U and 24! Pu.
This enhancement would have a width of ~0.75 MeV and
would be center at 2.3 (2) MeV and 2.9 (2) MeV when it
considered as E1 or M1, respectively. This structure has
not been observed in the study of the odd-odd nucleus
238Np, for which the results suggest that magnetic tran-
sitions could be dominating over E1 in large fraction of
the energy region below Sy,.

Before reaching final conclusions to this study, it will
be necessary to exclude that the effects observed are due
to structures in the level density instead of in the PSF.
In order to do so we plan to perform a similar study us-
ing others than the BSFG model, for instance including
microscopic calculations of level densities [14].

The final results shall include a detailed discussion on
the validity of the conclusions when using other than
EGLO shape for El transitions, for instance MLO and
QRPA [1].

Last, the measurements of 233U(n,y) and ?*' Am(n,7)
and their inclusion in this study will help to draw conclu-
sions on systematic trends on actinides, which will most
probably depend on the odd or even number of protons
and neutrons, as it is the case in the present work.
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