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1. Introduction

Accurate calculation of nuclear reaction cross sectiopedds on the accuracy of the inputs
used; one of the key inputs is the photon strength functiotatistical models such as Hauser-
Feshbach use as inputs the level density and particle anorpt@nsmission coefficients. The
photon transmission coefficient is directly proportiortaitte photon strength function. The photon
strength function is composed of electric and magneticspaiith the dipole multipolaritiesH1 or
M1) dominating. In general, for a given multipolarity the electric contribution is larger than the
magnetic contribution. Also, the integral contributionrofiltipolarity L is an order of magnitude
larger than thd. + 1 contribution. Thus higher order multipolarities contitid less and less to
the totaly-ray strength. However, in differentray energy regions, the relative contributions of
different multipolarities varies. The strongest conttibn for the photon strength function is the
electric dipole resonance, which peaks aroyrdy energies 10 - 15 MeV. For this reason it is
called the giant electric dipole resonance (GEDR). Varjglusnomenological models are adopted
for the description of the GEDR. The most commonly used nsoskalrt with the Lorentzian model
proposed by Brink and Axel [1] and apply various modificatid8, 3, 4]. The photoabsorption
data start ay-ray energies above the neutron separation energy bechtieereaction threshold.
Therefore various models for the GEDR that are obtained fitato experimental photoabsorption
data are focused on theray region above 6 MeV or in some cases 8-9 MeV (dependindgien t
nuclear neutron binding energy). Few data are availablestyvthe validity of the models at
lower energies. The limited available data suggest thataveenergy behavior predicted by the
GEDR models does not agree with experimental data, anduhthef experiments are needed to
help develop improved models. Perhaps the most succesgfaduction of the low energy data is
achieved with the model developed by KadmendWarkushev, and Furman (KMF) [5]. Although
the KMF model was developed for spherical nuclei, it worksdome of the deformed nuclei as
well. The experimental data to verify the models for mullgsities other tharc1 are even scarcer.
The main results of this work covegrray energies up to approximately 6 MeV.

For neutrons with energies ranging from thermal up to a femdhed keV, the neutron capture
process forms a compound nucleus at an excitation ergrglightly larger than the neutron sep-
aration energy. After neutron capture, the excited nuctlaeays by emission of rays. Most of
the y rays have energies 2-4 MeV because the nucleus is more tik&git several rays which
will share the available energy (approximately the neutsimding energy). The models for the
GEDR which are used in the reaction calculations were natldped for these low energyrays.
The available experimental data can be categorized intw ayjges. The first utilizes the nuclear
resonance fluorescence (NRF) method. The main finding isdk&rce of the M1 scissors mode
resonance which peaks at 2.5-3.5 MeV built on the groundt.statlarge number of odd-even
and even-even rare-earth nuclei have been studied anddperpes of the M1 component of the
photon strength function have been established [6, 7, 8helQdata are from the so-called Oslo
method developed at the Oslo Cyclotron Laboratory [9, 18}well as from the two-step cascade
(TSC) method [11]. This paper focuses on deformed nuclel, any-ray energies 2 - 5 MeV,
the energies at which the majority gfrays following neutron capture are emitted. We studied
neutron-capture ofP1°3Eu targets, providing data for these odd-odd, well deformeclei. We
focus on the statistical cascade process.
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First, the experimental details describing the DANCE artarget, and beam are given. Data
analysis and cross section are presented next. Then théptiescof the statistical model simula-
tions performed with DICEBOX and GEANT codes are provided aompared with the present
experimental data.

2. Experimental details

Decayy rays following neutron capture di*'>3Eu are detected by the DANCE array, which
is located at flight path 14 at the Lujan Neutron Scatteringt@eat the Los Alamos National
Laboratory. The DANCE array consists of 160 Battystals forming a sphere with an inner
radius of 18 cm. ASLiH shell with an inner radius of 10.5 cm and an outer radiud®2 cm
is placed surrounding the target as a neutron absorber @r todninimize the background caused
by neutrons scattered to crystals of the ball. The high setatien and close packing of the
detector array enable theray multiplicity measurements. The DANCE array has an iefficy
of about 86% for a singlg ray and an energy resolution of about 14% fgr=E1 MeV. Details
of the DANCE array, its operation, the data acquisitionaystand initial results can be found in
numerous references [12, 13, 14, 15, 16]. The targets are mila highly isotopically enriched
samples and were electroplated on 2.29 md/¢@0005 inches) Be backings. The'Eu target,
enriched to 96.83%, has a thickness of 08686040 mg/crﬁ. Thel%3Euy target, enriched to 98.76%,
has a thickness of 1.88.05 mg/cr. A blank Be foil was used for background studies.

The pulse from Bajfscintillation is digitized using an Acquires digitizer andllected sep-
arately by either continuous or segmented trigger modehdrcontinuous mode, the digitization
starts at a fixed time relative to the beam burst and contifarezpproximately 10Qus, the time
duration set by the memory limitation of front-end compsterhis is a relatively short “looking
time” compared to the 14 ms time duration covered by the satgdemode, where events are
triggered by a hardware requirement of at least two Bidtectors having signals above threshold
within the coincidence time window of 100 ns. The disadvgetaf the segmented mode is that
the data acquisition is locked off for a fixed & following the approximately 2rs digitization
time, resulting in a deadtime greater than 50% near 2-keWorincident energy. Data correction
for the deadtime will be described in the next section. Ferdlnrent measurement, the data were
collected in both modes and are consistent with each oter.filal results are primarily derived
from data collected in the segmented mode.

The moderated neutron white source, with an energy range tlhermal up to a few hundred
keV, was generated using a proton beam of 800 MeV andA@&verage current at a 20 Hz rep-
etition rate on a W spallation target. The neutron incidewrgy is determined by time-of-flight.
The flight path length is 20.25 m. The neutron flux is measuyetthtee different neutron monitors
which are located about 2.4 m downstream from the target.

The time and energy deposited for detecyadys in each Baj-crystal are determined from
the recorded waveform using the sorting program called AN2ER [14]. The waveform was
determined using the Acquires digitizer. A timing accuradyabout 10 ns is reached for the
coincidenty rays.

The totaly-ray multiplicity for a given capture event is defined by thenber of the individual
DANCE detectors triggered within a coincident time windofA50 ns. The total-ray energy is
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Figure 1: The cluster multiplicity distribution for th&Eu(n ) reaction is shown for three neutron incident
energy regions. The distribution is found to be approximyatelependent of the neutron energy.

the energy sum of all the coincideptrays. Adjacent DANCE detectors which triggered within
the coincident time window are grouped together and cousddluster) multiplicity one. Since a
singley ray does not necessarily deposit its entire energy in one Batector, grouping together
adjacent detectors is a simple way to account for this efiect gives a close representation of
the multiplicity of y rays detected by the DANCE calorimeter in a given capturateV&luster
multiplicity” and multiplicity are used interchangeably this report. The data analysis based on
the multiplicity is presented in the next section along wita results for the neutron capture cross
section.

3. Thecluster multiplicity distribution and the neutron capture cross section

Study of they cascade following neutron capture is important to our ustdeding of the
nuclear statistical properties. DANCE data are useful fioestigating the statistical cascade
because the DANCE array can measure the cascade mubliplidie multiplicity distribution is
also useful for the determination of the neutron captures<mection. In Fig. 1, three cluster
multiplicity distributions for'>Eu are shown with gates on the neutron incident energy 0.25 -
0.63 eV, 0.9 - 1.5 eV, and 200 - 500 eV. The first gate includesfitist two s-wave resonances
in 151Eu+n atE, = 0.321 eV and 0.460 eV. The resonancé3tEu+n at incident neutron energy
1.055 eV is included within the second gate. The third gatludes a region of multiple unresolved
resonances.

An important feature of Fig. 1 is that the cluster multigiciemains approximately the same
for different neutron energy regions. The same is also wué&fEu, as shown in Fig. 2, where the
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Figure 2: The multiplicity distribution for the'>3Eu(ny) for three neutron energy regions. As observed in
151Ey, the multiplicity distribution is found to be approxinestindependent of the neutron energy.

multiplicity distribution is displayed with gates on theutn incident energy 2 - 10 eV, 10 - 20
eV, and 200 - 500 eV.

The cluster multiplicity distribution in the two Eu isotapis approximately independent of the
neutron energy, which is most likely due to the interplayestn the high level density (near the
initial or capture, intermediate, and final levels), andghwll spin difference between the capture
and final states. The observed neutron resonances areiabseatit swave resonances in these
Eu isotopes, which are located near the maximum of the 4sarestrength function. Since the
ground states of bottP!Eu and'>3Eu have J = 5/2", thes-wave resonances havé 3 2+ or 3*.
The ground states for botR?Eu and*>*Eu have J = 3~. The difference in spin is 0 or 1 between
the initial (capture) and final (ground) states. The leveisity in either the initial or final states is
very high for these odd-odd compound nu¢fat>*Eu.

In contrast to the Eu cases, for the Mo and Sm isotopes thaphuity distribution varies
as a function of neutron energy: the difference in the spimitial state and final state is larger
in these nuclei (at least two units). For example, for o target [13, 17] the ground state
spin of the compound nucleus is 0 and the capture state spgi@ave resonances is 2 or 3, and
thereforeAJ= 2 or 3. Since the majority of the transitions are dipole emahge the spin by 0 or
1 unit, the decay in this case may require more steps in trmadas The level density in Mo is
also much lower than in Eu, and therefore fewer options éiistugh which cascades proceed in
the intermediate excitation region. As a result, the mlidtiy distribution for ®*Mo is impacted
more significantly by the spin difference than f8#152Eu, and varies significantly for resonances
with different spins. Such variation enables resonanae apsignments. FAf’Sm [18], the spin
difference between the initial and final states of the componucleus i\ = 3 or 4 forswave
resonances. This spin difference is even larger thaf®e case (even though the level density
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Figure 3: Comparison of the cluster multiplicity distributions oftlP’Eu sample and the Be foil.

is larger for Sm than for Mo) and leads to a difference inyhray multiplicity distribution for the
two spin possibilities. Thus the resonance spin assigno@nbe made. A similar argument holds
for the p-wave resonances.

The cluster multiplicity distribution peaks & = 3 to 4 for neutron-capture reactions on
151153y, For thel®'Eu target the percentage of the total counts with clustetiptigity 3 - 7
is 85+1% and the percentage of counts with cluster multiplicitynd & is 15:1%. The contribu-
tion from cluster multiplicity 8 and higher is negligible. @omparison of this cluster multiplicity
distribution from both thé>Eu sample and the Be foil is shown in Fig. 3.

For determination of the neutron capture cross sectiot®bI*3Eu, the events were chosen
with the cluster multiplicity between 3 and 6 and summed gnéetween 5.5 and 6.9 MeV. The
exclusion of multiplicities 1 and 2 minimizes the contriioumt from the scattering background, as
can be seen from Fig. 3, where the majority of events for Beanaultiplicities 1 and 2.

The summed energy spectrum for #i&Eu target with a cluster multiplicity of 3 to 6 is shown
in Fig. 4 for the neutron incident energy region 1 - 10 eV. 8itlte DANCE array is g-ray
calorimeter, the experimental summed energy should be tiothe reaction Q-value, 6.3 MeV for
neutron capture of®Eu. However, the peak of this summed energy is shifted tokéldieV
because of the incompleteray energy collection due to the detector threshold, irlezonversion,
isomers, and finite solid-angle coverage.

A small peak in the sum energy spectrum at 8 MeV (zoomed inrtbetiin Fig. 4) is caused
by the capture of scattered neutrons by the detector elsmém3’Ba. This is a major source of
background in the neutron-capture cross section measatemging DANCE. This is particularly
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Figure 4. The summed energy spectrum for tHéEu(nyy) reaction is shown for the neutron incident en-
ergy region 1 - 10 eV. The inset shows the zoom into the 8 MeVbreghere the quality of background
subtraction is demonstrated.

true for neutrons in the keV region, where the 8 MeV summedgsnpeak becomes prominent.
However, this background can be suppressed with a multipliequirement, since capture events
originating in the DANCE detector elements deposit moshefitray energy within one cluster

and therefore are characterized by low multiplicity. Thé&ak is used to check the background
subtraction where the red line shows the spectrum afterabkgoound subtraction.

The absolute cross section fStEu(ny), shown in red filled circles in Fig. 5, was obtained by
scaling the relative yield data to the measured cross sectibthe well-determined resonances at
neutron energies 0.321, 0.460, and 1.055 eV (energies fradaiet al. [19]), shown in blue filled
squares. Several measurements for the neutron incidergyebetween 1 and 100 keV also are
shown in the figure, which include the data from Macklin ef20] plotted in open black triangles,
Kononov et al. [21] in filled magenta squares, Mizumoto e{2®] in open circles, and Best et
al. [23] in red filled triangles. The data from ENDF/B-VI aried with a dashed line. Only the
statistical error is shown. The systematic uncertaintpaaged with this experiment is estimated
to be 5%, which includes the uncertainty in the scaling pdace using the measured cross sections
given by Widder et al. [19] and in the background subtraction

4. Description of the smulationsusing DICEBOX + GEANT codes

Experimental data were compared with the simulations uslmgrvables such as thyeray
energy spectra and theray cascade multiplicity. Simulations with different nadsl of the nuclear
level density and the photon strength function were peréotrand compared with data. Simulation
of the cascades is performed in two stages. In the first sjadecay following the capture is sim-
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Figure5: Neutron capture cross section fGtEu.

ulated using the Monte Carlo code DICEBOX [11]. The code wasetbped to simulatg-rays
following the capture of slow neutrons forming a capturdestaith known spin and parity. The
known discrete level scheme is used up to a certain “criteaérgy, Eqi;. Levels abovee i are
generated based on the extreme statistical model. The=se Be obtained by a discretizationaof
priori assumed level density formulae. The transitions betweaidéthe partial radiation widths)
are obtained as random values. These obey the Porter-Thdistabution, with the expectation
values determined by the assumed level density and thempktiength functions [11]. The treat-
ment of the statistical behavior of the partial radiatiomthé is one of the most important features
of the code. This allows determination of various quarditigth an uncertainty that reflects the
fluctuation properties of a realization of the level schema the partial radiation widths. In order
for the statistical approach to be fully applicable, théical energyEq ;i should be selected as high
as possible.

Another very important feature of the code is that interdatteon conversion is taken into
account. Internal conversion plays an especially imporle in the decay of odd-odd Eu isotopes
because of the high level density in these compound systBash electromagnetic transition in
the y-ray cascades produced by the DICEBOX code has a flag ingicathether the energy is
radiated via a photon or a conversion electron.

In the second stage of the statistical cascade simulatistaces produced by the DICEBOX
code in event-by-event mode are entered as input for the GEAbbde that simulates the ex-
perimental setup. The complex geometry of the DANCEBBF, detector system is taken into
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consideration at this stage. It was assumed that there i@melation between the direction of
yrays in a cascade. The detector modules were treated irdieqmién so that the effect of cross
talk could be evaluated in detail. The energy resolutiomdfvidual crystals, which have an ex-
perimental threshold et 130 keV, was adjusted to match the resolution measured w@iitbration
sources.

Each of about X 1C° calculated capture cascades was simulated separatelgentorobtain
the sum-energy spectra agetay spectra as a function of multiplicity. There is one naliga-
tion factor for simulations with a given model combinatidinpboton strength functions and level
density. The spectra are normalized to the number of evertkeisum-energy spectra with multi-
plicities 2-7 in the energy randggym= 5.5— 6.9 MeV.

5. Results and Discussions

Cascades gated on resonances were studied closelyave resonant capture gives rise to
2" and 3" resonances. The most distinctive characteristic shageienergy spectra is the bump
in the middle of theM = 2 spectra. It is very broad with a plateau and a small minimartheé
middle of the bump. Other multiplicities have similar stwes that are less pronounced. The
enhanced feature in the middle g = 2 spectrum was reproduced in the simulation only if the
scissors mode resonance was included in the photon strimgttion models of the decay of the
compound nucleu$®Eu. The scissors mode is expected in deformed nuclei. Sireground
state of'®?Eu is well deformed 8 = 0.29(3)), the scissors mode resonance is expected. Some
of the excited states are less deformed. The first excitedhasc state is a0state which has a
significantly smaller deformatiorn3¢ = 0.19) than the ground state. The second isomeric state in
152E, is an 8 state at 148 keV with deformation parameBar= 0.29 [24]. As discussed earlier,
the observed cascades not only connect the capturing sithtehe ground state in odd-odd Eu
isotopes, but also with states with excitation energies tkan the detector resolution. Various
combinations for the level densities and photon strengtictfans were used in the simulation in
order to reproduce the spectral shape in several multipkcimultaneously. In the DICEBOX
simulations, the critical energcit, was chosen to be 340 keV. The level densityBEu is very
large and there are 72 levels bel@yi: = 340 eV [25]. All available information for these low-
lying levels was used in the input for DICEBOX [26]. There arany levels beloviE.: with both
parities. The level density is assumed to be parity indepenénd this assumption is well satisfied
in the odd-odd®21%*Eu compound nuclei. The constant temperature Fermi-ga)@ibdel and
the Back-Shifted Fermi gas (BSFG) models of the level dgngére used [27]. For the photon
strength functions, the GEDR models adopted were the gérextd orentzian model of Kopecky
and Uhl and a hybrid combination of KMF and BA models (refdrinere as KMF-BA model) [28].
Most of the parameters, excluding those for the KMF-BA modet from the RIPL library [29].
The effect of different choices for the GEDR on the spectnalpe was small. Another important
assumption in the simulation is the validity of the Brink-@bhypothesis, which states that the
GEDR built on the ground state is also built on all excitedlsyWe apply this assumption to the
GEDR as well as to other components of the photon strengttium

In all comparison trials the most significant difference wedsained whether a low-energy
resonance (centered aj E 3 MeV) was included or omitted in the simulations. Althouge w
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Figure 6: Comparison of with and without scissors mode.

could not tell whether it is E1 or M1, it was necessary to idelthis resonance in the simulations
in order to reproduce the experimental data. Simulationlsout the low-energy resonance in the
photon strength function give very poor agreement with tkgeemental data. We assumed that
this resonance to be the scissors mode resonance sincemnudg experiments suggest the pres-
ence of the scissors mode resonance in deformed nuclei. &mop between DANCE data and
simulations with and without the scissors mode is showngn & In the top panels the multiplicity
two spectra are shown. In the lower panels the multipliditgé¢ spectra are shown. The DANCE
data are shown as black points, and the simulations are shewed lines. In both types of the
simulated spectra (with and without the scissors mode sesm) the KMF model for the GEDR
and the BSFG model for the level density are used. For thdveftpanels, where the scissors
mode resonance is not included, there is a strong disagredretveen the experimental data and
the simulation, which is especially noticeable for the mplittity two spectrum. The situation im-
proves with inclusion of the scissors mode resonance. Cosgpaof the experimental data and
simulation which includes the scissors mode is shown onigiint panel of Fig. 6. Simulated spec-
tra in Fig. 6 are obtained for the model with the scissors maitle parameters energy centroid
E, = 3 MeV, the widthl'sy = 1.8 MeV and the strengttisy = 0.25 mb. Agreement between the
experimental data and the simulation is much improved.

Further variations of the input parameters have been peddrand the best fit is obtained
when we include the scissors mode with two components. krpetal evidence for other rare-
earth nuclei indicate that the width of the scissors modenasce is approximately 1 MeV. How-
ever, in this case, the shape of the bump in the middiMef 2 spectra is reproduced only by

10



Photon strength functions of 11153y U. Agvaanluvsan

500
450 |
400 H
350 H
300 H
250 |
200 |
150 K
100 f
50 |

3500 T T T T T T
3000
2500
2000
1500
1000

500

Counts

1 1 1 1 1 1 1 1 1
Counts

3000 =—

5000

T T
Simulation 2

2500 Data -t 4

4000

2000 M=5
3000

1500

Counts
Counts

2000 1000

1000 500

E, [MeV] E, [MeV]

Figure 7: Spectra predicted with the inclusion of the scissors mod&lgimuch better agreement. The
scissors mode postulated with two components. The first coemt with parameteis,; = 2.5 MeV,I' =
1.0 MeV, andoy = 0.2 mb, and the secorif), = 3.6 MeV,I'> = 1.0 MeV, ando, = 0.2 mb.

assuming a widtlt larger than 1.5 MeV. The scissors mode resonance may bérgplitvo com-
ponents. Splitting of the scissors resonance was obsenveden-even Yb nuclei using the Oslo
method [30]. Energy splitting (the energy difference betwvéhe two maxima) was 0.85-1.2 MeV.
The part with lower energy had a 2.9 and 5.7-times smallarevaf og in 1°Yb and'’2Yb, re-
spectively. No significant splitting of the resonance wasepbed in other rare-earth isotopes from
Oslo experiments, although there was a suggestion in exesm{By isotopes [31] that the exper-
imental spectra were reproduced with two components asagealine component in the scissors
mode. One may speculate that the strength of the lower coempaf the scissors-mode might
be significantly smaller than the strength of the higher comemt. If the strength of the lower
component is large, then it shifts some of the intensity ftbehigher one. This effect leads to
suppression of intensity in the middle bf = 2 spectrum. Comparison of DANCE spectra with
multiplicities 2-4 and simulations are shown in Figs. 7 andn&oth figures, the DANCE data are
shown in black points and simulated spectra are shown inistolgnams. As mentioned above, the
scissors mode resonance in these simulations is composed ecbmponents. The parameters of
the energy centroi,;, the widthl';, and the strengtls; for components = 1, 2 are given in the
captions of Figs. 7 and 8. Slightly better agreement betvde¢a and simulation is achieved, as
shown in Fig. 8.

The “best” agreement so far fé?3Eu is shown in Fig. 9. The agreement is not as good as in
the case ofEu and may be attributed to input parameters that are lessunadrstood for this

11
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Figure 8: Further fine tuning of the parameters and resulting impr@rgran be seen from the excellent
agreement between data and simulation. The scissors matielgied with two components. The first
component with parameteEs; = 2.5 MeV,I'; = 0.9 MeV, ando; = 0.08 mb, and the secofft), = 3.6 MeV,

[, =1.0MeV, ando, = 0.2 mb

isotope.

One cannot completely exclude other possible explanafmmihe observed spectral shapes.
For instance, the width, position and total strength of ties®rs mode might depend on the exci-
tation energy of the state or on some other quantum numbarsad4itional experiment is being
planned using the two-step cascade method. The high resobftthe Ge detectors in combination
with the well-understood system may provide additionaights for understanding the properties
of the scissors resonance. The simulation was the mostigerfsr the inclusion or the exclusion
of the scissors mode resonance. It is clear that the scigsode or any phenomenon that gives
rise to the increase in the collective strength yeiay energies below the neutron binding energy,
particularly forE, around 2 - 3 MeV, will lead to an effect in the observed specltas is because
the average energy of therays following the neutron capture peaks at these energjiesrefore
the scissors mode and other quantities of importance, ssitheaenergy dependence of the tail
of the giant dipole resonances must be studied more closebyder to achieve more complete
understanding of the neutron capture process.
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Figure 9: Comparison between data and simulation'®f¥Eu. The agreement between data and simulation
is less well than in the case bT'Eu.
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