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Abstract: Reliable neutron-induced reaction cross sectionsnsfable nuclei are essential for
nuclear astrophysics and applications but theieaimeasurement is often impossible. The
surrogate-reaction method is one of the most piomislternatives to access these cross
sections. In this work, we successfully applied sherogate-reaction method to infer for the
first time both the neutron-induced fission andiatide-capture cross sections GfPu in a
consistent manner from a single measurement. Theas vachieved by combining
simultaneously-measured fission apdmission probabilities for tHé°Pu(He, “He’) surrogate
reaction with a calculation of the angular-momentamal parity distributions populated in this
reaction. While other experiments measure the fmbt@s for some selectegray transitions,
we measure theemission probability. This enlarges the appligabibf the surrogate-reaction
method.

Chemical elements heavier than iron are produceddars mainly via neutron-induced
reactions in the slows) and rapid ) neutron-capture processes [1]. The recent
detection of gravitational waves from the mergertwd neutron stars [2], and the
subsequent kilonova, consistent with being powénethe radioactive decay of nuclei
synthesized by the r-process [3, 4], demonstralted meutron-star mergers are an
important r-process site. However, it is not yeeacl if the r-process abundance
distribution in the solar system is the result ofeoor multiple scenarios. The
measurement of neutron-induced cross sections gf rl@utron-rich nuclei is an
essential component to answer this question [Sthéneutron-star merger scenario,
heavy nuclei are produced. Their fission can styomfluence r-process observables
such as abundance patterns and light curves [%)].6Key physical quantities for
understanding the impact of fission are neutromxed fission cross sections and
fission barriers. Neutron-induced reaction crosgises of radioactive nuclei are also
crucial ingredients for the simulation of advancedtlear energy systems [8] and the
production of diagnostic or therapeutic radionuesid9, 10].
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The direct measurement of neutron-induced crossosscof unstable nuclei is very

complicated due to the radioactivity of the targetslved. Measurements in inverse
kinematics are not possible because free-neutrgettsaare not available. On the other
hand, the different theoretical model predictiorfs tloese cross sections strongly
diverge, reaching variations up to several ordémagnitude, due to the difficulties in

describing the de-excitation process of the nuclEwsed by neutron absorption.

Indeed, the de-excitation process is ruled by foretgal properties (nuclear level

densities, fission barriers, etc.) for which thésgrg nuclear models give very different
results when no experimental data are availableJ2]L

Several indirect approaches have been developeydmome these issues [13, 14],
such as the Oslo [14] and the surrogate-reactidj fhethods. While all these
techniques are used to determine radiative newapfture cross sections, only the
surrogate-reaction method has also been appliedfe¢o fission cross sections. In the
surrogate reaction method [15], the excited nuclegluced in the neutron-induced
reaction of interest is formed via an alternatiegperimentally-accessible charged-
particle-induced reaction. The decay probabilitiestained with the alternative
(surrogate) reaction can be used to constrain thdeta that describe the de-excitation
process. In the Hauser-Feshbach (HF) statistiattien formalism [16], the decay
probabilities P; , obtained with the surrogate=§) and the neutron-induced=()
reactions are given by:

Pi,)((E*) = Z]”Fi(E*l]n) ) G)((E*f]n) (1)

whereF;(E*,J™) are the probabilities to form the excited nucleua state of spid and
parity /7at an excitation energy” by the corresponding reaction, ahd(E”, /™) are the
probabilities that the nucleus decays from thaesta decay channgl The factorized
form in eq. (1) reflects the essential assumptibrthe HF model that a compound
nucleus (CN) is formed whose decay is independetiiteoway it was formed [17]. At a
sufficiently highE* the Weisskopf-Ewing (WE) limit applies, i.e. theopabilitiesG,
become independent df [15], thusPs,=P,, and one may infer the neutron-induced
cross sectiow, , by applying:

O-n,)((En) = UCN(En) ) Ps,)((E*) (2)

whereaoy (E,,) is the cross section for the formation of a CNrafthe absorption of a
neutron of energ¥,. o-y can be calculated with the optical model with aceartainty
of about 5 % for nuclei near the stability valldp]. E, andE* are related via:

_ A+1

En_T'(E*_ n) (3)

where S, is the neutron separation energy of the CN And the mass number of the
target nucleus in the neutron-induced reactionrdgate reactions were first used to
infer neutron-induced fission cross sectiang [18]. Several measurements, e.g [19],
have shown that the;, s obtained with eq. (2) (i.e. by multiplying the nseged fission
probabilitiesP ¢ by ocy), are in good agreement with directly-measuredroaudata.
However, the WE approximation fails when appliednter g, ; of even-even fissioning
nuclei [20, 21] and neutron-induced radiative-captaross sections, ), [22, 23, 24].
The observed disagreement has been attributed do difierences between the
probability distributiond=; populated in the surrogate and neutron-inducediozecand
the failure of the WE limit [15]. Recently, Escharal. [25] and Ratkiewicz et al. [26]
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have shown that the probabilities for observingcgey-ray transitions in surrogate
reactions combined with the calculated distribugiég can be used to tune HF model
parameters and significantly improve the prediditor o, , of A= 90 nuclei.

In this work we make an important step forward apply the surrogate-reaction
method tosimultaneouslyinfer o, and o,, of an even-even actinide nucleus. In
particular, we have used th&Pu(He*He")**®Pu* reaction as a surrogate for the n+
2%y reaction. We also stress a significant diffeeenith respect to [25] and [26],
namely that, instead of measuring the probabilifttessome selectegray transitions,
we measure thg-emission probabilityPs , i.e. the probability that the CN releases its
entire E* by emitting a cascade of rays. UsingPs, can lead to a more reliable
determinatiorof the HF model parameters since it does not irevatodeling the details
of they-ray cascade, which requires including the brarghatios of many low-lying
transitions that are often unknown. This is howawech less critical for an even-even
CN, as considered in [26], because there is gdpeaastrong-collecting 2>0" y-ray
transition. Yet, measuring th& , of fissionable nuclei is very challenging as ituggs
removing the intense backgroundyafiys emitted by the fission fragments.
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Figure 1: Decay probabilities for fission (blue squares) gmanission (red triangles) measured
for the >*Pu(HeHe")**Pu* reaction as a function of the excitation enekgyof **°Pu*. The
sum of the two probabilities is given by the blagkles. ThePs s andPs, calculated with eq. (1)
and the values of the adjusted Talys parameters létato the minimumy® value are

represented by the blue and red solid lines, réispc The E* range used for parameter
adjustment is delimited by the vertical green linHse vertical dotted line indicates the neutron
separation energ$, of **%Pu. The horizontal black line at a constant valug serves to guide
the eye.

The details of our experiment, and the data ancrmiaoty analysis can be found in
[27], here we only describe the main features. AVB)/ beam of'He delivered by the
Tandem accelerator of the ALTO facility in Orsaydfce) impinged on a 1Q@y/cnt
PuQ target deposited on a carbon support of the saea density. Thés (Ps,) was
obtained from the measured number of scattére] and of fission fragmentsi-tay
cascades) detected in coincidence with'He. The*He’ nuclei were detected with two
position-sensitive silicon telescopes centeredmdlar angled of 138.5° with respect to
the beam axis. Fission fragments were detected awithArray of solar cells andrays
with four GDe liquid scintillators and five high-purity germamiu detectors. We
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removed they rays emitted by>*Pu by applying a threshold, which varied gradually
from 270 keV to 1.5 MeV with increasirff. The number of cascades emitted by the
fission fragments was determined by calculatingréi® between the number of triple
coincidences “He'/fission-fragment/-ray-cascade and the fission efficiency. To
determine the latter number of cascades with safficprecision, it was necessary to
maximize all the detection efficiencies and at shene time determine the fission and
the y-cascade detection efficiencies with a relativeentainty below 10 and 20 %,
respectively, which is a difficult task, see [2The decay probabilities were measured
at severfHe’ scattering angleése, ranging from 120.7 to 156.0° in steps of aboyt 6°
and no significant differences were observed. Toeee we determined the weighted
average of the probabilities obtained at the irhliad &, angles, the results are shown
in Fig. 1. The error bars include statistical agdtesmatic uncertainties, as well as the
covariance between the measured quantities EThiesolution was 100 keV.

It is the first time that botlPs andPs, of **®Pu* have been simultaneously measured.
This provides a stringent test of the used expeariaianethod. Fig. 1 illustrates that
below 4.5 MeV only thei-decay channel is open and the associated praiyaisilil.
Between 4.5 MeV an&, fission andy emission are the only open decay channels and
the sum of their probabilities must be 1. Our dsditisfy this condition within the
uncertainty limits of the measurement, see thekbthats in Fig. 1. This validates our
experimental procedure. F&" > S, the sum of both probabilities is no longer 1 as
neutron emission becomes possible and competesfisgion andy emission. The
emission of charged particles is massively hindésethe Coulomb barrier.
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Figure 2: Neutron-induced fission (a) and radiative-capt(bg cross sections odf*Pu as a
function of neutron energy. The red squares arectbss sections obtained with the WE
approximation (eq. 2). The cross sections calcdlateh the parameters deduced from the
measured decay probabilities are shown as blud Boéis. The shaded blue areas indicate the
associated uncertainties. The dash-dotted, dotted dashed lines represent different
evaluations. The black dots indicate the neutrolnoed data of [32] (a) and [33] (b).

We first assumed the validity of the WE approximatand deriveds, s and o, , using
eg. (2). More precisely, we converted #iieinto equivalent neutron enerdy, with eq.
(3) and multiplied the measured probabilities fassibn P ((E,) and y emission
P, (Ey) by ooy (Ey). ooy (Ey) was calculated with Talys 1.9 [28] using the paaters
of the optical model given in JENDL-4.0 [29]. WhEh< S,,, the equivalentE,, is
negative. Therefore, only the data within the rafigec E* < 7.8 MeV are considered,
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see red squares in Fig. 2. The resulting crossosscare compared in Fig. 2 with the
evaluations JEFF-3.3 [30], JENDL-4.0 [29] and ENB#¥II1.0 [31], the most recent
measurement ofr, s [32] and the only data fas, , , which to our knowledge extend to
Er=1 MeV [33]. We observe a clear disagreement f&sidin, especially at low energies.
For o, the red squares are well above the evaluations neuitron-induced data.
However, due to the large uncertainties, no cleackusion can be drawn.

To go beyond the WE hypothesis, we calculated$g*, J™) distribution populated by
the **PulHe*He’) reaction. A lane-consistent parameterizatidntie Jeukenne-
Leujenne-Mahaux central nucleon-nucleon (NN) effectinteraction [34] was
employed within the double-folding framework followg [35]. The excited states of
%Py were described as members of rotational banidtsfion intrinsic excitations of
the axially-deformed ground state. These excitatiwere determined within the quasi-
particle random-phase approximation [36]. Inelastioss sections to each of these
states were determined through the coupled-chafmasiework using a simplified
coupling scheme. This method has been successipityied to determine neutron
inelastic cross sections and the correspondihdistributions of actinides [37]. The
extension to’He scattering within the double-folding frameworlasvbenchmarked
considering elastic and inelastic cross sectionspberical and deformed nuclei [38].
Our results forfg(E*, J™) do not noticeably change across the angular reogered by
our experiment, which is consistent with the obedrinsensitivity of the measured
decay probabilities t@&ne. The calculatedrs distribution atE*=7.5 MeV andé@pe=
140° is shown in Fig. 3. The average CN sfjipobtained for the®*°PulHe *He’)
reaction is 5.6h. This value is significantly larger than tR¢) populated by the
absorption of a neutron leadingE6=7.5 MeV, which according to Talys 1.9(j9=1h.
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Figure 3: Calculated spin-parity distributioRs of **®Pu populated by thé*Pu(He/ He’)
reaction at* =7.5 MeV and@e =140°.

We then used eq. (1) to determiRgrand Ps), with the calculated(E*,J™) and the
probabilitiesG, (E*, J™) calculated with the HF formalism of Talys 1.9 [28he values
and the uncertainties of several key Talys parametieeded to model the decay of
4%y were tuned to reproduce the experimeRtalandPs, in the rangeE* € [5,7.8]
MeV with a Bayesian analysis [39]. We assumed Qanggrior distributions for the
parameter values, as discussed below. Finallyetpasameters were implemented in
Talys 1.9 to calculate;, s andon « The calculation of the neutron-induced crossieest
considered width-fluctuation corrections as desatilm [28].



The following main ingredients were used to mode tle-excitation of*Pu*. The
level densities above the ground states~dPu and**%Pu were described with the
Gilbert-Cameron formula using the recommended patars of RIPL 3 [40]. Thg-ray
Strength FunctionySF) was determined with the model of Goriely [Ade assumed a
one-dimensional, double-humped fission barrier. Meadband transition states on top
of the fission barriers and the states in the telt separates the two barriers (the Class
Il states) were initially taken from [42], but tegroduce our data only thé, @, 1 and

2" Class Il states were retained. In addition, sextber parameters were adjusted to our
data: a normalization factor for th&F [43], the heights and the widths of the two
fission barriers, and the two temperature pararseaitthe Gilbert-Cameron formula at
the fission-barrier deformations. The transitiord &lass Il states, and the seven free
parameters are the quantities to whaiglhandad, ,are most sensitive.

By individually varying the seven free parametersd acomparing the resulting
probabilities PssandPs)) to the experimental data shown in Fig. 1, we maalénitial
coarse estimation of the parameter values and atkfitie parameter confidence
intervals (Cl) for a confidence level (CL) of 68%fterwards, a random sampling of all
the parameter values was done assuming that tHewéa Gaussian distributions with
a standard deviation equal to the CI. This lechtmsands of calculations Bf s andPs .

A y? test was done (CL= 95%) that led to the seleatiban ensemble including about
5% of the different sets of parameter combinatioffse combination of parameters
leading to thePss andPs, that minimized the? (see blue and red solid lines in Fig. 1)
was used to calculatg,s anda,, represented by the blue solid curves in Fig.l&e T
associated uncertainties correspond to two times rtiot mean squared (RMS)
deviation of the calculations obtained with theane¢d sets of parameter combinations.
With the chosen uncertainties for: and g,, of 2-RMS our adjustment procedure
converged and led to a first fission-barrier height5.98 + 0.02 MeV and a second
barrier height of 5.00 + 0.23 MeV. The widths ot first and second fission barriers are
0.83 £ 0.03 MeV and 0.7 + 0.1 MeV, respectively.e3é values are very close to
literature [40, 44, 45]. In addition, we obtainedamalization factor for theSF of 2.8

+ 0.3, which, combined with the model of [41], giveySF for>*®Pu that compares well
with the experimental results of [46]. The goodesmgnent of these model ingredients
with previous work demonstrates the validity of adjustment procedure.

The relative uncertainties of the calculated csesstions vary from 8% &,=100 keV

to a maximum of 20% dE,=5 MeV. They are smaller than the uncertaintiesioled
with the WE approximation. The reason is thatlad tree parameters, which determine
both a,¢ and a,, were fixed using experimental points &t well below S,, whose
uncertainties are significantly smaller than theoat higheE*. Note that for a fissile
nucleus like?*°Pu, whose fission barrier is lower th& the rangeE* < S, is not
accessible in neutron-induced measurements andeaary probabilities provide unique
and precious information to fix the parameters thetermine the passage through the
fission barrier.

Our result fora, ¢ agrees rather well with the evaluations and thectly-measured
neutron-induced cross sections. We also observairly fgood agreement fooy
although our data are somewhat above the evalgafwith the largest discrepancy of
about 50% at 60 keV) and most data points of [$8ich a good level of agreement
demonstrates that we have been able to accoutitdapin/parity differences between
the considered surrogate and neutron-induced ogecaind obtain, for the first time,
reliable results forboth fission and radiative-capture cross sections. dfbee, the
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present work shows that surrogate reactions areveenul tool to fix key model
parameters and provide good-quality predictions rfeutron-induced reaction cross
sections of fissile and/or short-lived nuclei. hetnear future, we foresee to apply the
same approach to infer the neutron-induced crostsoss of other fissile nuclei like
242.24p, However, many unstable nuclei of interest aaly be reached by performing
experiments in inverse kinematics. Heavy-ion stereggs provide radioactive beams
of extraordinary quality and enable the use ofatitin, windowless targets. Therefore,
in the longer term we will combine surrogate reawsi and storage rings to
simultaneously measure the decay probabilitiesllob@en decay channels for many
short-lived nuclei with high precision [47].
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