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Radioactive target needsfor nuclear reactor physicsand nuclear astrophysics
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Abstract: Nuclear reaction cross sections of short-livedieiware key inputs for new generation nuclear r@act
simulations and for models describing the nucleti®gis of elements. After discussing various topés
nuclear astrophysics and reactor physics wheredémeand of nuclear data on unstable nuclei is stromg
describe the general characteristics of the tanyetsled to measure the requested data. In some tbasbkalf-
life of the nucleus of interest is so short thasihot possible to produce a target and perfoemtieasurement.
However, some alternative methods have been desglityat allow one to obtain neutron-induced cressiens
of highly radioactive nuclei. One of these methithe surrogate reaction technique. We explairpticiple
of the surrogate method and describe the charsiitsrdf the targets used in surrogate experiments.
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1. Introduction

Even though nuclear astrophysics and reactor physay appear to be rather distant topics at
a first view, they have important aspects in commBath topics are strongly based on
computer simulations or models for which the avaiigy of reliable nuclear reaction data is
of crucial importance. Reactor physics uses tratgmales, e.g. MCNP [1], where the history
of the interaction of single neutrons with the eliéint nuclei present in the reactor core is
simulated for their complete life cycle ranging rfratheir generation in a nuclear fission
process until they diminish due to nuclear reacticne of the primary goals of Nuclear
Astrophysics is to obtain a detailed understanaihthe synthesis of all the elements which
make up our world. Theories of nucleosynthesistested by calculating isotope abundances
with rather complex stellar models and comparingnthwith observed results. Both topics
have also in common that neutron-induced reactgayg an essential role. Although in
nuclear astrophysics proton-, alpha- and gammaerdiveactions are also important. Typical
paths for the formation of nuclei in a reactor orai star are one or more neutron captures
followed by B decay. When the nuclei are heavy enough, theaictien with neutrons can
lead to fission where the initial nucleus splititwo lighter nuclei. Thus, neutron-induced
capture and fission reactions are highly intergstior both topics. Of course, the
characteristics (temperature, neutron density) ef@ reactor core and those of a star may be
very different. Therefore, the neutron-energy darsaodf interest in astrophysics and in
reactor physics can be rather distinct. Finallypthar similarity between both topics is the
need of cross section measurements of unstableeiniéry often the production of a
radioactive target as well as the realisation & theasurement in an adapted facility is
extremely challenging.

2. Radioactive nuclei of interest in nuclear astrophysics

Elements heavier thatiFe can be assembled within stars by a slow newapture process
known as the s-process or in explosive environmeish as supernovae, by the so-called r-
process which involves rapid neutron captures badp-process which involves rapid proton
captures [2]. In the rp-process consecutive pratptures onto seed nuclei followed py
decay lead to heavier elements. This process odcuas environment with a high rate of
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proton captures and high temperatures. The nuokendd are localised in the neutron-
deficient side of the chart of nuclei, see figureThe s-process occurs at relatively low
neutron density and intermediate temperature comditin stars. As illustrated in figure 1,

this process produces stable isotopes up to Bi twimg along the valley of beta stability.

Heavier nuclei such as Thorium or Uranium are peeduthanks to the r-process.
Immediately after a core-collapse supernova, theran extremely high neutron flux and

temperature, so that neutron captures occur mwstbrfghanB” decays, meaning that the r-

process evolves along the neutron drip line, sgardi 1. Consequently, nucleosynthesis
models require proton- and neutron-induced capaackfission cross sections of radioactive
nuclei situated in the three regions depictedgnori 1.
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Figure 1. (Color online)Chart of nuclei representing the different elemeuntleosynthesis
processes. The nuclei located on the valley of s&thility are represented by the black
squares. The rapid proton capture process (rp-pspam the neutron-deficient side of the
valley of stability is represented by the light dlline, the slow neutron capture process (s-
process) on the stability valley is illustratedthg pink arrow and the rapid neutron capture
process (r-process) on the neutron-rich side ofstability valley by the blue line. Figure
adapted from ref. [3].

Clearly, there is no way to have targets of nudiegctly involved in the r-process and the
heavier part of the rp-process. For this reasoredperiments aiming at measuring data close
to the proton and the neutron drip lines are rablased on the use of radioactive beams in
inverse kinematics. On the contrary, for the s-pss¢ there exist very specific demands
where the radioactive targets required are stiisifele. Indeed, reliable neutron-induced
capture cross sections on branching points arelatrémr testing and constraining stellar
models in terms of the basic physical s-procesarpeters, i.e., neutron density, temperature
and pressure. Branching points are nuclei with-lnads comparable to the neutron capture
time scale which give rise to branchings in thectiea path. According to the review article
by Kappeler and Mengoni [4], the main requests’a8e, *Kr, **Pm, !Sm, ***Ho, *"Tm,

4 m, 1°Ta, %471, and®*Pb. The half-lives of these nuclei vary from 12§siéor *"°Tm to
1.5-10 years for*®Pb. These nuclei afe’ or B~ emitters, which in some cases emit gamma
rays subsequent tf§ decay. The different possible s-process tempestuequire the
experimental neutron capture cross sections tora@wade energy range, from about 300 eV
to several hundred keV. Besides the branching poather neutron capture cross sections of
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unstable nuclei are also important. The stud¥°6&(ny) has been identified to be of great
interest for at least two reasons: e has a half-life of 1.5 million years and wasrféun
deep layers of oceanic crust sediments. It is asduthmat a nearby supernova which exploded
2.8 million years ago is responsible for the exag<8Fe. In order to determine the locus of
this event in the solar system it is necessaryestigate the production (vidFe(ny)°%Fe)
and destruction mechanism (Vi%¥e(ny)®'Fe) of ®®Fe. Furthermore, (iif°Fe is one of the
few, long-livedy-ray emitters which could be observed withay telescopes like INTEGRAL
after supernovae explosions. Therefore, the prémfueind destruction dfFe is important to
compare the observed amounf%fe and the calculated values from supernovae motets
preparation of 8°%Fe target is treated in ref. [5].

3. Radioactive nuclei of interest in nuclear reactor physics

In this work we concentrate on two topics that dedhstrong efforts in terms of nuclear data
measurements: minor actinides incineration anddéneslopment of the Th-U cycle. Minor
actinides (mainly Np, Am and Cm isotopes) are poeduby successive neutron captures,
beta and alpha decays starting frofi) in the current U-Pu cycle. Because of their vgigh
radiotoxicity, these nuclei represent one of thestmimarmful types of nuclear waste. At
present, two different strategic approaches arpqsed for minor actinides waste disposal:
direct disposal without any reprocessing and spexitreprocessing with the aim to optimise
the extraction of minor actinides and to then iecate them. Incineration amounts for the
transmutation of minor actinides into less radiatorr short-lived species obtained by
neutron-induced fission reactions. The reliablegtesf reactors for incineration requires an
accurate knowledge of minor actinides cross sestiana fast neutron flux. However, the
available data are rather scarce. The reason ifotatk of data is the short half-life of many
of these nuclei which makes it very difficult tooguce and to manipulate targets of these
isotopes. Reactor simulations require principakytnon-induced fission (n,f), capturey,
elastic (n,n) and inelastic (n,n’) cross sectidfiswever, since the neutron-energy regime of
interest extends from few eV to about 20 MeV, atam-neutron emission (n,2n) cross
sections are needed. Moreover, other data suclsasnf fragment isotopic yields, average
number of neutrons per fission or number of delayedtrons are highly interesting because
these quantities strongly affect the reactor neutiwx. For most minor actinides the existing
fission data are of limited quality. These fissioross sections are often measured with
uncertainties greater than 20% and important disereies between different sets of data are
observed. The situation is even worse for otheag@hannels such as ), (n,n") or (n,2n)
where no data at all are available. Some of theomarctinides of interest are®'Np,
240241242 242m 2Ry gnd 24224324428 m  The half-lives of these nuclides vary from 1uts

for 2*2Am to 2.14-18 years for*’Np. Among these nuclei we find sevepakemitters but the
majority of them are strong alpha emitters and samag even fission spontaneously, which
implies the emission of neutrons. Alge and x-rays can be emitted. This illustrates how
difficult it can be to make and handle targetshafse nuclei.

Another issue of interest in reactor physics is dbgelopment of the Th-U fuel cycle. The
underlying main idea is to replace tffU of the current fuel by**Th. Similarly to**%U,
232Th is a fertile nucleus. Indeed, a neutron capour&?Th followed by twop™ decays leads
to the formation of the fissile nucle@$U. The use of**Th as a fuel has the advantage that it
increases the resources (Th is more abundant théwy & factor 3 or 4). Moreover, the
radiotoxicity of the generated nuclear waste isiced. Since Th is lighter than U one needs
more neutron captures to produce minor actinidée. Auclei of interest for the Th-U cycle
are?*Th and®*U and several neighbouring isotopes®#gh, 231%3%Pq, 2322332342%)  They
are mainlyp” and alpha emitters with half-lives varying from%% hours fof**Th to 1.4-1¢’
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years for*?Th. Whereas for the current U fuel cycle an enorsneffort has been undertaken
concerning experimental nuclear data, this is nhailahe case for the Th-U cycle for which
the data are not precise enough or simply misdivgn for the long-lived*Th the fission
cross section needs to be considerably improveddsst few keV and 1 MeV neutron
energy.

4. Target characteristics

The target characteristics depend strongly on e tof measurement, therefore we
distinguish between three main types of experimen&utron-induced capture, neutron-
induced fission and indirect measurements withtligfarged particle beams based on the
surrogate reaction method.

4.1 Neutron-induced captur e cross sections measur ements

Due to the low neutron fluxes and the reduced gardetaction efficiency, samples of few
grams are generally required for this type of expents. However, the radioactivity of
unstable nuclei may limit considerably the samplardity which has to be compensated with
a particularly efficient-detection set-up and an intense neutron souraesxXample recently,
the (ny) cross section of*Am(T1,=432.6y) has been measured at LANSCE in Los Alamos
National Laboratory using the DANCfray array and a sample of only 219ug [6]. Very
often the sample is in form of powder pressed emtmntainer made of Al or Ti [7]. However,
in some cases thin targets are used piled-up omgact manner inside a container [6, 8]. A
precise knowledge of the isotopical compositiorthef sample is very important in order to
correct for the background generated by possihi¢atoinants.

4.2 Neutron-induced fission cross sections measur ements

Fission fragments are heavy nuclei that may lospomant amounts of energy when
traversing a material. In addition, due to momentconservation, the two fragments are
emitted back-to-back in opposite directions. Thamefin fission experiments targets should
be thin enough to allow at least one of the fisfimgments to reach the fission detector.
Typical target thicknesses vary between 200 andus0tnt [9]. The sample is evaporated or
electrodeposited onto a support. Typical suppotterreds are Al, Ni or Ti. The thickness of
the support ranges between fgan to 1 mm. Thin supports of fewm are used if the
experiment requires the two fission fragments taéected. Special care should be made to
avoid heavy contaminants that fission, in particm@ighbouring isotopes that may have not
been completely separated from the raw radioactiseerial. The size of the targets is very
variable with diameters ranging from few mm to was cm [10]. The size depends mainly on
the diameter of the neutron beam. For small samates©iomogeneity better than 90% is
required, for large targets one needs to measunethe matter is distributed all over the
target surface. For many actinides this can be demealpha cartography or radiographic
imaging [11].

4.3 Indirect measurements via the surrogate reaction method

In some cases the activity of the targets is shah the fabrication and the manipulation of
the sample are impossible due to a lack of avéitalmf the target material or its short half-
life. Alternative indirect methods have been depelbto overcome these difficulties. One of
these methods is the surrogate reaction technilhis.method was developed in the 70's by
Cramer and Britt [12]. Given a desired neutron-cetlireaction n + A that proceeds through
a compound nucleus (A+1)*, the surrogate reactiethiod consists of producing compound
nucleus (A+1)* via an alternative (surrogate) reagte.g., a few-nucleon transfer reaction y
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+ X =2 (A+1)* + b and measuring the decay (e.g. fissionradiative capture) of the
compound nucleus (A+1)* in coincidence or not witie ejectile b. The ratio between the
number of decays detected in coincidence with jbetiee (corrected for the decay-detector
efficiency) and the total number of ejectiles giths decay probability of the compound
nucleus (A+1)*. The neutron-induced cross sectiontlie corresponding decay channel is
then deduced from the product of the decay proitabileasured in the surrogate reaction and
the compound nucleus cross section for the neutrdumeed reaction. The latter cross section
is obtained from optical model calculations. Thengple of the surrogate method is
illustrated in figure 2. The conditions under whittte surrogate method can be applied to
infer neutron-induced cross sections have beersiigaged in refs. [13, 14].

Neutron-induced reaction Surrogate reaction

—
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X + Y
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A+1)*
(A+1) 'w—decay
Fission ‘

Jn.i (En) = Uf (En)DPiexp(En)
Figure 2: Schematic representation of the surrogate methodpaced with the direct
neutron-induced reaction. In this case the sureogatction is a transfer reaction. Two
possible decay modes “i” (fission and gamma emmsiof nucleus (A+1)* are also
represented. The neutron-induced cross sectignfor decay channel “i” is obtained by
multiplying the calculated cross section for thariation of nucleus (A+1)* through neutron

absorptiono&, with the measured decay probabilj*.

The surrogate reaction method presents severahtalyes:
-The most important: in some cases the target Xhefsurrogate reaction is less
radioactive and easier to produce than the targetqired in the neutron-induced
measurement. We will see some examples below.
-In charged particle-induced transfer reactionted#ht combinations of nucleons can
be exchanged between projectile and target leatbnthe production of various
residues. In contrast to neutron-induced experimetite simultaneous access to
several transfer channels allows one to determmogscsections of various nuclei from
just one projectile-target combination.
-Since there are two bodies in the outgoing reaatizannel, the excitation energy of
the compound nucleus E* follows a broad probabdittribution. The E* is obtained
by measuring the kinetic energy and the angle efejlectile. The compound nucleus
excitation energy can be translated into neutroergn E via the relation
E*=B,+A.E/(A+1), where B is the neutron binding energy of the compound eus|
Therefore, with fixed beam energy, the surrogatéhotkallows the determination of
cross sections over a wide range of neutron energy.

This technique has been applied to the measureofighe neutron-induced fission [15] and
capture [16] cross sections OfPa (half-life of 27 days) via the transfer reactfdfTh(He,
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p)>*Pa. The®**Th(1.4-16° y) target was produced at the SIDONIE separatdh®CSNSM.
Recently, the surrogate reaction method has beed tes determine the neutron-induced
fission cross sections 6f°Cm(163 d)**tm(29.1 y) and*Am(432.2 y) with &*Am(7370

y) target and dHe beam [17]. Tw§**Am targets of approximately 106 pg/tmere prepared

at the Argonne National Laboratory. Each target elastrodeposited on a 75 pgfcoarbon
backing. The surrogate method has been shown ¥eryesuccessful for extracting (n,f) cross
sections of unstable actinides. This technique ioaprinciple be also used infer neutron
capture cross sections. However, this applicatibthe surrogate technique has still to be
validated. In reference [18] the possibility ofngithe surrogate method to infer capture cross
sections of s-process branching nuclei has beenstisd.

The target thickness is limited by the sample #gtiand by the high elastic scattering
cross section of the beam particle on the targetens that may cause detector saturation. In
fission measurements one may need to detect thdiggion fragments in coincidence with
the ejectile, this requirement also constrains tdnrget thickness. However, the reduced
sample thickness can be largely compensated byitite intensity of the charged particle
beam. Typical target thicknesses range between & 250 pg/cnf. The sample is
evaporated/electrodeposited onto a thin C supporLQ0ug/cnf) [19]. The thickness of the
support determines the energy straggling of thiet leggectiles and thus the energy resolution
associated to the surrogate experiment. A thin@ipp also required to limit the background
generated by reactions between the projectile drdntclei of the backing. The isotopic
purity of the sample is extremely important. Neitheavy nor light contaminants should be
present since reactions on the contaminants caifyfdhe number of coincidences decay
particle-ejectile and the total number of ejectitbat are used for determining the decay
probability. This background is extremely difficiflnot impossible to remove.

5. Summary and conclusions

Neutron-induced cross sections of short-lived nwale of great importance in reactor physics
and nuclear astrophysics. In this work we haveiredl some of the regions of the chart of
nuclei of interest for both topics. The main targearacteristics for neutron-induced capture
and fission measurements have been given. The gateraeaction method, an indirect
technique to determine neutron-induced cross sectid unstable nuclei, has been presented
together with a description of the required targfedracteristics. The further development of
research domains such as nuclear waste transnmmutatidhe understanding of element
nucleosynthesis is strongly linked to the avaiifpibf radioactive targets. Therefore, an
effort should be made to maintain the current ebigeiand improve the existing techniques
for radioactive target preparation.
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