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Abstract. Nuclear data in the actinide region are particularly important because théasis behind all sim-
ulations of nuclear reactor core behaviour over both long time scaleksd@pletion and waste production) and
short time scales (accident scenarios). Nuclear reaction crossrsaeticst be known as precisely as possible so
that core reaction rates can be accurately calculated. Although crdgmsmeasurements in this region have
been widely performed, for certain nuclei, particularly those with shalftlives, direct measurements are either
very difficult or impossible and thus reactor simulations must rely on theoreticallatdtms or extrapolations
from neighbouring nuclei. The greatest uncertainty in theoretical gas$on calculations comes from the lack
of knowledge of level densities, for which predicted values can ofteimdx@rect by a factor of two or more.
Therefore there is a strong case for a systematic experimental stlglyebtiensities in the actinide region for
the purpose of a) providing a stringent test of theoretical cross sexloulations for nuclei where experimental
cross section data are available and b) for providing better estimatiomessf sections for nuclei in which no
cross section data are available.

1 Introduction collaboration organized to carry out the research and devel
opment needed to establish the feasibility and performance
There are currently around 400 nuclear reactors operatingc@Pabilities of the next generation nuclear energy systems
around the world producing some 16% of the world’s elec- It was established in 2001 and has thirteen member coun-
tricity. It is likely that nuclear power will undergo a large €S-
expansion in the decades to come due to growing energy ~ These reactors require manyfdrent technological in-
demand of a growing world population, concerns about hovations and hold out the prospect of nuclear power which
climate change and GQGemissions, economic growth, the is safer, more ficient in using uranium resources, more
depletion of reserves of oil and gas, and also for reasonseconomical and with a greater proliferation resistance. In
of energy independence. Moreover, there is currently notheory, breeder reactors (some of the Generation IV con-
other available technology that emits little ¢@nd can cepts) will produce more fissile material than they con-
be scaled up quickly andfeciently enough to attack the sume and hence could reduce the amount of natural ura-
aforementioned problems in a significant way. nium required for their operation by a factor of 60 ore
This expansion is now already beginning, with the con- more.
struction of the latest generation of nuclear power plants ~ The immense cost of prototype reactarsl(0'° euros)
(generation IIl) under way in China, Finland, France, India makes casual, every-day experimentation prohibitively ex
and Japan. Countries such as the USA, UK and Switzer-pensive. However, thanks to the advances of computer tech-
land have construction of new reactors planned, and coun-nology over the past 30 years it is now possible to fully
tries such as Sweden, Italy and Australia are seriously con-simulate in detail the cores of both existing nuclear reacto
sidering such a possibility. cores and new innovative designs. These simulations are
However, constraints on cheaply available uranium re- only as good as the nuclear data on which they rely. The
sources, and concerns about the large quantities of nucleasimulations require cross section information over huge
waste produced by current pressurized (PWR) reactors whiciinges in energy (18eV to 10 eV), and over a large num-
are often run in open-cycle mode are driving the technol- ber of isotopes> 500). Although very accurate<(2%)
ogy to an eventual transition to more advanced reactor de-measurements of reaction cross sections for certain key nu-
signs (generation IV[1]). Generation IV is an internatibna clei have been performed (e °U, 28U, 22%Pu) there are
many nuclei where data is either inaccurate2Q%), par-
@ e-mail:wilson@in2p3. fr tial (over only a small part of the energy range needed),
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or in some cases, particularly for short-lived nuclei, com- 2.3 Reaction rates in the core

pletely non-existent. ) o ) )
Nonetheless, reactor physics simulations require a valuén general, reactor physics neutronics simulations aim to

for the cross sections over |arge energy ranges for |argeextra_ct detalled_ information O_n the neutron flux and, hence

numbers of nuclei, and any value for the cross section at'éaction rates, in dierent spatial regions of the core. Over

a given energy, even a highly inaccurate value, is betterlong time scales, these reaction rates can then be used to

than no value at all. For this reason the evaluated datacalculate the reactor fuel CompOSition as a function of time

bases (e.g. ENDF, JEFF, JENDL) have been constructedo© find out the quantities of new isotopes synthesized. There

whereby measured nuclear data, extrapolations and theols & complicated network of reactions and decays which
retical calculations are mixed together to provide simula- link the creation and destruction of several hundred nuclei

tions with the best available information. during the irradiation of the fuel in the reactor. The goal
is to understand the isotopic composition of the spent fuel
with a view to either recycling the useful fissile and fer-

2 Reactor simulations tile material, or of disposing of it in, interim or long-term
geological storage.
2.1 Nucleosynthesis in a reactor core Over shorter time-scales, the reaction rates are essen-

tial for determining core power distributions. From these

power distributions fuel and coolant temperatures can then
be calculated using thermalhydraulic models for the heat
X 2 transfer between fuel and coolant. Under nominal power
of the nucleosynthesis occurring in nuclear reactors oc- cqngitions, the reactor must not pass any of the margins
curs near the line of stability. The nuclear fissile anderti -\, hich could impact on its safe running. Reactor cores are

isotopes in the fuels are in the actinide region and nucle- yeqjgned to be auto-stable where any unexpected increase
osynthesis proceeds during the irradiation time of the fuel ;, e power will lead to an increase in temperature and

(typically 3-5 years) through a complex network of reac- i mediate decrease in the power (idi/dT is strongly
tions and decays to produce new elements and 'SOtOpe%ﬁegative).

The principal nuclear reactions involved are), (n,2n) Furthermore, determining how the reactor power will
and @, fission), the latter causing the production of fis- papaye in transient situations such as startup, shutdown,
sion products, a multitude of mostly short-lived isotopes gnq accidental scenarios is crucial, requiring kinetic cal
to the right of the stability line. In addition there are the ¢ jations that allow the reactor power and temperatures to
reactors structural materials which can undergo nuclear re ¢ olve as a function of time. Again, the accuracy of the

actions, such as Fe, Ni, Zr etc. and light elements, such as;4ss section data have a direct impact on the accuracy of
Hydrogen, Oxygen and Carbon, which can be present in,iha simulations.

for example, the coolant ayat moderator. Since the performance of a future reactor will be di-
minished if the safety margins must take into account the
inaccuracy of the nuclear data, then better measurements
will allow these safety margins to be reduced. Hence, it is
possible to directly increase the performance of the reacto
The uncertainty in the nuclear data have a direct impactat very little extra cost by performing nuclear data exper-
on the safety margins of the reactor principally through iments, since the cost of these experiments is minuscule
the uncertainty in the criticality. The criticality, or neu  when compared the cost of a prototype future reactor.

tron multiplication factorkes¢ of a reactor is defined by

the sum of all the reaction rates of processes which pro-

duce neutrons (in this case fission), divided by the rate at3 The limitations of direct measurements

which neutrons are destroyed via absorptions, leaks, etc.

Neutron fluxes in a reactor core are relatively low*elich?s™)
compared to those in the most violent astrophysical pro-
cesses such as supernaovaédaf’s ) and as such most

2.2 Reactor criticality, other performance
parameters and safety margins

In the actinide region about half the nuclei (see figure 1)
2vinioi¢ have target activities greater than®1®g/mg. This makes
Y Nioed + ZNi(oc + o1)d direct measurements particularly problematic due to radio
protection concerns. It is veryfeicult to obtain the mate-
rial for the target, dficult to safely manufacture the target
and dificult to place it in an experimental setup.
To overcome these problems, indirect methods of mea-
suring reaction cross sections have been developed[2, 3],
which will be discussed later.

Kef 1

where¢ is the neutron fluxy is the average neutron
multiplicity, o+ and o are the fission and capture cross
sections of théth isotope present in the core. The impor-
tance of a given nucleus is therefore proportional to the
number of atoms in the corg, which at the beginning of
the cycle consists of just the initial fertile and fissile-iso
topes in the fuel. At the end of the cycle however, after a
range of new nuclei have been synthesized. Many neigh-3 1 Nuclei at equilibrium
bouring nuclei to the fissile and fertile isotopes will have
accumulated, along with the many fission products. Ide- Most of the actinides for which it is flicult to measure
ally, we would like to know the sensitivity of the criticalit ~ cross sections directly are nuclei which achieve an eguilib
to the cross sections of each isotope present. rium during reactor irradiation, since they have half lives
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Fig. 1. Important nuclei in the actinide region. Nuclei with target
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which are shorter than the total irradiation time (3-5 ypars Fig. 2 Indirect measurement of the neutron induced capture cross
They are continually produced by nuclear reactions in the Sction orf*Pa using the surrogate method.

core and continually destroyed via radioactive decay (or
other reactions). If the lifetime of a nucleus produced via a
neutron induced reaction in the core is significantly shorte

than the irradiation time of the fuel, then the nucleus will . ) ) i
reach an equilibrium concentration since its rate of destru  AS Previously mentioned, for certain nuclei the cross sec-

tion via decay will be equal to its rate of production via {ion data are sparse (limited energy range), can have large

3.3 Limitations of the nuclear data

neutron induced reaction. For a short-lived nucléygro- ~ Uncertaintiesx 20%). For certain nuclei in the actinide
duced by a reaction on its pareat,it's rate of production ~ region cross sections can be measured indirectly using the
at equilibrium will equal its rate of destruction: surrogate method(2]. This indirect method relies on pro-
ducing the compound nucleus using transfer reactions in-
Naod = ANy volving charged particles, the energies of which are mea-

sured experimentally, thus the compound nuclear excita-
We note that the equilibrium concentration of nucleus, tion energy is known. Partial decay probabilities can then

b, in the core will therefore inversely proportional to its be determined for the various exit channels. However, there
decay constanti, and thus proportional to its half-life, the  are limits to the technique, particularly for indirect neu-
shorter the half-life the lower its equilibrium concenioat tron capture measurements since there are no easy ways
will be. This implies that measuring cross sections for nu- to discriminate experimentally between gamma rays from
clei with very short lifetimes is less important. As a getera excited fission fragments and gamma rays from radiative
rule, this is true, however, there are many notable excep-capture.
tions, where nuclei that exist in very small concentrations  This method was used with success to measure the fis-
have a massive impact from a reactor physics point of view. sion and capture cross sections of the most important equi-

librium nucleus involved in the thorium cyclé&®®Pa[4, 5].

The results from our measurement of the capture cross sec-
3.2 Important short lived nuclei tion between 0 and 1 MeV using the surrogate method are

shown in figure 2. It can be seen two evaluated data bases
The most well known example of such a nucleus is the fis- ENDF6.6 and JENDL3.3 dier by approximately a fac-
sion product:®**Xe, which has a half life of only 9 hours.  tor of two. The principle reason for this is that the data
In a typical PWR of 90 tons, the equilibrium mass'&tXe bases rely on calculations of the cross section using sta-
will be only around 25 grams. However, the neutron cap- tistical methods such as Hauser-Feshbach theory, but with
ture cross section fof**Xe at thermal energies is enor- the level densities of the residual nucleus calculatediby
mous, over 1Bbarns, due to the presence of a single reso- ferent semi-empirical models.
nance which lies almost exactly at the neutron binding en-
ergy. Decay of this nucleus (a strong neutron poison who'’s

presence reduces reactivity) may cause problems at reactozl Level densities and improvements of
shutdown.

Another example is the nucle?®U which is only pro- ~ F€action cross section calculations
duced in tiny quantities in a reactor with thoriated fuel via
the (, 2n) reaction. It has a half life of 69 years, so never 4.1 The Hauser-Feshbach statistical formalism
reaches equilibrium. However, the radioprotection conse-
quences of the presence of even trace amountS2of In Hauser-Feshbach theory, determination of the cross sec-
in the spent fuel are highly significant. Since the decay tion for a given compound nuclear reaction relies on knowl-
chain of this nucleus ends rapidly at the 2.6 MeV,t@ edge of the compound nuclear formation cross section, the
0* gamma transition if°Pb the spent fuel must be han- transmission cd@cients of the ingoing and outgoing parti-
dled remotely. (The thickness of the shielding required to cles, and the level densities in the residual nuclei[6, ig T
attenuate significantly a flux of 2.6 MeV gamma rays is compound nuclear formation cross sections and transmis-
considerable.) sion codficients are known fairly accurately from optical
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e | e | e and the ability to detect the outgoing charged particles in-
duced via transfer reactions in silic&— 4E telescopes.
%‘ %.d ‘Hm . The goal is to firstly test the validity of Hauser-Feshbach
. . . cross section calculations to see if they can reproduce cros
dp sections that have already been measured to a high degree

BEl] Je ‘“%”L of accuracy (e.g?32Th (n, y)[12]) by providing them with
measured level densities for the residual nuclei. Eventu-
ally, a picture of the systematic level density variatioms i
the actinide region could be built up, allowing improve-
ment of theoretical calculations for nuclei where nuclear
data are sparse or non-existent. Figure 3 shows the resid-
ual nuclei that it is possible to produce from a transfer re-
action involving only charged particles. iti beams can
model calculations and nuclear data obtained near the valbe used (although they may bring in too much angular mo-
ley of stability. However, the major part of thefiirence ~ mentum into the compound system), then it will be possi-
between calculations arises from the lack of knowledge of ble to reach around 90% of the actinides shown in figure 1
level densities[8]. Level densities as a function of excita With only six targets which are reasonably easy to fabricate
tion energy are not well known in the actinide region and and obtain {*2Th, 238233233, 23’Np and***Pu).
the use of semi-empirical formulas to predict level densi- ~ Moreover, in certain instances the Cactus array may al-
ties for across the nuclear chart, such as the back shiftedow simultaneous measurement of capture cross sections
Fermi gas model or constant temperature model often overvia the surrogate method, provided that: (i) compound nu-
or underestimate level densities by a factor of two com- clear excitation energies are below the fission threshold of
pared two experimental values[9]. For this reason, theoret the equivalent neutron-induced reaction to prevent contam
ical calculations of cross sections do not reproduce mea-ination from fission fragment gamma rays, and (i) only
sured cross sections very accurately. charged particle channels are open, since Nal detectors can

In addition to the problems of theoretical approaches not discriminate perfectly between neutrons and gamma
to cross sections in the actinide region, there are also prob rays and have a large neutron absorption cross section.
lems for cross sections of reactor structural materialsl&Vhi
most neutron capture cross sections are measured with a
high degree of accuracy, there exists a problem for the mi-References
nor exit channels such as, ) and 6, @) reactions. Even
though these reactions have very tiny cross sections, thel. The  Generation IV International  Forum:
production of hydrogen and helium gas in reactor struc- httpy/www.gen-4.org
tural materials over time can change their chemical com-2. J.D. Cramer, H.C. Brit, Nucl. Sci. Eng. 41 (1970) 77
position and hencefect the material properties and ulti- 3. J.N. Wilson, B. Haas, et. al, Nucl. Instrum. and Meth.
mately structural integrity. Again, improved knowledge of ~ A511 3 (2003) 388-399
level densities of residual nuclei in these reactions would 4. M. Petit, et. al, Nucl. Phys. 785 (2004) 345
be very helpful information. 5. S. Boyer, D. Dassie, J.N. Wilson et. al, Nucl. Phys.

AT75 (2006) 175-187
6. W. Hauser and H. Feshbach, Phys. R&(1952) 366
4.2 Program of Level Density Measurements 7. A. Wallner, B. Strohmaier, and H. Vonach, Phys. Rev.
C51 (1995) 614

At low excitation energies, discrete line gamma-ray spec- 8. A.V. Voinov et. al, Phys. Rev. 15, 044602 (2007)
troscopy can provide information on the excited nuclear 9. Till von Egidy and Dorel Bucurescu, Phys. Rew2C
states and hence give information on level densities. How- 044311 (2005)
ever, as excitation energies become higher it becomeslguick 0. M. Guttormsen, T. Ramsoy, J. Rekstad. Nucl. Instrum.
impossible to resolve discreet states. The level density ca  Meth. A225 (1987) 518
also be obtained at the neutron binding energy if neutron11. P. Axel, Phys. Re%26 (1962) 671
resonance spacings are known. However, in the region in12. G. Aerts, et. al, Phys. Rev78054610 (2006)
between level densities must be measured infiergint
manner by using the Oslo method[10]. The level densities
can be extracted as a function of excitation energy using
this technique based on the Brink-Axel[11] hypothesis and
involves measuring particle— y correlation spectra.

We therefore intend to start a program of measurements
of level densities in the actinide region at the Oslo cy-
clotron as a collaboration between the university of Oslo,
IPN Orsay and CEA Saclay. The Cactus array provides an
ideal instrument to perform such studies due to its very
high gamma-ray photopeak detectidfi@ency ok 15%

p,*He| | p,*He

Fig. 3. Residual nuclei on the Segre chart which can be reached
via transfer reactions involving only charged particles in the exit
channel. The target nucleus is marked with the red circle.
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