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The surrogate-reaction method is an indirect way to determine cross sections for reactions that
proceed through a compound nucleus. This technique may enable neutron-induced cross sections
to be extracted for short-lived nuclei that otherwise cannot be measured. However, the validity of
the surrogate method has to be investigated. In particular, the direct component of the surrogate
reaction and the J™ dependence of the decay probabilities may question the method. In this work we
study the reactions 2**U(d,p)?*°U, 233U (*He,t)?**Np, 2*3U(*He,*He)?*"U as surrogates for neutron-
induced reactions on #**U, 23"Np and 39U, respectively, for which good quality data exist. The
experimental set-up enabled the measurement of fission and gamma-decay probabilities. The first

results are hereby presented.

I. INTRODUCTION

Neutron-induced cross sections of short-lived nuclei are
crucial for fundamental nuclear physics, astrophysics and
also for applications such as reactor physics. In partic-
ular, (n,y) cross sections on minor actinides are one of
the largest sources of uncertainty in modelling new re-
actors for nuclear waste transmutation using fast neu-
trons. However, very often the high radioactivity of the
actinide samples makes the direct measurement of these
cross sections extremely difficult. The surrogate-reaction
method is an indirect way to determine cross sections for
compound-nuclear reactions. This method was first pro-
posed by J. D. Cramer and H. C. Britt [1] in the seven-
ties. It consists of using a transfer reaction to produce the
same decaying nucleus as the one formed in the desired
neutron-induced reaction. The transfer reaction leads to
the heavy recoil nucleus of interest and to an ejectile.
The identification of the ejectile permits to determine
the mass A and charge Z of the decaying nucleus. In
addition, one can deduce the excitation energy E* of the
heavy nucleus by measuring the kinetic energy and the
emission angle of the ejectile. The measurement of the
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number of coincidences between the ejectiles and the de-
cay products normalized to the total number of detected
ejectiles allows to extract the decay probability for the
corresponding decay channel Pci’ce:yp (E*) . According to
the surrogate-reaction method, the neutron-induced cross
section for the nucleus A — 1 is then given by
O tecay(En) = 00 (En) - it (E7), (1)
where 0y (E,,) is the calculated cross section for the for-
mation of the compound nucleus A after absorption of a
neutron with energy F,,, it is usually obtained using opti-
cal model. In our case, we use the phenomenological opti-
cal model from TALYS [10]. The incident neutron energy
E,, and the excitation energy E* of the compound nucleus
A are related by the expression E* = Sn+ E, (A—1)/A,
where Sn is the one-neutron separation energy in the nu-
cleus A. The benefit of the surrogate method is that in
some cases the target needed is stable or less radioactive
than the target of the corresponding neutron-induced re-
action. For the surrogate method to work, the decaying
nucleus has to be a compound nucleus. In addition, one
has to consider the spin-parity differences between the
neutron-induced and the surrogate reactions.
Indeed, at low excitation energies the decay probabil-
ity strongly depends on J™. Therefore, important devi-
ations between the neutron-induced results and the ones
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obtained with the surrogate method may exist if the pop-
ulated spin distribution in the neutron-induced and sur-
rogate experiments are different. While it is rather well
established that the surrogate method works well for fis-
sion at sufficiently high E* (see e.g. [2]), several recent
experiments have shown that gamma decay is very sensi-
tive to the differences in the populated J™ distributions
[3-5], which leads to important discrepancies between the
surrogate results and the neutron-induced data at low
excitation energies. This is probably due to the spin-
parity selectivity of neutron emission [5]. This selectiv-
ity decreases strongly as the level density of the resid-
ual nucleus after neutron emission increases. Therefore,
the discrepancies between the surrogate results and the
neutron-induced data are expected to decrease with in-
creasing mass of the decaying nucleus and with increas-
ing excitation energy. In this work we study the validity
of the surrogate method in the actinide region using an
improved experimental set-up that enables the measure-
ment of fission and gamma-decay probabilities. Thanks
to this we can investigate the two main issues that deter-
mine the validity of the surrogate method: the compound
character of the decaying nucleus and the J™ dependence
of the decay probabilities.

II. EXPERIMENT

The experiment was performed in June 2012 at the
Oslo cyclotron. We used a 260 pg/cm? 238U target with
99.7% isotopic purity produced at GSI on a '2C back-
ing with a thickness of about 10 pug/cm?. Two different
beams were used, a deuteron beam of 15 MeV and a 3He
beam of 24 MeV. The experimental set-up is represented
in Fig. 1. The ejectiles were detected at backward an-
gles with the SiRi multi-strip silicon AFE/FE detector [6].
SiRi provided the identification of the ejectiles, as well
as their kinetic energy and angle. Fission fragments were
detected in coincidence with the ejectiles. The fission de-
tectors were located at forward angles and consisted of 4
PPACs covering a solid angle of 41.1% out of 47. The
reaction chamber housing SiRi, the PPACs and the 233U
target were surrounded by the CACTUS array compris-
ing 28 high-efficiency Nal detectors. CACTUS was used
to detect gamma rays with energies ranging from a few
keV to about 10 MeV in coincidence with the ejectiles.
The aim of the experiment was to study the transfer reac-
tions 238U(d,p), 23¥U(®He,t) and 23¥U(*He,*He) serving
as surrogates for the neutron-induced reactions 233U-+n,
ZTNp+n and 2*6U+n, respectively.

Fission or gamma-decay probabilities are obtained fol-
lowing the expression

Ncoinc(E*)
Nsingles (E*) . Edecay(E*) ’
where N,pine is the number of coincidences between the

ejectiles and the fission or the vy-ray detector, Ngingies is
the total number of ejectiles and €gecqy is the efficiency of

Aex *
Pdecayp(E ) = (2
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FIG. 1. Schematic view of the set-up for decay-probability
measurements with the SiRi telescope and the fission detector
inside the CACTUS Nal array.

the fission or the v-ray detector. The identification of the
ejectiles and the determination of their energy and scat-
tering angle are achieved using the Si telescopes. With
this information and the associated Q-values, the exci-
tation energy E* of the corresponding decaying nucleus
is obtained. Fig. 2 illustrates the identification achieved
in one of the telescopes strip through the conventional
energy-loss vs. residual-energy plot. The Ngngies(E™)
quantity is obtained by selecting one type of light par-
ticles whereas the number associated of compound nu-
clei Neoine(E*) that undergo gamma emission is obtained
by selecting the ejectiles detected in coincidence with a
gamma event in one of the Nal detectors.
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FIG. 2. Energy loss AFE versus residual energy E in one of
the telescopes strip at 140 degrees for the ?*®U+d reaction
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