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Abstract. The surrogate-reaction method is an indirect way of determining 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 for
extracting capture cross sections has to be investigated. In this work we study the
reactions 238U(d,p)239U, 238U(3He,t)238Np, 28U(He,*He)*"U as surrogates for neutron-
induced reactions on ***U, **’Np and #*°U, respectively, for which good quality data
exist. The experimental set-up enabled the measurement of fission and gamma-decay
probabilities. First results are presented and discussed.

1 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 particular, (n, y) cross sections on
minor actinides are one of the largest sources of uncertainty in modelling new reactors for nuclear
waste transmutation using fast neutrons. However, very often the high radioactivity of the actinides
samples makes the direct measurement of these cross sections extremely difficult. The surrogate-
reaction method is an indirect way of determining cross sections for compound-nuclear reactions.
This method was first proposed by J. D. Cramer and H. C. Britt [1] in the seventies. 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 4 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 number of coincidences
between the ejectiles and the decay products normalized to the total number of detected ejectiles
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allows for the extraction of the decay probability for the corresponding decay channel Pde cay (E™).

According to the surrogate-reaction method, the neutron-induced cross section for the nucleus 4-1 is
then given by the equation:

Oeeny (E,) =00\ (E )P (E,) (1

lecay decay

where GélN (E,) is the cross section for the formation of the compound nucleus 4 after absorption

of a neutron with energy E,, it is usually obtained using the optical model. The incident neutron
energy E, and the excitation energy E£* of the compound nucleus 4 are related by the expression
E*=S,+FE,(4-1)/4, where S, is the one-neutron separation energy in the nucleus 4. 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 reaction. Therefore, the surrogate-reaction method may enable
neutron-induced cross sections to be extracted for nuclear reactions on short-lived nuclei that
otherwise cannot be measured. For eq. (1) to apply two conditions have to be fulfilled: the decaying
nucleus has to be a compound nucleus and the decay probability has to be independent of the spin J
and parity 7 of the decaying nucleus. However, at low excitation energies the decay probability
strongly depends on J”. In addition, there may be important differences between the J* distributions
populated in the neutron and transfer reactions. Therefore, considerable deviations between the
neutron-induced results and the ones obtained with the surrogate method may exist. While it is rather
well established that the surrogate method works well for fission at sufficiently high E* (see e.g.
[2]), several recent experiments have shown that gamma decay is very sensitive to the differences in
the populated J* distributions [3-5], which leads to significant discrepancies between the surrogate
results and the neutron-induced data at the lowest excitation energies. This is probably due to the
spin-parity selectivity of neutron emission [5]. This selectivity decreases strongly as the level density
of the residual nucleus after neutron emission increases. Therefore, the discrepancies between the
surrogate results and the neutron-induced data are expected to decrease with increasing mass of the
decaying nucleus and with increasing 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
measurement of fission and gamma-decay probabilities. That allows us to investigate the two main
issues determining the validity of the surrogate method: the “compound” character of the decaying
nucleus and the J” dependence of the decay probabilities.

2 Experiment

The experiment was performed in June 2012 at the Oslo Cyclotron Laboratory (OCL). We used a
¥ target with 99.7% isotopic purity produced at GSI. Two different beams were used, a deuteron
beam of 15 MeV and a *He beam of 24 MeV. The experimental set-up is represented in Fig. 1. The
ejectiles were detected at backward angles with the SiRi multi-strip silicon AE/E 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 detector was located at
forward angles and consisted of 4 PPACs covering a solid angle of 40% out of 4n. The reaction
chamber housing SiRi, the PPACs and the ***U target was surrounded by the CACTUS array with 26
high-efficiency Nal detectors. CACTUS was used to detect gamma rays with energies ranging from
about 200 keV to 12 MeV in coincidence with the ejectiles.

The different transfer reactions on the ***U target lead to the production of various heavy residues.

Table 1 lists the transfer channels considered in the present work, and the corresponding neutron-
induced reactions to which the surrogate results can be compared.

01003-p.2



WONDER-2012

. 28scintillators
y-ray detection

Beam ,mu J A\fragments

= 4 PPACs
Fission-fragment
detection

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.

Table 1. Transfer reactions investigated in this work and the corresponding neutron-induced fission reactions.

Transfer reactions Neutron-induced reactions
28(d,p)°U* 280)(n,f) and **U(n,y)
280 *He,t)**Np* 2TNp(n,f) and 2"Np(n,y)

280 He, *He)TU* 260 (n,f) and 2*U(n,y)

Fission or gamma-decay probabilities are obtained from the following the expression:

eXP (E*) — com (E*) (2)
decay singles (E*)gdecay (E*)

where N, is the number of coincidences between the ejectiles and the fission or the gamma

detector, Ngingies 1 the total number of detected ejectiles and &yecqy is the efficiency of the fission or
the gamma detector.

3 Preliminary results

The results presented in this section have been obtained from the data analysis for one telescope strip
out of 64. The selected strip was located at 126 degrees relative to the beam. Because of the
relatively low statistics, these results must be considered as preliminary. The left part of Fig. 2 shows
the fission probability of **U* as a function of excitation energy obtained from the ***U(d,p)
reaction in comparison with the neutron-induced fission probability of ***U* as given by TALYS [7].
For E* > 6 MeV the agreement between the two curves is very good. However, above 6.5 MeV the
results from the surrogate reaction are clearly below the neutron-induced results. The difference
amounts to 25% at most. The reason for this discrepancy could be the breakup of the deuteron,
which means that the neutron that is transferred in the stripping (d,p) reaction to the ***U target
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nucleus escapes into the breakup phase space before the nucleus **U becomes a compound nucleus.
This leads to a background of “sterile” protons that contaminates the singles proton spectrum. This
phenomenon was already observed by Britt and Cramer [8] and a theoretical investigation was
initiated [9]. It is interesting to note that the fission probability obtained by Britt and Cramer for the
28U(d,p) reaction is about two times smaller than the one obtained in this work. This could be due to
the higher energy of the deuteron beam, 18 MeV, used in their experiment. To understand these
results model calculations based on the theory of partial fusion are necessary.
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Fig. 2. Preliminary results for the fission probabilities of 2*°U* (left) and »*"U* (right) obtained in the 2**U(d,p)
and in the **U(*He,*He) reactions, respectively, compared to TALYS [7] and ENDF/B-VIIL.1.

On the right of Fig. 2, the results for the fission probability of **’U* induced in the **U(*He,'He)
reaction are presented. The large fluctuations of the surrogate result are purely statistical due to the
limited number of events analysed. Aside from the statistical fluctuations, there is an overall good
agreement between the surrogate and the neutron-induced data represented by the ENDF/B-VII.1
evaluation. Since the target and the experimental set-up used to measure the fission probability of
290U* and #7U* were the same, there is no experimental systematic error that explains the lowering
of the fission probability of 2*’U* for E¥>6.5 MeV.

Fig. 3 represents the ratio N,.coin/Niingles, 1.€. the number of coincidences between a proton and 1
Nal divided by the total number of detected protons, for the ***U(d,p) reaction. This quantity divided
by the cascade-detection efficiency of CACTUS gives the gamma-decay probability, see eq. (2). As
expected, we can see that the ratio decreases very rapidly at an £* of about 4.9 MeV, in very good
agreement with the S, of ’U*. This decrease is due to the onset of neutron evaporation that
competes with gamma emission and becomes the dominant de-excitation mode several hundreds of
keV after S,. Gamma-rays emitted following neutron evaporation were removed from N, by
applying a threshold to the energy of the Nal detectors. As can be seen on the left of Fig. 2, fission
sets in at about 5.7 MeV. Therefore, up to this excitation energy, the gamma-decay probability of
#%U* is not affected by the background coming from gamma emission by the fission fragments.

4 Conclusions and perspectives

We performed an experiment at the OCL to further investigate the validity of the surrogate method
in the actinide region. The first results for the fission probability of *’U* induced in the ***U(d,pf)
reaction show a systematic lowering that could be due to deuteron breakup. These results will
provide very valuable information on the process of formation of a compound nucleus after the
stripping (d,p) reaction. Note that the (d,p) reaction is particularly interesting to simulate neutron-
induced reactions in inverse kinematics with radioactive beams.
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Fig. 3. Preliminary results for the number of coincidences between protons and 1 Nal divided by the number of
detected protons for the reaction 2**U(d,py) 2 U*.

In spite of the large statistical fluctuations, we observe that the fission probability of **’U*
induced in the *U(*He,"He) reaction is in overall good agreement with the neutron-induced results.
This means that the lowering of the fission probability found for the 2**U(d,pf) reaction is not due to
a systematic error in the experimental setup. The ratio Ny.coin/Niingles Was extracted for the 238U(d,py)
reaction. It presents the expected step decrease at the neutron separation energy of >’U* that reflects
the competition between gamma emission and neutron evaporation. To obtain the gamma-decay
probability, this ratio has to be corrected for the cascade-detection efficiency of CACTUS. The latter
will be obtained from a detailed analysis of the experimental data. The complete analysis of the data
will allow us to determine also the fission and gamma-decay probabilities associated to the reactions
“8U(He,'He), **U(*He,t). The ensemble of the results from this work will provide an important step
forward for establishing to which extent the surrogate method can be applied to extract neutron-
induced cross sections in the actinide region.
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