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Direct and compound interactions for the neutron-induced
fission cross section determination
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Abstract. Recent ratio surrogate data for the neutron-induced fission cross sections are
inter-compared for the chain of Th and U nuclides. The structure of the fission barrier
and the angular moments of the entrance channel states are shown to be significant. The
excitation/position of the Kπ = 2+ abnormal rotational band-head at the inner saddle of
even-even U fissioning nuclide like 240U is shown to be critically important. At 231Th
nuclide medium excitations of 10–20 MeV, when pre-fission neutron emission is possible
in the reaction 232Th(3He, 4He), the excitation of Kπ = 0− states depends on the mass-
asymmetry of the even nuclide 230Th saddle shapes. Octupole band states are shown to be
relevant for the 232Th(3He, 3He′) reaction. The consistency of surrogate, ratio surrogate
and neutron-induced fission data is revisited.

1 Introduction

Pick-up, stripping or inelastic scattering reactions of charged particles beams with stable actinides tar-
gets are used nowadays for the determination of neutron-induced fission cross section of short-lived
target nuclides. The first positive experience in a wide excitation energy range was for the inelastic
scattering reactions, followed by fission: 238U(α, α′F) and 236U(α, α′F) by Burke et al. [1]. These ratio
surrogate fission data, which are generally consistent with surrogate data by Britt et al. [3], renor-
malized by Younes and Britt [4,5], supported the 237U(n,F) cross section, predicted by Maslov [2]
for incident neutron energies up to 20 MeV. The prediction was based on the consistent description
of 238U(n,F), 238U(n, xn) cross sections and 238U(n,F) prompt fission neutron spectra in the emissive
fission domain [6].

The stripping reactions data 238U(18O, 16OF) and 234U(18O,16OF) by Burke et al. [7], which may
simulate the ratio of 239U(n,F) and 235U(n,F) reaction cross sections, turned out to be discrepant with
the stripping reaction 238U(3H, pf) data [5] in the first-chance fission domain. These inconsistencies of
ratio surrogate [7] and surrogate data [3–5], could stem from the angular momentum differences of the
entrance channel. These differences may cancel out, like in case of (α, α′F), but may be “amplified”,
when stripping reaction (18O,16O) is used. Another factor, which might be important, is the structure of
the fission barrier, on which the transition states evidences are dependent. In case of 238,240U fissioning
nuclides pronunciation of the transition states ordering at inner saddle is probed.

The surrogate data for the 230Th(n,F) reaction are inferred from the ratio of fission probabilities
of 231Th and 235U nuclides by Goldblum et al. [8]. The desired compound nuclei were populated
using a pick-up reactions 232Th(3He, 4He) and 236U(3He, 4He). At medium excitations of 10–15 MeV,
when pre-fission neutron emission is possible, the excitation of Kπ = 0− states depends on the mass-
asymmetry of the even-even nuclide 230Th saddle shapes.

The surrogate data for the 231Th(n, F) reaction are inferred from the ratio of fission probabilities
of 232Th and 236U nuclides by Goldblum et al. [8]. The desired compound nuclei are populated using
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inelastic scattering reactions 232Th(3He, 3He′) and 236U(3He, 3He′) by Goldblum et al. [8]. Even nu-
clide 232Th mass-asymmetric saddle shape is probed in that case. Of importance here is also the exci-
tation of Kπ = 0− states, which depends on the mass-asymmetry of the even-even nuclide 232Th saddle
shapes.

The statistical theory approach, tuned via consistent description of 232Th(n,F), 232Th(n, 2n)
and prompt fission neutron spectra in the emissive fission domain, allowed to estimate 230Th(n,F),
231Th(n,F) and 229Th(n,F) [9]. Estimated in [9] 230Th(n,F) fission cross section is confirmed by the
ratio surrogate data of [8]. However, the ratio surrogate data of 231Th(n,F) [8] appear to be drastically
discrepant with the fission probability of 232Th, extracted from 232Th(n,F) [8] and stripping reaction
230Th(t, pf) fission probability data [3–5].

The set of surrogate, ratio surrogate data for 230,231Th(n,F) and 237,239U(n,F) reactions allows to
consider their consistency with the data of neutron interactions with respective target nuclides. They
support the predicted sharing of the (n, F) cross sections into (n, xnf) contributions, specifically, the
increasing trend of the first-chance fission cross section for 230Th and 237,239U targets, posing a problem
for the 231Th(n,F) fission cross section.

2 237U(n, F) and 239U(n, F) reactions

The neutron induced fission cross section of 237U(n,F) is essentially defined by the 238U fission and
level density parameters. They could be extracted fixing the contribution of the 238U(n, nf) reaction
to the observed fission cross section of 238U(n,F). Above emissive fission threshold contributions to
the observed 238U(n,F) fission cross section coming from (n,xnf), x = 1, 2 . . . X, fission of relevant
equilibrated uranium nuclei, is calculated as

σnF(En) = σnf(En) +
X∑

x=1

σn,xnf(En), (1)

emissive fission contributions are calculated using PJπ
f x fission probability estimates of 239−xU nuclei:

σn,xnf(En) =
J∑

Jπ

∫ Umax

0
W Jπ

x+1(U)PJπ
f (x+1)(U)dU, (2)

where W Jπ
x+1 is the population of (x + 1)-th nucleus at excitation energy U, formed after emission of

x neutrons, excitation energy Umax is defined by the incident neutron energy En and energy, removed
from the composite system by 238U(n, xnf) reaction neutrons. Fission probability PJπ

f x of 238U could

be almost unambiguously defined by the consistent description of 238U(n,F), 238U(n, 2n) and prompt
fission neutron spectra (PFNS) of 238U(n,F) in the emissive fission domain [6,10]. The exclusive pre-
fission neutron spectrum of 238U(n, nf) reaction is much sensitive to the fission probability of 238U.
Consistent description of 238U(n,F) cross section and PFNS data [11] was confirmed recently, when
precise PFNS data by Lovchikova et al. [12] at En ∼ 6 and 7 MeV at were released (see Figs. 1, 2).
The previous attempts [13–16] to fill-in the part of the PFNS with ε ≤ 1.5 MeV by increasing the
contribution of the prompt neutrons, coming from the fission fragments of the cooled-down nuclide
238U, failed to reproduce the shape of the PFNS. The predicted in [2,6] 237U(n, f) cross section is
compatible with the surrogate data [5], ratio surrogate data by Burke et al. [1] and ratio surrogate data
by Burke [7] down to ∼0.6 MeV (see Fig. 3). The ratio surrogate data, obtained via 238U(d, d′F) and
236U(d, d′F) reactions by Plettner et al. [17], only marginally supported the predicted in [2] 237U(n, f)
cross section. The older neutron-induced fission data [18] McNally et al. and surrogate data by Cramer
and Britt [19] overshoot the present estimate and surrogate [5] and ratio surrogate [1] data. In case of
data of [18] it is explained in [5] by the 237Np impurity.

At lower energies the 237U(n, f) cross section (Ig.s. = 1/2) is defined by Kπ = 0+ and Kπ = 1+

transition state bands at inner (higher) saddle (see [2] and Fig. 3). The position of the abnormal
rotational band-head 2+ states at the inner saddle of 238U is influenced by the non-axiality of the
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Fig. 1. PFNS of 238U(n, F), En = 6 MeV.
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Fig. 2. PFNS of 238U(n,F), En = 7 MeV.
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Fig. 3. Fission cross section of 237U(n,F).
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Fig. 4. Fission cross section of 239U(n, F).

saddle shape. In case of 237U(n, f) reaction, the excitation/position of the Kπ = 2+ abnormal rotational
band-head at the inner saddle of fissioning nuclide 238U was shown to be marginally important only
in the En ∼ 0.1 − 0.8 MeV energy range. For nuclide 239U the position of the Kπ = 2+ band may
strongly influence the 239U(n, f) cross section shape at En ≤ 1 MeV due to higher fission threshold
and ground state spin Ig.s. = 5/2. Fig. 4 demonstrates that the ratio surrogate data, obtained usinf the
two-nucleon transfer reactions 238U(18O,16OF) and 234U(18O,16OF) by Burke et al. [7], relevant for the
239U(n, F) and 235U(n, F) reactions, are discrepant with the stripping reaction 238U(3H, pf) data [3,5].
The sensitivity of the calculated 239U(n, F) fission cross section to the position of the Kπ = 2+ band
may be an indication that the Jπ = 2+ states are not excited in the (18O, 16OF) reaction. The fission
probability of 236U, fissioning in the reaction 234U(18O, 16OF) [7], might not be sensitive to the exci-
tation of Jπ = 2+ states. Unlike the 238U nuclide, 236U has a higher outer saddle and of critical value
is the position of Kπ = 0− transition band [20]. That means even in the ratio surrogate data of [7] the
effect of missing Jπ = 2+ would not be cancelled out. That reasoning partly explains the differences
of calculated 239U(n, f) cross section and ratio surrogate data [7] at low incident neutron energies.
The 238U(3H, pf) surrogate data [5] are quite compatible with the calculated 239U(n, f) cross section
(see Fig. 4).
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Fig. 5. Fission cross section of 237U(n, f).
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Fig. 6. Fission cross section of 239U(n,F).

The ratio surrogate data, obtained using 238U(α, α′F) and 236U(α, α′F) reactions by Burke [6],
which are scattering much less than those of [1], strongly confirm the predicted in [2] 237U(n, f) cross
section from En ∼ En,n f up to En ∼ 20 MeV (see Fig. 3), here En,n f is the (n, nf) fission reaction
threshold. The contribution of the first-chance fission reaction 237U(n, f) resembles the increasing trend
of the observed 237U(n, f) cross section, while the contribution of 237U(n, nf) reaction remains rather
flat. That partitioning of the fission chances contributions to the observed fission cross section is similar
to that proposed for the 235U(n,F) [21]. At En < En,n f the cross section shape is defined mostly by the
fission barrier parameters and washing –out of pairing effects in the level density of even 238U nuclide.
The increasing trend of the first chance fission cross section 237U(n, f) above En,n f is explained by the
shell effects in the level densities of fissioning 238U and residual 237U nuclides.

At En higher than ∼ 4 MeV the 239U(n,F) data, obtained using ratio surrogate data of
238U(18O, 16OF) 240U and 234U(18O,16OF)2360U are consistent with the statistical theory approach,
proven in case of neutron-induced fission of 237U target nuclide (see Fig. 6). The fission probabilities
of 239U and 238U, fissioning in 239U(n, nf) and 239U(n, 2nf) are fixed using 238U(n,F) and 237U(n, f)
reaction cross sections. The increasing trend of the observed 239U(n,F) reaction cross section is ex-
plained by the 239U(n, nf) reaction contribution. The evaluation of ENDF/B-VII.0 [14] greatly over-
estimates the surrogate measured 239U(n,F) cross section. The contributions of 239U(n, f), 239U(n, nf)
and 239U(n, 2nf) reactions of ENDF/B-VII.0 are unavailable, but it might be concluded, that whatever
they are, they are inconsistent with ours. The calculated 239U(n,F) cross section of [2], is not only
systematically lower than that of 237U(n, f), but has different fission chances contributions.

3 230Th(n, F) and 231Th(n, F) reactions

It was shown in [9], that the 230Th(n,F) cross section cross section shape in the emissive fission do-
main is quite similar to that of 232Th(n,F). The surrogate data for 230Th(n,F) reaction cross section,
inferred from the ratio of fission probabilities of 231Th and 235U nuclides by Goldblum et al. [8], con-
firm that finding, which was initially based on data by Meadows [22,23] (see Fig. 7). The desired
compound nuclides were populated using a pick-up reactions 232Th(3He, 4He) and 236U(3He, 4He).
At medium excitations of 10–15 MeV, when first pre-fission neutron emission is possible, the second-
chance fission probability of 231Th is defined by the excitation of Kπ = 0− states, which depends
on the mass-asymmetry of the 230Th nuclide saddle shapes. The shape of the surrogate data around
En ∼ 10 MeV resembles that of the calculated cross section, specifically, the step-like shape is at-
tributed to the excitation of the two-quasi-particle states in 230Th fissioning nuclide. At En < 10 MeV
the 230Th(n,F) cross section is defined by the collective levels, lying within the pairing gap of 230Th.
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Fig. 7. Fission cross section of 230Th(n,F).

neutron energy,  MeV

0.001 0.01 0.1 1 10 100

cr
os

s 
se

ct
io

n 
(b

) 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Younes, Britt, 2003, 230Th(t,pf)
Cramer, Britt, 1970
231Th(n,F)AS

231Th(n,F)SL

231Th(n,F)
Goldblum et al. (2009), 232Th(3He,α) 

1

1

2

2

Fig. 8. Fission cross section of 231Th(n,F).

The surrogate data 232Th(3He, 4He) 231Th [24], corresponding to incident neutron energies higher
than the En,n f are systematically lower than both neutron-induced [22,23] and ratio surrogate data [8].
That means in the emissive fission domain the fission cross section can not be obtained multiplying the
measured fission probability by the neutron absorption cross section. Similar conclusion was reached
for the 231,232,233Pa(n,F) cross sections [25,26] That is a failure of the “factorization theorem”.

The surrogate data for the 231Th(n,F) reaction are inferred from the ratio of fission probabilities
of 232Th and 236U nuclides by Goldblum et al. [8]. The desired compound nuclei were populated
using inelastic scattering reactions 232Th(3He, 3He′) and 236U(3He, 3He′) by Goldblum et al. [8]. Even
nuclide 232Th mass-asymmetric saddle shape is probed in the first chance fission reaction. For the
neutron-induced fission cross section 231Th(n, f) the Kπ = 0− states, lying within the pairing gap,
contribute via the p-wave neutrons, they define fission cross section shape at tens 50–700 keV energy
range. The calculated 231Th(n, f) reaction cross section is obtained by extracting 232Th relevant fission
and 232,231Th level density parameters via 232Th(n,F) data analysis, as it was done for the 237U(n, f)
reaction. The step-like shape of the cross section around En ∼ 100 keV is defined by the lowered
position of the Kπ = 0− states, it is supported by surrogate data of 230Th(t, pf) reaction [5]. The ratio
surrogate data of [8] are in severe conflict with surrogate and calculated data on 231Th(n, f) reaction
cross section, being systematically higher (see Fig. 8). That contradiction can not be explained by the
sensitivity of the spin distribution of the excited states in 232Th and 236U nuclides, as it was in case of
239U(n,F) reaction.

4 Conclusions

Analysis of the consistency of surrogate, ratio surrogate and neutron-induced data itself for a chain of
Th and U nuclides evolved a number of restrictions. The surrogate data hardly could be used for the
excitation energies, corresponding to emissive fission domain. Theoretical estimate of 237U(n, f), based
on analysis of the second chance fission effects in observed fission cross section and prompt fission
neutron spectra of 238U(n,F) is strongly confirmed by ratio surrogate data. Similar approach, pinned
down at En ≤ 2 MeV to surrogate data, allows to reproduce newly reported ratio surrogate data for the
239U(n,F). Restrictions for the usage of ratio surrogate data are revealed. The structure of the fission
barrier and the angular moments of the entrance channel states are shown to be significant for the ratio
surrogate measurements. That means the effect of missing certain important Jπ states might not be
cancelled out as dependent on the neutron target nuclide ground state spin and fission barrier structure.
The excitation/position of the Kπ = 2+ abnormal rotational band-head at the inner saddle of even-even
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U fissioning nuclide like 240U is shown to be critically important. At 231Th nuclide medium excitations
of 10–20 MeV, when pre-fission neutron emission is possible in the reaction 232Th(3He, 4He)231Th, the
excitation of Kπ = 0− states is “amplified” by the mass-asymmetry of the even nuclide 230Th saddle
shapes. Octupole band states are shown to be relevant also for the 232Th(3He, 3He′)232PTh reaction.
Surrogate reaction data based on inelastic scattering of 3He, can not be used for the 231Th(n,F) fission
cross section estimation.
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