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Abstract

Neutron induced fission cross-section of 233Pa in the fast neutron energy range from 0.5 to 10 MeV
was determined for the first time as a two term product of the fission probability of 234Pa nucleus and
the same compound nucleus formation cross-section. The first term was measured with the transfer
reaction 232Th(3He,p)234Pa while the second one was calculated. The tendency of the resulting data to
agree with the existing evaluated one, is a proof for the validity of the utilised method.
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1. Introduction

New reactors using the uranium-thorium fuel cycle are under studies in order to provide safer and
cleaner nuclear energy as highly radiotoxic actinide waste (Pu, Am and Cm isotopes) will be produced
in lower quantities than the currently used uranium fuelled reactors. Moreover, further developments
of this thorium based cycle rely on nuclear data libraries of the quality achieved for the uranium ones.

The primary reaction of importance using the thorium cycle is the one producing 233U from
neutron capture on 232Th, the net production of 233U is controlled by the 27 days half-life of 233Pa: a
fertile nucleus (232Th) is transformed into a fissile nucleus (233U) after neutron capture and 2 successive
β decays.

+n β β
232Th    233Th    233Pa    233U

(22 min) (27 days)

233Pa as a precursor of 233U may capture neutrons and could lead to a reactivity decrease of the
reactor, conversely and after a shut down, the build up of 233U increases this reactivity; this so called
Protactinium effect should add severe requests on the 233Pa and 233U inventories for reactivity control.
There is no equivalent effect in the well studied 238U-239Pu fuel cycle as the equivalent intermediate
isotope 239Np has a relatively shorter half-life (2.35 days).

Furthermore, neither the neutron capture cross-section nor the neutron induced fission
cross-section have been measured for 233Pa up to now. The reason of this absence is the short decay
half life of the 233Pa nucleus (27 days) that leads to an extreme activity of 7.108 bq µg-1 s-1. Due to this
high radioactivity, there is no technique presently available to measure directly the 233Pa(n,f) reaction
cross-section.

The particular aim of this work is to provide data for the neutron induced fission of 233Pa in the
fast neutron energy range from 0.5 to 10 MeV. To overcome the problem of the induced radioactive
233Pa, we have used the transfer reaction 232Th(3He,p)234Pa that leads to the desired 234Pa nucleus as it
should be observed in the 233Pa(n,f) reaction. Several years ago, this method has been used
successfully to estimate the neutron-induced fission of short-lived targets like 231Th (25.6 h), 233Th
(22.1 min) etc.

2. Theory

Transfer reaction measurements give access to the fission probability Pf(E*)   as a function of
excitation energy. The equation relating the two quantities can be written as:
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where α(Eexc,J,π) is the relative population of spin states (J, π).

Neutron induced fission measurements give access to the fission cross-section σF(En) as a
function of the incident neutron energy that is relating to the excitation energy as:

Eexc ≈  Sn + En (2)
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Therefore, the neutron induced fission cross-section can be determined from the following
equation:

∑
∑

=
π π

π
πσσ

,

,
,

),(

),(
)()(

J
J

J
fn

T
NCF

EnJN

EnJN
pEnEn (3)

where N(Jπ,En) is the relative final spin states (Jπ) population and Pn,f is the fission probability for the
spin states (Jπ) given from the relation:
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Concluding the neutron induced fission cross-section can be found as a two term product or:

σf(E) ≈ σNC * Pf (Eexc ≈ Sn + En) (5)

The last relation is well verified if we assume that we have enough fission channels so that the
total spin population differences between the two processes do not affect the output channel. This
assumption should  hold for the odd-odd fissionning system 234Pa.

3. Experimental procedure and data reduction

The 3He beam was provided by the IPN Orsay Tandem facility at three different energies (24, 27
and 30 MeV). The 232Th targets (100 µg/cm2) were deposited onto 50 µg/cm2 carbon backings. The
(3He,p) channel has been discriminated among the other competing channels (d, t and alpha outgoing
light charged particles) with a ∆E-E counter telescope placed at 5 cm from the target and at 90°
relative to the 3He beam axis. The ∆E detector was 300-µm thick fully depleted Si detector. The
E counter was 5-mm thick Si detector.

The telescope energy calibration  has been obtained with the reaction 208Pb(3He,d)209Bi using
ground state Q value and excited states in 209Bi, as it is indicated in Figure 1.
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Figure 1. Excited states of 209Bi that were used for the telescope energy calibration

Fission fragments were detected with two multi-solar cell arrangements placed at 5 cm from the
target and at 0° and 90° relative to the recoil direction of the 234Pa nucleus (∼ 27°). The Saclay VXI
acquisition system was used in this experiment, as it was designed and used for the Euroball and
Saphir multi-detector arrays [1]. The master trigger was generated either by a triple coincidence of
signals from the ∆E, E and fission counters (coinc.) or by the double coincidence from the ∆E and E
detectors (singles). The singles spectra have been corrected for the contribution from the carbon
backing by subtracting the spectrum from a separate carbon irradiation run. The two spectrums are
shown in the Figure 2. The coinc. spectra were corrected for random coincidence events by using the
appropriated scaled singles spectra.

The fission probability of 234Pa was calculated from the number of fission events detected in
coincidence with the outgoing light charged particles according to the relation:
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Figure 2. Singles protons and deuterons spectra from the transfer reactions
a) 232Th(3He,p)234Pa (solid line) and b) 12C(3He,p)14N (dashed line)

In the last relation Ωf is the solid angle efficiency for fission fragment detection and it was
determined from a calibrated 252Cf source, placed in the same geometry.

The consistency of the method and the reliability of our measurements were checked with the
reaction 232Th(3He,df)233Pa. Since this reaction had been studied in the past by Back et al. [2], their
fission probability of 233Pa was compared with the one obtained in the present work and an excellent
agreement was found (Figure 3).
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Figure 3. The fission probability of 233Pa as obtained in the present work (open cycles)
and in the Los Alamos experiment by Back et al [2] (full cycles).

Figure 4. Neutron induced fission cross-section of 233Pa and the existing evaluated data
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Following the procedure proposed by J.D. Cramer and H.C. Britt [3], the neutron induced fission
cross-section 233Pa(n,f) was determined as the product of the 234Pa measured fission probability and the
computed compound nucleus formation cross-section of 234Pa. In the later calculation, the transmission
coefficients T(l,s = ±1/2) of Perey and Buck [4] were used. The results obtained are shown in Figure 4
in comparison with the existing evaluated data from the ENDF/B-VI and JENDL-3 reference libraries.

4. Conclusion

Although the results should be viewed as preliminary, a tendency for following the JENDL
evaluation can be observed, at least for neutron energies greater than 4 MeV. The high errors for lower
neutron energies, do not permit a safe conclusion. Due to this, a new experiment is planned in the very
near future which combined with updated transmission coefficients will provide a clear determination
of the neutron induced fission cross-section of 233Pa. It is also planned that the present work will
extend to the measurement of the 233Pa(n,γ) reaction in order to complete our knowledge on the 233Pa
effect.

REFERENCES

[1] C. Thiesen, C. Gautherin, M. Houry, W. Korten, Y. Lecoz, R. Lucas, G. Barreau, C. Badimon,
T.P. Doan, The SAPHIR Detector, in Ancillary Detectors and Devices for Euroball, H. Grawe
(Ed.) GSI 1997 p.47.

[2] B.B. Back, H.C. Britt, O. Hansen, B. Leroux, J.D. Garrett, Fission of Odd-A and Doubly Odd
Actinide Nuclei Induced by Direct Reactions, Phys. Rev. C10 (1974) 1948-1965.

[3] J.D. Cramer and H.C. Britt, Neutron Fission Cross-sections for 231Th, 232Th, 235U, 237U, 239U, 241Pu,
and 243Pu from 0.5 to 2.25 MeV Using (t,pf) Reactions, Nuclear Science and Engineering 41
(1970) 177-187.

[4] E.H. Auerbach and F.G.J. Perey, Optical Model Neutron Transmission Coefficients, 0.1 to
5.0 MeV, Brookhaven National Laboratory, BNL 765 (T-286) (1962).




