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Scarce neutron-induced fission measured database [1] for »*'Pa(n,F) and ?**Pa(n,F) was
enriched recently by a few data sets [2, 3, 4], however they still do not cover the energy
range of 0.001-20 MeV. Neutron-induced cross sections of ?'Pa(n,F) and ?*3Pa(n,F)) data
when complemented with a surrogate fission data, fission probabilities of 23°=23*Pa, nuclides,
measured in 22Th(3He,d)*3Pa, ?'Pa(d,p)**Pa, #9Th(*He,d) ?*'Pa and 2*°Th(*He,t)*’Pa
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Abstract

The theoretical evaluation of 39=233Pa(n,F) cross sections is supplemented by con-
sistent description of fission probabilities, probed in transfer reactions. 23°~234Pa fission
probabilities and ratios of fission probabilities, surrogate for neutron-induced fission of
respective target nuclides are analyzed in first-chance and emissive fission domains.
First chance fission cross sections trends of Pa are based on consistent description of
232Th(n,F), 232Th(n,2n) and 238U (n,F), 23¥U(n,xn) data. The theoretical approach em-
ployed is supported by the ratio surrogate data by Burke et al., 2006, for the 237U (n,F)
reaction. Ratio surrogate data on the fission probabilities of 232Th(°Li,*He)?34Pa and
232Th(%Li,d)*5U by Nayak et al.,2008, support the predicted *3Pa(n, F) cross section
at E,=11.5-16.5 MeV. The predicted trends of 230:231.232P4(n, F) cross section up to
FE,=20 MeV, are consistent with fissilities of Pa nuclides, extracted by statistical model
analysis of 232Th(p,F) (Isaev et al., 2008) and ?32Th(p,3n) (Morgenstern et al., 2008)
data. The excitation energy and nucleon composition dependence of the transition
from asymmetric to symmetric scission of fission observables of Pa nuclei is defined
by analysis of p-induced fission of 23Th at E,=1-200 MeV. Predominantly symmetric
fission in 232Th(p,F) at E, =200 MeV as revealed by experimental branching ratios
(Dujvestijn et al., 1999) is reproduced. Steep transition from asymmetric to symmetric
fission with increase of nucleon incident energy is due to fission of neutron-deficient
Pa (A<229) nuclei. A structure of the potential energy surface (a drop of symmetric
and asymmetric fission barriers difference (Egy M EQSY ) from ~3.5 MeV to ~1
MeV) of N-deficient Pa nuclides (A<226) and available phase space at outer fission
saddles, are shown to be responsible for the sharp increase with Ei, ) of the symmetric
fission component contribution for 232Th(p,F) and 23°=233Pa(n,F) reactions. That is a
strong evidence of emissive fission nature of moderately excited Pa nuclides, reliably
quantified only up to E, ) ~20(30) MeV. Predicted fission cross section of **2Pa(n,F)
coincides with that of 232Th(p,F) at E, >80 MeV, that means the entrance channel
dependence of fission cross section with increase of nucleon incident energy diminishes.
It is explained by later excitation of higher fissility Pa nuclides in p-induced fission
reaction of 232Th.

Introduction

at excitation energies 6-11.5 MeV [5] and fission probabilities of 2 Th(*He,p)?*'Pa and
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Figure 1: 233Pa(n,F) reaction cross section.

232Th(3He,d)?33Pa, »*Th(*He,t)?*?Pa at excitation energies 6-15 MeV [6] pose a number
of severe problems for consistent theoretical description. In an emissive fission domain data
by Petit et al. [6], as well as older indirect data by Birgul et al. [7] provoke assumption about
steep decrease of the first-chance fission cross sections of ?3Pa(n,F) and #!'Pa(n,F) or/and
systematically lowered fission probabilities of relevant Pa nuclides [8]. At excitations near
fission threshold surrogate data [5, 6] are model-dependent via assumed neutron-absorption
cross section and different angular momentum spectra of excited and fissioning states in
neutron-induced and transfer fission reactions [9, 10]. At excitations higher than emissive
fission threshold the sensitivity of the surrogate data to the angular momentum spectra of
the nuclide fissioning in (n,nf) reaction may again increase. In particular case of even-even
nuclide, fissioning via (n,nf) reaction, the cross section might be sensitive to the spectroscopic
properties of collective states lying within a pairing gap. Another source of possible discrep-
ancies might be pre-equilibrium effects, which are strongly pronounced in neutron-induced
fission reactions, influencing first- and second-chance contributions. Recently developed sur-
rogate ratio method [11] largely removes the uncertainty, imposed by pre-equilibrium effects
and different angular momentum spectra of excited and fissioning states in neutron-induced
and transfer reactions. The theoretical approach, which would be employed here for the
229-233Pg(n,F) cross section predictions, was independently supported by the ratio surrogate
fissility data [11] for the *”U(n,F) reaction [12, 13]. Recent ratio surrogate data on fission
probability of #2Th(%Li,*He)?*'Pa and 2*?Th(°Li,d)**°U by Nayak et al. [14], relevant for
the E, = 11.5-16.5 MeV support our predicted 23*Pa(n,F) cross section [15, 16]. The shell
effects either in fission fragments and saddle configurations define the fission observables at
relatively low excitation energies. It is generally believed that with increase of the excitation
energies the influence of the shell effects diminishes and fission observables should be domi-
nated by the macroscopic nuclear properties. However, that simplified perception might be
complicated by pre-fission neutron emission. It decreases the excitation energy of the fis-
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Figure 2: #%Th(n,F) reaction cross section.

sioning nuclei, which may quite influence the competition of the symmetric and asymmetric
fission modes [17, 18], decreasing the anticipated jump of the symmetric contribution. At
the other hand, the neutron-deficient Pa nuclides, in 23*Th(p,znf) or ?*?Pa(n,znf) reactions,
might be more susceptible to symmetric fission even at low excitations [19, 20]. Interplay of
these two trends would define the fission observables at higher excitations.

The striking difference of nucleon-induced fission cross sections of 232Th target nuclide,
i.e., those of #*Th(p,F) and ?*?Th(n,F) might be attributed to the influence of entrance
channel and fissilities of Th and Pa nuclides. Fissilities of Pa nuclides could be fixed via
232Th(p,F) cross section analysis. Comparison of #**Th(p,F) and **?Pa(n,F) would allow
to infer the influence of entrance channel on the observed fission cross sections. That effect
might be masked by the higher fissilities of neutron-deficient Pa nuclides, which are excited in
232Pa(n,F) reaction at lower incident nucleon energies, than in case of ?**Th(p,F) reactions.

2 Direct /surrogate data for >*~**Pa(n,F) and **Th(n,F)

The surrogate data [6] are appreciably higher than direct 2**Pa(n,F) data [3, 4] both around
233Pa(n,f) and second-chance ?*3Pa(n,nf) fission thresholds (see Fig. 1). Similar discrepancies
of direct and surrogate neutron-induced fission data were addressed by Arthur [21] in a
combined analysis of the ?3°U(n,f) data and ?**U(3He,p)**U reaction at FE,, <3 MeV. It was
observed [21], that when surrogate neutron-induced fission cross section is defined either as
Onf = OCN X P]fmp ,ocny = 3.1 barn being the estimate of the neutron compound reaction
cross section, or using optical model neutron absorption cross section as

O'nf =

T )/\2 T ex
m2(2j+ )T (E,) x P§™, (1)
lgJm

the surrogate fission cross section overestimates o,y at E, <2 MeV by 10-20%. That
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Figure 3: #3?Pa(n,F) reaction cross section.

is the consequence of the of the spin population differences in transfer and (n,f) reactions
[21, 22]. In case when the observed fission probability data of transfer reactions

PP =Y PN (U)a’"(U), (2)

where a’/7(U) defines the spin populations, are fitted and P/™(U) are used in Eq. (1) instead
of P;™, the discrepancy of the neutron-induced cross section o, data and surrogate data,
diminishes [21, 22]. Much larger discrepancy is observed at the onset of the 233Pa(n,nf)
reaction, the o, data being much lower (see Fig.1). In principle that discrepancy could be
traced back to the oversimplified procedure of obtaining surrogate data as o,y = ooy X P;wp
in the emissive fission domain, pre-equilibrium emission sensitivity and slight influence of
spectroscopic properties of transition states of 23*Pa, fissioning in ?*3Pa(n,nf) reaction. The
latter effect for odd-even nuclide ?33Pa should be excluded, unlike the observed discrepancy
of direct and surrogate 2**Th(*He,*He)?*! Th data for ?*°Th(n,F), which might be traced
back to properties of even-even nuclide ?3°Th, fissioning in **Th(n,nf) reaction (see Fig. 2).

The shape of the 2% Th(n,F) cross section at F,, = 6-9 MeV energy range is strongly con-
trolled by the spectroscopic properties of the transition states of even-even ?*Th, fissioning
in 2°Th(n,nf) reaction. Wide peak around E,= 8 MeV, observed in [23, 24] (see Fig. 2) is
described by lowering the negative parity octupole band of 2*°Th due to mass-asymmetry of
outer saddle deformations. The step-like irregularity at F,=9 MeV was interpreted as being
due to the excitation of two-quasi-particle states in the °Th at outer saddle deformations
[25, 26]. It might be concluded that the discrepancy of surrogate [6] and direct fission data
for 20Th target nuclide above 23°Th(n,nf) fission threshold is of systematic character, pos-
sibly due to factorization of the fission probability and neutron absorption cross section to
get surrogate neutron-induced fission cross section.

Above emissive fission threshold contributions to the observed fission cross section coming
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Figure 5: #%Pa(n,F) reaction cross section.



from (n,anf), x = 1,2, 3...X, fission of relevant equilibrated uranium nuclei, is calculated as

X
Onp(En) = ong(En) + Z Onans (En), (3)
=1
emissive fission contributions are calculated using fission probability estimates

Onang(B) =3 / W (U)PYE . (U)dU, (4)

where WJT, is the population of (z + 1)-th nucleus at excitation energy U after emission
of x neutrons. Excitation energy U,,., is defined by the incident neutron energy F, and
energy, removed from the composite system by ?3*Pa(n,znf) pre-fission neutrons. Fission
probabilities of 233Pa and 2*2Pa nuclides, fissioning in ?*3Pa(n,nf) and 2*3Pa(n,2nf) reactions,
respectively, are estimated using data of **?Th(*He,d)**Pa [5, 6] and ?*!Pa(d,p)?*?Pa [6].
Overall consistency of ?**Th(*He,d)?*3Pa fissility data measured in [5, 6] is demonstrated on
Fig. 3, showing neutron-induced fission cross section of ?**Pa(n,F). Calculated cross section
was predicted in [15, 16] and confirmed by measured data of [6] up to E,, ~ 7 MeV, above
which the discrepancy is similar to that, shown on Fig. 2, starts to occur (see Fig. 3).
Contribution of the first-chance fission to the observed fission cross section is defined
by preequilibrium emission of first neutron and level densities of fissioning and residual Pa
nuclides. The behavior of the first-chance fission cross section o, is defined via first-chance
fission probability Pyjas
ou = 0o(1 = q(B) Pay. (5)

The first neutron pre-equilibrium emission rate ¢(F,,) is fixed by the consistent description of
280(n,F), 2¥U(n,xn) and #*Th(n,F), 2Th(n,2n) data [27]. Fission barriers of Pa nuclei are
believed to be three-humped, that is, the outer barrier has one more shallow well. The first-
chance fission probability of the 239=234Pa nuclides in the emissive fission domain depends
most strongly on the level density of fissioning and residual Pa nuclei. The #*3Pa(n,f) fission
cross section shape, as predicted by the measured data [3, 4], could be fitted, but for that
the contribution of the second chance fission reaction 233Pa(n,nf) to the observed fission
cross section of ?**Pa(n,F), should be extremely low. Consequently, calculated **Pa(n,f)
cross section would be drastically discrepant with the surrogate data [5] on 3?Pa(n,f) at
E, ~0.5 -5 MeV (see Fig. 3). Above #3Pa(n,nf) reaction threshold, data by Petit et al.
6] also could be fitted up to E, ~10 MeV. Steep lowering of 2*3Pa(n,F) cross section above
E, ~7 MeV is obtained by increasing the parameter value § = Ay — A, for ***Pa fissioning
nuclide from § =0.075 MeV to 6=0.165 MeV, A; and A are correlation function values at
saddle and ground states. The former value of 6 =0.07 MeV corresponds to the é—value for
the 21 Pa fissioning nuclide (**'Pa(n,nf) fission reaction), which produces similar description
of the 23°Pa(n,f) data by Britt and Wilhelmy [5] at FE,, ~ 2-5 MeV energy range. When
fission probability of the #*Pa is tuned to fit data by Petit et al. [6] above ?**Pa(n,nf)
fission threshold, ?**Pa(n,f) cross section remains systematically lower than the surrogate
data [5] at E, ~ 0.5 -5 MeV (see Fig. 3). However, shape of the 3*Pa(n,F) calculated
cross section, obtained by fitting surrogate **?Pa(n,f) data by Britt and Wilhelmy [5] in
E,, ~ 2-5 MeV energy range in [15, 16] is nicely supported by recent ratio surrogate data on
the fission probabilities of 232Th(°Li,*He)**Pa and ?**Th(°Li,d)?*U by Nayak et al. [14],
relevant for the E, ~11.5-16.5 MeV energy range. These surrogate data as well as ratio



surrogate data [11, 28] are free of most strong systematic uncertainties of surrogate data,
since only coincidences of fission and correlated particle are measured.
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Figure 6: #2Th(p,F) reaction cross section.

In case of »3!'Pa(n,F) reaction (see Fig. 4) discrepancies of calculated cross section, based
on direct data [29, 30, 31, 32, 33, 34], and surrogate data are quite similar to those, observed
in case of #3Pa(n,F). Data point by Birgul et al. [7] at E, ~ 14 MeV is compatible with the
trend, predicted by the surrogate data [6]. That trend and the data by Birgul et al.[7] could
be reproduced if the contribution of the 23!Pa(n,nf) is much lower, than predicted by fission
probability of the ?*!Pa, defined from 2**Th(®*He,d)?*!Pa reaction [5]. The first-chance fission
cross section of **!Pa(n,f) in the emissive fission domain has rather flat shape, as defined by
the ratio of level densities of fissioning and residual Pa nuclei. The pre-equilibrium neutron
contribution is fixed by major actinides data analysis.

Fig. 5 compares calculated cross sections of 2'Pa(n,F) with surrogate data [5]. Double-
dot dashed curve shows the 2°Pa(n,F) fission cross section, decreased to fit the data point by
Birgul et al. [7]. Fission probability for the nuclide ?*°Pa, fissioning in 3! Pa(n,2nf) reaction,
was estimated using fission probability data from the transfer reaction ***Th(*He,t)%*°Pa [5].
The predicted trend of 3!Pa(n,F) cross section up to E,, ~20 MeV, which is similar to that
of 233Pa(n,F), is consistent with fissilities of Pa nuclides, stemming from consistent analysis
of 22Th(p, F) and *Th(p,3n) data analysis.

The data base for p+23*Th interaction (for **Th(p,F):[35, 36, 37, 38, 39, 40, 41, 42],
for #2Th(p,3n): [39, 43, 44, 45, 46, 47] was enlarged by new data on *?Th(p,F) [48] and
232Th(p,3n) [49] for the excitation energy range, corresponding to E, ~15-30 MeV, where
the fission probabilities of ?'Pa and #°Pa are of major importance (see Fig. 6). Fit of
22Th(p,F) and #?Th(p,3n) (see Fig. 7) cross sections data corresponds to the present
description of #*!'Pa(n,F) cross section. Figure 6 shows, that the F, ~30 MeV contribution
of symmetric fission mode to the observed fission cross section of ?**Th(p,F) reaction is rather
low, however, at higher E, 280 MeV contribution of symmetric fission becomes larger, than
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Figure 7: 3?Th(p,3n) reaction cross section.

that of asymmetric. In 230723 Pa(n,F) reaction cross section symmetric/asymmetric mode
competition may be pronounced in different way. That may be attributed to influence of
the entrance channel on the partial contributions of emissive fission reactions and to the

respective observed fission cross sections, it will be demonstrated for 23?Th(p,znf) and
232Pa(n,znf).

3 p+?’Th and n+?*'-2Pa reactions

The excitation energy and (Z, N)-dependence of the transition from asymmetric to sym-
metric scission of fissioning Pa nuclei could be investigated for the 2**Th(p,F) reaction
at F,p=1-200 MeV energy range. That is the mass and excitation energy range, where
the transition to predominantly symmetric fission was observed for the 232Th(p,F) reaction
[50, 51].

The data on the symmetric yield v = o5f /(05 F+077) for 22Th(p,F) reaction of [50, 51,
53| probe incident proton energy range up to ~200 MeV. Steep transition from asymmetric
to symmetric fission for neutron-deficient Pa (A <229) nuclei (at excitations U ~10 MeV)
was predicted in [19]. For fission of ?*Th after fusion reaction (*®Pb(*®O,F)) still higher
yield of symmetric fission component was observed at U ~26 MeV [20]. At E,,)~200 MeV
about ~20 neutron-deficient nuclides might contribute to the fission observables [26], while
in [19, 20, 54| vp.=1-2. Symmetric/asymmetric (p(n),znf) contributions to observed fission
cross sections are largely defined by the level density parameters a; and a,, for fissioning and
residual nuclides, damping of the rotational modes contributions to the level densities and
saddle asymmetries [26, 15, 55]. Distribution of the emissive fission chances ?**Th(p, xnf)/
22Th(p,F) at E,p) =50 MeV peaks at z ~3-4, at E, ) =100 MeV it peaks are at z ~6-8,
at L, =200 MeV the contributions of higher fission chances become overwhelming, peak
shifts to x ~17 for #*Th(p,F) reaction [26, 56] (see Fig. 8).

The ?**Th(n,F) measured fission cross section data could be reproduced only for the fis-
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sion chances distribution, corresponding to the preferential contribution of fission of neutron
deficient Th nuclides (see Fig. 9 and [26]). The data on ?**Th(p,F) and #*?Th(n,F) cross sec-
tions provide the complementary information on the evolution of the symmetric/asymmetric
fission competition with increase of the projectile energy. The data on the *?Th(p,F) (Fig.
9) observed fission cross section by Smirnov et al. [57] are supported by recent measure-
ment by Isaev et al. [48]. The energy dependence of o5f (opr = opf + 047 is defined by
the symmetry of the outer saddle of a double humped fission barrier. Present estimate of
22Th(p,F) cross section differs essentially from the phenomenological estimate [58].

The measured symmetric fission yields for E,= 20-50 MeV [53] and E,= 190 MeV [50, 51]
provide an unambiguous evidence for the sharp increase of r°F at E, >30 MeV (see Fig.
10). Observed ratio 7 corresponds to different masses of fissioning Pa nuclei. The number
of nuclides, making appreciable contribution to the observed symmetric fission cross section
is lower than in case of asymmetric fission events. The reason for this is higher value of
symmetric fission barrier. There is a strong evidence [19], that fission of 233 2Pa nuclei (x =
1-20) in case of ?**Th(p,F) reaction would define competition of symmetric and asymmetric
fission events at E, up to 200 MeV. Partial branching ratios for **Th(p,f) and ?**Th(n, xnf)
are shown on Fig. 10 as well. For lower fission chances %% reaches higher values at lower
incident proton energies. For *>Th(p,2nf) reaction maximum is attained at E, ~ 50 MeV.
Then it goes lower than 7 for higher fission chances.

For #?Th(n,F) it was found that rather thin but high axially asymmetric outer barrier
(E}gé corresponds to the mass symmetric fission, in contrary to the lower mass-asymmetric
outer fission barrier (E45). Similar barrier structure is assumed for the *'*~?**Pa nuclides.
Sharing of the 2*2Th(p,F) observed fission cross section to SL— and AS—modes is compatible
with the measured estimates of o5 and o237 [50, 51]. The estimate (Eff — E75)=1.0 MeV is
used for Pa nuclei with N <125. Figure 11 shows the N—dependence of (E7} — E{) for pre-
actinide nuclides, taken from symmetric/asymmetric fission yield analysis by Ohtsuki [60],
and values for 22*%2Th nuclides, obtained in a microscopic Hartree-Fock plus BCS approach
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Figure 13: #!'Pa(n,F) reaction cross section.

by Bonneau et al. [61]. The N—dependences of (E{f — Eff) for Pa and Th nuclei, obtained
in present approach, are not that strong as in case of Ra-Po nuclides, but still presents a
challenge for the microscopic HFBCS calculations.

Prediction of the optical potential for the incident protons based on the optical potential
for incident neutrons needs decomposition of the real and imaginary potential terms into
isoscalar and isovector components [63]. For n+2*2Th interaction we introduced isovector
terms, which depend on the symmetry parameter n = (N — Z)/A, only in a real volume
VE and imaginary surface W}, potential terms [56, 59]. Values of V}; and W7, for incident
protons could be calculated as Vi = V}} + 2ary and W}, = W} + 20y, o = 16 and 5 = 8
values, obtained by the description of the proton and neutron scattering data for a number
of medium weight nuclei [63, 64]. The predicted proton absorption cross section of, > o%,
at F, =250 MeV is compatible with the experimental data in the same way, as it was shown
for the p+23*U interaction [15].

Neutron-induced fission cross sections of 230=233Pa nuclides could be calculated with
almost no free parameters, assuming the the pre-equilibrium contribution of first neutron
emission for (n,nX) and (p,nX) reactions is fixed by consistent analysis of n+23?Th and
p+2%Th interaction data. Figures 12 and 13 demonstrate fission cross sections of 23*Pa(n,F)
and #!'Pa(n,F). Sharing of o°L and 047 is quite similar to that observed for #2Th(n,F)
reaction [26]. Proton-induced fission cross section of ?**Th is higher than that of neutron-
induced fission of **?*Th at E,, >18 MeV. That means in case of p+***Th interaction the
fissilities of Pa nuclei are relatively higher than those of respective Th nuclei for the n+2*?Th
interaction, which influences the observed fission cross section at E,,,) <100 MeV. In case
of p+?*Th interaction entrance channel plays a decisive role at E,,,) >100 MeV. The cross
section of #?Pa(n,F) reaction, shown on Fig. 9, is much larger than that of #*Th(p,F)
up to Eypy ~80 MeV. At higher energies, though o}, > o},0ne observes o, ~ opr. That
means entrance channel influence is compensated by the increase of the observed fission cross
section of 232Pa(n,F) due to earlier excitation of high fissility neutron-deficient Pa nuclides.



4 Conclusion

The evaluation of ?307233Pa(n,F) data up to E, =200 MeV is based on consistent descrip-
tion of fission probability data, coming from transfer reactions and p+23*Th interaction data
base. Recent ratio surrogate data on fission probabilities of 2*2Th(°Li,*He)?**Pa by Nayak et
al. [14] support the theoretical approach in case of 233Pa(n,F) reaction. The predicted trend
of 281Pa(n,F) cross section up to F,=20 MeV, which is similar to that of ?*3Pa(n,F), is con-
sistent with fissilities of Pa nuclides, stemming from analysis of *3*Th(p,F) and #**Th(p,3n)
data. The influence of the interplay of Pa fission barriers and entrance channel on the fis-
sion observables is shown to be different in case of n(p)+2*?Th and n+23?Pa interactions.
For p+%*Th and n+*?Th interactions the Pa nuclei are responsible for o,z > 0,r at
18<E,,(;,, <100 MeV. Present estimate of **Th(p,F) cross section differs essentially from the
phenomenological estimate [58]. For ***Pa target o, approaches o, of ***Th at E,,)~80
MeV, remaining much larger at lower incident nucleon energies. The influence of the entrance
channel seems to be compensated by excitation of higher fissility Pa nuclides in n+23?Pa in-
teraction. In case of nucleon-induced fission of ?*>Th the entrance channel plays a decisive
role at E, ) >100 MeV. The prediction of #*'~¥%3Pa fission cross sections up to E,= 200
MeV was achieved for preferential contribution of fission of neutron-deficient nuclides. The
measured data on symmetric fission yield for ?*Th(p,F) are reproduced, similar increase of
symmetric fission yield for 231:232233Pa(n F) reaction is predicted at E,, ~50 MeV.

Support of International Science and Technology Center (Moscow) under the Project
Agreement B-1604 is acknowledged.
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