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New calculation for the neutron-induced fission cross section df3Pa between 1.0 and 3.0 MeV
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The 23%4n, f) cross section, a key ingredient for fast reactors and accelerators driven systems, was mea-
sured recently with relatively good accurafly. Tovessoret al, Phys. Rev. Lett.88, 062502(2002]. The
results are at strong variance with accepted evaluations and an existing indirect experiment. This circumstance
led us to perform a quite detailed and complete evaluation of¥fe(n, f) cross section between 1.0 and
3.0 MeV, where use of our newly developed routines for the parametrization of the nuclear surface and the
calculation of deformation parameters and level densiiiesluding low-energy discrete levglsvere made.
The results show good quantitative and excellent qualitative agreement with the experimental direct data
obtained by Tovessoet al. [F. Tovessonet al, Phys. Rev. Lett.88, 062502 (2002]. Additionally, our
methodology opens new possibilities for the analysis of subthreshold fission and above threshold second-
chance fission for botR33Pa and its decay produét®U, as well as other strategically important fissionable

nuclides.
DOI: 10.1103/PhysRevC.68.054608 PACS nun$)er25.85.Ec, 24.75:i, 28.20—~v
[. INTRODUCTION: THE PROTACTINIUM EFFECT accelerator driven transmutation technology project, where it

Quite recently, Tovesson and collaborators published rei_s theoretically shown that a sizable fraction of the estimated

23
sults from first time measurements of the neutron-inducedVentery of 33Pa could be extracted to produce pure
fission cross section of*3Pa at four neutron energies be- W€apon gradé>u.

tween 1.0 and 3.0 MeV1]. It was observed that the results ~ Therefore given the strategical importance’8Pa as an
are lower than all existing theoretical predictions, as well agntermediary element in #2Th fueled reactor, it$n, f) cross
lower than an indirect measuremeésee, in particular, Fig. 1 section at fast neutron energies must be known with an ac-
of Ref. [1]). curacy better than 20%, as stated elsewhere for fast reactors
In thorium fueled nuclear systems, neutron capture byand accelerator driven systerfi&. In some key applications
2%2Th leads to the formation of**Th which decays by3  accuracies much better than 20% are required, as, e.g., in the
emission, with a half-life of~22 min, to ?**Pa. Thus, the calculations of the?®¥Pa reactivity effect on the shutdown
isotope**¥a is quite important in intermediating the produc- margin in neutron benchmark for accelerator driven systems
tion of the nuclear fuet*, since the former is produced by [g].
the decay of the latter with a half-life of 27 days, which Our attention to thé33Pan, f) issue was called for by the
should be compared with the2.4 day half-life of**Np (the  fact that published experimental data present total uncertain-
intermediate isotope in th&%U-2*%Pu fuel cyclg. Although  ties in the 10% ranggl], but they are at strong variance with
not a long-lived isotope?®¥a is anyway of much concern accepted evaluations. Although experimental results have a
because each neutron capture HjPa leads to both one higher status than that of calculations, such observed discrep-
neutron depletion and orf€®U atom to be lost, which con- ancies cry for an elucidation, given the paramount impor-
fers to the reactio®¥Pan, f) a strategical status. tance of the®33an, ) results and, moreover, because there
The buildup and decay of**Pa, which affect both the s to date no other corroborating direct or indirect experi-
breeding and the reactivity behavior, is referred to in litera-ment.
ture as the “protactinium effecf2,3]. In fact, in the case of We present in this paper the result of a quite detailed and
fast breeder reactors employing thorium, the transient reagomplete calculation for thé&*Pan, f) cross section, high-
tivity effects arising from the protactinium effect should, |ighted by the use of state of the art routines developed by
thus, be carefully evaluated and taken into account in desiggur group for the parametrization of the nuclear surface and
and operation. For example, the first one month of operatiohe calculation of deformation parameters and level densities
will register a substantial fall in the reactivity, as a conse-(including low-energy discrete levels
quence of the’*¥a buildup and its delayed decé&®7 day
half-life) to 233U. Also, to fully appreciate the role played by
233Pa in the energy amplifier concept of Carlos Rubbia we Il CALCULATIONS
refer the reader to Ref4].
Interestingly too,?*¥a has raised weapon-proliferation  The cross section for fission induced by neutrons of en-
concerns as discussed in the study by Bowrfinon the ergyE is given by
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TABLE |. Deformation parameters obtained for the most rel-
evant points of the fission path é#4Pa. For the first three points,
only the elongation and quadrupolar deformation paraméteasd
ay, respectively were considered. For the outer saddle point the
asymmetric mass distribution of fragments is considered via the
octupolar deformation parametés).

& ay a3
Equilibrium deformation 0.212 0.078
First saddle point 0.400 —0.062
Second well 0.490 0.024
Second saddle point 0.710 0.025 0.110
(B = = 23+ 1) - TEPI(E) - S 3 #
8m(2p+1) 5, J N
Iy N <=
(1) 2 LS =
T T N <¥ =® -
where Tﬂj and P} are the neutron penetrability and the < s
fission probability, respectivelyl, is the target nucleus =" ® &
spin, andf¢ ands are the orbital angular momentum and (a) NS

spin of the neutron, respectively, with=lo+j and j=¢
+s. SF'" takes into account the Porter-Thomas fluctuations
of neutron, fission, and radiative widtfig].

The fission probability of a level™ populated by neutron
absorption is

o I7'(E)
pf (E) - T T T 1 (2) N
I{(E)+ I (E) + I (B)

7" and I'Y’(E), the fission, neutron, and '
gamma widths, are obtained for the corresponding trans- =

where IV, T?
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y ray transmission coefficients are related to the welly,
known vy strength functionsf’;f(Ey) with multipolarities X¢ N
(X denotes the electric or magnetic character of the transi> "
tion) by
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whereE, is the y ray energy. b)

We obtainedf’‘ from the Brink-Axel approximatioras
reviewed in Ref[8]), where the photoabsorption cross sec- FIG. 1. Calculated potential energy topography?¥Pa (bot-
tion for E1 was represented by a Lorentzian shaped gianiom) and the corresponding equipotentiélsp), as a function of the
dipole resonance with parameters obtained by interpolatiodeformation parametetsand «, (a) ande and a3 (b).

of those from?32Th and?3®J [9], which are quite similar to B. Neutron channel
each other. FofZ? and f)* we used the Weisskopf approxi-  The neytron transmission coefficients are given by
mation[10], which works reasonably well for actinides near .
the fission threshold, as discussed by us elsewfidie T(E)=> T}],J- (E -Ey
¢jd

It should be noted, notwithstanding, tH&t transitions in

actinides dominate the low energy region near the fission E'-E. Ji= L~ —
threshold. Anyway, the whole contribution &, to the fis- +2 T;i(B)p(E —E,I, m)dE,  (4)
sion probability is small and structureless, in comparison to fid 70

I’y andT,. where E'=E+B, is the excitation energy, anHy is the
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TABLE Il. Fission barrier parameters used as input in our calculations.

Ba (MeV)  fwp (MeV)  Symmetry Bg(MeV)  fiwg (MeV) Symmetry
239pg 6.30 0.60 Axial 6.15 0.40 Axial-mass asymmetric
energy of a discrete level in the residual nuclg¢&sPa). L, |
Y e (e = TAETHE) 0
Also, Ty, is the neutron transmission coefficient in the i (B)= o (6)
entrance channelp is the level density of the residual Tia(E) + Tig(E)

Q;chéer]tésr at the equilibrium deformation, aiis the cut- The widthsT",, T',, and T’y are obtained from the corre-
ay. : L =
sponding transmission coefficientsee abovk plus the

The emitted neutron transmission coefficients were calcuI | densiti iate t h situati
lated using the same deformed optical potential as that fof V€' densities appropriate to each situation, n*am(eiy,y
hannel, levels of the compound nucletPa at the

the neutron entrance channel, the latter being calculateld

through the coupled channels approach, with potential IoaQquilibrium deformation;(b) neutron channel, levels of

rameters obtained from those of the systematic of actinidéhe re5|d_ua! nucleu$™Pd at the equilibrium deformation;
deformed optical potentidlL2] and (c) fission channel, levels of the compound nucleus

23%pgd at the saddle points deformations.
o The starting point to calculate all these level densities is to
C. Fission channel obtain the set of nuclear deformation parameters at both the
When considering a double-humped fission barrier, and agquilibrium and saddle points. This is achieved from our
excitation energy higher than both barrier humps, fission igode BARRIER [15], where the complete mapping of the
viewed as a two-step process, namely, the successive crogy4clear potential energy(e, ay) is obtained as a function of
ing over of the innerA) and the oute(B) humps. In this the deformation parametessand e, which are related to the
case, the levels and level density in the inner and outeglongation and hexadecapolar momenta, respect[iély—
humps are used to calculate the transmission coefficients. see Fig. 1 and Table Il. The nuclear shapes associated with
The height of fission barriers obtained by theoretical caleach pointV(e, a,) of the fission path were obtained by
culations is very sensitive to the adopted model parametergeans of Cassinian ovals parametrization, in order to have a
[13]. Although we had estimated the total fission barrier withbetter calculation of the single-particle orbitals, even at ex-
our formalism, we preferred to adopt the recommended fistreme deformationgincluding the two-center problenl16];
sion barrier height and curvaturgs4]—see Table I. We con- the results are shown in Fig. 2. For the outer saddle @®int
sidered only the deformation parameters obtained from fiswe also took into account the octupolar deformatienin
sion path deduced from the variational princile3] (for ~ order to describe the mass asymmetry of the fission frag-
saddle points, because for the equilibrium deformation thénents.
parameters are rather obvigus
The transmission coefficient of the fission bartiiés de- D. Level densities

fined as . - :
The deformation parameters at minima and maxima of the

J fission path(see in Table Il the output of our code BARRIER
Ti(E)= X Ty “E)
K=-J

pa

[0 I R R R PR R
“ pfi(sa‘]l 77) ] I N [
+ d e ( 5) ] — Egumbrlum Defprmatlon [
’ ] - First Saddle Point X
0 27T . 10 4 - Second Well -
1+ ex _(Eﬁ +e-E ) 1 —— Second Saddle Point [
hwi [

where E;; and #iw; are the height and the curvature of ]
barriei (i=A or B), respectively, angy; is the level den- £ o
sity at the corresponding saddle point. The first term at the’<
right-hand side of Eq(5) corresponds to contributions of 5]
low-lying discrete collective states obtained from the cal-
culated quasiparticle and rotational spectra up to
~600 keV at saddle point deformations. It is exactly ex-
pressed if we consider an inverted parabolic barfie].
The second term accounts for the continuum of levels as-
sociated with a given saddle deformatienis the intrinsic
excitation energy of the fissioning nucleus.

Therefore, the transmission coefficient of the fission chan- FIG. 2. Calculated nuclear shapes associated with the most rel-
nel is given by evant points olV(e, @) along the fission patfthis work).

z (fm)
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FIG. 4. Neutron-induced fission cross sectionZia meas-
sured by Tovessoet al. (data points Refd.1]) and the result of our
calculation(full curve). Also shown are two previous evaluations
(Refs.[16,17).

[15]), and the corresponding calculated single-particle orbit-
als, were used as input in the calculation of quasiparticle and
rotational spectra. In this sense, a more realistic level density
calculation was performed, using a semimicroscopical
method with the Lipkin-Nogami projectors in the BCS ap-
proach[17]. For the continuum in the adiabatic approxima-
tion, the total level density can be factorized as

p(E*! ‘]ﬂ-) = KrOt(E*l ‘]w)KUib(E*)pqp(E*! Jﬂ_)! (7)

where po(E",J7) is the density of quasiparticle levels,
while K;,; and K, are the rotational and vibrational en-
hancement factors of the level density, respectial§].

We refer the reader to RefL3] for the description of the
usual way to calculat&.

For the calculation oK, we used the nonadiabatic for-
malism for a single deformation parameter proposed by
Diaz-Torreset al. [19], which we adapted for the more gen-
eral case of multiple deformation parametg26].

The quasiparticle level density,, was calculated from
the quantum-statistical superfluid model in the framework of
the approach we have recently develogé&d]. The calcu-
lated cumulative number of levels fo¥*Pa (compound
nucleus and?**Pa(residual nucleusare shown in Figs. @)
and 3b). It is important to note that the Gilbert Cameron
formula [14], adopted in nearly all evaluations, always un-
derestimates the cumulative number of levels. With our cal-
culations the experiment@l4] cumulative number of levels
of 2¥%Pa is reproduced with success, while féiPa we have
a better result in comparison to that from the Gilbert-
Cameron formulation. For saddle point configurations, the
corresponding level densities calculated with our model are
shown in Fig. &c).

IlI. RESULTS AND DISCUSSION

FIG. 3. Calculatedthis work and experimental numbers of
cumulative levels foP3¥Pa(a) and?3¥a(b). Calculated total level

densities in the first and the second saddle pg@int

The final result of ouw ; calculation is shown in Fig. 4,
together with the experimental results from Tovessoral.
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[1] and evaluations from JENDJ21] and ENDF/B-VI[22]. and precise calculations we could use recommended fission
Good guantitative agreement is achieved between experbarrier parametergTable ) directly, without the need of
ment and our results in the whole 1-3 MeV energy rangepushing them up or down as adjustable parameters.
while the trend of the experimental data, in particular, is It is anticipated in Ref[1] that there is a possibility of
nicely reproduced. performing in the future mor&Pan, f) measurements with
The ENDF/B-VI evaluation, on one hand, describes welleémphasis on the threshold regions for both prompt and
the near-threshold points but greatly overestimates higher e§€cond-chance fission processes. This would allow for better
ergy points. On the other hand, the JENDL evaluation has g&termination of the thresholds themselves, which are crucial
better performance abovel.5 MeV, but fails badly near the inputs fo_r full and precise calculations. In this sense, it V\_/ould
threshold. be possible to take advantage of our more sophisticated

After comparing our methodology with those used in themethodology i_n prder to obtain .informatio_n also from the
above mentioned evaluations, we make salient the foIIowin@JbthreShOId fission Process, w.h|Ie extending thg data anal_y—
distinct ingredients present in itl) the nuclear shape param- is beyond second-chance fission. In the meantime, we will

T o turn our attention to othe¢n, f) reactions, e.g.22U(n, f),
etrization in terms of Cassinian ove$5,1q and(2) more .which plays an important role in the determination of the

realistic level density calculations using the Lipkin-Nogami 3 . C 11233
projectors in the BCS approagh]. 2333E2()n, f) experimental yield(®>®U is a decay product of

Additionally, while in the JENDL and ENDF/B-VI evalu-
a_tions use was m_ade of extens_ive and continuops level den- ACKNOWLEDGMENTS
sity expressions, in our calculations we used a discrete set of
calculated levels up t&~600 keV at the saddle point de-  This work was partially supported by FAPESP and CNPq,
formations. This could partially explain the better perfor- Brazilian agencies, and CLAKLatinamerican Center for
mance of our calculations. Also, by employing more realisticPhysics.
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