international Atomic Energy Agency INDC(ROM)=12
Distr.s L + Sp.

R

INTERNATIONAL NUCLEAR DATA COMMITTEE

Z
0
0

NUCLEAR DATA EVALUATION FOR PA-233

by

G. Vasiliu, S. Mateescu, S. Ridpeanu, V. Avrigeanu
M. Ciodaru, N. Drégan, T. Stadnicov, O. Bujoreamu

Institute for Nuclear Power Reactors
Pitesti - Rm_na.nia

 May 1980

IAEA NUCLEAR DATA SECTION, WAGRAMERSTRASSE 5, A-1400 VIENNA



Reproduced by the IAEA in Austria

~ July 1980
80—3794



INSTITUTE FOR NUCLEAR POWER REACTORS
PITESTI - ROMANIA

INDC( ROM)-12

NUCLEAR DATA EVALUATION FOR 277Pa

by

G.Vasiliu, S.Mateescu, S.Répeanu, V.Avrigeanu
M.Ciodaru, N.Dr#gan, T.Stadnicov, O.Bujoreanu

work performed in the framework of the IAEA-

NDS Coordinated Research Programme on the

Intercomparison of Evaluations of Actinide
Neutron Nuclear Data '

under IAEA - INPR Contract 2061/RB.

May 1980



10.

CONTENTS

pPag.
ABSTRACT ... .o innnnnn Cer e ceereas s O |
INTRODUCTION o vvcveeeennns et et e e e vt e e Ceeee e 2
THE DECAY DATA ...vevnnn Gt r et c it e et e e 4
THE RESONANCE PARAMETERS ....cc¢... c et et s s e et s e s ana 5
2.1, Resolved resonances «.«:.. C et ettt cesarees 5
2.2. Unresolved resonances ... et e ee s e s e et . 6

CROSS SECTION EVALUATION IN THE FAST ENERGY RANGE .... 9

3.1. The total and elastic cross sections :¢«..ovoveenn 9
3.2. The inelastic scattering cross section «+..ccv... 12
3.3. The fission cross section +««-et.n R I <13
3.4, The radiative capture cross section --..cocoeev.n. 15
3.5. The (n, 2n) and (n, 3n) cross sections s:.coesses 16
THE AVERAGE NUMBER OF NEUTRONS PER FISSION «-c::cve..n 17

ELASTIC AND INELASTIC ANGULAR DISTRIBUTIONS

OF SECONDARY NEUTRONS +:veveeven. e e e 19
THE ENERGY DISTRIBUTIONS OF SECONDARY NEUTRONS ....... 20
CONCLUSIVE REMARKS ...t cteneons KRR Ce et e e e e s e 26
FIGURE CONTENTS «veeueenn. e et ..28
TABLES  tivteninrnrnneeannannoaaanenonnns et e 30
FIGURES +vveereeerocneenns ettt ettt 40

APPEND IX e v eveneveeennenenseenesoesneensosasoeeeennnns 65



THE NEUTRON DATA EVALUATION FOR 233Pa

Abstract

In this report the evaluation of main neutron nuclear
data for 233Pa, namely neutron cross sections (total, elastic,
inelastic, radiative capture, fission, (n,2n), (n,3n)), as well
as the elastic and inelastic angular distributions, and energy
distributions of secondary neutrons from inelastic scattering,
(n,2n), (n,3n) and fission reactions, is described.

In the same time, radicactive decay data and average
number of neutrons per fission are given.

For the resolved and unresolved resonance energy range,
the Breit-Wigner single level parameters have been estimated.

5

The data cover the energy range between 10 “eV and 20 MeV.

The final set of evaluated data is given in ENDF/B format
and have been checked against physical consistency and format
correctness. |

Many of the data have been calculated using theoretical

models.



Introduction

This evaluation has been performed in the framework of
IAEA - NDS Coordinated Research Programme on the Intercomparison
of Evaluations of Actinide Neutron Nuclear Data.

The CINDA index and EXFOR-data base for the docummentetion
on experimental data and theoretical considerations, regarding
235pq isotope, have been used.

For thermal and resonance (resolved and unresolved)
range, the total, elastic and radiative capture cross sections,

5&V and 10 keV, have been estimated using evaluated

between 10
Breit-Wigner single level parameters.

In the fast energy range, total, elastiec and scattering
data have been estimated using spherical optical and statistical
models up to 2 MeV, and coupled channel theory (nonadiabatic
approximation) + compound nucleus contributions between 2 and
S MeV. Above 5 MeV, the adiabatic approximation has been used.
The optical potential parameters used, have been those recently
proposed by Madland and Young (1978).

The (n,2n), (n,3n) and fission (above 4 MeV) cross
sections have been evaluated using evaporation model. The
fission (under 4 MeV), radiative capture, and inelastic cross
sections were evaluated by statistical model (Hauser-Feshbach).

The average number of neutrons emited per fission, was

estimated using Howerton's systematics.



In the lack of experimental data, the energy distribution
of secondary neutrons from (n,n') reaction, have been obtained
in the framework of evaporation mocdel, using the density level
parameter evaluated by back-shifted Fermi gas model.

The energy distributions for (n,2n) and (n,%n) were
estimated by Le Couteur's neutron cascade theory in the
framework of statistical model.

The energy distribution for fission neutron was

evaluated using the Terrel's formula.



l. The decay data

The decay data for 233Pa (Fig.i) have been extracted
from ENDSF (Evaluated Nuclear Structure and Decay File - 1978)
and [1]. Using these data the mean energy per decay <EP'> and
<EK) have been calculated under considerations mentioned in
[2]) and [33.

For mean energy evaluation <EP) , has been used the

approximation [3]:

10 + 8x + 2x° Ep (1)

2 4

E Y =
P 10 + 5x + x

where x = E /M@cz. The mean values which characterize the

P

radioactive decay of 233pg are,

Ty, = (27.0 £ 0.1)d ,

(Bpy = 66.4 keV ,

9.395 MeV.

-<ET>
In the Fig.l the radioactive decay scheme is showed,
and the Table 1 presents the characteristic radiations of
radioaective decay of 253pa.
References
1 . Nucl.Data Sheets 24,289 (1978).

2 « T+R.England and R.E.Schenter, LA-6116-MS (ENDF-223).
Los Alamos Scientific Laboratory, Oct.l1975.

% « CoW.Reich, R.G.Helmer and M.H.Putnam, ANCR-1157 (ENDF-120)
Aerojet Nuclear Company, Aug.l974.



2. The resonance parameters

2.]1. Resolved resonances

The total cross section in the resolved resonance range
is given in the references [1] and [2].

In the same time, the experiﬁental resonance parameters
are given by Simpson [3] and Harris [4], covering the energy
range up to 17 eV and up to 3%6.2, rgspectively.

We had also available the data reported in BNL~325 [5],
as W&ll as the evaluated parameters adopted in JENDL-1
library [6].

Harris' data have been obtained by area analysis of
measurements and he reported also the adjusted parameters, to
give a better agreement to radiative capture resonance integral
(846 £ 29 bn).

We have adopted these adjusted values of Harris except
the parameter rn for the negative resonance, which has been
taken a little smaller (0.0006123) to give a better agreement
in the thermal range for the total eross section.

The elastic, capture and total cross sections have been
compu£ed from resolved resonance parameters using ETRES code [7].

The adopted Breit-Wigner single level parameters are
presented in Table II comparatively with the parameters from
JENDL~1 and BNL-325, and the computed total cross sections is

shown in Fig.2.
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2.2. Unresolved resonances

The unresolved resonance region analysis was performed
between 38.5 eV and 104eV.

Based on resolved resonance parameters, some attempts
have been made to estimate the averaged parameters for the
unresolved resonances, by usual techniques.

To determine D(0) and (g rg> , the cumulative number
of s-wave resonances and Z g f‘g versus energy were plotted
(Figs.3 and 4).

The small number of resolved resonances makes impossible
to use the statistical methods.

We considered that D(0) = 0.69 eV, often found in
different attempts, seems to be good.

Because (g f'g) seems to be underestimated due to the
small number of resolved resonances, we have considered that it

4

can be (g ["g) = 0.65+10 "eV, saving the value of <gF3‘1>.



The averaged values adopted in this work are obtained
starting from: D(0) = 0,69 eV [1], ' [’g) = 0065-130"4 eV,
and <g[L> =2.07-107% ev [2].

The following formulae have been used [3]:

W
Shay =—t-‘-ig—1-tf- celly (1)

and:

D(L,J) = 2 D({) (2)

where fl.] is the number of degree of freedom for the neutron
H

width distribution and

—f;i—l for 2.5 I
2L + 1

_ I+
=57 F 71 for I>1

g is the statistical weight factor:

g = 557 %1y » Tfor neutrons. (4)

The results are presented in the Table III.

With these averaged parameters, the total, elastic and
capture cross sections have been computed using the programme
AVERAGE-3 [4].

The computed total cross section is plotted in the fig.5

together with the experimental data from EXFOR library.
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3. Cross section evaluation in the fast energy range

3.1, The total and elastic ecross sections

Above 10 keV there are no experimental data for these
cross sections. Consequently they have been estimated using
theoretical models.

Up to 2 MeV the optical and statistical models have
been used, and the calculations themselves performed with
ELIESE programme {1].

Above 2 MeV, the coupled channel theory was used,
taking into account the nuclear deformation, with the code
JUPITOR [2], The deformation parameters used are P2 = 0.19
and P, = 0.071.

The compound elastic cross section has been estimated
by Hauser-Feshbach-Wolfenstein theory up to 5 MeV; at higher
energies this section becomes less than 1%.

The coupled chamnel calculation have been performed
with nonadiabatic approximation up to 5 MeV, and with adiabatic
approximation at higher energies.

The selection of optical potential parameters ié based
on Madland and Young's systematics [ 3] for actinide region.
Their method to adjuste the spherical optical parameters to
be used in coupled channel calculations for this mass region,
has been also adopted for'233Pa.

The Madland-Young parametrization gives:

_ O : 2.2
Vg = Vg - VIJR.EL - VREL (1)



_]0-

~ WO 1 2.2 3
Wy = Wy - WpB; + WpB[ - WD'”L (2)
a. = al + al (3)
I I L

where Vg is the real part of the spherical optical potential,
WD is the nuclear surface part of the imaginary potential and
aq is the associated diffuseness parameter; 7 1is the isospin
parameter 1 = (N - Z)/A.

The coefficients from eq.(1l)-(3), and the other optical
parameters used are given in table IV.

The parameters for the internal part of the imaginary
potential are zeros.

To convert the "spherical" parameters (s) to "deformed"
parameters for their use for coupled channel calculations (cc),

Madland gives the following formulae:

(wDaI)cc/(wDaI)S = o % 0.7 - (4)
respectively:
(W) (a)
D’cc 1°¢c _ 5.75 x 0.94 = 0.705 (5)
(WD)S (aI)s
and:
(V3)
___R cc = P = 1.025 (6)
(Vg

Our calculations have been made with adjusted Madland-
Young parameters obtained from (4)-(6), for each energy.
The reaction cross section was corrected to take into

account the competitive processes, radiative capture and fission,



by a correction factor:
¢
(E) + OL(E)
TR (B)

o =

T (E) (7)
where the spin dependence was neglected, G'F(E) and @, (E)
are taken from the present work and the reaction cross section
VR(E) is previously estimated taking inte account only shape

elastic scattering:

OpE) = 05 - T (8)

GéExis shape elastic cross section, and <TT is total cross
section.

The results for elastic and total cross sections,
together with the data from JENDL library, are presented in

References:
1 . S.Igarasi, JAERI-1224-1972.
2 . T.Tamura, ORNI~4152 (1967).

% « DsG.Madland, P.G.Young, Proceeding of the Neutron
Physiecs and Nuclear Data International Conference,
Harwell, 1978, p.%49.



%.2. The inelastic scattering cross sections

There are no experimental cross sections for inelastic
scattering available.

In these circumstances we calculated the inelastic
scattering cross sections for first 17 excited levels [1] up
to 0.3661 MeV as well as for the continuum region above this
energy.

In the Table VI are given the excitation energy, spin
and parity and threshold energy for adopted levels.

The calculations have been performed using ELIESE code,
taking into account for the level density the parameters
described in para.b.

The other parameters and corrections(<ij) are those
mentioned in §3%.1.

A comparison of our results with JENDL values for the
17 levels, continuum and total inelastic cross sections, is

presented in figs.9a - 9r, 10, 1l.

References

1 . CoM.Lederer et al., Table of Isotopes, 1978.
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3.%3. The fission cross section

The fission cross section, in the lack of experimental
data, has been estimated based on Lynn's systematics [1],
using the statistical model Hauser-Feshbach up to 3 MeV and
the evaporation model above 3 MeV.

The progremme MASTER [2], an improved version of the
program FISINGA [3], using a double humped potential nuclear
model for fission and taking into account the coupling between
levels, has been used to calculate the fission cross section
up to 3 MeV.

The Back's [6J fission barriers for compound nucleus
234Pa were adopted, because, on the one hand, VA has a weak
dependence against mass number A, and on the other hand, 6B
has a weak dependence against the number of neutrons N, but
decreases strongly when the number of protons Z increases.

The used values were the followings:

6.0 MeV

<
|

= 5.75 MeV VB

ho

A 0.6 MeV AW

B O. 45 MeV

With the programme STATMOD [4], based on neutron
evaporation model [5], the fission cross section above 3 MeV
was calculated.

Gilbert and Cameron [7] and Wapstra_[B] parameters
have been used. The fission level density, ap, was considered

according to [5] as:
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where a, is the level density parameter (Fermi gas model) of
the deformed nucleus [7],
U 1is the effective excitation energy [7],
¢ 1s a constant properly chosen to joint the two fission
eross sections at 3 MeV.

Thus, ¢ =~ 15 MeV, and consequently af/an ~ l.14 for
U=10_-= 3.5 MeV is within the normal limits.

It is to be noted that this programme uses only one
fission barrier, assuming that reaction channel opens for
energies higher than the highest barrier (for Pa isotopes this
one is VB).

For each sequential process, the Back's barriers [6]
have been chosen, those of Viola [9] being to high.

The thresholds for the second and third fission chances
have been considered 6.2 MeV and 12.717 MeV, respectively.

In the Table VII are given the computed fission cross
sections and in the Fig.l2 they are plotted together with

corresponding values from JENDL.

References

1 . J.E.Lynn, Systematics for neutron reactions of the
actinide nuclei, AERE-7468 (1974), Harwell.

2 . N.Dragan, L.Pintiliescu, Program MASTER, private
communication.

3 . J.Krebs et al., FISINGA program, DRP/SMPNF-832 (1970),
Saclay.

4 . N.Dragan, L.Pintiliescu, Program STATMOD, private
communication.
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6 . B.B.Back, H.C.Britt, O.Hansen, B.Leroux, J.D.Garsett,
PhyS.ReV.Clo (1974) 19480

7 . A.Gilbert, A.G.W.Cameron, Can.J.Phys., 43 (1965) 1446.
8 . A.H.Wapstra, N.B.Grave, Nucl.Data Tables, 9, 45 (1971).
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2.4, The radiative capture cross section

The radiative capture cross section has been estimated
by MASTER programme (see § 3.3%) for 0.01 - 3.2 MeV energy
range, taking into account one giant resonance with Fb = 50 MeV

= 80 / Al/3 (MeV), where A is the mass number for
234

and EG

compound nucleus Pa.

Two level density models (constant temperature and
Fermi gas have been used. The temperature T, the joining
energy EIP and the Fermi level density pareameter'a'were taken
from Lynn's systematics ([l], § 3.3).

Above 3 MeV we adopted the JENDL values, and above
15 MeV, those obtained from consistency.

The data are given in Table VII, and fig.l3.

No comparison with experimental data was possible.
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3.5. The (n,2n) and (n,%n) cross sections

These: cross secfions were also computed by the
programme: STATMOD.

The thresholdsfor these reactions are 6.517 MeV and
12.079 MeV respectively, with parameters of Gilbert and
Cameron ([1], § 3.3).

The computed values are presented in Table VII, and
plotted in Fig.l4 together with JENDL values.

No comparison with experimental data was possible.

A general view of the fast cross sections ( > 10 keV)

is shown in Fig.15.
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4, The average number of neutrons per fission

The average number of neutrons per fission has been
estimated using Howerton's systematics [1}, using his
semiempirical formula which takes into account the contributions
of (n,n'f) and (n,2nf) proeesses:

N

3(2,A,E ) =Z Rnx{n + 3, (8-n,2) + F, (A-n)-
n=0

[E, - Eg(a) + Eg(a-n)-n-Ep(n)
- Eth(Z,A—n)]} (1)

where n = 0, 1, 2,

E, is incident neutron energy, and:

R (E ) = G&irect fiss.(En)
c n G}issjrﬁnyi

Gn,n!f(En)

R, (E ) = (2)
1"n G~'fiss.(En;7

of (E.)
n,2nf ' 'n
R2(En)

= T (B

fiss.'™n
EB(A), EB(A-n) are the total binding energies of the
nuclei with Z protons and A, respectively
(A-n) nucleons.
ET(n) is the mean energy of pre-scission neutrons.
EthGA-n) is the threshold energy of the fission for the

nucleus with Z protons and (A-n) nucleons.



- 18 -

V4 (4:2) and 3,(A) are defined as follows:
Vi (Ry2) = 2.33 + 0.06 [2 - (-L)ArZ (-1)Z] +

+ 0.15(Z = 92) + 0.02(A-235)

(3)
71(A) = 0.1%0 + 0.006(A = 235)

and, Eth(A’Z) is:
E, (4,2) = 18.6 - 0.36:22/(a + 1) +

(4)
+ 0.2 [2 - (~1)AHLZ (—1)Z1 - B,

where B is the binding energy of the last neutron in the
nucleus (A+1).

The results are presented in Table VIII and‘are plotted
comparatively to JENDL data in fig.l6. The differences are
between 3.6% an@ 10%. We have no possibility to compare with

experimental data.

References

1 . R.J.Howerton, NDE, 62, p.438, 1977.



- 19 -

5. Elastic and inelastic angular distributions of

secondary neutrons

The elastic angular distributions bf secondary neutrons
have been evaluated by optical and statistical models (see §3.1),
from 10 keV up te 20 MeV.

Below 10 keV, the angular distributions are isotropic.

The calculated values have been fitted by Legendre
polynomials using the programme SAD [l].

The final evaluated file contains the normalized
Legendre coefficients in CM system, at 23 energies, and the
corresponding transformation matrix as well.

The elastic angular distributions can be computed by:

N

_ G- (E)
a0 (E,8) . el 2L+ 1) Cy Py (cos @) (1)
asL 45 :%;é

where Gél(ﬁ> is the elastic cross section, C; are the
Legendre coefficients and Py (cos @) are the Legendre polynomials.
The elastic angular distributions are shown in figs.1l7a-
17v and fig.18, for energies between 0.5 MeV and 20 MeV.
The inelastic angular distributions of secondary

neutrons have been assumed to be isotropic.

References

1 . E.M.Pennington et al., Program for analysis of scattering
angular distributions, ANI~7306, 1967.
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6. The energy distributions of secondary neutrons

The energy distributions of secondary neutrons from
(n,n' continuum), (n,2n), (n,3n) and (n,f) reactions, have
been obtained, based on level density evaluation,and neutron
cascades in the framework of statistical model [1].

For inelastic scattering in continuum region, the energy
distribution of secondary neutrons is described by an evaporation

spectrum (figs.21, 22):

f(E-—»E') ~ E' exp (-E'/Gl) (1)

where the temperature Gl is derived from level density of 233Pa.

The evaporation spectra corresponding to neutron
cascades for the energy distribution of the emitted neutrons
from (n,2n) and (n,3n) reactions, are described by Le Couteur
[1]:

£(E—E') ~ ()71 exp (-12:E'/11-6,) (2)

This last representation is an unadequate form for
ENDF/B library and in addition the spectrum (2) is not
significantly different than the Maxwellian one. Under these
considerations, the energy distributions of secondary neutrons
from (n,2n) and (n,3%n) reactions have been described by a

Maxwellian spectrum,.with temperature 11-61/12 ,(fig.25 - 28):

1/2

f(E—E') ~ (E') exp (-l2-E'/ll-Gl) (3)

To obtain the nuclear temperature 8., the level density

parameterswas evaluated first.



The level density parameters for 233Pa are given by

Gilbert-Cameron [2] as follows: a = 28.88Me=,~V-1

y E = 3.8 NMeV,
T = 0.405 MeV, E0.= -0.85 MeV, P = 0.57 MeV.

For lower excitation energies (E_, < E, = 3.8 MeV), the
nuclear temperature © is 0.405 MeV, and for higher energies

(Eex:> Ex)’ is given by the expression [2]:

.J'_.zl_L (4)

where t is termodynamic temperature and U is effective excitation
energy:

U=E - P
eX (5)

U= at

In the fig.1l9 the nuclear temperature variation, derived
from (4) and (5) is shown.

more

We try also to estimate the level density by a recent
semiempirical model, namely back-shifted Fermi gas. This model
fits simultaneously beth, the lower and higher'levels (Eexj> Bn)
by a single formula.

Because the 233?& is no present in the parameter
systematics of this model [3], the associated parameters for
233Pa have been obtained as the average of the parameters for
2521 ana 2%y (table IX). |

The nuclear temperature has been derived by the relation:

RS . (6)
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where t is the termodynamic temperature:

= (ufa) 12 S m

ot
|

and:

E x“'[3 | (8)

U

To test these two models,at lower eXcitation'energies,
theirs predictions were compared with experimental data [4},
[5] (fig.20). Unfortunately, the levels for 233pa are well
known only up to 0.5 MeV.

Even if at lower excitation energies the agreement of
the data based on semiempirical formulae with experimental
data, is not generally very good, in this case it is acceptable.

Finally, we prefered the results of back-shifted Fermi
gas model.

Its predictions in the range of neutron resonance are
compared in fig.20, with compiled data of Lymn [6], Baba [7]
and Dilg [3] for 2°%mh, ana 273,232,237y,

The agreement seems to be satisfactory.

The nuclear shell efects as well as the collective effects
on level density of deformed nuclei especially constitutes an
intense study at present in the world [8] [9]

To obtain a view on the 233Pa level density calculated
in the fremework of the most recent microscopic model - a
semiempirical formula, taking into account the shell effects,of
Kataria, Ramamurthy and Kapoor [101 - the neutron resonance
densities of 233Th and 233U, 235U, 237U calculated by this

formula have been compared with the back-shifted Fermi gas
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.

predictions. It is to be noted that the calculations have been
performed for deformed nuclei with the parameters obtained from
spherical nuclei analysis. For this reason the results does not
represent a fit of experimental data.

In addition, it was observed that the calculated level
spacing is systematicaly higher than experimental values by a
factor of 2 [10]. From the fig.20, it can be seen that the
microscopic model predictions are systematicaly smaller than
the compiled values.

Based on Kataria's observation [lCﬂ, we compared
normalized neutron resonance densities to the experimental data.

The agreement with experimental data, as well as with
back-shifted Fermi gas predictions is better, in this case.

Finally, it is to be mentioned the (n,2n), (n,3n) cross

sections for 2°°Th, 227Th, 227pa and 279

U computed by Ihingan
[ll], using the evaporation model. He used for the level
density three formulae of Pearlstein [12], Gilbert-Cameron (2}
and Kataria [ldl.

One result was the agreement to experimental data for

232 238

Th and U using Pearlstein's formula, where "a" is higher
with o2 2.8 than "a" given by Gilbert and Cameron.

However, these results have no influences on our -
conclusions, because the § - emission was ignored.
It can to compensate the effect of } - emission taking

a smaller value for "a" parameter. This value was deduced from

cross section data for (n,2n) reaction, taking into account
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¥ - emission as competitive process and no kinetic momentum

dependence in [12]

The nuclear temperature 91 obtained by back-shifted

Fermi gas model is compared to that obtained from Gilbert and

Cameron model in the fig.19.

The energy disg¢ribution of fission neutron (figs.23, 24)

was evaluated using the Terrel's formula [13}:

0 = 0.5 + 0.45 (1 + 3)1/2

where Y has the values evaluated in this work.

oA~ v N

10

11
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Concluding remarks.

The evaluated data described in this report are listed
Appendix in ENDF/B-IV format. It contains:
- general description of evaluation (file 1, MT = 451),
- the number of neutrons per fission (file 1, MT = 452),
- the radioactive decay data (file 1, MT = 457),
- the Breit-Wigner single level resolved and unresolved
resonances (file 2, MT = 151),

- the smooth cross sections data (file 3)

- total c.s. (MT = 1),

- elastic c.s. (MT = 2),

- inelastic total c.s. (MT = 4),

- (n,2n) c.s. (MT = 16),

- (n,3n) c.s. (MT = 17),

- fission c.s. (MT = 18),

- inelastic for excited levels c.s. (MT = 51-67),
- inelastic continuum c.s. (MT = 91),

- radistive capture c.s. (MT = 102),

- the angular distributions of neutrons for elastic
scattering as Legendre coefficients (file 4, MT = 2),
and associated transformation matrix, from CM in LAB
system,

- the angular distributions of secondary neutrons (file 4),
for all the other reactions,

- the energy distiributions of secondary neutrons from

(n,2n), (n,%n), fission, and inelastic continuum process.
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The data have been checked against the physical
consistency and format correctness using the programme
CHECKER [1].

Many of our evaluated data have been compared with
JENDL-1 evaluation.

As a general conclusion is that the 233?8 neutron
interactions are poor represented in the literature by
experimental data.

In these circumstances, this evaluation was based mainly
on theoretical calculationé, but we hope that it will be useful
for preliminary calculations of Th - U nuclear energy systems.

As a consequence, the data must be considered an interim
evaluation until the availability of more experimental
microscopic data.

The increasing importance of Th - U nuclear reactor
alternative makes desirable that 2°-Pa neutron interactions

to be much more in the attention of the experimentalists.

References

1 . 0.0zer, Programme CHECK4 (version 1974-1), BNL.
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Figure contents

The radioactive decay scheme of 233Pa.
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The radiative capture cross section of Pa.

The (n,2n) and (n,3n) cross sections for 253pa.
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The energy distributions of secondary neutrons

from inelastic continuum scattering.
The energy distributions of fission neutrons.

The energy distributions of neutrons emitted

from 235

Pa(n,2n) reaction.
The energy distributions of neutrons from

233Pa(n,3n) reaction.
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Table 1

The characteristic radiations

of radioactive decay of 233Pa

Type ?E:§§y Intensity/100 des.

¥ 311.98 3642

p 260.6%2.4 314

p 232.0£2.4 274

p 156.7+2.4 22.7+1.7

P 174.042.4 14.742.0

T 300.12 6.19+0.45

T 340.50 4.21+0.49




Table IT

The resolved resonance parameters for 255Pa

g E (eV) Ftot(meV) rn(meV) [}(meV)
Oe
| IBS o gmwpL | BiL ohis | JEnpL | BNL | RIS JENDL | BNL | TRIS| smypr| BiL
1.| -0.1 | -0.6894] - 50.0 50.79 | - |0.0006123 | 0.79 - 50.0| 50.0 | =
2. | 0.43 | 0.43 - |500.0 50.0 | - |0.00079345 0.000852| -~ |500.0| 50.0 | -~
3. 0.795| 0.795 | 0.795 | 50.0013 |[50.0 | - |0.0013285 | 0.00143 | 0.0014| 50.0| 50.0 | 50.0
4o | L1e341| 1.341 | 1.341 | 39.1308 |39.14 | - |0.120856 |[0.14 0,139 | 39.0| 39.0 | 40.0
| 5| 1.684| 1.644 | l.ess | 41.3962 |41.43 | - |0.396195 |0.426 0.38 | 41.0| 4#1.0 | 42.0
1 6.| 2.356| 2.356 | 2.356 | 50.0108 |50.01| - |o0.0108 0.01167 | 0.0117| 50.0| 50.0 | 50.0
7.| 2.83 | 2.830 | 2.830 | 46.1918 |46.21 | - |0.19177 |o0.207 0,207 | 46.0 | 46.0 | 46.0
Bo | 34386 | 3.386 | 3.386 | 40.3772 |40.40 | - |0.37722 | 0.405 0,39 | 40.0| 40.0 | 50.0
9u | 4.288 | 4.288 | 4.288 | 48,1079 |48.12 | - |0.107886 | 0,116 0.113 | 48,0 | 48.0 | 48.0
10. | 5.152| 5.152 | 5.152 | 55.4880 |55.52 | - |0.48801 |[O0.524 0.524 | 55.0| 55.0 | 55.0
11, | 7.181| 7.181 | 7.181 | 60.1994 |60.21 | - |0.19937 |o0.214 0.21 | 60.0]| 60.0 | 60.0
12, | 8.26 | 8.260 | 8.26 | 65.0626 |65.07 | - |0.06205 |0.0673 | 0.0673| 65.0| 65.0 | 65.0
13. | 8.97 | 8.970 | 8.97 | 70.2061 {70.22 | - |0.206056 |0.222 0.22 | 70.0| 70.0 | 70.0
s | 9437 | 9.37 | 9.37 | 71.3958 |71.50 | - |1.3958 1.5 1.5 70.0 | 70.0 | 70.0
[15. | 1035 | 10.35 {10.35 | 50.1316 [50.14 | - |0.1318 0.142 0.14 | 50.0 | 50.0 | 50.0
. h16. |10.89 |10.89 [10.89 | 65,1917 |65.21 | - |0.19173 |0.206 0.21 | 65.0 ] 65.0 | 65.0
19. | 11.52 | 11.52 |11.52 | 50.0984 |50.11 | - |0.098429 |0.106 0.106 | 50.0 | 50.0 | 50.0
18. | 11.66 |11.66 | - 50.01159| 50.02 | - |0.015878 |0.0171 - 50.0 | 50.0 | -~
19. | 11.93 | 11.93 - 50.0270 [50.03 | - |0.025698 |0.0276 - 50.0 | 50.0 | -

- 1€ -



Table tt (cont.)
No. This il This Ft - el This Fn(mev} Thi Fr(meV)
ST JENDL | BNL work JENDL | BNL work JENDL BNL | o o;li JENDL| BNL
20. | 12,15 | 12.15 | 12.15 75,4287 | 75.46 | ~ | O.42874 0.46 0.46 750 |75.0 [75.0
21, | 12.90 | 12.90 | 12.90 60.1304 | 60.14 | = | 0.1%0377 | 0.14 0. 14 60.0 [60.0 |60,0
22. ] 14,14 | 14414 - 5000280 | 50.03 | - | 0.027977 | 0.03008 50.0 [50.0 | -
23, | 14.42 | 14442 | 14,42 70.4937 | 70.53 | = | 0.49%658 | 0.532 0.53 70.0 |70.0 |{70.0
24, | 14.80 | 14.80 | 14.80 50.7156 | 50.08 | - | 0.071555 | 0.0769 0.077 | 50.0 |50.0 |50.0
25. | 15.96 | 15.96 | 15.96 71.1026 | 71.19 | - | 1.102619 | 1.19 1.19 70.0 |70.0 |70.0
26. | 16.35 | 16.35 - 50,0560 | 50.06 | - | 0.056009 | 0.0604 50.0 [50.0 | -
27. | 16,73 | 16.73 - 50.057% | 50.06 | - | 0.057263 | 0.0614 50.0 [50.0 | -
28, | 17,00 | 17.0 17.0 50.3418 | 50437 | = | 0.341805 | 0.367 0.367 | 50.0 {50.0 [50.0
29. | 18.40 - - 50.0510 - - | 0.05104 - 50.0 | - -
20. | 19.0 - - 50.1452 - - | 0.14515 - 50,0 | - -
31. | 20.93 - - 55.9016 - - | 5.9016 - 50,0 | - -
32, | 21.85 - - 51.0891 - - | 1.08913 - 50.0 | - -
%3, | 22.87 - - 5245920 - - ]2.59198 - 50.0 | - -
34, | 24023 - - 50.6202 - - | 0.62022 - 50.0 | - -
35, | 26.90 - - 50.5119 - -~ [0.51191 - 50.0 | - -
56. | 28418 - - 50.9608 - - 1 0.96085%5 - 50.0 - -
137. | 31.05 - - 52,2456 | - - | 2.245618 - 50,0 | - -
%8, | 32.65 - - 51.8513 - - |1.85134 - 50.0 | - -
39, | 34440 - - 50.80%5 - -~ |0.803526 - 50,0 | - -
40. | 36020 - - 5202803 —_ - | 2.280308 - 50.0 | - -

- 7€ -
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Table III
The unresolved resonance parameters for 233Pa
s g | 28,9 <[> <[y>
(eV) (eV) (eV)
-4 -2
1 1.839 1.73%2.10 5.510
0
-4 -2
2 1.104 1.04 -10 5.5+10
0 5.52 1.104 1072 | 5.5:107°
1 1.839 3.68 +1077 | 5.5.107°
1
-4 -2
2 1.104 2,208 *10 5.5°10
-4 -2
3 0.787 1.577 -10 5510
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Table IV

The Madland-Young parameters for

the spherical optical model potential

(o]
VR 50,378 ap 0.612 "R 1.264
1 .
VR 00354 - - - -
V2 27.073 - - - -
R L]
(o] 0
WD 90265 aI 00553 ’f‘I 10256
1 1 -2
WD 00232 ‘aI l-44°10 - -
WIZ) 3 318 10-2 - - - -
b, - - - -
WD 12.666
VSTO 6.2 aso 0075 1‘30 loOl
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Table V
The elastic. and total cross sections for 233Pa
(MEV) g;(b) 8%(b) gi(b) égt(b) Model Gél(b) E;t(b)
JENDL JENDL
0.01{10.47 3.%36 |13%.8%6 16.96990 | OM + SM | 12.0 15.2
0.05| 9.63 2.39 [12.01 13.84179 | OM + SM | 11.5 1%.35
0.1 8.8 1.52 110.3%45 12.56%30| OM + SM | 11.0 12.46
0.5 5.1 0.5 5.6 7.92949 | OM + SM | 6.6 8.696
0.7%| 3%.89 0.388| 4.28 7.27565 | OM + SM 5.2 T.479
1.0 | 3.49 0.%43] 3.56 6.,62185 | OM + SM | 4.4 6.876
1.5 %.01 0.328| 3.34 7.074%6 | OM + SM | 3.675 | 6.514
2.0 %3.59 ] 0.298( 3.89 7.52687 | OM + SM 3.9 6.901
3.0 | 4.536 | 0.215| 4.751 8.08047 | NACC,SM | 4.7 T.57
4.0 | 4.59 | o0.164] 4.754 | 8.11925| NACC,SM | 4.9 | 7.627
5.0 | 4.2098 | 0.13 | 4.33%98 | 7.25670 | NACC,SM | 4.6 7.313%
6.0 | 3.7726 | - 3.7726 | 6.5259 ACC 4,2 6.935
7.0 | 3.3147 | - 3.3147 | 6.0767 ACC %08 6.53%0
8.0 2.9692 - 2.9692 6.0005 ACC 3.4 6.128
9.0 | 2.7549 | - 2.7549 | 5.9479 ACC 3.1 5.842
10.0 2.6629 - 2.6629 5.8806 ACC 2.91 5.660
12.0 2.7184 - 2.7184 5.9108 ACC 2.95 5.63%6
14.0 | 3.0656 | - 3.0656 | 6.0 ACC 3.0 | 5.669
16.0 %3986 - 3.%986 6.1 ACC - -
18.0 | 3.5966 | - %3.5966 | 6.2 ACC - -
20.0 | 3.66345] - 3.66345| 6.3 ACC - -
OM - optical model
SM - statistical model .
ACC - adisbatic approximation (coupled channel)
NACC - nonadiabatic approximation (coupled channel)




Table VI

Inelastic-neutron-excitation energies

Lﬁzfl Ex01ta?§g$)energy Thresh?égv?nergy Spin / Parity
0 0.0 0.0 3/2°
1 0.00668 0.0067 1/2"
2 0.05715 0.0574 7/2”
3 0.0706 0.0709 5/2~
4 0.0865 0.0869 5/2%
5 0.0947 0.0955 5/2%
6 0.1036 0.104 172"
7 0.1090 0.1095 9/2"
8 0.16%4 0.1641 11/2°
9 0.1691 0.1698 172"

10 0.1792 0.1800 9/2”
11 0.2017 0.2026 3/2%
12 0.2123 0.2132 5/2%
13 0.2379 0.2389 5/2%
14 0.2573 0.2584 5/2"
15 0.2796 0.2808 772"
16 0.3004 0.3017 7/2%
17 0.3661 0.3677 9/2%
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Table VII

The evaluated cross sections in the fast energy range

E
(MeV) Ctot Ce1 G'inel Gﬁ{' G;f Gth GhSn
0.01 }16.9699 |13.836 | 0.1039 | 3.03

0.02 0.152 2.274

0.03 0.12272] 1.977

0.04 0.175 1.8

0.05 |13.84179(12.01 0.15679| 1.675

0.06 0.19976| 1.575

0.07 0.24714| 1.486

0.08 0.3902 | 1.371

0.09 ' 0.5%824] 1.25

0.1 12.563%3 |10.3%45 1.0893 | 1.129 0.001

0.3 1.6661 | 0.407 0.001

0.5 7.92949| 5.6 1.960 | 0.275 0.007

0.75 1.950

0.9 1.95 0.192 | 0.267

1.0 6.62185| 3.56 1.92 0.168 | 0.519

1.2 1.9 0.133 | 0.859

1.4 1.85 0.106 1.039

1.6 1.8 0.086 1.149

1.8 1.75 0.071 1.23

2.0 7.52687| 3.89 1.7 0,059 1.301

2.2 1.695 [0.047 | 1.3%69

2.4 1.658 |0.043%5 | 1.437

2.6 1.618 |[0.040 | 1.504

2.8 1.58% | 0.037 1.565

3.0 8.08047| 4.751 | 1.535 |[0.03%45] 1.608

3.2 1.627

4.0 8.11925| 4.854 |1.381 |0.026 | 1.698

4.5 0.023 1.656

5.0 7.2567 | 4.3398 | 1.362 | 0.0209| 1.516

5¢5 0.0188 | 1.422

6.0 6.5259 | 3.7726 | 1.368 | 0.017% | 1.%68

6.5 0.016 1.351 | 0.0

7.0 6.0767 3.3147 | 1.244 | 0.0148 | 1.449 0.054%

Te5 0.0137 | 1.521 | 0.305

8.0 6.0005 2.9692 | 0.8884 | 0,0129 | 1.52 0.610

8¢5 0.012% | 1.485% | 0.857

9.0 5.9479 2.7549 { 0.7175 | 0.0115 | 1.4%4 | 1.03

9.5 _ 0.0108 | 1.386 | 1.146
10.0 5.8806 2,6629 | 0.6404 | 0.010% | 1.%52 | 1,215
11.0 0.5981 | 0.0094 | 1.34 | 1.246
12.0 5.9108 2.7184 | 0.5678 { 0.0086 | 1.286 | 1.33 0.0
13.0 0.3859 | 0.008 | 1.227 | 1.394 | 0.131
14.0 6.0 3.0656 | 0,19 0.0074 | 1.227 | 1.263 | 0.247
16.0 6.1 3.3986 | 0.07 0.0064 | 1.580 | 0.592 { 0.453
17.0 .05 0.0059 | 1.742 | 0.353 0.501
18.0 6.2 5.5966 | 0.03%5 0.0054 | 1.868 | 0.202 0.493
12.0 0.025 }0.0049 | 1.984 | 0.1 0.48
20.0 6.3 3.66345/ 0.01215{ 0.0044 | 2.1 0.06 0.46




- 38 -

Table VIII

The evaluated average number of neutrons per
233Pa

fission for

E (MeV) y E (MeV) y
0 2.3148 11 3.6458
0.5 2.373%8 12 347600
1 2.4327 13 3.8731
3 2,6687 14 4.0078
6 3.0227 15 4.1902
T 3.1612 18.5 4.7219

9 3.4115 20 4.94
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Table IX

The level density parameters for 233Th, 233?8, and

233U in the framework of back-shifted Fermi gas

Parameter

Isotope a(Mev™ 1) I A (beV) Ref.
233 26.27 rigid -0.58 3
233Pa 26.2% rigid -0.50 this work
233U 26,19 ~0.41 3

rigid
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