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CROSS-SECTION DATA LIBRARY MENDL-2 TO STUDY
ACTIVATION AND TRANSMUTATION OF MATERIALS
IRRADIATED BY NUCLEONS OF INTERMEDIATE ENERGIES

Yu.N.Shubin, V.P.Lunev, A.Yu.Konobeyev1, A.1.Dityuk

Institute of Physics and Power Engineering (IPPE), 249020 Obninsk, Russia

Institute of Nuclear Power Engineering (INPE), 249020 Obninsk, Russia

Nowadays the need of intermediate energy cross-section data is growing. The
knowledge of these cross-sections is necessary to study activation and transmutation
of materials irradiated by hard neutron spectrum of thermonuclear installations,
neutron generators and accelerators. It is also important for investigation of
processes taking place in irradiation of long-lived radioactive waste by intensive high
energy particle fluxes.

Neutron induced reaction cross-sections at energy below 20 MeV for stable
and long-lived unstable nuclei are contained in elaborated and widly used libraries
REAC [1], EAF [2] and ADL-3 [3] including more than ten thousand excitation
functions.

The need of analogous nuclear data for nucleons of intermediate energy (E <

100 MeV) were still not satisfied.
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To satisfy the needs of intermediate nuclear data the cross-section library
MENDL has been elaborated. MENDL (Medium Energy Nuclear Data Library)
contains cross-sections for stable and unstable nuclei at energies up to 100 MeV. The
first version of the library has been described in Ref.[4]. To create new version of
library MENDL-2 the modified ALICE-92 code has been used. This code includes
description of precompound deuteron and a-emission, the effect of nucleon and y-

competition in decay of compound nucleus and calculation of nuclear level density

on the basis of generalized superfluid model.

The brief description of elaborated data library is presented below . The
method of cross-section evaluation and calculation is discussed. The description of

data format and library catalogue is given also.

1. Content of data library MENDL

The MENDL includes obtained by authors more than 32.000 threshold
reactions taking place in neutron irradiation of nuclei from Al to Po at energies 0-

100 MeV.

The data are presented in MENDL for 505 stable nuclei and unstable nuclei
with half-life T, ,, > 1 day.

The description and fragment of MENDL catalogue are given in part 3.
2. Method to obtain cross-sections

The neutron data contained in MENDL-2 have been obtained with the help of

theoretical calculations on the basis of geometry dependent hybrid exciton model and
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Weisskopf evaporation model. The nuclear level density has been calculated in the
framework of the superfluid nuclear model.
For some reaction channels the calculated cross-section values were corrected

to achieve the agreement with available experimental data.

2.1 Cross-section calculation

2.1.1 Precompound nucleon emission

To obtain preequilibrium nucleon spectra the geometry dependent hybrid
exciton model (GDH) has been used [5,6]. Calculations have been performed with

help of the formula

do™™ _,& 2 o(p-LhE-Q,-¢,) X
- DT. Y R (n)- : g
ds nx l=Zo(zl + ) lu:Z“° x(n) (D(p, h, E) kxc + k’: g Dn’ (1)

where X is the reduced wavelength of incident particle, T| - is the transmission
coefficients calculated using optical model (see part 2.1.7), e, - is the energy of
nucleon emitted, Q, is the binding energy of nucleon in compound nucleus, o(p,h,E)

- is the density of n-exciton states having p particles and h holes (p+h=n) at the

excitation energy E, A.X - is the emission rate of nucleon, A*; - is the intranuclear

transition rate corresponding to absorption of nuéleon in nucleus, g = A/14.0 - is
the single particle level density, Ry(n) is the number of x-particles in n-exciton
state, D, is the "depletion" factor for n-exciton state, ny - is the initial exciton
number (ng = 3).

The density of exciton states has been calculated with help of Strutinski-

Ericson formula

o(p,h,E)= SEEZAS )

plhi(n—-1)!"



4

were A is the correction term for the Pauli principle equal to A = (p2+h2+p-3h) /4.

To calculate the emission rate of nucleon the following relation has been used

xx _ (zsx + l)uxeoni‘nv(ex)

c n2h3gx (3)

b

were sy and p, - are spin and reduced mass for particle of x-type, o* . - is the
inverse reaction cross-section for considered particle, gy is the single level density for
x-particle which equal to g = N/14.0 for neutrons and 8, = Z/14.0 for protons.
The intranuclear transition rate has been calculated by the following formula

X = Vo, (e )p, (4)
were V is the velocity of nucleon moving inside the nucleus, oy - is the Pauli
principle corrected cross-section of nucleon-nucleon interactions [7], p; - is the
nuclear density. In initial state (2p1h) for each partial wave p; has been calculated
by averaging of nuclear density in the range /A < r < (#1)X. For other exciton
states the nuclear density has been averaged over nucleus volume.

The factor Ry(n) included in formula (1) was calculated for neutron induced

reactions by the following way

R.(3) = (Z + 2A) /(2Z + A) (52)
R,(n) = 2 - R,(3) (5b)
R,(n) =R (3)+(n-3) /4 (5¢)

The calculation of nonequilibrium spectra was carried out approximately
taking into account multiple precompound nucleon emission. According to [6] it was

assumed that the number of particles emitted from a particular exciton state is equal

to



P PyPp (for emission of neutron and proton) (6a)

np —

Ppn = PpPn/2 (for emission of two neutrons) (6b)

here P, and Pp are total numbers of neutrons and protons emitted from considered

n-exciton configuration.
The precompound components of spectrum for (n,n'), (n,2n) and (n,np) reactions

were calculated by following formulae

o*(E,-¢)= S 40,6 ; (7a)

o] de

n

C./2 do,(e)
o, de ’

n

A NE, + Q) —€—8) = (7b)

A _ C,, [ do, (€) C,, [ do, ()]
oA (E, +Q(n.np) —€ _sp(n)) = zo.np |:__d8_jkl'_vp /8) +2—0',,ZI_TJ’ (7¢)

where Z, A are characteristics of target nucleus, E; is the energy of incident
neutrons, Qp and Qg np) are (n,2n) and (n,np) reaction energies, V, is the proton
Coulomb potential, C,, C,, and C,; are, correspondingly, the cross-section of
emission of single precompound neutron, the cross-section of coincident emission of
two precompound neutrons from the same exciton states and the cross-section of
neutron and proton emission in coincidence from these states, o, and o), are energy
integrated total preequilibrium spectra of neutrons (do,/de) in the energy ranges
corresponding to (n,n') reaction (E-B;) and (n,2n) reaction (E-B,,), Onp aﬁd Opn
are energy integrated total preequilibrium spectra of neutrons (do,,/de) and protons

(dop/de) in the energy range from 0 to E; +Q(n.np), €, and &, - are average kinetic

energies of neutron and proton corresponding to the kinetic energy e of the first

emitted particle.



2.1.2 Precompound a-emission

To obtain nonequilibrium a-particle spectra the coalescence pick-up model

[8,9] combined with hybrid exciton model has been used. The calculations has been

performed with help of the formula:

m(p—l,h,E—Qa-—ea) X
e, 22, 2Fin o(p, h,E) g B ®

l+m-4 n

where o, is the nonelastic reaction cross-section, Fjn(e,) is the probability of a-
particle formation from 1 excited and m nonexcited quasiparticles in the nucleus [8],

8, is the single a-particle level density.

The emission rate of a-particle was calculated by the following way

€,00, (€,
X :“"‘;T“;g(), (9)

The intranuclear transition rate A%, characterizing the absorption of the
excited a-particle in the nucleus was calculated using relation:
=2Wy, [k, (10)
where W, is the imaginary part of the optical potential for a-particles interacting

with nuclei. In the present calculations the value of ZFLm for all nuclei was chosen

l+m=s
from comparison with experimental data and was taken to be equal to 0.41.

As an illustration the cross-sections calculated using considered approach to
describe nonequilibrium a-particle emission are shown in Fig.1. The example of the
a-particle spectrum calculation is presented in Fig.1 for 120Sn(p,a)x reaction at the
incident proton energy 62 MeV. The calculated excitation functions for reaction with
a-particle emission are shown for %Mo, 197Au and 202Hg also. The contribution of

equilibrium a-emission is illustrated in Fig.1. For 197Au(n,a) reaction this
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contribution is actually equal to zero. As seen from figure the calculation without
taken into account the precompound a-emission is not described the experimental
cross-section values. On the other hand, the application of the considered approach

to obtain preequilibrium a-spectra allows to reproduce the measured data.
2.1.3 Precompound deuteron emission

The calculations of deuteron precompound spectra were carried out with help
of the exciton coalescence pick-up model combined with hybrid exciton model. The
direct mechanism of deuteron emission was also taken into account.

The considered approach to obtain deuteron nonelastic spectra is briefly
discussed below. The calculation of deuteron differential cross-sections in the
framework of the coalescence pick-up model [8,9] without taking into account the
direct processes shows the considerable discrepancy between calculated and
experimental data. As an example, the calculated precompound spectrum of
deuterons produced by irradiation of >4Fe by 62 MeV-protons is presented in Fig.2.
As seen from Fig.2 the obtained values differ noticeably from experimental data in
high energy part of the spectrum. The variation of the model parameters, in
particular the imaginary part of deuteron optical potential (W), does not enable to
achieve the agreement between calculated and measured differential cross-sections, as
follows from Fig.2. The similar conclusion has been made using the exciton model in
a "closed" form in Ref.[9].

The reason of the divergence of calculated and experimental data is connected
with the calculation of deuteron emission spectra without taking into account a
direct mechanism of deuteron production which gives according to [10] the

considerable contribution to differential cross-section for deuteron emission.
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The contribution of the direct processes to deuteron emission can be taken into
account using a phenomenological approach based on the hybrid exciton model. For
this purpose let us consider the nucleon pick-up and deuteron emission from initial
configuration (1pOh) [11,12]. The differential cross-section for nonequilibrium

deuteron emission, formally, may be written in the following form

do™ {m'(E—Qd—ed)_ N,
Ouo| " o(ip,0hE) AL+ B

de,
(p-Lh,E-Q,-g,) A (1)
op—-LNhE-Q,; &, c

2 2FaC) = AL as B D"}

where ©*(U) - is the density of excited states for nucleus formed after deuteron
emission, g - is the single particle density for deuterons.

It should be noted that the second term in brackets of (11) describes the part
of the nonequilibrium deuteron spectrum presented in Fig.2 and calculated in paper
[9].

After emission of deuteron formed by nucleon pick-up from the configuration
(p,h) the final state of the nucleus is (p-1,h+1). Therefore the density of final state
may be written as

o*(U) = 0(0p,1h,U) yv/g,4, (12)
where ¥ - is a value characterizing the deuteron formation.

The comparison of the deuteron emission spectra calculated with the help of
formula (11) and the measured spectra has made it possible to establish that the y
value shows the weak dependence from atomic mass number of target nucleus and
may be considered as a constant with a good accuracy.

As an illustration the results of calculations of deuteron spectra with the y

value obtained from the experimental data are shown in Figs.3,4 for nuclei from C
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to Au. For all nuclei the calculations have been performed using following values of

parameters: y = 2-103 , and Zl+m=2F,_m =0.3. The imaginary part of deuteron optical

potential was assumed to be equal to W = 16 MeV according Ref.[6]. The calculated
deuteron spectra for 14.8 MeV-neutron induced reactions are shown in Fig.3 for iron,
nickel, vanadium and copper isotopes. Due to the lack of experimental data for
neutrons at the energies more than 20 MeV to verify the considered approach in the
intermediate energy range the proton experimental data have been used. The
deuteron spectra calculated for 62 MeV-proton induced reactions are shown in Fig.4
for various nuclei. Also the results of calculations for the incident 90 MeV-protons
are presented. Contributions of the direct processes, the precompound processes
corresponding to the F;; and F;( components and the equilibrium emission are
shown in Figs.3,4. As seen from the figures only the consideration of all mentioned
contributions allows to reproduce the measured deuteron spectra.

2.1.4 Equilibrium particle emission

The calculations of equilibrium particle spectra were performed on the basis of
Weisskopf model. The emission of neutrons, protons, deuterons and o-particles was

taken into account.

2.1.5 Nuclear level density

The nuclear level density was calculated with the help of the
phenomenological approach [13] based on the generalised superfluid model for all

nuclei formed in evaporation cascade.
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The level density in generalised nuclear model can be described if we
subdivide the excited states into quasiparticle, coherent and collective ones. Then the

expression for nuclear level density is presented as
p(U)=pgp (U)K, (U)K (U, (13)

where p (U - is the density of quasiparticle (non-collective) nuclear excitations,
K,,(U) and K, (U') - are coefficients of level density enhancement due to
vibrational and rotational states at the effective excitation energy U'.

Energy dependence of the quasiparticle level density has been calculated on the
basis of superfluid nuclear model [14]. The correlation function for the ground states
of nuclei was defined as Ag = 12.0 /A MeV. This choice of A is consistent with the
systematic of nuclear masses [15] and with the results of analysis of the experimental
data on neutron resonances for heavy nuclei [14]. The critical temperature of the
phase transition from superfluid to normal state, the condensation energy, the critical
energy of the phase transition and the effective excitation energy are connected with
correlation function Ag by the following relations:

t_= 0.567 A,

U_= 0.472a_A,> nA, (14)

E.,= 0.152a_A2- nA, ,

U'=U + nAg + dg50
where n=0, 1 and 2 for even-even, odd and odd-odd nuclei, correspondingly, and the
empirical value of the excitation energy shift & ., was chosen on the base of consistent
description of the density of low-lying collective levels and the data on neutron

resonances.
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The shell effects were included into consideration using the energy dependence

of nuclear level density parameter a(U,A) obtained phenomenologicaly

~ (P([j' -Econd )}
= . + — e
a(U,Z,A) = a(A) (1 OW(Z,A) E,, forU> U, 15)
a(U,Z,A)=a(U,,Z,A), forU <U,

where the asymptotic value of level density parameter at high excitation energy is

equal to

3(A)=0.073A +0.115A*" 16)

where 8W(Z,A) is the shell correction to nuclear binding energy defined from the
experimental values of nuclear masses or in the case of their lack with the help of the
Mayers-Swiatecki formula [16], ¢(U)={1-exp(-yU)} - is the dimensionless function
which defines the energy dependence of the level density parameter at low excitation
energies, value y=0.4A1/3 was chosen from the description of density of neutron
resonances.
The vibrational enhancement of nuclear level density was presented in the

following form

K,,= exp{8S-(3U /1)}, (17)
where 8S, 8U are the difference of entropy and excitation energy connected with
collective excitation modes and defined from relations for Bose-particle gas

S = 2(2% + D{(1+n,)In(1+ n,) - n, In(n,)}

o (18)
8U = 2 (2, + Do.n,,

where o, and A, - are the energy and the multipolarity of collective excited state, n, -

is it population for given temperature. The attenuation of vibrational enhancement of
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level density at high temperatures is taken into account by the following expression

for level population -

~expl-y, /(20))
= exp{a)i/t}—l (19

with the help of parameter y; obtained empirically on consistent description of the
low-lying levels and the data on neutron resonances
y,= 0.0075A1/3(02 +472t2) (20)
Only quadrupole and octupole states were considered in the calculations. The
position of the lowest state for all nuclei, with exception of 208Pb, was defined by
phenomenological expressions which well reproduce the experimental data
o, = 30A1/3 ; 03 = S0A1/3 (21)
For nucleus 208Pb the position of 2* state was assumed to be equal to

experimental value 4.1 MeV.

Eor all spherical nuclei only coefficient of vibrational enhancement of the level
density K,;,(U') was taken into according to account in expression (11). For deformed
nuclei the enhancement of level density connected with rotational mode of collective
excitation K ,(U') was taken into account according to Ref.[14]

K (U) = 6,28(U) = c2(1+B/3)g(U), (22)
where o - is the spin cut-off factor, and g(U) is the empirical function taking into
account the attenuation of rotation modes at high energies proposed in Ref.[17]

g(U) = {1 + exp [(U-U)) /d. I}, (23)
where the parameters of attenuation function are connected with the parameter of
quadrupole nuclear deformation B by relations:

U, = 120A1/3p2 ; d, = 1400A2/3p2 (24)



13

The parameter of quadrupole deformation was defined from formulae for
nuclear masses [15].

The advantage of considered approach to obtain nuclear level density consists
in calculation of cross-sections for magic and neighbouring nuclei taking into account
shell effects. As an example Fig.5 presents the cross-sections for (p,2n2p), (p,3n2p),
(p,4n2p) and (p,6n4p) for ?°Zr calculated provided the superfluid model and Fermi
gas model with a=A /9.0 were used to calculate the nuclear level density. As seen
from the Figure, the better agreement with experimental data in the whole energy
range 0-100 MeV is observed in the case of level density calculation based on the
superfluid model.

2.1.6 Equilibrium y-ray emission

The probability of photon emission has been calculated through the following

formula

FY(E)=E%RE—)-Ieic,(E—e,)p(E—e,)de,, _ (25)

where o, is the photon absorption cross-section, p - is the nuclear level density.
The photon absorption cross-section has been obtained using the Lorentz

formula

2 o.&. 1.
o,(,)= , (26)
€)= 2GRy e |

taking into account the splitting of dipole giant resonance in deformed nuclei. The
position of maximum of dipole giant resonance taking into account the quadrupole

nucleus deformation B was calculated in the following way [18]

E,=E, (1 - B/3)% E,=E, (1 - 0.16B); E;=43.4A0215 (27)
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The widths of the resonances equal

I, = 0.232E,; T, = 0.275E, , ‘ (28)
and the maximum value of photon absorption cross-section equals

oy, = 145A/E,; oy, = 235A/E, (29)

The nuclear level density for y-channel has been calculated on the basis of the
superfluid model consistently with other reaction channels.

The importance of taking into account y-ray emission for some reactions
induced by medium energy protons on neutron deficient nucleus in particular 124Xe
has been noted [19]. The taking into account the competition of y-rays and particle
emission permits to avoid sharp spurious peak near threshold in the calculation
results for 124Xe(p,np)123Xe and for 126Xe(p,np)'%Xe and 126Xe(p,2np)124Xe Fig.4.
(upper part). Solid curves are the results obtained with y-ray emission competition
and dashed - without one. The experimental data for proton induced reaction for
124Xe was taken from ref.[27,28,29] and for 126Xe from ref. [30]. The taking into
account y-ray emission shifts effective reaction thresholds. In many cases the
competition from y-ray emission leads to some diminishing of cross section only,
without essential change of excitation function energy dependence. Fig. 4 (lower
part) shows the excitation functions for the neutron induced reactions on 93Mo. The
experimental data was taken from EXFOR for %Mo. The calculations with ALICE-
92 code using consistent level density parameters in gamma and particle channels can

be considered as a reasonable cross section evaluation.
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2.1.7 Calculation of total reaction cross-sections and inverse reaction cross-
sections
The calculation of reaction cross-sections were performed with the help of

the optical model. The parameters of optical potentials are presented in Table 1 for

neutrons, protons, alpha and deuterons.

Table 1

Optical model parameters for different incoming particles.

Parameter Neutrons Protons Deuterons a-particles
Real potential V 48.0 60.0 79.0+2Z / A1/3 50.2
(MeV)

Imagine 9.0 5.0 16.0 12.3
potential W

(MeV)

Form of W(r) Surface Volume Surface. Volume
Spin-orbit 7.0 7.5 5.6 0.001
Vgo(MeV)

Radius ry (fm) 1.151+1.77(A- 1.2 1.15 1.2+1.5/A1/3

27) /A*3

ry (fm) Iy 1.55 1.01+1.26 /A Iy

Iso (fm) Iy 1.25 0.98 1.00
Coulomb radii 1.25 1.30 1.30
(fm)

Diffusivity ay 0.66 0.60 0.81 0.564
(fm)

ay (fm) 0.64 0.50 0.68 0.564

ago (fm) 0.64 0.51 1.00 1.000

2.1.8 Numerical calculations

The numerical calculations were carried out using modified ALICE-92 code.
The principal changes in the code made by authors are briefly outlined below.

1. The calculation of the nuclear level density is performed in the framework
of generalized superfluid model. The comparison of the calculated and experimental

cross-sections at energies up to 100 MeV shows that the application of this model
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results in a better agreement with the experimental data than using various
modifications of Fermi-gas model.

2. The code allows to obtained the nonequilibrium spectra for the complex
particles. The precompound o-particle spectra are calculated using the coalescence
pick-up model [8] directly combined with the hybrid exciton model. The calculation
of the deuteron nonequilibrium spectra is performed taking into account the direct
processes on the basis of phenomenological approach described in Part 2.1.4. The test
of the approaches used for the complex particle preequilibrium spectra calculation
has been performed using available experimental data at the energies up to 100 MeV.

3. The inaccuracy in spectrum calculation for second emitted preequilibrium
particle has been eliminated. The old algorithm [6] contained the inaccuracy
connected with the calculation of two precompound particles contribution in the
(n,np) or (p,np) reaction cross-section according to formula (7c) without the term
(1-Vp/ g). The absence of this term led in some cases to the incorrect cross-section
description. (Example: the non-physical energy dependence of the calculated (n,2np)
reaction cross-section for the uranium isotopes connected with the appearance of
cross-section structure at low energies). )

4. To obtain the total reaction cross-sections for incident neutrons and protons
at energies above 100 MeV the data of Barashenkov [20] are used which obtained
from the analysis of experimental data.

5. The parameters of the neutron optical potential have been corrected for

heavy nuclei (A > 230) to achieve the agreement of calculated results with evaluated

data from BROND-2, ENDF /B-VI, JENDL-3 and experimental data.
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6. The inaccuracy in calculation of cross-sections taking into account y-ray
emission has been corrected. (It was connected with cross-section calculation for

production of residual nuclei ;X2 with inaccurate consideration of contribution to

this cross-section from photon emission for residual nucleus ,XA! or , ,XA1).

2.1.9 The examples of cross-section calculations

Cross-sections were calculated using global set of model parameters. In the
case of discrepancy of calculated and experimental data at energies below 20 MeV
the calculated values were corrected to achieve the agreement with the measured
data.

To illustrate the typical deviation of experimental cross-sections from
calculated values obtained using the global set of model parameters the Figs.7-13
show the results of calculation of neutron and proton induced reaction cross-sections
for a number of reactions. As an examples the nuclei provided with the experimental
data for (n,p), (n,a) and (n,2n) reactions have been selected. As seen from Figs.7-12
the shape of the calculated excitation functions agrees with the measured data. In
some cases, the calculated cross-section values differ considerably from the
experimental ones (example: 31P). For these reactions the cross-sections values were
corrected as described in part.2.2. Practically, there are no experimental neutron
data at the energies up to 100 MeV. Therefore to illustrate the difference of the
calculated and measured data at the energies more than 20 MeV the experimental
proton induced reaction cross-sections have been used. The examples of such

calculations are presented in Fig.13.
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2.2 Semi-empirical cross-section evaluation

The calculated cross-section values were corrected using available
experimental data and cross-section systematics.

In most cases the calculated values were normalized to known cross-section
values at 14.5 MeV.

The normalization was performed simultaneously for (n,p), (n,a), (n,2n) and
(n,np) reactions. The data library EXFOR and compilation [21] were used for
reactions (n,p), (n,a) and (n,2n). The cross-section values evaluated on the basis of
experimental data and obtained with help of the systematic dependence on neutrons
and protons numbers in nuclei at 14.5 MeV were taken from Refs.[22,23] for these
reactions.

To obtain the (n,p) reaction cross-section at 14.5 MeV the following formula

was used also:

3
o, , =Tl (AV? +1)2{A"”°8[L031852 ~071435+011722]" +04506 exp| 217825 —2.0955)} (30)

P
where r, =1.3 fm, S = (N-Z+1) /A.

The formula (30) has been obtained on the basis of experimental data from
Ref.[22]. It describes the contribution of preequilibrium (first term in shaped
brackets) and equilibrium (second term) processes to (n,p) reaction cross-section at
14.5 MeV. As follows from Table 2 the formula (30) presents a best fit to the

experimental data, giving the lowest value of x2:
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Table 2

Fits to 156 experimen-tal cross-sections [22] for (n,p) reaction at 14.5 MeV obtained
with various formulas

Formula Z(Gfxp - cf-k)z / ( Aciexv)z 52 Reference
(30) 441.71 2.96 present
Forrest 474.28 3.12 [22,24]
Bychkov et al. 588.68 3.87 [22,25]
Ait-Tahar 756.50 4,91 [26]

For the (n,np) reaction at energy 14.5 MeV the systematic obtained in
Ref.[24] has been used as well as the cross-sections evaluated in this work on the
basis of experimental data.

The examples of calculated cross-section correction are presented in Fig.14 for
56Fe and “8Ni. The cross-sections calculated for all cross-sections shown in Fig.14

were corrected according to the available experimental data.

3. MENDL data format

The data of MENDL library are presented in the ENDF-6 format. The files
MF=1 and MF=3 are used for the data recording. File MF=1 contains the general
description of the type of cross-sections presented and the file MF=3 includes the
obtained cross-section values. The standard ENDF MT sections as well as the new
assigned sections are used to record the information in file MF=3.

The detail description of the new assigned sections is given for each nuclide in

the file MF=1.

3.1 MENDL catalogue

The MENDL catalogue includes the following information.
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The line beginning with symbol "*" contains the characteristics of target
nucleus with indication atomic number, name of element, atomic mass number, half-
life and total number of reactions considered nucleus and contained in MENDL files.

The line with reaction description indicates:

a) Atomic number (Z), name of element and mass number (A) for target nucleus;

b) Reaction type; "(N,X)" symbols mean the sum of cross sections for all possible
reactions resulting in the same residual nucleus without taking into account
radioactive decay chains;

¢) Z, name and A for nucleus produced;

d) Half-life of the product nucleus; Symbols "S", "M", "H", "D" and "Y" signify
Second, Minute, Hour, Day and Year, correspondingly;

e) The number of energy points for which the cross-sections for given reaction are
available in MENDL,;

f) The minimum reaction energy (Q) in MeV for all reactions resulting in
considered product nucleus;

g) The indication of the origin of cross sections presented.

EXAMPLE

13-A1-26 (N,X) 11-Na-22 2.60E+00Y 68 -5.450E+00 Original

Meaning

13-Al-26 : target nucleus is aluminum isotope with A=26
(N,X) : sum of (n,na) and (n,3n2p) reaction cross-sections
11-Na-22 : product nucleus is sodium isotope with A= 22

2.60E+00Y : halflife of 22Na is equal 2.6 year

68 the number of energy points given for this reaction is equal to 68

-9.450E+00: Q-value for (n,no) reaction

Original : reaction cross-section has been obtatned by authors



Table 3.
CONTENT
Target Half-life Number of reactions
*13-Al-26 | unstable 7.205E+05 74 reactions
Y
Target | Reaction Product Half-life | Points Q-value | Comments

13-Al- 26 | (N,2N) 13-Al- 25 7.18E+00S | 67 -1.137E+01 | Original
13-Al-26 | (N,3N) 13-Al- 24 2.07E+00S | 47 -2.830E+01 | Original
13-Al-26 | (N,4N) 13-Al- 23 470E-01S |31 -4.319E+01 | Original
13-Al- 26 | (N,5N) 13-Al- 22 7.00E-02S | 18 -6.253E+01 | Original
13-Al-26 | (N,6N) 13-Al- 21 short 10 -7.813E+01 | Onginal
13-Al-26 | (N,P) 12-Mg- 26 stable 90 4.786E+00 Original
13-Al-26 | (N,X) | 12-Mg-25 | stable 81 ~4.082E+00 | Original
13-Al- 26 | (N,X) 12-Mg- 24 stable 65 -1.141E+01 | Original
13-Al- 26 | (N, X) 12-Mg- 23 1.13E+01S | 46 -2.794E+01 | Original
13-Al-26 | (N X) 12-Mg- 22 3.86E+01S {32 -4.109E+01 | Original
13-Al- 26 | N.X) 12-Mg- 21 1.23E-01S | 19 -6.047E+01 | Ornginal
13-Al- 26 | (N, X) 12-Mg- 20 9.50E-02S 11 -7.419E+01 Original
13-Al- 26 | (N,2P) 11-Na- 25 5.96E+01S [ 70 -9.358E+00 | Original
13-Al- 26 | (N,X) 11-Na- 24 1.50E+0IH | 58 -1.614E+01 Original
13-Al- 26 | (N,X) 11-Na- 23 stable 90 2.968E+00 Original
13-Al- 26 | (N,X) 11-Na- 22 2.60E+00Y | 68 -9.450E+00 | Original
13-Al- 26 | (N, X) 11-Na- 21 2.25E+01S | 53 -2.052E+01 | Orginal
13-Al- 26 | (N X) 11-Na- 20 4 46E-01S | 35 -3.762E+01 | Original
13-Al- 26 | (N,X) 11-Na- 19 3.00E-02S |24 -5.178E+01 | Original
13-Al- 26 | (N, X) 11-Na- 18 short 12 -7.353E+01 [ Original
13-Al- 26 | (N, X) 11-Na- 17 short 3 -9.166E+01 [ Original
13-Al- 26 | (N,3P) 10-Ne- 24 3.38E+00M | 53 -2.006E+01 | Original
13-Al- 26 | (N,X) 10-Ne- 23 3.72E+01S | 46 -2.670E+01 | Original
13-Al- 26 | (N,X) 10-Ne- 22 stable 73 -5.826E+00 | Original
13-Al- 26 | (N,X) 10-Ne- 21 stable 59 -1.396E+01 | Original
13-Al- 26 | (N, X) 10-Ne- 20 stable 52 -2.072E+01 | Original
13-Al-26 | (N X) 10-Ne- 19 1.77E+01S | 34 -3.759E+01 [ Original
13-Al- 26 | (N,X) 10-Ne- 18 1.67E+00S |24 -4.923E+01 [ Original
13-Al- 26 | (N, X) 10-Ne- 17 short 15 -6.846E+01 Original
13-Al- 26 | (N, X) 10-Ne- 16 short 6 -8.611E+01 | Original
13-Al- 26 | (N 4P) 9- F- 23 short 34 -3.665E+01 Original
13-Al- 26 | (N.X) 9-F-22 4 23E+00S | 29 -4 197TE+01 Original
13-Al- 26 | (N,X) 9-F-21 4.32E+00S | 50 -2.109E+01 | Original
13-Al- 26 | (N,X) 9-F-20 1.10E+01S | 45 -2.697E+01 Original
13-Al- 26 | (N, X) 9-F-19 stable 68 -7.501E+00 | Original
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Fig. 1. Preequilibrium o-emission prediction and experimental data for proton and neutron induced
reactions. For ™’ Au(n,o) reaction solid line represents sum of equilibrium and preequilibrium processes.
For 2Hg(p,2p 2n)"*’ Au reaction short dashed line - contribution from equilibrium processes. For
*Mo(n,t)**Zr reaction dashed line - contribution from equilibrium processes. For ’Sn(p,ot) reaction
a-particles spectrum is introduced (long dashed curve - represents preequilibrium o-particles emission,
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Fig. 12. Neutron induced reaction cross-sections calculated using the global set of model parameters for
Mo and '®Mo. For *Mo(n,p) reaction the experimental data and the systematics value (‘4)

calculated according to the formula (30) are shown.
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Fig. 13. Comparison of proton induced reaction cross-section calculated using the global set of model

parameters with the intermediate energy proton experimental data
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Fig. 14. Examples of the neutron induced excitation functions correction for (n,p), (n,ct) and (n,2n)
reactions on °Fe and **Ni experimental data.
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