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Abstract

The simulation of heavy cluster (A >4) emission in nucleon induced reactions was
performed using the coalescence model combined with the intranuclear cascade
evaporation model and pick-up coalescence model combined with hybrid
precompound and evaporation model.

"Be production cross-sections for neutron and proton induced reactions were
calculated for 274 stable targets from C to Bi at primary particle energies up to 200
MeV. The data obtained supplement the content of existing activation data files and
can be used for the calculation of 'Be production rates in nucleon induced reactions

at intermediate energies.
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1. Introduction

An emission of heavy clusters or intermediate mass fragments (IMF) from excited
nuclei plays a special important role in nucleon induced reactions at intermediate
energies. The emission results in appearing of specific residual nuclei and is
essentially a predominant or single source of their production.

A modeling of IMF emission, i.e. products heavier than *He, is a challenging
task hindered by a complexity of relevant processes as a lack of knowledge about
the mechanism. On the other hand, the role of such reactions for applications [1-3]
leaves no doubt of need for the modeling.

In many codes, especially implementing a pre-equilibrium model and designed
for relative low primary energies, the emission of heavy clusters is ignored, which
results in a marked deviation of calculations from experimental data. As an
example, Figure 1 and 2 show distributions of residuals for the reaction p+Fe
induced by protons with the energy 300 MeV and for the reaction and p+Au
induced by 160.6 MeV protons calculated using different codes without
consideration of IMF emission, TALYS [4], DISCA-C [5], and CASCADE [6,7].

The present work concerns the modeling of heavy cluster emission using
different models, which application depends on the type of main model describing
an interaction of nucleons with nuclei. An exciton pick-up coalescence model
combined with hybrid pre-equilibrium model, and the coalescence model combined
with intranuclear cascade model are used for the simulation of non-equilibrium
cluster emission. Models describing the cluster emission were implemented in
computer codes [7,8], which success for the simulation of nuclear reactions at
intermediate energies was demonstrated in many studies.

Using methods discussed below and computer codes modified the calculations
of yields, energy and angular distributions of heavy clusters were performed for
targets from C to Bi for nucleon induced reactions at energies up to 3 GeV. The
cross-sections of (p,x)'Be and (n,x)'Be reactions were calculated for 274 stable
targets at energies up to 200 MeV. Obtained data supplement a content of existing

activation data libraries, which do not contain corresponding information.
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Fig.1 Example of calculated mass distribution of residuals without the modelling of IMF
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; ' ' ' Yennello (30) e

10° p+Ag TALYS —¢—

102 | CASCADE-2012 ]
= 10" L ED=160.6 MeV |
£ .
< 100 | ]
S .
% 107 ¢ . ]
S 102 | * e !
O s ®

]

103 | * ]

104 | ]

10—5 . l \ \ \ \ .

0 2 4 6 8 10 12 14
Z

Fig.2 Example of calculated atomic number distribution of residuals without the modelling of
IMF emission. Experimental data are from Ref.[128]. See explanations in the text.



The Chapter 2 describes the modeling of IMF using intranuclear cascade
evaporation model, the Chapter 3 discusses the simulation of heavy cluster
emission applying the hybrid precompound model and evaporation model. The
approximate methods for the estimation of IMF production cross-sections are
discussed in Chapter 4. Chapter 5 presents results of calculations for (n,x)'Be and
(p,x)'Be reactions. Appendices A,B contain the calculated cross-sections for 'Be
production in nucleon induced reactions for 274 target nuclei.

Experimental data from Refs.[9-129] were used for the comparison with

results of calculations using nuclear models and approximate methods.

2. Modeling of heavy cluster emission using intranuclear cascade evaporation

model
2.1 Brief description of models used for the simulation

Semi-classical character of intranuclear cascade model (INC) enables its effective
use for the modeling of heavy cluster emission in a combination with knock-out
and coalescence models [130].

A direct use of the knock-out model is associated not so much with the
problem of rewriting of the code to include new types of objects and interactions,
but with an uncertainty of the predicted yields and distributions of emitted clusters.
The modeling assumes a use of a number of unknown parameters as a cluster “pre-
formation” probability and ones describing energy and angular distributions of
products of n+tcluster interactions in the nucleus. An experience of the use of
knock-out model to describe the a-particle emission in nucleon induced reactions
up to hundreds MeV applying the INC model [5] indicates a need to consider other
than knock-out reaction mechanisms to reach an agreement with experimental data.
These problems postpone the implementation of the consistent knock-out model for
heavy cluster emission to the near future. Though an approximate variant of the

model is discussed in Chapter 4.



A relative success of the coalescence model [3,131,132] used for the simulation of
cluster emission with A <4 in nucleon induced reactions is an argument attempting
to use the model for the prediction of heavy cluster emission. An observed
deviation of calculated and experimental values will be attributed both to the
approximate nature of the model and the presence of other mechanisms of cluster
formation.

The double differential cross-section for non-equilibrium emission of IMF is

estimated in the present work following Refs [132-135]

5 12 /5 A
d'c™ o P3A-D (8n _EC) (d G, ]

de do ° gh? de_dQ 1)

n

where A is a number of nucleons in emitted x-cluster, Ec is the Coulomb potential
for the outgoing fragment, d°c"*",/de,dQ is the double differential cross-section of
non-equilibrium neutrons, P, is the *“coalescence” radius obtained from the
comparison with available measured data.

The present works applies a “two-step” modelling of cluster formation [131,
132]. On the first step the nucleon distributions d’c""/dedQ are calculated. On the
second one the cluster emission is modelled using Eq.(1) and the new nucleon
distribution is calculated. Such modelling improves the energy balance and yields
of residuals in nuclear reactions comparing with the original formulation [133-
135].

The equilibrium emission of nucleons and clusters is simulated using the
Weisskopf-Ewing model. Inverse reaction cross-sections are estimated according to

Refs.[7,136].
2.2 New version of CASCADE code

Calculations were performed using a new version of the CASCADE code [7]. A
main modification of the code concerns the simulation of non-equilibrium and
equilibrium emission of fragments with A > 4. Changes and improvements of

CASCADE are briefly listed below



- the modeling of emission of six ejectiles (n, p, d, t, ‘He, a-particle) was
supplemented by fragments with Z < 20. Particles and fragments included in
default input set are shown in Table 1. The list can be extended up to 700
fragments

- two "independent" versions of the code used in KIT implementing the
approximate knock-out model and the coalescence model were unified. A type of
the model used for the simulation of non-equilibrium cluster emission is selected in
the input data file

- the procedure considering the decay of short-lived nuclei, like *Be, was
added to the code, which improves the calculation of yields of residuals and cluster
production cross-sections for light targets

- the calculation of nonelastic cross-sections was improved. The old
approximation is still available by selecting an input parameter

- the set of default model parameters including ones for knock-out and
coalescence models responsible for light and heavy cluster emission was added to
the code. The values can be modified in the input data file or in the code

- the use of external data files with additional parameters, like effective
displacement threshold energy, was simplified

- a number of improvement has been made for the optimal count of important
reaction characteristics and for the flexible work with the code

- a number of “bugs” concerning rare but possible events, which cause the
code stop was fixed.

The main specific features of the calculations concerning the use of the INC
model implemented in CASCADE can be found in Refs.[7,132]. The calculation of
yields of light clusters and nucleons and the comparison with measured data was
discussed in many works, see, for example, Refs.[131,132,137,138].

The results of the modeling of heavy cluster emission are discussed below.
Calculations were performed using default set of model parameters responsible for
the fragment emission. These parameters can be modified for outgoing d,t,’He, and

a-particles in the input data file and in the code and for other emitted fragments in
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the code. A detail explanation to the change of default parameters is given in the

code text in comments.

Table 1. Particles and nuclei, which emission is simulated and included in default input set of
new version of the CASCADE code

Z

0 n

1 p d t

2 °He “‘He °He

3 %L "Li i CLi

4 'Be ’Be '"Be '"Be "Be "“Be

5 8B IOB llB IZB 13B 14B ISB

6 9C IOC llc 12C 13C 14C 15C 16C 17C 18C

7 12N 13N 14N 15N 16N 17N 18N 19N 20N 21N

8 130 140 150 160 170 180 190 200 210 220 230 240
9 17F 18F 19F ZOF 21F 22F 23F 24F 25F 26F 27F

10 "Ne "™Ne "Ne ’Ne *'Ne *Ne *Ne **Ne *Ne *Ne *'Ne **Ne Ne

241\1a 25Na 26Na 27Na 28Na 291\1a 301\1a 311\1a 321\1a
24 25 26 27 28 29 30 31 32 33
g “"Mg “"Mg “"Mg ~Mg Mg “"Mg “"Mg " Mg Mg "Mg

—_—
[\
ZN
SRS
£
(S
¥4
oo
Sz

13 2A1 PA1 A1 PA1 A1 YAl BA1 PA1 A P'Al 2A1 BA1 ¥Al PAL %Al

14 22Si Si 2%si PSi si 2'si %si ¥si 0si s *?Si BSi MSi P%Si<.. >38si
<...>

20 *Ca *%Ca *'Ca **Ca *Ca *°Ca *'Ca *Ca *Ca *Ca *Ca *Ca YCa ®Ca<..>°'Ca

2.3 Comparison with experimental data

Examples of calculations performed using the new version of CASCADE code are
shown in Figs.3-23.

Figs.3-7 presents double differential cross-sections of °He and 'Be emission in
1.2 GeV proton induced reactions on Ni and Au. Figs.8-15 show production cross-
sections of *He, °Li, 'Li, *Li, °Li, 'Be, ’Be, and '°Be for reaction on different targets
from Al to Bi irradiated with protons of energy 1.2 GeV. Examples of calculated
atomic mass- and atomic number distributions of fragments are shown in Figs.16-
19 for *°Fe and Ag irradiated with protons of different energies.

Figs.20-23 presents calculated 'Be production cross-sections for proton

induced reactions on *’Al, Fe, ”’Nb, and '”’Au at incident energies up to 3 GeV.
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Figs.3-23 show a relative good agreement between calculated and experimental
values. The agreement is observed for reactions and primary energy ranges, where
the equilibrium formation of clusters dominates, for example, for *’Al(p,x)' Be
reaction, Fig 20, and for energies, where the main origin of cluster production is the
non-elastic emission, for example, at primary proton energies below 100 MeV for
»Nb(p,x)'Be reaction, Fig.22.

The comparison with experimental data shows a certain success of the
modeling of heavy cluster emission using the new version of the CASCADE code.
The agreement between the calculated and measured values can serve as an
additional argument for the use of the combination of the coalescence and the
intranuclear cascade evaporation model at intermediate energies. However, the
observed difference between results of modeling and experimental data at proton
incident energies below 100 MeV for *Nb(p,x)'Be, Fig.22, and "’Au(p,x) Be,
Fig.23, indicates a possible existence of non- coalescence mechanism for the IMF

formation. Such a mechanism 1s discussed below.
3. Modeling of heavy cluster emission using hybrid precompound model

The use of coalescence model is justified at relative high energies of primary
nucleons. The simulation of heavy cluster emission at incident particle energies
below 100- 150 MeV requires the application of more advanced methods
describing a competition of various processes resulting to the non-equilibrium
emission of IMF.

One of the successful methods of modeling is the use of “coalescence pick-up
model*“ [139,140] adopted for the simulation of heavy cluster emission in
Ref.[141]. The brief description of the model and modifications made in the

ALICE code used for numerical calculations are given below.
3.1 Model description

The main assumption of the model is that the emission of heavy clusters is a results

of the non-equilibrium process involving the particle pick-up and coalescence, and

20



the evaporation after the precompound phase of the reaction is finished.
The non-equilibrium energy distribution of emitted fragments is calculated

using the hybrid exciton model [142] as discussed in Ref.[141]

do o(p—k,h,U)
—=06,,.(E E .(e, +
i, om0 2 2 Raler QT

L)
M6+ (e,

g, D), )

where o,,, 1S the cross-section of nonelastic interaction of the nucleus and the
primary particle with the kinetic energy Eo; Fy 1, 1s the formation factor of fragment
“x” consisting of A, nucleons with “k” particle above and “m” below the Fermi
level, A,=k+m; o(p,h,E) is the exciton level density with “p” particles and “h”
holes; the residual excitation energy U is equal to E — Q,—¢,, and E is the excitation

energy of the composite nucleus, Qy is the separation energy for the “x”-cluster; &,

is the channel emission energy corresponding to the fragment emission; A} is the

cluster emission rate; A, is the intranuclear transition rate for the absorption of the

formed “x”-cluster in the nucleus; g, is the density of single states for the cluster;
D(n) is the factor describing the “depletion” of the n-exciton state due to the
particle emission; ny is the initial exciton number, (for nucleon induced reactions
ny = 3).

The cluster emission rate is calculated with the following formula

(@S, +Dp, g, 0™ (e, )
R g,

A

: 3)

where S, and i are spin and reduced mass of the outgoing fragment; o is the

inverse reaction cross-section for the fragment. The absorption rate is equal to
A =2W>*/h, 4)

where W™ is the imaginary part of the optical potential for the “x”-cluster.

The form factors Fy, are evaluated as proposed in Ref.[143]

Fk,m(g): a p(kamagag())’ (5)
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with p-function obtained in Ref.[144]

k+m

g S i . . \k+m-l
k,m,e,g,) = LG (1) O(e—1g))(e—1¢
p( TR 20‘, (=)' Oe—ig)) (e —ig,)) ™", (6)

here ®(x) is the Heaviside function, €, is a model parameter [143] concerning the
pick-up process. The value of a in Eq.(5) is chosen to meet the normalization

condition

> E..=L (7)

K+meA,

Fig.24 and Fig.25 shows F, values calculated for ‘Be and '°C. The value of
g0 equal to 6.7 MeV corresponds to default input value for *°Fe(p,x)'Be reaction
adopted in the ALICE/ASH code, see below. The F; value in Fig.24 and F,, in
Fig.25 concern the “pure” coalescence mechanism of cluster production. The
properties of Fy ,, were discussed in Ref.[141].

The calculation of inverse cross-sections for emitted fragments for targets with
Z > 8 is carried out using the parabolic model [145]. Fig.26 and Fig.27 show
examples of calculated cross-sections for nonelastic interactions of primary 'Be
with °V and "'Os. The data presented are used for the simulation of proton
induced reactions *°Fe(p,x)'Be and "’Au(p,x)'Be. For the comparison Figs.26,27
show the cross-sections evaluated using the approximate approach of Barashenkov,
Polanski [146].

As the default option of ALICE/ASH code a sharp cutoff approximation
[142,8] is applied for the calculation of inverse reaction cross-sections for targets
with the atomic number Z < 8.

The evaporation model implemented in the ALICE/ASH code [8] is used for

the simulation of equilibrium emission of heavy clusters.
3.2 New version of ALICE/ASH code

For the first time the ALICE/ASH code was applied for the simulation of heavy
cluster emission in the work [141] devoted to the calculation of cross-sections with

emission of 'Be in proton induced reactions at primary energies below 100 MeV.

22



015 v 1 v 1 v 1 v 1

Be
04k 1) .-
0,3} oL 52)
Eh ~~”'~¢
TR B (7.0 1
:"\ ‘ (3’4) - ..
01F @3 X~ Tl 1
[ (16) T
0’0 | - Il ML l= = 5.8 2 2 L - ' 1
0 20 40 60 8 100 120 140
Energy (MeV)

Fig.24 Probability of 'Be formation Fy, calculated using Eqs.(5)-(7) with &=6.7 MeV. Pair of

numbers corresponds “k,m”. See explanations in the text.
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Fig.25 Probability of 12C formation Fym calculated using Eqgs.(5)-(7) with €,=6.7 MeV. Pair of
numbers corresponds “k,m”. Short dashed line without designation shows F; ;9. The Fy
value not shown in Figure is relatively small and does not exceed 0.003. See other

explanations in the text.
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In the present work the application of ALICE/ASH [8] was extended for the
modeling of the emission of various intermediate mass fragments. Changes and
improvements of the code are briefly summarized below

- a new algorithm for the simulation of non-equilibrium and equilibrium
emission of heavy clusters was added to the code. The current limitation concerns
the modeling of the emission of fragments with the mass number A, below 33. The
A, number can be increased by a change of the dimension of variables in the
common block IWACLU

- the set of default model parameters responsible non-equilibrium and
evaporation emission of IMF was added to the code. The possible change of default
values is explained in comments to the code text in details

- a maximal number of residual nuclei NA, NZ involved in calculations and
the value ED of the energy step of the integration can be now calculated in the code
providing optimal values

- a number of former limitations [8,142] as for example a number of initial
energies for a fixed target in a single input data set, were discarded

- printing of results was optimized for a number of important applications.

The next Section shows some examples of the use of new ALICE/ASH code

for the calculation of reaction cross-sections with the emission of heavy clusters.
3.3 Comparison with experimental data

Calculations were performed with the default set of model parameters adopted in
the new version of ALICE/ASH.

Calculated (p,x)'Be reaction cross-sections for 23 targets are shown in
Figs.28-50. Figures illustrate the total 'Be production cross-section and the
contribution of 'Be pre-equilibrium emission in the total cross-section. The
contribution for relatively light targets is rather small comparing with one of the
equilibrium emission, grows up with the atomic mass number of the nucleus, and

dominates for heavy targets, like Ta.
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Fig.44 "Be production cross-section in proton induced reactions on natural Cu. See captions to
Fig.28.
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Fig.49 "Be production cross-section in proton induced reactions on '*’Au. See captions to Fig.28.

36



100 —

—
Q

—
o
]

Cross-section (mb)
o

Meumaier(94) »

—
o
e
e

—
e
[ ]

105 .
0 20 40 60 80 100 120 140 160 180 200

Proton energy (MeV)

Fig.50 "Be production cross-section in proton induced reactions on **’Bi. See captions to Fig.28.

The agreement with experimental data is rather good except a number of light
targets and “”’Bi. The case of *”’Bi was discussed in Ref.[141]. To a certain extent
the difference of calculated and measured cross-sections for light targets can be
attributed to the method used for the inverse reaction cross-section calculation for
"Be.

The observed agreement of calculations and measured data justifies a further
use of the ALICE/ASH code for the evaluation of cross-sections for reactions with
the emission of heavy clusters in nucleon induced reactions at projectile energies

up to 200 MeV.

4. Approximate methods for the evaluation of heavy cluster yields in nuclear

reactions

The use of methods of simulation discussed above assumes their implementation in
computer codes. It is a challenging task due to the incorporating of new algorithms

of simulation in existing programs or the writing new ones.
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A quick and relatively accurate estimate of the yield of heavy clusters in nuclear
reactions can be made using approximate methods. Their use does not imply
significant changes of existing codes.

Two different approximation models are discussed below. The first is so called
“nuclear bond breakdown” model (NBBD) [147], the second one is the simple
knock-out model [138].

4.1 NBBD model

According to Ref.[147] the emission of heavy clusters is a result of the breakdown
of “nuclear bonds” of cluster after the interaction of cluster with emitting nucleons.

The idea led the authors [147] to the following formula

Ilo (A / A )(Ncasc / A)mO(Qf“‘ngmeg) , (8)

non

Gfrag (Ep) =0 frag

where G,,, 1s the cross-section of nonelastic interactions of primary nucleons with
the energy E, and the target nucleus; A and Ag,, are the number of nucleons in the
target and in the emitted fragment, correspondingly; N, 1s the average number of
nucleons emitted before equilibrium; Qs,, 1s the separation energy of the fragment
and Vg, 1s the corresponding Coulomb potential, ny and m, are the model
parameters obtained from the comparison with experimental data.

In the present work the N, value is estimated following Ref.[148]
Nease=(1 + A"?) exp{—(0.087 A*” + 4.15)E,} 9)
E;=exp{(~0.72 (1+InA)**) In(E,/3.68)}, (10)

where the primary proton energy E,, is taken in MeV.

The model discussed was used with some success for the estimation of the
contribution of non-equilibrium emission in the yield of *He and “He in nucleon
induced reactions at intermediate energies in Ref.[149].

Figs.51-56 show the Z- and A- distributions of fragments calculated using the
NBBD approach for various nuclear reactions induced by intermediate energy

protons. The yield of other residuals was calculated using TALYS, DISC-C, and
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CASCADE codes. The simulation of equilibrium emission of IMF was not
performed in the codes. Figs.57-62 show the (p,x)'Be reaction cross-sections for
different targets at primary proton energies up to 3 GeV estimated using NBBD.
The values of ny and m, parameters were obtained in the present work.

There is a relatively good agreement of calculated yields of IMF and measured
data. Apparently, calculated cross-sections shown in Figs.57-62 effectively contain
contributions of equilibrium and non-equilibrium emission of IMF, as follows from
more advanced model calculations discussed in Chapters 2,3.

In this respect NBBD differs from an approach discussed below, where the
agreement with experimental data is observed only after the adding of estimated
values and contributions of the equilibrium emission of clusters in the production

cross-section calculated using the codes.
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Fig.51 Z-distribution of residuals in the p+Ag reaction at the incident proton energy 160.6 MeV
calculated using the NBBD model and models from the TALYS code (thick line), and
using the TALYS code only (thin line). TALY'S calculations do not include the modelling
of IMF emission. See explanations in the text.
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Fig.52 Z-distribution of residuals in the p+Ag reaction at 160.6 MeV calculated using NBBD
and models from CASCADE (thick line), and using the CASCADE code only (thin line).
Here, CASCADE calculations do not include the modelling of IMF emission.
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Fig.53 A-distribution of residuals in the p+56Fe reaction at the incident proton energy 300 MeV

calculated using the NBBD model and models from the TALYS code (thick line), and
using the TALYSS code only (thin line). TALYS calculations do not include the modelling
of IMF emission.
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Fig.55 The same as in Fig.53 but for the CASCADE code
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Fig.56 A-distribution of residuals in the p+ °Fe reaction at the incident proton energy 1 GeV
calculated using the NBBD model and models from the CASCADE code (thick line), and
using the CASACDE code only (thin line). Here CASCADE calculations do not include
the modelling of IMF emission.
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Fig.57 Cross-section of *’Al(p,x)'Be reaction calculated using the NBBD model.
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Fig.59 Cross-section of Ni(p,x)'Be reaction calculated using the NBBD model.
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Fig.60 Cross-section of *>Nb(p,x)'Be reaction calculated using the NBBD model.
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Fig.61 Cross-section of Ta(p,x)'Be reaction calculated using the NBBD model.
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Fig.62 Cross-section of '*’Au(p,x)'Be reaction calculated using the NBBD model.

4.2 Simple knock-out model

Following Ref.[138] the contribution of non-equilibrium processes to the
production cross-section of the fragment in nuclear reactions induced by

intermediate energy nucleon can be estimated using the expression
CYi’)rraeg (Ep) = cynon y (1 - (Vfrag + erag) / Ep) Gn,frag A2/3 Ncasc ” (1 1)

where G, 1S the “effective” cross-section for nucleon interactions with the
fragment, v is the parameter.

The approach has been used in Ref.[138] to estimate the fraction of non-
equilibrium emission in the *He and *He production cross-sections in nucleon
induced reactions on targets Fe, Ta, W, and Au at energies up to 10 GeV.

In the present work Eq.(11) is used for the comparison with experimental
cross-sections of 'Be production for various targets irradiated with intermediate

energy protons.
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The contribution of equilibrium emission to 'Be yield was calculated using the

CASCADE code, N was estimated using Eqgs.(9),(10), and Gy, using

approximate approach from Ref.[146].

Figs.63-67 show calculated cross-sections for proton induced reactions

(p,x)'Be on Al, Fe, Nb; Ta, and Au. The values of y-parameter is taken equal to
9.7x10~ for Al, Fe, and Nb, 16x10™" for Ta, and 5.9x10~"° for Au.

Figs.63-67 show rather good agreement between experimental cross-sections

and results of calculations. The agreement achieved using adopted values of -

parameter leaves the question about the contribution of other than knock-out

processes in the non-equilibrium 'Be emission open.

Fig.63
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Calculated *’Al(p,x)'Be reaction cross-section. The contribution of the non-equilibrium
emission of 'Be in the cross-section is estimated using discussed phenomenological
knock-out model (KO), the contribution of the equilibrium 'Be emission is calculated
using the CASCADE code.
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Fig.64 Calculated Fe(p,x)'Be reaction cross-section. See captions to Fig.63.
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Fig.65 Calculated **Nb(p,x)’Be reaction cross-section. See captions to Fig.63.
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Fig.66 Calculated Ta(p,x)'Be reaction cross-section. See captions to F 12.63.

10" | 197 Au(p,x) " Be s
@
~ 10 }
o)
£
c
= 10"
[2)
3
)
8 102 |
O
expr data »
109 ¢ equilibrium (CASCADE) -
KO
4 Sum
10° ] .
20 107 10°

Proton energy (MeV)

Fig.67. Calculated '*7 Au(p,x)’Be reaction cross-section. See captions to Fig.63.

48




5. Calculation of 'Be production cross-sections for neutron and proton

induced reactions at energies up to 200 MeV

To supplement available evaluated activation data files by the 'Be production
cross-sections at intermediate energies the calculations of (n,x)’Be and (p,x)'Be
cross-sections were performed using the ALICE/ASH code for 274 stable targets
from C to Bi.

Calculations for each target included the procedure of the estimation of errors
and correlations using the Monte Carlo method [150,151]. The model parameters
responsible for the 'Be emission, Chapter 4, were selected by a random choice and
corresponding results of cross-section calculations were used for the calculation of

a covariance matrix

N
Vi = N Z(Gik —G;,)N(Cy —Tj)) (12)
k=1 >

(1552}
1

where oy 1s the cross-section corresponding to the “i”’-th primary particle energy in
the “k”-th set of calculations, cjy is the cross-section obtained using the “best* set
of model parameters adopted as default ones in ALICE/ASH, N is the total number
of sets of calculations with randomly selected model parameters.

The corresponding correlation matrix is equal to
Cij =V (V; % ij)_m (13)
Figs.68-70 show examples of calculated (n,x)7Be cross-sections for 2’Al, *°Fe,

184
and '

W. Corresponding correlation matrices are shown in Figs.71-73.

Calculated "Be production cross-sections and estimated errors are presented in
Appendix A for neutron induced reactions and in Appendix B for proton induced
reactions. The sample Fortran routine to read the data is given in Appendix C.

Data obtained can be used for the estimation of 'Be production rate in

materials irradiated with neutrons and protons at energies up to 200 MeV.
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6. Conclusion

The simulation of heavy cluster (A >4) emission in nucleon induced reactions has
been performed using the coalescence model combined with the intranuclear
cascade evaporation model and pick-up coalescence model combined with hybrid
precompound and evaporation model.

The range of applications of CASCADE and ALICE/ASH codes was extended
to perform the simulation of heavy cluster emission at intermediate and high
energies of primary particles. Available experimental data were applied to obtain
the number of model parameters responsible for the cluster emission.

The agreement observed between results of calculation and measured data
demonstrates promising application of models discussed for predicting
intermediate fragment distributions in nucleon induced reactions at intermediate
and high energies.

In addition to nuclear models two approximate approach for the calculation of
heavy cluster yields were discussed. These approaches can be used for quick and
rather accurate estimations.

Using the modified version of the ALICE/ASH code the 'Be production cross-
section for neutron and proton induced reactions were calculated for 274 stable
targets from C to Bi at primary particle energies up to 200 MeV (Appendices
A,B;C). The data obtained supplement the content of existing activation data files
and can be used for the calculation of 'Be production rates in nucleon induced

reactions at intermediate energies.
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Appendix A:

For each target the first record contains the atomic number and atomic mass number of the
projectile (IZP, IAP), the atomic number and atomic mass number of the target nucleus (IZT,
IAT), the number (N) of triples E;, cj, doj, and symbols describing the interaction. The Fortran
formatis (5i110),1zP, IAP, 12T, IAT,N. Next records for the target contain the energy of the
projectile E; in MeV, the calculated cross-section ;(E) in mb (XS), and the calculated error of

the cross-section doj(E) in mb (DXS). The Fortran format to read the data is (8£10.0), (E
XS(I),DXS(I),I=1,N).

the primary neutron energies up to 200 MeV

The sample Fortran routine to read data is given in Appendix C.

Calculated (n,x)7Be reaction cross-sections for 274 targets at

0
.742E+01
.764E-02
.520E+01
.000E+01
.122E+01
.543E+01
.000E+02
.738E+00
.074E+01
.800E+02
.519E+00

0
.305E+01
.544E-02
.683E+00
.000E+01
.755E+00
.315E+01
.200E+02
.902E+00
.123E+01
.000E+02

0
.760E+01
.130E-03
.612E-01
.000E+01
.581E-01
.874E+00
.000E+02
.275E+00
.395E+01
.800E+02
.690E+00

0
.469E+01
.740E-03
.448E-01
.000E+01
.266E-01
.804E+00
.200E+02
.403E-01
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1

.000E+00
.500E+01
.731E+00
.106E+01
.500E+01
.149E+01
.040E+01
.300E+02
.820E+00
.979E+01

1

.000E+00
.500E+01
.758E-01
.786E+01
.500E+01
.852E+00
.359E+01
.500E+02
.172E+00
.115E+01

1

.000E+00
.500E+01
.306E-01
.660E+00
.500E+01
.253E-01
.210E+01
.300E+02
.988E+00
.653E+01

1

.000E+0Q0
.500E+01
.240E-02
.343E-01
.500E+01
.783E-01
.219E+00
.500E+02
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6

.000E+00
.590E+00
.000E+01
.007E+01
.867E+01
.000E+01
.054E+01
.443E+01
.600E+02
.932E+00

6

.000E+00
.608E+00
.000E+01
.193E+00
.271E+01
.000E+02
.837E+00
.146E+01
.800E+02
.927E+00

7

.000E+00
.140E-01
.000E+01
.452E-01
.741E+00
.000E+01
.266E+00
.168E+01
.600E+02
.242E+00

7

.000E+00
.456E-02
.000E+01
.137E-01
.705E+00
.000E+02
.578E-01
.972E+00
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12

.800E+01
.547E-01
.419E+01
.500E+01
.159E+01
.296E+01
.100E+02
.451E+00
.994E+01
.900E+02

13

.500E+01
.397E-01
.238E+01
.500E+01
.288E+00
.283E+01
.300E+02
.051E+00
.054E+01

14

.800E+01
.700E-02
.853E-01
.500E+01
.791E-01
.013E+01
.100E+02
.780E+00
.703E+01
.900E+02

15

.500E+01
.228E-02
.168E-01
.500E+01
.928E-01
.683E+00
.300E+02
.366E-01
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27

.397E-04
.000E+01
.585E+00
.190E+01
.000E+01
.101E+01
.758E+01
.400E+02
.464E+00
.048E+01

25

.140E-03
.000E+01
.838E-01
.883E+01
.000E+01
.091E+00
.317E+01
.600E+02
.070E+00

27

.276E-04
.000E+01
L427E-01
.628E+00
.000E+01
.337E-01
.490E+01
.400E+02
.486E+00
.826E+01

25

.283E-05
.000E+01
.084E-01
.341E-01
.000E+01
.123E-01
.580E+00
.600E+02
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.545E-04
.807E+01
.500E+01
.069E+01
.731E+01
.500E+01
.000E+01
.363E+01
.700E+02
.705E+00

.570E-03
.497E+00
.500E+01
.976E+00
.297E+01
.100E+02
.856E+00
.112E+01
.900E+02

.638E-04
.837E-01
.500E+01
.715E-01
.534E+00
.500E+01
.828E+00
.161E+01
.700E+02
.593E+00

.269E-05
.350E-02
.500E+01
.029E-01
.317E+00
.100E+02
.642E-01
.152E+01
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.000E+01
.978E-01
.898E+01
.000E+01
.168E+01
.023E+01
.200E+02
.162E+00
.013E+01
.000E+02

.000E+01
.895E-01
.500E+01
.000E+01
.609E+00
.229E+01
.400E+02
.017E+00
.053E+01

.000E+01
.419E-01
.694E-01
.000E+01
.661E-01
.016E+01
.200E+02
.431E+00
.555E+01
.000E+02

.000E+01
.175E-02
.041E-01
.000E+01
.878E-01
.705E+00
.400E+02
.040E+00
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n+C12

.528E-02
.500E+01
.532E+00
.920E+01
.500E+01
.076E+01
.647E+01
.500E+02
.224E+00
.073E+01

n+C13

.086E-01
.500E+01
.514E-01
.141E+01
.500E+01
.436E+00
.257E+01
.700E+02
.956E+00

n+N14

.426E-02
.500E+01
.847E-01
.376E+00
.500E+01
.147E+00
.917E+01
.500E+02
.804E+00
.654E+01

n+N15

.748E-02
.500E+01
.520E-01
.492E-01
.500E+01
.283E-01
.377E+00
.700E+02

(1),
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.211E+01
.000E+02

0

.662E+01
.824E-02
.796E-01
.000E+01
.367E+00
.131E+01
.000E+02
.604E+00
.437E+00
.800E+02
.512E+00

0

.038E+01
.950E-02
.307E-01
.000E+01
.651E-01
.029E+00
.200E+02
.077E+00
.120E+00
.000E+02

0

.544FE+01
.174E-02
.251E-01
.500E+01
.467E-01
.565E+00
.300E+02
.611E+00
.870E+00

0

.712E+01
.662E-03
.179E-01
.000E+01
.800E-01
.592E+00
.000E+02
.907E+00
.428E+00
.800E+02
.948E+00

0

.885E+01
.555E-05
.024E-02
.500E+01
.660E-01
.429E+00
.500E+01
.013E+00
.298E+00
.300E+02
.396E+00
.597E+00

0

.442E+01
.939E-03
.799E-01
.500E+01
.380E-01
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.285E+00
.676E+01

1

.000E+0Q0
.500E+01
.898E-01
.633E+00
.500E+01
.432E+00
.160E+01
.300E+02
.431E+00
.087E+01

1

.000E+0Q0
.500E+01
.334E-01
.142E+00
.500E+01
.415E+00
.964E+00
.500E+02
.411E+00
.038E+01

1

.000E+0Q0
.000E+01
.125E-01
.700E-01
.000E+01
.080E-01
.109E+00
.600E+02
.107E+00

1

.000E+00
.500E+01
.590E-01
.000E-01
.500E+01
.960E-01
.322E+00
.300E+02
.714E+00
.169E+00

1

.000E+00
.200E+01
.012E-02
.314E-01
.000E+01
.214E+00
.441E+00
.000E+01
.649E+00
.983E+00
.600E+02
.798E+00

1

.000E+00
.000E+01
.900E-01
.319E-01
.000E+01
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.800E+02
.097E+00

8

.000E+00
.822E-01
.000E+01
.251E+00
.032E+01
.000E+01
.858E+00
.016E+01
.600E+02
.495E+00

8

.000E+00
.041E-01
.000E+01
.365E-01
.264E+00
.000E+02
.954E+00
.383E+00
.800E+02
.631E+00

8

.000E+00
.075E-01
.500E+01
.366E-01
.716E+00
.100E+02
.350E+00
.075E+00
.900E+02

9

.000E+00
.928E-02
.000E+01
.500E-01
.145E+00
.000E+01
.161E+00
.495E+00
.600E+02
.085E+00

10

.000E+00
.409E-03
.800E+01
.157E-01
.619E+00
.500E+01
.220E+00
.317E+00
.100E+02
.991E+00
.775E+00
.900E+02

10

.000E+00
.607E-02
.500E+01
.659E-01
.543E+00
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.400E+01

16

.800E+01
.110E-02
.844E+00
.500E+01
.821E+00
.140E+01
.100E+02
.532E+00
.001E+01
.900E+02

17

.500E+01
.520E-01
.118E+00
.500E+01
.081E+00
.337E+00
.300E+02
.189E+00
.524E+00

18

.000E+01
.375E-02
.233E-01
.000E+01
.229E-01
.235E+00
.400E+02
.818E+00
.707E+00

19

.800E+01
.964E-02
.110E-01
.500E+01
.725E-01
.7T79E+00
.100E+02
.248E+00
.454E+00
.900E+02

20

.900E+01
.045E-04
.693E-01
.000E+01
.095E-01
.969E+00
.000E+01
.159E+00
.618E+00
.400E+02
.388E+00
.023E+01

21

.600E+01
.035E-03
.007E-01
.000E+01
.715E-01
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.523E+00

27

.749E-03
.000E+01
.632E-01
.702E+00
.000E+01
.598E+00
.096E+01
.400E+02
.535E+00
.184E+01

25

.165E-02
.000E+01
.963E-01
.048E+00
.000E+01
.572E+00
.354E+00
.600E+02
.476E+00

24

.984E-03
.500E+01
.616E-01
.347E+00
.500E+01
.446E-01
.435E+00
.700E+02
.358E+00

27

.207E-03
.000E+01
.555E-01
.398E-01
.000E+01
.895E-01
.118E+00
.400E+02
.227E+00
.621E+00

32

.989E-07
.400E+01
.465E-02
.023E+00
.500E+01
.484E+00
.884E+00
.500E+01
.809E+00
.228E+00
.700E+02
.115E+00

28

.970E-04
.500E+01
.504E-01
.167E+00
.500E+01
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.900E+02

.875E-03
.634E-01
.500E+01
.736E+00
.112E+01
.500E+01
.729E+00
.016E+01
.700E+02
.484E+00

.083E-02
.419E-01
.500E+01
.907E-01
.419E+00
.100E+02
.055E+00
.217E+00
.900E+02

.992E-03
.849E-01
.000E+01
.503E-01
.211E+00
.200E+02
.461E+00
.644E+00
.000E+02

.035E-04
.624E-01
.500E+01
.199E-01
.327E+00
.500E+01
.559E+00
.073E+00
.700E+02
.311E+00

.494E-07
.149E-02
.000E+01
.115E-01
.040E+00
.000E+01
.442E+00
.794E+00
.200E+02
.114E+00
.374E+00
.000E+02

.485E-04
.562E-01
.000E+01
.835E-01
.812E+00
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.718E+01

.000E+01
.817E-01
.716E+00
.000E+01
.193E+00
.196E+01
.200E+02
.495E+00
.071E+01
.000E+02

.000E+01
.210E-01
.919E+00
.000E+01
.263E+00
.701E+00
.400E+02
.252E+00
.671E+00

.500E+01
.245E-02
.031E-01
.500E+01
.015E-01
.T49E+00
.500E+02
.963E+00
.769E+00

.000E+01
.120E-02
.440E-01
.000E+01
.635E-01
.089E+00
.200E+02
.537E+00
.969E+00
.000E+02

.000E+01
.745E-03
.154E-01
.500E+01
.020E+00
.452E+00
.500E+01
.397E+00
.753E+00
.500E+02
.687E+00
.073E+01

.800E+01
.810E-02
.127E-01
.500E+01
.060E-01
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.751E+00

n+016

.648E-02
.500E+01
.441E-01
.284E+00
.500E+01
.897E+00
.062E+01
.500E+02
.382E+00
.244E+01

n+017

.790E-01
.500E+01
.526E-01
.933E+00
.500E+01
.772E+00
.332E+00
.700E+02
.544E+00

n+018

.348E-02
.000E+01
.515E-01
.915E+00
.000E+02
.192E+00
.716E+00
.800E+02
.423E+00

n+F19

.325E-03
.500E+01
.720E-01
.600E-01
.500E+01
.044E+00
.815E+00
.500E+02
.485E+00
.896E+00

n+Ne20

.110E-05
.600E+01
.577E-01
.532E+00
.000E+01
.726E+00
.025E+00
.000E+02
.877E+00
.793E+00
.800E+02
.365E+00

n+Ne21l

.878E-03
.000E+01
.564E-01
.276E+00
.000E+01
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.122E+00
.500E+01
.212E+00
.365E+00
.700E+02
.987E+00

0

.077E+01
.990E-03
.896E-01
.000E+01
.315E-01
.493E+00
.200E+02
.464E+00
.137E+00
.000E+02

0

.629E+01
.950E-04
.520E-01
.000E+01
.815E-01
.216E+00
.000E+02
.712E+00
.673E+00
.800E+02
.608E+00

0

.173E+01
.000E-06
.066E-02
.500E+01
.367E-01
.400E+00
.500E+01
.633E+00
.428E+00
.500E+02
.370E+00
.570E+00

0

.520E+01
.032E-05
.109E-02
.500E+01
.816E-01
.598E-01
.500E+01
.395E-01
.793E+00
.700E+02
.225E+00

0

.879E+01
.543E-04
.965E-02
.500E+01
.010E-01
.378E-01
.100E+02
.184E-01
.727E+00
.900E+02

0
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.061E+00
.572E+00
.200E+02
.683E+00
.964E+00
.000E+02

1

.000E+0Q0
.500E+01
.480E-02
.500E-01
.500E+01
.465E-01
.424E+00
.500E+02
.068E+00
.236E+00

1

.000E+00
.500E+01
.600E-02
.7T75E-01
.500E+01
.108E+00
.840E+00
.300E+02
.337E+00
.150E+00

1

.000E+00
.600E+01
.330E-03
.608E-01
.000E+01
.000E-01
.612E+00
.000E+02
.214E+00
.872E+00
.800E+02
.285E+00

1

.000E+00
.000E+01
.054E-02
.987E-01
.000E+01
.799E-01
.357E+00
.200E+02
.397E+00
.852E+00
.000E+02

1

.000E+00
.000E+01
.982E-02
.173E-01
.000E+01
.026E-01
.021E-01
.400E+02
.255E-01
.579E+00

1
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.500E+01
.786E+00
.782E+00
.500E+02
.482E+00
.410E+00

10

.000E+00
.549E-02
.000E+01
.750E-01
.091E+00
.000E+02
.212E+00
.128E+00
.800E+02
.618E+00

11

.000E+00
.785E-02
.000E+01
.887E-01
.528E+00
.000E+01
.420E+00
.649E+00
.600E+02
.075E+00

12

.000E+00
.317E-04
.500E+01
.304E-01
.416E-01
.500E+01
.306E+00
.608E+00
.300E+02
.936E+00
.431E+00

12

.000E+00
.542E-03
.500E+01
.935E-02
.132E-01
.500E+01
.785E-01
.168E+00
.500E+02
.872E+00
.360E+00

12

.000E+00
.564E-03
.500E+01
.865E-02
.730E-01
.500E+01
.293E-01
.295E+00
.700E+02
.979E-01

13
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.610E+00
.000E+02
.391E+00
.815E+00
.800E+02
.205E+00

22

.500E+01
.275E-02
.035E-01
.500E+01
.455E-01
.662E+00
.300E+02
.564E+00
.269E+00

23

.800E+01
.392E-02
.183E-01
.500E+01
.640E-01
.466E+00
.100E+02
.825E+00
.952E+00
.900E+02

24

.200E+01
.158E-04
.833E-02
.000E+01
.208E-01
.759E+00
.000E+01
.804E+00
.913E+00
.600E+02
.716E+00

25

.600E+01
.805E-04
.066E-01
.000E+01
.566E-01
.524E-01
.000E+02
.084E+00
.083E+00
.800E+02
.418E+00

26

.000E+01
.168E-03
.648E-02
.000E+01
.331E-01
.423E-01
.200E+02
.793E-01
.998E+00
.000E+02

27
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.305E+00
.918E+00
.300E+02
.908E+00
.244E+00

25

.571E-04
.000E+01
.517E-01
.937E-01
.000E+01
.310E-01
.719E+00
.600E+02
.135E+00

27

.797E-04
.000E+01
.592E-01
.397E-01
.000E+01
.233E+00
.152E+00
.400E+02
.476E+00
.342E+00

30

.610E-08
.800E+01
.916E-02
.482E-01
.500E+01
.795E-01
.083E+00
.100E+02
.457E+00
.241E+00
.900E+02

28

.241E-05
.500E+01
.330E-02
.795E-01
.500E+01
.762E-01
.534E+00
.300E+02
.529E+00
.280E+00

26

.831E-08
.500E+01
.824E-02
.645E-01
.500E+01
.412E-01
.405E-01
.500E+02
.176E-01
.828E+00

28
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.000E+01
.959E+00
.144E+00
.600E+02
.622E+00

.786E-04
.692E-02
.500E+01
.468E-01
.247E+00
.100E+02
.359E+00
.480E+00
.900E+02

.399E-04
.816E-02
.500E+01
.698E-01
.738E+00
.500E+01
.576E+00
.057E+00
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.891E-03
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.941E-02
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.800E+02
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