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Abstract

Popular nuclear models and approaches used for the description of the a-particle emission in the nucleon induced
reactions at the intermediate energies were analyzed. The a-particle emission spectra, the non-equilibrium a-particle
yields and the total a-production cross-sections were calculated with the help of the GNASH code, the modified ALICE
code, the DISCA code and the different codes from the MCNPX package. The results of the calculation were compared

with available experimental data, systematics values and data from ENDF/B-VI and JENDL-HE. Data from FENDL/

A-2, JENDL-3.3, CENDL-2 and JEFF-3/A were also used for the comparison with calculations and measured data for

neutron induced reactions below 20 MeV. The discrepancies between the calculations and the experimental data have

been analyzed. The a-particle production cross-section has been evaluated for 181Ta, natW and 197Au at the energies of

the incident neutrons and protons from several MeV to 1 GeV.
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1. Introduction

The study of helium production in nuclear
reactions is an important part of the research of
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radiation damage of materials. Recently the deter-

mination of reliable helium production cross-sec-

tions for tantalum and tungsten has got a special
interest for the TRIGA/TRADE project [1]. Tan-

talum and tungsten are proposed as materials of

the target, which undergone the intense influence

of the primary proton beam and secondary neu-

trons produced in nuclear reactions.
ed.
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The available experimental data for helium pro-

duction in tantalum and tungsten irradiated with

nucleons are not enough for detail testing of the

methods of the calculation and the determination

of the nuclear model parameters relevant to the
helium isotope emission at the energies of the pri-

mary particles up to 1 GeV. A considerable amount

of the experimental data for 4He production includ-

ing the total yields and a-particle emission spectra is
available for 197Au. These data are used in the pres-

ent work for testing of theoretical models.

The goal of this work is the study and the eval-

uation of the 4He-production cross-section for
181Ta, W and 197Au irradiated with neutrons and

protons at low and intermediate energies.

The evaluation of the cross-sections was done at

the energies from several MeV up to 1 GeV. The

evaluation included the analysis of available exper-

imental data and the contents of evaluated data

libraries (ENDF/B-VI, JENDL-HE, JENDL-3.3,

CENDL-2, FENDL/A-2, JEFF-3/A), the calcula-
tions with the help of the modern theoretical

approaches, codes and systematics. The brief

description and the analysis of the models used

for the cross-section calculation are given in Sec-

tion 2. Section 3 presents the comparison of the re-

sults of calculations with experimental data. The

evaluation of the 4He-production cross-section

for 181Ta, W and 197Au is discussed in Section 4.
2. Brief description of models and codes used for

helium production cross-section calculation

This section describes briefly nuclear models,

approaches and codes used in the present work

for the calculation of the total and differential
4He-production cross-sections for nucleon induced

reactions.

2.1. Pre-compound model combined with

evaporation model

2.1.1. The GNASH code

The GNASH code implements the pre-equilib-
rium exciton model and the statistical Hauser–

Feshbach model [2]. The basic description of the

code and the models used is given in [3].
The pre-equilibrium nucleon emission is de-

scribed by the following expression resulting from

an analytical solution of master equations of the

exciton model:

dr
dex

¼ rnonðEpÞ
ð2Sx þ 1Þlxexrinvx ðexÞ

p2�h3

�
X
n¼n0

RxðnÞ
xðp � 1; h;UÞ

xðp; h;EÞ
1

kþ
n þ k�

n þ cn
DðnÞ;

ð1Þ

where rnon is the cross-section of non-elastic inter-
action of the primary particle with a nucleus at

the kinetic energy Ep; Sx and lx are spin and re-
duced mass of the outgoing nucleon of x-type;
ex is the kinetic energy of the nucleon; rinvx is the

inverse reaction cross-section for x-particle;

x(p, h, E) is the density of exciton states with

‘‘p’’ particles and ‘‘h’’ holes (p + h = n) at the

excitation energy E calculated according to

Williams [4]; U is the final excitation energy,

U = E � Qx � ex and Qx is the separation energy

for nucleon; kþ
n and k�

n are transition rates from
the n-exciton state to the states with n + 2 and

n � 2 excitons, correspondingly; cn is the nucleon
emission rate; Rx(n) is the factor describing the

difference between the number of neutrons and

protons in the n-exciton state; D(n) is the factor,

which takes into account the ‘‘depletion’’ of the

n-exciton state due to the nucleon emission; n0 is

the initial exciton number. The transition rates
kþ
n and k�

n are calculated as follows:

k�
n ¼ ð2p=�hÞhjM j2ix�ðn;EÞ; ð2Þ

where hjMj2i is the averaged squared matrix ele-
ment for two-body interaction parameterized as
the set of functions of E/n in [5]; x� is the density

of states available for transitions from ‘‘n’’ to

‘‘n + 2’’ and ‘‘n � 2’’ exciton states calculated

according to [3,6].

The multiple pre-equilibrium emission (two pre-

compound nucleons escape) is described according

to [7]. The improvement of the approach [7] is dis-

cussed in [8].
The pre-equilibrium a-particle emission spec-

trum for nucleon induced reaction is calculated

as a sum of components corresponding to the

mechanism of pick-up and knock-out
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dr
dea

¼ dr
pick-up

dea
þ dr

knock-out

dea
; ð3Þ

and the components are evaluated according to the

phenomenological Kalbach approach [6]

drpick-up

dea

¼ ð2Sa þ 1ÞAaear
inv
a ðeaÞxpick-up

f ðUÞ
� f ðN ;Z;Dm;DpÞð780=AÞ3E�6

p 2.8� 10
�3; ð4Þ

where Sa and Aa are spin and mass number of the
a-particle emitted; A, Z, N are atomic mass num-

ber, atomic number and number of neutrons for

a target nuclide, respectively; the energy units are

MeV; xpick-up
f is the final state density for pick-up

process and ‘‘f’’ is the function defined below:

xpick-up
f ¼ 6

DmDp

X3
i¼1

xð0; i;UÞ; ð5Þ

f ðN ; Z;Dm;DpÞ
¼ ð2Z=AÞ6Dpð2N=AÞð1�DpÞDmðDmþ1Þ=2; ð6Þ

where Dm and Dp are number of neutrons and pro-

tons transferred in the pick-up process. The

knock-out component of spectrum is calculated

as follows:

drknock-out

dea

¼ rnonðEpÞ �
Aþ 1
AE

� �3
ð2Sa þ 1ÞAaear

inv
a ðeaÞ

�xknock-out
f ðUÞf ðN ;Z;Dm;DpÞA�3Z0.06; ð7Þ

where the units are mb for the cross-sections and

MeV for the energy, xknock-out
f is the final state den-

sity for the knock-out process

xknock-out
f ¼ gxga U � 1

2gx
� 1

2ga

� �
; ð8Þ

here gx is the single particle density for neutrons

and protons depending from projectile, gn = N/13,

gp = N/13; the level density for a-particle ga is

equal to A/52.

The pre-equilibrium emission of a-particles fol-
lowing the nucleon emission, i.e. the multiple pre-

compound a-emission is not considered in the
GNASH code.
Equilibrium particle emission is described with

the help of the Hauser–Feshbach model. The com-

bination of the exciton model formulated without

the consideration of angular momentum (Eq. (1))

and the angular dependent statistical model is dis-
cussed in [3,9].

In the present work two different approaches

were used for the nuclear level density calculation

in equilibrium states. The calculation was done

with the help of the Fermi gas model with the

nuclear level density parameter depending from

the excitation energy [10] and the generalized

superfluid model [11].
In the approach of Ignatyuk and coauthors [10]

the nuclear level density is described by expres-

sions basing on the Fermi gas model. The nuclear

level density parameter is calculated as follows:

aðUÞ ¼ ~að1þ uðUÞdW =UÞ; ð9Þ

where U is the energy of the excitation corrected
for the odd–even difference in the nuclear level

density; ~a is the asymptotic value of the nuclear
level density parameter; dW is the shell correction

to the mass formula equal to the difference be-

tween experimental mass defect and one calculated

from the liquid drop model; u(U) is the dimension-
less function equal to

uðUÞ ¼ 1� expð�cUÞ ð10Þ

with c = 0.054 MeV�1. The asymptotic value ~a is
defined by the equation

~a=A ¼ a þ bA; ð11Þ

where a and b are parameters defined in [2,11]
a = 0.1375 and b = �8.36 · 10�5, which values

are different from ones obtained in the original

work [10]. This model is used for the calculation

of the nuclear level density at high excitation

energy. At low energy of excitation the constant

temperature approach [3] is applied for the

calculations.

Other model used for the nuclear level density
calculation is the generalized superfluid model

with the parameters fitted to the cumulative num-

ber of low-lying levels and observed neutron reso-

nance densities [11]. The expression for nuclear

level density is written as follows:
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qðU ;J ;pÞ ¼ qqpðU 0;J ;pÞKvibðU 0ÞKrotðU 0Þ; ð12Þ

where qqp(U 0, J, p) is the density of quasi-particle
nuclear excitation [11], Kvib(U

0) and Krot(U
0) are

the vibrational and rotational enhancement fac-

tors at the effective energy of excitation U 0 calcu-

lated according to [11,13].

The nuclear level density parameters are calcu-

lated according to the expression [11,12]

aðUÞ

¼
~að1þ dW uðU 0 � EcondÞ=ðU 0 � EcondÞÞ; U 0 > U cr;

aðU crÞ; U 0
6 U cr;

�

ð13Þ

where the effective energy of excitation U 0, the crit-

ical energy of the phase transition Ucr and the con-

densation energy Econd are calculated according to

[11,12]. The function u(U) is defined by Eq. (10)
with the c value equal to 0.4/A1/3 MeV�1. The

asymptotic value of the nuclear level density
parameter is equal to

~a=A ¼ a þ bA�1=3; ð14Þ
where a and b are coefficients obtained in [14] from
the fitting of Eq. (14) to the RIPL-1 data [15],
a = 0.118 and b = �0.172.
The calculation of the nuclear level density with

the help of the Fermi gas model [10] was carried

out by the GNASH built-in routines. The constant

temperature and Fermi gas expressions for the

level density were matched approximately, which

corresponds to the input parameter IBSF control-

ling the level density option equal to 2. The gener-
alized superfluid model [11,12] is used in modified

version of the GNASH code [8,14,16].

The neutron and proton optical potential from

[17] was used for the calculation of the reaction

cross-section and transmission coefficients. The

transmission coefficients for a-particles were ob-
tained with the help of the optical potential from

[18]. The calculations were carried out by the
ECIS96 code [19].

2.1.2. The ALICE/ASH code

The code is based on the geometry depen-

dent hybrid pre-compound decay model [20,21]

(GDH) and the evaporation Weisskopf–Ewing

model [22]. The ALICE/ASH code is an advanced
version of the original M.Blann code [23]. Partly,

the modification is described in [24,25]. It concerns

the implementation in the code the models describ-

ing the pre-compound composite particle emission

[26–28] and fast c-emission [29], different ap-
proaches for the nuclear level density calculation

[24,25,30] and the model for the fission fragment

yield calculation [31,14].

The code under different names [24,25] was suc-

cessfully used for the preparation of activation

data libraries at intermediate energies MENDL

[32,30,33], IEAF [34–36] and WIND [37–39,35].

The neutron, charged particle, photon and recoil
spectra applied for the composition of nuclear

data files, the transport and heat deposition calcu-

lations [40,41,35] have been obtained with the help

of the code. ALICE/ASH has been used for the

description of the heavy cluster pre-compound

emission [42] and for the calculation of fission

fragment distributions for actinides irradiated with

nucleons at intermediate energies [8,14,16].
In the GDH model the pre-equilibrium spec-

trum of nucleons is calculated as follows [21]:

dr
dex

¼ pk—2
X1
l¼0

ð2lþ 1ÞT l

X
n¼n0

RxðnÞ
xðp � 1; h;UÞ

xðp; h;EÞ

� kex
kex þ kþ

x

gDðnÞ; ð15Þ

where k— is the reduced de Broglie wavelength of
the incident particle; Tl is the transmission coeffi-

cient for lth partial wave; Rx(N) is the number of

nucleons of x-type in the n-exciton state calcu-
lated according to [21]; g is the single particle

level density equal to A/14; kex is the emission
rate of nucleon calculated with the following

formula:

kex ¼
ð2Sx þ 1Þlxexrinvx ðexÞ

p2�h3gx
; ð16Þ

where the single particle density gx is equal to Z/14

for protons and N/14 for neutrons. The intranu-

clear transition rate kþ
x is defined as follows:

kþ
x ¼ V r0ðexÞql; ð17Þ

where V is the velocity of nucleon inside the nu-
cleus; r0 is the nucleon–nucleon scattering cross-
section corrected for the Pauli principle; ql is the
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average nuclear density at the distance from l k— to
ðlþ 1Þ k—.
For the initial nuclear state with three excitons

the density of the excited states x(p, h, E) is calcu-
lated by the model [43] considering the final depth
of the nuclear potential well. The multiple pre-

compound emission is described by the approxi-

mate approach [21]. As in the GNASH code, only

two fast particles escape is considered. The correc-

tion made for the high energy tails of (p, x)n and

(n, x)p reaction spectra calculated by the GDH

model is discussed in [35].

The pre-equilibrium a-particle emission spec-
trum is calculated as a sum of components

corresponding to the mechanism of pick-up and

knock-out, Eq. (3). The models used here are

rather different from ones implemented in the

GNASH code. The contribution of the pick-up

mechanism is calculated with the help of the coa-

lescence pick-up model [44,45] combined with the

hybrid exciton model [26]

drpick-up

dea
¼ rnonðEpÞ

X
n¼n0

X
kþm¼4

F k;mðeaÞ

� xðp � k; h;UÞ
xðp; h;EÞ

� keaðeaÞ
keaðeaÞ þ kþ

x ðeaÞ
gaDðnÞ; ð18Þ

where Fk,m(ea) is the alpha formation factor [44]
equal to the probability that the of a-particle is
composed of ‘‘k’’ particles above Fermi level and

‘‘m’’ particles below; the residual excitation energy

U is equal to E � Qa � ea; k
e
a is the emission rate of

a-particle; kþ
a is the intranuclear transition rate

corresponding to the absorption of a-particle in
a nucleus; ga is the density of single states for a-
particle. The emission rate of a-particle is calcu-
lated with the following formula:

kea ¼ ð2Sa þ 1Þlaearinva ðeaÞ
p2�h3ga

; ð19Þ

and the inverse reaction cross-section for a-particle
rinva ðeaÞ is calculated by the optical model with the
parameters described in [23]. The absorption rate

of a-particle is defined as follows:

kþ
a ¼ 2W opt

a =�h; ð20Þ
where W opt
a is the imaginary part of the optical po-

tential for a-particle.
The knock-out contribution to the a-particle

spectrum is calculated with the following expres-

sion [27]:

drknock-out

dea
¼ rnonðEpÞ

X
n¼n0

ua

g
gap

� xðp � 1; h;UÞ
xðp; h;EÞ

� keaðeaÞ
keaðeaÞ þ kþ

x ðeaÞ
gaDðnÞ; ð21Þ

where the factor g/(gap) justifies the substitution

of the level density xðp; ~p; m;~m; a; ~a;EÞ for the
three-component system (neutron, proton, a-parti-
cle) [46,27] by the one-component state density

x(p, h, E) in Eq. (21); ua is the probability of inter-

action of the incident particle with ‘‘pre-formed’’

a-cluster resulting in its excitation in the nucleus
[46].

The pre-compound a-emission after the pre-
compound escape of neutrons and protons (multi-

ple pre-equilibrium emission) is taken into account

[27]. The formula for the calculation of the pre-

compound emission spectrum of a-particle formed
due to the nucleon pick-up process and escaped

after the pre-equilibrium nucleon emission is writ-
ten as follows:

dr
dea

¼ pk—2
X1
l¼0

ð2lþ 1ÞT l

X2
x¼p;m

Z Emaxx

Eminx

�
X
n¼n0

RxðnÞ
xðp � 1; h;E � Qx � exÞ

xðp; h;EÞ

� kexðexÞ
kexðexÞ þ kþ

x ðexÞ
gDðnÞ

X
n0¼pþh�1

�
X

kþm¼4
F k;mðeaÞ

� xðp0 � k; h0;E � Qx � ex � Q0
a � eaÞ

xðp0; h0;E � Qx � exÞ

� keaðeaÞ
keaðeaÞ þ kþ

x ðeaÞ
gaDðn0Þdex; ð22Þ

where ‘‘x’’ refers to proton and neutron; Q0
a is the

separation energy for a-particle in the nucleus
formed after the emission of nucleon of x-type;
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Eminx and Emaxx define the energy range, where the

emission of the x-particle occurs. The analogous

formula is written for a-particle knock-out process
following the fast nucleon emission [27]. The suc-

cessive emission of three and more pre-equilibrium
particles is not considered.

The following parameters of the models were

used for the calculations:
P

kþm¼4F k;m ¼ 0.3 and
ua = 0.012. The imaginary part of the optical

potential for a-particle was calculated as fol-

lows: W opt
a ¼ ðea=e0ÞW 0 at ea 6 e0, W opt

a ¼ W 0 at

e0 < ea < 72 MeV, W opt
a ¼ W 0 
 expð0.06ea � 4.32Þ

at ea P 72 MeV, where W 0 = b W0 and e0 =
0.228A, b = 0.25. The value ofW0 was taken from

[47,48] W0 = 10 + 0.345(A � 2Z) MeV. The values
of the parameters listed above are from [24,25]

except the W opt
a value calculation at the energy ea

above 72 MeV. The adopted value of the single

state density for a-particle is equal to A/13 (see dis-
cussion in [25]).

Principally the same models used in the
GNASH calculations were applied to the nuclear

level density calculation. In a difference with Sec-

tion 2.1.1, the asymptotic value of the level density

parameter in the Fermi gas model [10] was defined

with a and b coefficients obtained in the original
work [10] a = 0.154 and b = �6.3 · 10�5. The
model [10] was used at the high excitation energy

of nuclei. At low excitation energy the constant
temperature approach [24] was applied. In the cal-

culations using the superfluid model the systemat-

ics values of parameters [12,30,25] were used

rather than the individual parameter values [11].

The asymptotic value of nuclear level density

parameter was calculated as follows [12,30,25]:
~a=A ¼ 0.073þ 0.115A�1=3.

2.2. Intranuclear cascade evaporation model

describing cascade a-cluster emission

2.2.1. The DISCA-C code

DISCA-C is the first code, which implements the

intranuclear cascade evaporation model describing

the interaction of particles with pre-formed clus-

ters and their emission in nuclear reactions in-
duced by projectiles of intermediate energy [49].

The code was used for the calculation of energy

and angular distributions of a-particles, the
(p, xnypza) reaction cross-sections and other

applications. The brief description of the model

is given in [50,51].

In the model the nucleus is broken up into 10

concentric zones with uniform density. The radius
of the outermost zone is estimated by the condi-

tion that the nucleon density in this region being

0.01 of that in the nucleus center. The nuclear

density for medium and heavy nuclei (A > 16) is

estimated by Woods-Saxon function. The momen-

tum distribution for nucleons for each zone is

defined according to Fermi gas model. It is sup-

posed that besides of nucleons the nucleus consists
of ‘‘pre-formed’’ clusters tritons, 3He nuclei and a-
particles. The deuteron clusters are not considered.

Maximum kinetic energy of clusters, i.e. the Fermi

energy, and their potentials are defined by follow-

ing relations:

T Fa;i ¼ 4T Fn;i; T Ft;i ¼ T Fh;i ¼ 3T Fn;i; ð23Þ

Ua;i ¼ T Fn;i þ Qa; U t;i ¼ T Ft;i þ Qt;

Uh;i ¼ T Fh;i þ Qh;
ð24Þ

where T Fn;i is the Fermi energy for nucleon in ith

nuclear zone; T Ft;i, T
F
h;i and T

F
a;i are the Fermi energy

for tritons, 3He and a-particles, respectively; Qz is
the separation energy calculated from the experi-
mental nuclide masses, z = t, 3He and a; Uz,i is
the nuclear potential for each type of particles.

According to [52] the momentum distributions

for tritons, 3He and a-particles are taken as

N tðptÞdpt ¼ NhðphÞdph / p6 dpdX ð25Þ
and

N aðpaÞdpa / p8 dpdX. ð26Þ

The definition of the point of the intranuclear

interaction and partner characteristics is discussed

in detail in [50].

For a nucleon ‘‘x’’ moving inside the nucleus
with the kinetic energy T, the probability of the

interaction with nuclear matter is calculated as

follows:

Qi ¼ qiðunrxnðT Þ þ upr
xpðT Þ þ uar

xaðT Þ
þ rxp-uðT ÞÞ; ð27Þ
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where qi is the nucleon density in the ith zone; r
xn

and rxp are cross-sections for the interactions with
intranuclear neutron and proton, correspond-

ingly; rxa is the cross-section for interaction with
pre-formed a-cluster; rxp-u is the cross-section for
the pick-up process combining the nucleon of x-

type and pre-formed triton or 3He cluster to form

an a-particle; un, up and ua are relative numbers

of neutrons, protons and a-clusters in the nucleus.
A value of ua adopted in the present work is

equal to 0.05. Values un and up are calculated
from the total number of nucleons and the ua

value.
For excited a-particles, the elastic scattering

and break-up processes in the interactions with

intranuclear nucleons are considered. The approx-

imations from [53,50] are used for calculating the

nucleon–nucleon and nucleon–a-particle interac-
tion cross-sections. The energy dependence of the

pick-up cross-section rxp-uðT Þ is defined according
to the form-factor F1,3 calculated in [44], which
corresponds to the formation of the a-particle
from three nucleons with energy below the Fermi

energy and one nucleon with energy above the

Fermi energy. The cross-section is equal to

rxp-uðT Þ
¼ 1ð�1.011� 10�6e3 þ 1.748� 10�4e2

� 1.128� 10�2e þ 0.275742Þ=ðRqiÞ; ð28Þ

where e ¼ T � T Fn;i (e < 67); R = 1.25A1/3; f is

the fitting parameter equal to 14 in the present

work. The angular distribution for nucleon–

nucleon and nucleon–a-particle scattering is
calculated with the help of the formulas from

[51,54,50].

The reflection and refraction of particle mo-

menta on the nuclear zone boundaries is consid-

ered. The Pauli principle is taken into account

as for nucleon–nucleon, as for nucleon–a-colli-
sions. In an addition, the restriction on the orbital

momenta of nucleons after the interaction [55] is
considered. According to [56] the orbital momen-

ta l of nucleons colliding within the square poten-

tial well should not exceed the product of

asymptotic nucleon momentum and the nucleus

radius: l 6 paR, where pa is the linear momentum

the nucleon would have outside the nucleus, R is
the nucleus radius. This restriction on l results

from the fact that the nucleus has no states below

the centrifugal barrier [56]. For a multi-zone nu-

clear density model, the restriction on the orbital

momenta of nucleons colliding in the ith zone has
the form

li 6 piþ1Ri; ð29Þ
where li is the orbital momentum of the nucleon

with momentum pi in the ith zone; pi+1 is the
momentum the nucleon would have in the i + 1th

zone (the zones are numbered beginning from the

nucleus center); Ri is the radius of the ith zone in

which the two nucleons collide.

The restriction on the orbital momenta, super-

imposed by Eq. (29), reduces the total number of

intranuclear interactions, which results to an in-

crease in the emission of high energy particles from
the nucleus [55,56]. The calculations show [55] that

use of Eq. (29) along with the Pauli principle and

with the consideration of the reflection/refraction

effects on nuclear zone boundaries improves

substantially the agreement with experimental

data at low and intermediate energies of primary

particles.

The majority of computer codes based on the
intranuclear cascade evaporation model, e.g. the

codes included in the MCNPX package [57] (Sec-

tion 2.3), disregard condition Eq. (29). To some

extent the effect can be compensated by the neglect

the refraction and reflection of the particle

momentum at the boundary of nuclear zones (de-

fault MCNPX option). However, such neglect is

not physically well founded [56].
The equilibrium particle emission is described

by the Weisskopf–Ewing model [22]. The nuclear

level density is calculated according to the Fermi

gas model

qðUÞ ¼ ð1=12Þp1=2a�1=4U�5=4 expð2
ffiffiffiffiffiffiffi
aU

p
Þ ð30Þ

at the high excitation energy U and by the ‘‘con-

stant temperature’’ model at low energy of excita-

tion. The value of the nuclear level density

parameter is taken equal to A/9. The inverse

reaction cross-sections are calculated according

to phenomenological formulas from [58] approxi-
mating the results of optical model calculations.
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Evaporation is considered for neutrons, protons,

deuterons, tritons, 3He nuclei and a-particles.

2.2.2. The DISCA-S code

DISCA-S is the simplified version of the DIS-
CA code. The simulation of processes involving

a-clusters is not performed. The model used for
the description of nucleon–nucleon interactions is

discussed in [51,59,55]. The code was successfully

used for the calculation of activation and transmu-

tation cross-sections [60,61], atomic displacement

cross-sections [62], complex particle production

cross-sections [63,64], energy and angular distribu-
tions of nucleons [55,59].

The yield of composite particles emitted during

the cascade stage of reaction is described by the

nuclear bond breakdown approach [65]. Accord-

ing to [65] the fragment ‘‘x’’ formation cross-sec-

tion is equal to

rcascx ðEpÞ ¼ rnonðEpÞN 0ðA=AxÞðN casc=AÞm0e; ð31Þ

where rnon(Ep) is the non-elastic cross-section for
the interaction of the primary particle with kinetic

energy Ep and a nucleus; Ax is mass number of the
fragment; A is the mass number of target nucleus;

Ncasc is the average number of nucleons emitted

from nucleus on the cascade stage of the reaction;

e = Qx + Vx, where Qx is the separation energy for

the fragment in the nucleus; Vx is the Coulomb

potential for the fragment; N0 and m0 are para-

meters. The values of parameters obtained in [63]

for the a-particle emission are used in the present
work, N0 = 0.12 and m0 = 0.06. The Coulomb

potential Vx is calculated as 0.21Z + 2.5 MeV,

where Z is atomic number of the target nucleus.

The nuclear density distribution is calculated as

in the DISCA-C code. The Pauli principle and the

restriction on the orbital momenta, Eq. (29) are

checked for each intranuclear interaction. The

refraction and reflection of nucleon momentum
are considered at the nuclear zone boundaries.

The nuclear level density for equilibrium states

is calculated with the approximate formula

qðUÞ ¼ C expð2
ffiffiffiffiffiffiffi
aU

p
Þ, where a = A/9. The inverse

reaction cross-section for neutrons is calculated

according to [66]. The ‘‘sharp cut-off’’ formulas

from [23] are used for the calculation of the inverse

reaction cross-sections for charged particles.
2.3. Intranuclear cascade model combined

with pre-equilibrium exciton model and

evaporation model

This section makes an outline of nuclear models
used in the MCNPX code package [57] for the

description of the particle interactions with nuclei.

Four intranuclear cascade models are imple-

mented in MCNPX: Bertini [67,68], ISABEL

[53,69,70], CEM2k [71,51,72–75] and INCL4

[76,77]. Except INCL4, the models are combined

with the pre-equilibrium exciton model and with

the evaporation model. Namely first three models
(Bertini, ISABEL and CEM2k) describe fast com-

plex particles emission with the help of the exciton

model. The approach [78] proposed for the light

cluster emission description by authors of the

INCL4 model is not implemented in MCNPX

yet. It is not discussed here, although the INCL4

model combined with the evaporation model is

used for the comparison with the experimental
data in Section 3.

2.3.1. The Bertini and ISABEL modules of

MCNPX

The common feature of the Bertini model

[67,68] and the ISABEL model [53,69,70] is the

approximation of the real nuclear density distribu-

tion by concentric zones with constant density.
The ISABEL model implies the division of the

nucleus in sixteen zones and the Bertini model pre-

sents three-zone division [79]. The main difference

between all models consists in the approaches used

for the intranuclear interaction simulation, deter-

mination of the point of particle interaction, selec-

tion of collision partners for the moving nucleons

and pions and the parameterization of n–n and
p–n cross-sections. The brief overview of the mod-
els is given in [80].

As typical intranuclear cascade models, Bertini

and ISABEL underestimate the angular distribu-

tion of secondary nucleons at high emission angles

[81]. The necessity to solve this problem by the

consideration of the nucleon and pre-formed clus-

ter interactions was mentioned 30 years ago [82]. It
is not done yet. To improve the agreement between

calculations and experimental data the pre-equilib-

rium exciton model algorithm [83,79] has been
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added to intranuclear cascade models. The basic

expressions for the calculation of pre-equilib-

rium particle emission spectra have been obtained

from the analytical solution of master equations

describing the evolution of excited nucleus. The
pre-equilibrium emission rate for the a-particle
leaving the exciton state (p, h) with the excitation

energy E is calculated as follows [83]:

W aðea; p; h;EÞ ¼
ð2Sa þ 1ÞlaearaðeaÞ

p2�h3

� xðp � 4; h;E � Qa � eaÞ
xðp; h;EÞ F a;

ð32Þ

where the factor Fa defines the probability of the

a-particle formation.
Eq. (32) relates to the first pre-equilibrium

model for complex particle emission formulated

by Kalbach–Cline [84]. The model has been ana-
lyzed and criticized in [85]. From the formal point

of view, the consideration of the final nuclear state

corresponding to the a-emission as with the n � 4
excitons and the use of the energy independent a-
formation probability factor result in too low

emission rates for a-particles comparing with

experimental data [85].

The equilibrium particle emission is described
by the Dresner approach [86] and by the advanced

ABLA model [87]. They are used in a various com-

bination with the Bertini and ISABEL intranu-

clear cascade models. Dresner and ABLA

implement different models for the nuclear level

density calculation. Both models are based on

the simplified approaches for the calculation of

particle emission widths and inverse reaction
cross-sections. Simplifications are made to get ana-

lytical expressions for the widths avoiding the inte-

gration of emission rates during the simulation of

the particle evaporation cascade. Their justifica-

tions can be made from the thorough comparison

of results of the calculation with experimental

data.

In the calculations discussed below intranuclear
cascade models are always used together with

the pre-equilibrium and evaporation models. An

indication on the cascade model ‘‘Bertini’’ and

‘‘ISABEL’’ implies also the application of the
pre-compound exciton algorithm describing the

de-excitation of residual nuclei formed after the

fast particle emission.

The present calculations are based on the de-

fault set of input parameters of the models, which
are described in [57,88].

2.3.2. The CEM2k module MCNPX

The Cascade Exciton Model (CEM) imple-

mented in the MCNPX package has being deve-

loped and improved during last three decades

[71,51,72–75]. It was a first model [72] combining

the intranuclear cascade evaporation model and
the pre-equilibrium exciton model. Later such

combination was applied for many codes [49].

The nuclear density distribution is approxi-

mated in CEM by the step function with seven

nuclear regions of the uniform density. The refrac-

tion and reflection effects for nucleon momentum

are not considered as in calculations with the Ber-

tini and ISABEL models using the default set of
the input MCNPX parameters. New approxima-

tion for elementary cross-sections is used for the

intranuclear event simulation. Many refinements

and improvements of the model including the

description of momentum-energy conservation on

the cascade stage of reaction and new systematics

for the level density parameters are discussed in

[75].
The pre-equilibrium exciton model employed

after the simulation of the cascade stage of reac-

tion is described in [72,49]. The pre-equilibrium

emission rate for a-particles is calculated accord-
ing to the ‘‘coalescence’’ model proposed by

Ribansky and Oblozinsky [85]

W aðea; p; h;EÞ

¼ ð2Sa þ 1ÞlaearaðeaÞ
p2�h3

ca

xð4; 0; ea þ QaÞ
ga

� xðp � 4; h;E � Qa � eaÞ
xðp; h;EÞ Ra; ð33Þ

where ca is the formation probability for the a-par-
ticle; Ra is the factor providing the correct combi-

nation of protons and neutrons to form outgoing

a-particle [85]. The values of ca and Ra are evalu-

ated theoretically. The approach [85] is analyzed

in [44].
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2.4. Systematics

Systematics is a useful tool for the evaluation of

nuclear reaction cross-sections in case experimen-

tal data are absent and theoretical calculations
are not reliable. A set of systematics is used in

the present work for the evaluation of a-particle
production cross-section for proton and neutron

induced reactions.

2.4.1. Proton induced reactions

The a-particle production cross-section is evalu-
ated at the primary proton energies equal to 18,
62, 90, 160 and 600 MeV as follows:

Ep ¼ 18 MeV; Z P 60;

ra ¼ pr20ðA1=3 þ 1Þ
2A�5.42ð�4991 
 P þ 2252Þ3;

ð34Þ

Ep ¼ 62 MeV; Z P 6;

ra ¼ 183.05 expð�7.578 
 RÞ mb;
ð35Þ

Ep ¼ 90 MeV; Z P 13;

ra ¼ 245.85 expð�4.9572 
 RÞ mb;
ð36Þ

Ep ¼ 160 MeV; Z P 12;

ra ¼ 226.7 expð�0.01047 
 ZÞ mb;
ð37Þ

Ep ¼ 600 MeV; Z P 26;

ra ¼ 537 
 Z�0.102 mb;
ð38Þ

where Z and A are the atomic number and the

atomic mass number of target nucleus; r0 =
1.3 fm; P = (A � 2 Æ Z + 0.5)/A; R = (A � 2Z)/A.
Eq. (34) refers to the (p, a) cross-section rather
than to the a-particle production cross-section.
Eqs. (37) and (38) were obtained for natural mix-

tures of isotopes.

Eq. (34) was obtained using the (p, a) cross-sec-
tion for five nuclei from 150Nd to 176Yb measured

at 18 MeV and for 197Au measured at 18.4 MeV in
[89]. The cross-section for 197Au at 18 MeV was

estimated basing on the excitation function for

the (p, a) reaction calculated by GNASH and fit-

ted to the measured cross-section at 18.4 MeV.

Eqs. (35) and (36) have been obtained in [14] with

the help of experimental data from [90] for eight
nuclei from 12C to 209Bi at 62 MeV, and from

[91] for four nuclei from 27Al to 209Bi at 90 MeV.

The systematics at 160 MeV (Eq. (37)) was pro-

duced using the measured cross-sections for Mg,

Al and Si from [92], for Fe from [93,94], for Ni
from the compilation [51], for Ag, Au and Bi from

[95] and for Th from [96,97]. Data from [98], which

seem incomplete, were not included in the analysis.

The necessary interpolation and extrapolation of

data from [92,51] for Mg, Al, Si and Ni were done

to get the cross-section values at the proton energy

160 MeV. The a-particle production cross-sections
measured in [99,100] for Fe, Ni, Ag, Pb and Bi
were used to derive Eq. (38). The cross-section

for Cu at 600 MeV equal to 575 mb [51] essentially

different with other measurements [99,100] was not

included in the analysis.

One should note that Eqs. (34)–(38) have been

obtained using a few numbers of experimental

points. These formulas can be used only for a crude

estimation of a-particle production cross-section.

2.4.2. Neutron induced reactions

A theoretical formula for the evaluation of the

(n, a) reaction cross-section has been derived in
[101,102] using basic expressions for the particle

emission spectrum of the pre-equilibrium exciton

and evaporation models. The parameters of the

formula were obtained from the fitting to the
(n, a) reaction cross-sections measured for 120

nuclei with A P 39 at the neutron energy of

14.5 MeV [101]. The formula is En = 14.5 MeV,

18 6 Z 6 50;

rðn;aÞ
¼ pr20ðA1=3 þ 1Þ

2
expð�209.11 
 S2 þ 8.4723 
 P

� 0.19253 
 Z=A1=3 � 0.96249Þ; ð39aÞ

Z > 50

rðn;aÞ
¼ pr20ðA1=3 þ 1Þ

2ð�1.6462 
 P þ 0.39951Þ3;
ð39bÞ

whereZ andA are the atomic number and the atom-

ic mass number of target nucleus; r0 = 1.3 fm;

P = (A � 2 Æ Z + 0.5)/A, S = (A � 2Z + 1)/A.
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At the neutron energy of 20 MeV the parameter

values of the systematics for the (n, a) reaction
cross-section have been obtained using the results

of theoretical calculations [102] En = 20 MeV,

18 6 Z 6 50;

rðn; aÞ
¼ pr20ðA1=3 þ 1Þ

2
expð�37.317 
 S2 � 7.2027 
 P

� 0.22669 
 Z=A1=3 � 2.027Þ; ð40aÞ

Z > 50;

rðn; aÞ
¼ pr20ðA1=3 þ 1Þ

2ð�0.86267 
 P þ 0.26976Þ3.
ð40bÞ

Eqs. (39) and (40) are used in the present work
for the (n, a) reaction cross-section evaluation.

2.5. Nonelastic interaction cross-sections

To exclude the difference in the calculated a-
particle production cross-sections caused by the

use of different reaction cross-sections (rnon) the
calculations with the help of the GNASH,
ALICE/ASH, DISCA and MCNPX codes were

performed with the same non-elastic reaction

cross-section for a certain nucleus under investiga-

tion. The adopted rnon values were taken from
ENDF/B-VI, calculated with the help of the opti-

cal model with the potential from [17] or obtained

from the MCNPX calculations.
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Fig. 1. The a-particle emission spectra for p+197Au reaction
induced by protons with the energy 72.3 and 200 MeV

calculated with the help of the GNASH code and the ALICE/

ASH code using different models for the description of the

nuclear level density: the Fermi gas model [10] (FG) and the

generalized superfluid model (SF). The measured data are from

[103,104].
3. Comparison of calculations with experimental

data

The available experimental data for 197Au give

detail information about the total and differential

cross-sections for the a-particle production. These
data are used for the comparison with results of
the calculation.

3.1. Energy distribution of a-particles emitted

The experimental energy distribution of emitted

a-particles is an information, which is suitable for
comprehensive test of nuclear models describing

the complex particle emission.

Fig. 1 shows the a-particle emission spectra for
p+197Au reaction measured in [103,104] and calcu-

lated with the help of the GNASH code and by the
ALICE/ASH code at the primary proton energy

72.3 and 200 MeV. Experimental double differen-

tial cross-sections for the a-particle emission for
the reaction induced by the 200 MeV protons

[104] were angle integrated to get the energy distri-

bution. The calculation of the a-particle emission
spectra was done with the help of different models

for the nuclear level density calculation [10–12].
Rather good agreement is observed between the

pre-equilibrium a-spectrum calculated with the
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Fig. 2. The a-particle emission spectra calculated with the help of the ALICE/ASH code for p+197Au reaction at the primary proton
energies from 28.8 to 200 MeV. The nuclear level density parameter ‘‘a’’ is equal to A/13. The experimental data are from [90,103,104].

398 C.H.M. Broeders, A.Yu. Konobeyev / Nucl. Instr. and Meth. in Phys. Res. B 234 (2005) 387–411



0 20 40 60 80 100 120 140 160 180 200 220

10-3

10-2

10-1

100

101

102

Ep=200 MeV

α-particle energy (MeV)

 Cowley (96)

0 10 20 30 40 50 60 70 80
10-2

10-1

100

101

102

 Lewandowski (80)

    DISCA-C (clusters)
 total 
 equilibrium

d
/d

ε α 
(m

b/
M

eV
)

d
/d

ε α
 (m

b/
M

eV
)

Ep=72.3 MeV197Au(p,α)x

197Au(p,α)x

σ
σ

Fig. 3. The a-particle emission spectra for p+197Au reaction
induced by protons with the energy 72.3 and 200 MeV

calculated with the help of the DISCA-C code. The measured

data are from [103,104].
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Fig. 4. The a-particle emission spectra for p+197Au reaction
induced by protons with the energy 72.3 and 200 MeV

calculated by MCNPX with the help of different models:

Bertini/Dresner, Bertini/ABLA, ISABEL/Dresner, ISABEL/

ABLA and CEM2k. The measured data are from [103,104].
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help of the ALICE/ASH code and experimental

data. The GNASH code underestimates the a-par-
ticle emission spectrum at the energies after the

evaporation peak and strongly overestimates the

spectrum at high emission energies. The use of dif-
ferent models for nuclear level density calculation

results in a considerable difference in the descrip-

tion of the evaporation spectrum. The calculation

with the help of GNASH and ALICE/ASH using

the superfluid nuclear model overestimates the

equilibrium part of the spectrum comparing with

experimental data. Most probably, it is caused by

the lack of nuclear level density parameters derived
from experimental data and by the use of global

systematics to get the parameter values for many

residual nuclei. The use of the Fermi gas model

[10] results in too much low values of the evapora-
tion spectrum (upper Fig. 1) calculated by the

ALICE/ASH code.

A reasonable description of the measured evap-

oration peak in the a-particle spectrum and the
experimental total a-particle yield (Section 3.3)
for the p+197Au reaction is obtained using the sim-

ple model for nuclear level density calculation

based on the use of Eq. (30) with the nuclear level

density parameter equal to A/13. The example of

such calculation of a-particle emission spectra per-
formed with the help of the ALICE/ASH code is

shown in Fig. 2 for proton induced reactions at
primary energies from 28.8 to 200 MeV. The use

of this approach cannot be considered as a consis-

tent solution of the problem of the agreement of

calculations and experimental data. It is used only

for evaluation purposes.
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Fig. 3 shows a-particle emission spectra from
the p+197Au reaction obtained by the simulation

of nucleon and pre-formed nuclear clusters inter-

actions with the help of the intranuclear cascade

evaporation model implemented in the DISCA-C
code. The contribution of the equilibrium a-emis-
sion is shown. It is seen that the main mechanism

of the a-particle production at the ejectile energy
above 30 MeV is the non-equilibrium emission.

In whole, there is a satisfactory agreement between

the result of calculations performed by the DIS-

CA-C code and experimental spectra.

The a-particle spectra calculated with the help
of different codes from the MCNPX package [57]

are shown in Fig. 4. The calculation was done with

the help of the Bertini model and the ISABEL

model combined with the Multistage Pre-equilib-

rium Model (MPM) [83] and with the Dresner

and ABLA evaporation models. Also, the CEM2k

model implemented the intranuclear cascade, pre-

equilibrium and evaporation model was used for
the a-emission spectrum calculation. The agree-

ment between calculations and experimental data

[103,104] is quite poor. The a-particle spectrum
calculated by the CEM2k model is the most close

to experimental data. The Bertini and ISABEL

models in different combinations with the Dresner

and ABLA evaporation models describe only the

evaporation range of the a-particle emission spec-
tra. The application of the MPM pre-equilibrium

exciton model [83] coupling with Bertini and ISA-

BEL does not substantially improve the agreement

with experimental data comparing with the pre-

equilibrium model [72] implemented in CEM2k.

One should note that the use of the ABLA model

comparing with the Dresner model overestimates

the a-particle equilibrium spectrum (upper Fig.
4). This fact is important for the further analyses

of the difference between calculated and experi-

mental yields of a-particles in nuclear reactions
discussed in Section 3.3.

3.2. Non-equilibrium a-particle yield

The contribution of the non-equilibrium emis-
sion in the total a-particle yield have been ob-
tained from the analyses of experimental data for
197Au irradiated with protons in [95,97,105–107].
According to [107] the contribution of the non-

equilibrium a-particle emission in the total a-parti-
cle production decreases from 100% at the primary

proton energy 20 MeV to 73% at 40 MeV and to

60% at 80 MeV. At the proton energy 156 MeV

the contribution of the non-equilibrium a-particle
yield is about 33% [95].
Fig. 5 shows the non-equilibrium component of

the a-particle production cross-section (rprea ) calcu-

lated with the help of the GNASH code and the

ALICE/ASH code. The contribution of the first

pre-compound a-particle obtained by ALICE/

ASH is also shown. The reasonable agreement is

observed between the data and the ALICE/ASH

code calculations. The calculated rprea cross-section
passes through a maximum at 130 MeV and slowly

decreases with the primary proton energy growing.

Probably, the decrease of the rprea value results be-

cause the escape of the third and subsequent pre-

compound a-particles is not taken into account
(Section 2.1.2).

Results obtained with the help of different intra-

nuclear cascade models are shown in Fig. 6. The
pre-compound a-particle emission is described by
exciton models in all cases except the use of the

DISCA-C and DISCA-S codes. The cross-sections

rprea calculated using the Bertini and ISABEL mod-

els are too low comparing with data [95,106,107].

The DISCA-C code gives the reasonable descrip-

tion of experimental data. DISCA-S better repro-
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measured data are from [95,106,107].
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duces experimental rprea values [106,107] below

80 MeV. The agreement with the data [95] at

156 MeV can be improved by the appropriate

choice of model parameters, Eq. (31).

The CEM2k model reproduces the general
trend of the rprea cross-section below 80 MeV.

The calculated cross-section has a jump near

150 MeV, whose origin is not clear. The same

jump is observed in the displacement cross-section

calculated by CEM2k in [81]. The inconsistency of

the calculation at 150 MeV should be removed in

future versions of the MCNPX code.

At the energies above 400 MeV the difference
between different calculations is rather big (lower

Fig. 6). The new measurements, which would

make it possible to extract and to analyze the

pre-equilibrium component of the a-particle pro-
duction cross-section, are necessary in order to an-

swer a question about the advantages of different

methods of the a-particle cross-section calculation
at these energies.

3.3. Total a-particle production

The a-particle production cross-section (ra) for

proton induced reactions on 197Au calculated by

different codes is compared with experimental data

in Figs. 7–10.

Fig. 7 shows measured a-production cross-sec-
tions [89,90,95,97,106–108], results of calculations
performed with the help of the GNASH and

ALICE/ASH codes and the systematics values,

Eqs. (34)–(37). The calculations were carried out

using different approaches for the description of

the nuclear level density [10–12,23,30]. The differ-

ence between the ra cross-section calculated by

the same code and with the help of various models

describing the level density is observed above
40 MeV. It is in a general agreement with a fact

that the pre-equilibrium emission is the main ori-

gin of a-particles produced in the proton irradia-
tion of 197Au at the energies below 40 MeV. The

good agreement is observed between the experi-

mental data, systematics and the ra values calcu-

lated by the ALICE/ASH code using the

superfluid nuclear model [12] and the Fermi gas
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model [10] at the primary proton energies below
90 MeV. At the energy around 150 MeV the a-par-
ticle production cross-section calculated using the

Fermi gas model [10] is in a better agreement with

the available experimental data than the ra values

obtained with the help of the superfluid model.

The acceptable agreement is observed between

the experimental data and the ra values calculated

by the ALICE/ASH code using the Fermi gas
model with the nuclear level density parameter

equal to A/13. The a-particle production cross-sec-
tion calculated by the GNASH code is rather high-

er than the experimental points.

All models implemented in GNASH and

ALICE/ASH overestimate the ra cross-sections

at the energies above 200 MeV comparing with

calculations carried out by the DISCA-C and
DISCA-S codes and the codes from the MCNPX

package. In particular the calculated contribution

of the equilibrium a-particle emission in the total
production cross-section is too big. The main rea-

son is that the energy of 200 MeV is likely out of

the range of the applicability of pre-equilibrium

models implemented in GNASH and ALICE/
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ASH. The limitation results from the approximate

description of the nuclear geometry, the calcula-

tion of the R-factors (Eqs. (1) and (15)), the

description of multiple pre-compound nucleon

emission and others having impact on the calcu-
lated distribution of the excitation energy available

for the particle evaporation.

Fig. 8 shows the total a-particle production
cross-section calculated with the help of the DIS-

CA-C code and the DISCA-S code. The ra values

calculated with the help of the DISCA-C code are

in the general agreement with experimental data.

At the same time the calculated a-production
cross-section is higher than experimental points

at the energies below 60 MeV and lower than the

measured ra value [109] at 750 MeV. There is an

excellent agreement between the a-production
cross-section calculated by the DISCA-S code

and measured cross-sections in a whole energy

range from 18 to 750 MeV, where experimental

data are available.
The a-particle production cross-section ob-

tained with the help of codes from the MCNPX

package is shown in Figs. 9 and 10. The detail view

for the proton energies below 200 MeV is given in

Fig. 9. The ra values calculated using the Bertini/

ABLA and ISABEL/ABLA models are in the

agreement with experimental data below the pro-

ton energy 150 MeV. At the same time, there is a
discrepancy between the ra values calculated by

the Bertini/Dresner and ISABEL/Dresner models

and experimental cross-sections at these energies.

At first sight the use of the ABLA model improves

the agreement of calculations with measured data.

On the other hand this improvement is obtained

by the increased evaporation component of the

ra cross-section, because the contribution of the
non-equilibrium a-particle emission in ra pre-

dicted by the Bertini and ISABEL models is negli-

gible (Section 3.2). As a consequence the use of the

ABLA model results in a poor agreement with

experimental data at high proton energies (Fig.

10). The best result for the combination of ABLA

with intranuclear cascade model is observed for

the INCL4/ABLA calculations. One should note
that this result is observed for INCL4, where the

simulation of the non-equilibrium a-particle emis-
sion is not performed.
The best agreement is observed between the

experimental cross-section at 750 MeV [109]

and calculations performed with the help of the

ISABEL/Dresner model (Fig. 10). The cross-sec-

tion calculated by the CEM2k model is in the
agreement with the systematics value at

600 MeV.

The comparison of the results of calculations

with experimental data discussed in this section

shows that the reasonable evaluation of the a-par-
ticle production cross-section can be performed

using the ALICE/ASH code, the DISCA-C or

DISCA-S codes. The calculation by the ISABEL/
Dresner model is also of interest at the energies

above 150 MeV.
4. Evaluation of a-particle production cross-section

The evaluation of the a-particle production
cross-section was done using the results of model
calculations, systematics predictions and available

experimental data. Calculations were performed

by the ALICE/ASH code, the DISCA-S code

and the ISABEL and Dresner modules of the

MCNPX package.

4.1. 181Ta

4.1.1. Proton induced reactions

Fig. 11 shows the a-particle production cross-
section for 181Ta irradiated with protons calcu-

lated by the ALICE/ASH code, the DISCA-S code

and the ISABEL/Dresner (MCNPX) code. The

detail view of the energy range below 200 MeV,

which corresponds to the rapid change in the

cross-section value, is given in upper Fig. 11. The
ra values obtained by systematics Eqs. (34)–(38),

the a-production cross-section measured [106] at
the proton energy 56 MeV and the cross-section

obtained from the analyses of the experimental

data [95,110] at 156 and 800 MeV are also shown

in Fig. 11. To get the total a-particle production
cross-section at 156 MeV the measured yield [95]

of a-particles having isotropic angular distribution
(100 mb) was added by the value obtained in [95]

for heavy nuclei relating to anisotropic a-particle
emission (37 mb). The helium production
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Fig. 12. The evaluated a-particle production cross-section for
181Ta irradiated with protons.
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cross-section measured [110] at 800 MeV was cor-

rected to exclude the contribution of 3He. The

yield of 3He was estimated using the 3He- and
4He-production cross-section measured for seven

elements from Al to Au in [109] at the proton en-

ergy 750 MeV and using experimental yields of
3He and 4He obtained in [111] for Au at

1.8 GeV. Fig. 11 shows a reasonable agreement be-

tween the ra cross-sections calculated by the

ALICE/ASH and DISCA-S codes and experimen-

tal data and systematics values.

The results of calculations, systematics values

and available measured data were assumed as the

basis for the evaluation of the a-particle produc-
tion cross-section for 181Ta. The evaluated data

are shown in Fig. 12 and Table 1.
4.1.2. Neutron induced reactions

Experimental data for neutron induced reac-

tions on 181Ta are available at the energies below

20 MeV. Except the measurement of the a-produc-
tion cross-section in [112] other data [113–120]
were obtained for (n, a) reaction. The data mea-
sured recently [117–120] were not taken into ac-

count in the most of the evaluation for national

and international data files.

A new evaluation of the a-particle production
cross-section was performed for 181Ta in the pres-

ent work. The cross-sections were obtained sepa-

rately for the reactions 181Ta(n, a)178gLu and
181Ta(n, a)178mLu (T1/2 = 23.1 min) using mea-

sured data from [115,117–120].

The sum of cross-sections obtained for reac-

tions producing 178gLu and 178mLu, available

experimental data, systematics values and the data

from FENDL/A-2, JENDL-3.3, CENDL-2 and

JEFF-3/A [121] are shown in Fig. 13.

The total a-particle production cross-section at
the energies below 20 MeV was obtained using the

cross-section evaluated for the (n, a) reaction and
the data for the (n, na) reaction taken from

JEFF-3/A (data are from the ADL-3 library [122]).

At the energies above 20 MeV the a-particle
production cross-section has been calculated with

the help of theoretical models. The evaluated a-
particle production cross-section for 181Ta irradi-
ated with neutrons at the energies up to 1 GeV is

shown in Fig. 14 and Table 2.



Table 1

The evaluated 4He production cross-section from 181Ta, natW

and 197Au irradiated with protons at the energies up to 1 GeV

Proton

energya (MeV)

4He production cross-section (mb)

181Ta natW 197Au

6 4.15 · 10�6 2.26 · 10�4 1.21 · 10�3

8 6.84 · 10�4 1.86 · 10�3 7.95 · 10�3

10 1.70 · 10�2 1.43 · 10�2 4.47 · 10�2

12 0.135 8.848 · 10�2 0.201

14 0.548 0.391 0.599

16 1.42 1.20 1.22

18 2.82 2.57 1.87

20 3.98 4.18 2.62

22 5.22 5.92 3.47

24 6.50 7.22 4.39

26 8.00 8.63 5.39

28 9.46 10.2 6.46

30 11.3 11.9 7.67

35 15.8 16.0 11.3

40 21.4 20.7 15.0

50 32.9 29.8 24.0

60 43.9 39.6 31.0

70 53.6 49.0 41.0

80 63.3 59.0 49.0

90 73.0 69.3 57.3

100 82.7 79.2 65.6

120 102 99.6 82.2

150 131 131 107

200 179 186 151

300 275 286 240

400 371 376 328

500 467 465 417

600 563 559 505

700 659 658 594

800 755 762 697

900 817 853 814

1000 880 920 932

a The cross-sections between the energy points shown should

be found by the log–log interpolation of the data at the energies

below 20 MeV, and by the linear–linear interpolation at the

energies above 20 MeV.

10 11 12 13 14 15 16 17 18 19 20
0.0

0.5

1.0

1.5

2.0

2.5

3.0
181Ta(n,α)178Lu

 Mukherjee (63)
 Meason (66)
 Kneff (80)
 Majeddin (97)
 Begun (01)
 Filatenkov (01)
 Systematics (98)

Neutron energy (MeV)

C
ro

ss
-s

ec
tio

n 
(m

b)

 FENDL/A-2
 CENDL-2
 JENDL-3.3
 JEFF-3/A
 evaluation

Fig. 13. The (n, a) reaction cross-section for 181Ta taken from
FENDL/A-2, JENDL-3.3, CENDL-2 and JEFF-3/A, measured

in [112–120], estimated by systematics and evaluated in the

present work.

101 102 103
10-4

10-3

10-2

10-1

100

101

102

103
181Ta(n,α)x

 Mukherjee (63)
 Meason (66)
 Kneff (80)
 Majeddin (97)
 Begun (01)
 Filatenkov (01)

Neutron energy (MeV)

α
-p

ro
du

ct
io

n 
cr

os
s-

se
ct

io
n 

(m
b)

 evaluation

Fig. 14. The evaluated a-particle production cross-section for
181Ta irradiated with neutrons.
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4.2. natW

To obtain the cross-sections for natural tung-

sten the calculations were performed for tungsten

isotopes 180W, 182W, 183W, 184W and 186W.

4.2.1. Proton induced reactions

Fig. 15 shows the a-particle production cross-
section calculated by the ALICE/ASH code, the

DISCA-S code and the ISABEL/Dresner

(MCNPX) code, systematics values obtained at
18, 62, 90, 160 and 600 MeV and experimental

data [109]. The data taken from ENDF/B-VI Pro-

ton Sublibrary (Release 7) and from JENDL-HE

[123] are also shown. There is the good agreement

between the ra cross-sections calculated with the

help of the DISCA-S code and the experimental

data [109] at 750 MeV. Data from JENDL-HE
are in the agreement with systematics values at

62 and 90 MeV and with the cross-section calcu-

lated by ALICE/ASH at the energies from 100 to

150 MeV. As whole, the data from JENDL-HE

and ENDF/B-VI differ substantially.



Table 2

The evaluated 4He production cross-section from 181Ta, natW

and 197Au irradiated with neutrons at the energies from 5 MeVa

up to 1 GeV

Neutron

energy (MeV)

4He production cross-section (mb)

181Ta natW 197Au

5 1.49 · 10�5 2.88 · 10�3 4.00 · 10�7

6 1.73 · 10�4 5.31 · 10�3 4.00 · 10�7

7 6.27 · 10�4 1.11 · 10�2 4.00 · 10�7

8b 3.26 · 10�3 2.44 · 10�2 2.40 · 10�2

9 1.00 · 10�2 5.62 · 10�2 4.81 · 10�2

10 3.36 · 10�2 0.126 7.21 · 10�2

11 8.00 · 10�2 0.287 9.62 · 10�2

12 0.182 0.572 0.120

13 0.335 0.922 0.156

14 0.570 1.32 0.301

14.5 0.719 1.53 0.439

15 0.868 1.74 0.577

16 1.23 2.23 1.00

17 1.71 2.74 1.47

18 2.28 3.20 1.86

19 2.91 3.72 2.21

20 3.61 4.37 2.52

22 5.17 5.47 3.65

24 6.91 7.24 4.96

26 8.78 9.14 6.40

28 10.7 11.1 7.92

30 12.7 13.3 9.48

35 17.7 18.5 13.6

40 22.8 23.0 17.9

45 27.9 27.5 21.3

50 32.4 30.9 25.0

60 41.3 37.3 29.0

70 49.9 44.2 35.0

80 57.9 51.5 41.1

90 64.5 57.9 46.2

100 70.3 64.8 50.9

120 82.2 77.8 63.2

150 102 99.3 78.7

200 139 139 111

250 185 181 151

300 231 229 191

400 340 344 300

500 452 449 403

600 556 552 499

700 656 655 591

800 753 760 696

900 817 852 814

1000 879 920 931

a Data below 5 MeV can be found in JEFF-3/A [121].
b For 197Au the cross-section is equal to 4.0 · 10�07 mb [121]
at the energy from 7 to 8 MeV.
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Fig. 15. The a-particle production cross-section for proton
irradiation of natural tungsten calculated by the ALICE/ASH

code, the DISCA-S code and the ISABEL/Dresner (MCNPX)

code, estimated by systematics, taken from ENDF/B-VI and

JENDL-HE and measured in [109].
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The evaluation of the a-particle production
cross-section was based on the results of the
ALICE/ASH and DISCA codes calculations and

the systematics value at 18 MeV. The evaluated

cross-section is shown in Table 1 and Fig. 16.

4.2.2. Neutron induced reactions

To get the a-particle production cross-section
for natural tungsten the data for isotopes 180W,
182W and 183W were taken from JEFF-3/A at the

energies below 20 MeV. The new evaluation was

performed for the (n, a) reaction cross-section for
184W and 186W. For both isotopes the JENDL-

3.3 data were fitted to the cross-section measured

in [115,124,125] for 184W and in [115,124–127]

for 186W. The (n, na) reaction cross-section was
taken from JEFF-3/A. The data obtained for nat-

ural tungsten were adjusted to the results of calcu-

lations at the energies above 20 MeV.
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Fig. 16. The a-particle production cross-section for tungsten
irradiated with protons evaluated in the present work and taken

from ENDF/B-VI and JENDL-HE.
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Fig. 17. The a-particle production cross-section for tungsten
irradiated with neutrons evaluated in the present work and

taken from ENDF/B-VI and JENDL-HE.
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Fig. 18. The evaluated a-particle production cross-section for
197Au irradiated with protons.
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Fig. 19. The evaluated a-particle production cross-section for
197Au irradiated with neutrons.
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Evaluated ra values are shown in Fig. 17 and

Table 2. For the comparison data from ENDF/

B-VI and JENDL-HE are also plotted in Fig. 17.

4.3. 197Au

4.3.1. Proton induced reactions

The comparison of the a-particle production
cross-section calculated using different nuclear

models with experimental data for 197Au is dis-

cussed in detail in Section 3. The data evaluated in
the present work are shown in Fig. 18 and Table 1.
4.3.2. Neutron induced reactions

Data from JEFF-3/A for (n, a) reaction were
adopted after the comparison with experimental

data [112,125,128] at the energy below 15 MeV.

At the energies from 15 to 20 MeV the (n, a)
cross-section is taken from ENDF/B-VI. The data

for (n, na) reaction were taken from JEFF-3/A.
The calculation of the a-particle production

cross-section was performed with the help of the

ALICE/ASH code and the DISCA-S code at the

energy above 20 MeV. The evaluated cross-section

is shown in Fig. 19 and Table 2.
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5. Conclusion

Different approaches and models used for the

description of the a-particle emission in the reac-
tions induced by intermediate energy nucleons on
181Ta, tungsten isotopes and 197Au were discussed.

The comparison of the results of calculations with

experimental data shows

(i) The pre-equilibrium exciton model imple-

mented in the GNASH code gives a crude

description of the a-particle spectra (Fig.
1). Calculations underestimate the a-spec-
trum at the energies after the evaporation

peak and give too high spectrum values at

high emission energies. The calculated

pre-equilibrium yield of a-particles rprea is

too low comparing with the data obtained

from the analyses of experiments. Partly, it

results that the multiple pre-compound

a-particle emission is not taken into
account.

(ii) The Bertini model and the ISABEL model

combined with the MPM exciton model

[83] considerably underestimate the yield of

non-equilibrium a-particles (Fig. 6). The
CEM2k model describes the general energy

dependence of the rprea cross-section at the

energies below 80 MeV. There is a strong
difference between the rprea values calcu-

lated by CEM2k and by other codes at

the energy above 400 MeV. There is a dis-

crepancy between a-particle emission spec-
tra calculated by the codes from the

MCNPX package and experimental data

(Fig. 4).

(iii) The use of the ABLA evaporation model
coupled with the Bertini, ISABEL and

INCL4 models overestimates the contribu-

tion of the equilibrium a-particle emission
in the a-spectra and the total a-particle pro-
duction cross-section (Figs. 4 and 10).

(iv) The a-particle emission spectra, the non-

equilibrium and the total a-particle yields
calculated by the ALICE/ASH code and
the DISCA-C and DISCA-S codes are in a

reasonable agreement with experimental

data (Figs. 1–3, 5–8).
The discrepancy between the results of calcula-

tions performed with the help of the codes from

MCNPX and experimental data results from the
use in the MPM and MEM exciton models [88]

the early versions of the coalescence model describ-

ing the pre-compound a-particle emission [84,85].
It seems reasonable to implement in the GNASH

code and the codes from MCNPX the models used

for the description of the pre-equilibrium a-particle
emission in the ALICE/ASH and DISCA-C codes.

In the present work the a-particle production
cross-section has been evaluated for 181Ta, natural

tungsten and 197Au at the energies of incident neu-

trons and protons from several MeV to 1 GeV.

The evaluated cross-sections are shown in Table

1 and Figs. 12, 16, 18 for proton induced reactions

and in Table 2 and Figs. 14, 17, and 19 for neutron

induced reactions.
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