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Abstract

A new version of the ALICE code - ALICE-IPPE - is described. The main
changes are briefly outlined. The new version of ALICE-IPPE differs from the
ALICE-91 in a following aspects. Algorithm for the level density calculation
according to the generalized superfluid model was tested, corrected and
improved.  Preequilibrium cluster emission calculation was included in the code.
Calculation of the alpha-particle spectra is performed with account of both the
pick-up and knock-out processes. The phenomenological approach is used to
describe direct channel for the deuteron emission. The triton and He-3 emission
spectra are calculated according to the coalescence pick-up model of Sato,
Iwamoto, Harada.  Double precision calculations are used in all code. The
correction taking into account gamma ray emission was made for cross-section
calculations. The contribution from residual (Z,A) nucleus due to photon and
following particle emission to residual (Z,A-1) or (Z-1,A-1) nucleus is considered
directly. The corrections were made for the algorithm of multiple precompound
proton emission spectra calculation near threshold and Kalbach systematic
treatment.
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1. Introduction

The knowledge of reaction cross-sections in a wide energy region is necessary to study

activation and transmutation of materials irradiated in thermonuclear installations, neutron generators

and accelerators-driven systems. It is also important for working out the concept on long-lived

radioactive waste management [1-4]. A new version of the ALICE code - ALICE-IPPE - was

developed and used for the creation Medium Energy Nuclear Data Library, MENDL-2, to study

activation and transmutation of materials irradiated with nucleons of intermediate energies and for

other applications. Here we outline the algorithm and the main improvements of the code as

compared with previous versions.

2. Precompound nucleon emission

To obtain preequilibrium nucleon spectra the geometry dependent hybrid exciton model (GDH)

has been used [5, 6]. Calculations have been performed with the formula
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where D is the reduced wavelength of incident particle, Tl  is the transmission coefficient calculated

using optical model, εx is the energy of nucleon emitted, Qx is the binding energy of nucleon in

compound nucleus, ω(p,h,E) is the density of n-exciton states having p particles and h holes (p + h =

n) at the excitation energy E, λ c
x is the emission rate of nucleon, λ+

x is the intranuclear transition rate

corresponding to absorption of nucleon in nucleus, g is the single particle level density, Rx(n) is the

number of x-particles in n-exciton state, Dn is the «depletion» factor for n-exciton state, n0 is the

initial exciton number.

The density of exciton states has been calculated with Strutinski-Ericson formula:
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To calculate the emission rate of nucleon the following relation has been used:
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where sx and µx are spin and reduced mass for particle of x-type, σx
inv is the inverse reaction cross-

section for considered particle, gx is the single particle level density for x-particle.

The intranuclear transition rate has been calculated with the following formula:
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where V is the velocity of nucleon moving inside the nucleus, σ0 is the Pauli principle corrected

cross-section of nucleon-nucleon interaction [7], ρl  is the nuclear density in the range lD<rl <(l+1)D.

The factor Rx(n) included in formula (1) was calculated for neutron induced reactions by the

following way:

Rn(3) = (Z + 2A)/(2Z + A);

Rp(3) = 2 - Rn(3); (5)

Rx(n) = Rx(3) + (n - 3)/4.

The calculation of nonequilibrium spectra was carried out taking into account multiple

precompound nucleon emission. According to [6] it was assumed that the number of particles

emitted from a particular exciton state is equal:

Pnp = Pn Pp (for emission of neutron and proton);

Pnn = Pn Pn/2 (for emission of two neutrons), (6)

here Pn and Pp are the total number of neutrons and protons emitted from considered n-exciton

configuration.

The precompound components of spectrum for (n,n’), (n,2n) and (n,np) reactions were

calculated with the following formulae:
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where Z, A are characteristics of target nucleus, En is the energy of incident neutrons, Q(n,2n) and Q(n,np)

are (n,2n) and (n,np) reaction energies, Vp is the proton Coulomb potential, Cn, Cnn and Cnp - are,

correspondingly, the cross-section of emission of single precompound neutrons, the cross-section of

coincident emission of two precompound neutrons from the same exciton states and the cross-

section of neutron and proton emission in coincidence from these states, σn and σ2n are the energy

integrated total preequilibrium spectra of neutrons (dσn/dε) in the energy ranges (E - Bn) and (E -

B2n), corresponding to (n,n’) and (n,2n) reactions, σnp and σpn are the energy integrated total

preequilibrium spectra of neutrons (dσn/dε) and protons (dσp/dε) in the energy ranges from 0 to



En + Q(n,np), ε n  and ε p  are the average kinetic energies of neutron and proton corresponding to the

kinetic energy ε of the first emitted particle.

3. Precompound clusters emission

3.1. Precompound deuteron emission

The calculations of deuteron precompound spectra were carried out in the frame of the exciton

coalescence pick-up model combined with hybrid exciton model. The direct mechanism of deuteron

emission was also taken into account using phenomenological approach.

The considered approach to obtain deuteron emission spectra is briefly discussed below. The

calculation of deuteron differential cross-sections in the framework of the coalescence pick-up model

[8,9] without taking into account the direct processes shows the considerable discrepancy between

calculated and experimental data. As an example, the calculated precompound spectrum of deuterons

produced by 62 MeV protons incident on 54Fe  is presented in Figure 1. As one can see, there is a

considerable difference between calculated and experimental spectra, particularly in the  high energy

part. The variation of some parameters, in particular the value of imaginary part of deuteron optical

potential W in wide limits doesn’t enable to achieve the agreement. The similar conclusion can be

made when the exciton model in a «closed» form is used [9].

The reason of the divergence between calculated and experimental data is connected with the

calculation of deuteron emission spectra without taking into account the direct mechanism of

deuteron production which gives, according to [10], the considerable contribution to differential

cross-section for deuteron emission.

The contribution of the direct processes to deuteron emission can be taken into account using a

phenomenological approach based on the hybrid exciton model. For this purpose let us consider the

nucleon pick-up and deuteron emission from the initial configuration (1p0h) [11, 12]. The differential

cross-section for nonequilibrium deuteron emission, formally, may be written in the following form:
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where ω*(U) is the density of excited states for nucleus formed after deuteron emission, gd is the

single particle level density for deuterons.

It should be noted that the second term in brackets  (8) describes the part of the nonequilibrium

deuteron spectrum presented in Figure 1 and calculated in paper [9].



After emission of deuteron formed by nucleon pick-up from the configuration (p,h) the final

state of the nucleus is (p - 1, h + 1). Therefore the density of final state may be written as

ω*(U) = ω(0p,1h,U)⋅γ/gd (9)

where γ - is a value characterizing the deuteron formation.

The comparison of the deuteron emission spectra calculated with the formula (8) and the

measured spectra made it possible to establish that the γ value shows the weak dependence on

atomic mass number of target nucleus and may be considered as a constant with a good accuracy.

As an illustration, the results of calculations of deuteron spectra using the value obtained from

the experimental data are shown in Figures 2-6 for nuclei from 12C to 195Au. For all nuclei the

calculations have been performed using following values of parameters: γ = 2⋅10-3, Fl ml m ,+ =∑ 2 = 0.3.

The imaginary part of deuteron optical potential was assumed to be equal to W = 16 MeV according

to Ref. [6]. The calculated deuteron spectra for neutron induced reactions at the energy 14.8 MeV

are shown in Figures 2, 3.

3.2. Precompound α-emission

In the present work the spectrum of α-particles is represented as a sum of three components

adequate to pick-up, knock-out and evaporation processes:
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α -particle pick-up reaction

To describe pick-up reaction the Iwamoto-Harada model is used [20]. According to paper [2]

the cross section of preequilibrium emission in the frame of hybrid model is written as:
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where σnon is a nonelastic interaction cross section of the incident particle with a nucleus, ω(p,h,E) is

the density of exciton states, having p particles and h holes (p+h=n) at the excitation energy of

composite system E, Fl,m(εα) is the formation probability of α-particle from l excited above the

Fermy-energy and m unexcited quasiparticles in a nucleus [20], εα is the energy of α-particle emitted

from a nucleus, Qα is the binding energy  of α-particle in compound nucleus, λc
α is the emission rate

of α-particle, λ+
α is the intranuclear transition rate corresponding to α-particle absorption in a

nucleus, gα is the density of single particle states for α-particle, D(n) is the depletion factor for n -

exciton state, n0 is the initial number of excitons.



Emission rate is calculated as follows:
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where sα and µα are spin and the reduced mass of α-particle , σα
inv is the inverse reaction cross

section.

Intranuclear transition rate due to interaction of α-particle with nucleons is equal:

 λα α
+ = ⋅2 Wopt / h , (13)

where Wopt
α  is the imaginary part of optical potential for α-particle. Values Fl,m obtained in [20] were

used to calculate dσpick-up/dεα.

α-particle knock-out reactions

The modified approach [14] for α-particle knock-out process description is used in the present

work. The approach developed here does not have a number of deficiencies of "prepared cluster"

model [14] that have been noted in Refs. [15,22], gives the description of high energy part of

nonequilibrium α-spectrum close to one of knock-out model [15] and is realized more simply in

numerical calculations as compared with [15].

Three-component system is considered which consists of neutrons, protons and α-particles. The

state density of such system can be described by modified Strutinsky-Ericson formula:
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where π π ν ν α α, ~, , ~, , ~  are numbers of protons, neutrons, α-particles and corresponding holes in n-

exciton state (n = π π ν ν α α+ + + + +~ ~ ~ ); gπ,, gν,, gα are single-particle state densities for protons,

neutrons, and α-particles.

The ratio of state density for the system after α-emission and for compound nucleus that defines

the α-emission spectrum can be expressed through the ratio of densities for one-component system.

The equation to calculate α-particle spectrum can be written in this case as follows:
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where ϕα is the probability of interaction of incident particle with the "prepared" α-cluster [22].



Nonequilibrium emission of α-particles at the energies higher than 100 MeV

The emission of nonequilibrium α-particles after nonequilibrium emission of neutron or proton

have to be taken into account at energies higher than 100 MeV. In this case the formula for the

preequilibrium emission spectra of α-particle formed due to pick-up process and emitted after

preequilibrium nucleon, can be written as follows:
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where x is a neutron/proton index, Qx is the binding energy of particle x in a compound nucleus, Rx(n)

is the factor describing the number of protons and neutrons in n-exciton state, Qα is the separation

energy of α-particle in the nucleus after emission of particle x.

The analogous formula can be written for the component corresponding to α-particle knock-out

process that occurs after preequilibrium nucleon emission. It involves a preformation factor ϕα.
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Parameters of the model

Parameters of the model are the sum of the probability of α-particle formation ΣFl,m and

interaction probability of incident nucleons with the "prepared" α-particle ϕα. Moreover the

uncertainty in the single particle state density gα and the imaginary part of the optical potential Wα
opt

for α-particle exists. The values of ΣFl,m  and ϕα in formulas (11) and (15) can be determined

independently. At 90 MeV incident energy the knock-out model describes the high energy part of

experimental α-spectra [19] where component dσpick-up /dεα gives a small contribution. At the same

time the soft part of nonequilibrium spectrum is determined by pick-up mechanism (see Ref. [21]).

For this reason ΣFl,m and ϕα can be obtained from the comparison between calculated and

experimental spectra if the values of gα and the imaginary part of the optical potential Wα
opt are

known.



There exist various theoretical estimations of gα: gα = g/4.0 [14], gα = g/8.0 [22], gα = A/10.36

[23], gα = 4g [24], where g is the single particle state density for nucleon. The uncertainty in gα,

however has not much importance for the calculation of α-spectra, as far as the variation of gα leads

to redefining of other parameters, for example Wα
opt. In the present work gα is chosen to be g.

The energy dependence of Wα
opt was determined from the comparison of theoretical and

experimental α-particle spectra for proton induced reactions at energies of 18 - 90 MeV‚ [16,19,25-

28]. The cross sections of (n,α) reactions obtained from the analysis of various experiments at 14.5

MeV [29] for 42 nuclei having  nuclear numbers Z > 60 were used also.

The following values of parameters were used in the calculations of this work: ΣFl,m = 0.3, and

ϕα = 0.012. The single particle state density for α-particles was gα = A/13. The imaginary part of

optical potential was calculated as follows: Wα
opt = εα⋅W'/ε0 at εα<ε0 and Wα

opt = W' at εα>ε0, where εα

is α-particle energy, W' = βW0, W0 - is the value of the imaginary part of optical potential in a center

of a nucleus, ε0 = 0.228A and β = 0.25. The value of W0 was taken from Refs. [30, 31]:

 W0=10.+0.345(A-2Z) MeV. (16)

On the base of the developed approach the calculations of spectra and excitation functions for

nucleon induced α-particle emission were performed in a wide range of nuclei. Some results are

shown in Figures 7-14. The calculated and experimental [25-27] α-particle spectra for tin isotopes

irradiated by protons with the energy of 18-62 MeV are shown in Figures 7,8. The measured [27,32]

and calculated α-spectra for iron isotopes irradiated by 14.8 MeV neutrons and 39 MeV and 62

MeV protons are shown in Figures 9,10. Together with calculated total spectra the contributions of

the components corresponding to pick-up and knock-out mechanisms and evaporation spectra are

shown in Figures 7-12 also. From the comparison of calculated and experimental data shown in

Figures 7-12 one can see that at relatively low incident energies the nonequilibrium α-particle

emission is due to the pick-up mechanism. The contribution of knock-out processes increases as the

incident particle energy increases. Thus the knock-out mechanism determines the high energy part of

the α-spectrum.

This conclusion about the role of various mechanisms of α-particle emission is in accordance

with the results of Refs. [12,13,17,18]. In Refs. [13,17,18], the experimental spectra of α-particles

for the reactions induced by 12-20 MeV energy neutrons were analyzed on the base of DWBA

method. It was shown that at these energies the pick-up process dominates in nonequilibrium α-

particle emission. In Kalbach paper [12], the parametrization of the pick-up and knock-out

contributions has been performed using phenomenological relations and experimental data for

reactions at energies up to 62 MeV. According to Kalbach [12], the α-particle emission occurs



predominantly as pick-up process, the knock-out process contribution is observable in the high

energy part of the α-spectrum only.

The experimental [19] and calculated α-spectra for the reactions induced by 90 MeV protons on
27Al, 58Ni and 209Bi are compared in Figures 11,12. The calculations were performed taking into

account the preequilibrium α-emission following after the emission of preequilibrium neutron or

proton. One can see that the agreement of the calculation results and experimental data is achieved

by the account of all various mechanisms of α-particle formation. The significance of multiple

preequilibrium emission is shown in Figure 13. The calculated contributions of the first

preequilibrium α-particle and α-particles emitted after preequilibrium neutron and proton to the total

spectrum are shown for the 209Bi(p,α)x reaction. One can see that the sum of the first preequilibrium

α-particle only and the evaporation emission gives a poor description of the experimental data.

Similar conclusion arises from the comparison of the calculations and the measurements of other

characteristics of the nuclear reactions. The cross sections for nonequilibrium α-particle emission for

the reactions on 202Hg, obtained from the analysis of experimental data [33] and calculated in the

present work, are shown in Figure 14. The calculated results for the first preequilibrium α-particle,

the total cross section for α-particle emission, and the pick-up contribution to this cross section are

given in the Figure 14. It is seen that a satisfactory description of experimental data is obtained only

after taking into account the multiple α-particle emission and the pick-up and knock-out mechanism

contributions.

4. Nuclear level density

The nuclear level density was calculated using the phenomenological approach [34] based on

the generalised superfluid model for all nuclei formed in evaporation cascade.

The level density in generalised superfluid model can be described if we subdivide the excited

states into quasiparticle, coherent and colective ones. Then nuclear level density is presented as

ρ(U) = ρqp(U’) Kvib(U’) Krot (U’), (18)

where ρqp(U’) - is the density of quasiparticle (non-collective) nuclear excitations, Kvib(U’) and

Krot(U’) - are coefficients of level density enhancement due to vibrational and rotational states at the

effective excitation energy U’.

The energy dependence of the quasiparticle level density has been calculated on the basis of

superfluid nuclear model [35]. The correlation function for the ground states of nuclei was defined as

∆0 = 12.0/A1/2 MeV. This choice of ∆0 is consistent with the systematics of nuclear masses [36] and

with the results of analysis of the experimental data on neutron resonances for heavy nuclei [35]. The



critical temperature of the phase transition from superfluid to normal state, the condensation energy,

the critical energy of the phase transition and the effective excitation energy are connected with

correlation function ∆0 by the following equations:

tcr = 0.567⋅∆0

Ucr = 0.472⋅acr⋅∆0
2 - n ∆0 (19)

Econ = 0.152⋅acr⋅∆0
2 - n⋅∆0

U’ = U + n⋅∆0 +δshift    ,

where n = 0,1 and 2 for even-even, odd and odd-odd nuclei, correspondingly, and the empirical

value of the excitation energy shift δshift chosen on the base of consistent description of the level

density of low lying collective levels and data on neutron resonances.

The shell effects were included into consideration using the energy dependence of nuclear

level density parameter a(U,A) determined phenomenologically:

a(U,Z,A) = a(A) 1+ W(Z,A)
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where the asymptotic value of level density parameter at high excitation energy is equal to

~a(A) = 0.073A+ 0.115A2/ 3 , (21)

where δW(Z,A) is the shell correction to nuclear binding energy defined from the experimental values

of nuclear masses or in the case of their lack with the help of the Mayers-Swiatecki formula [37], ϕ

(U)={1-exp(-γU)} is the dimensionless function which defines the energy dependence of the level

density parameter at low excitation energies, value γ = 0.4/A1/3 was chosen from the description of

density of neutron resonances.

The vibrational enhancement of nuclear level density was presented in the following form

Kvib = exp{δS  - (δU/t)} , (22)

where δS, δU are the changes of entropy and excitation energy due to collective modes and defined

from relations for Bose-particle gas
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where ωi and λi are the energy and the multipolarity of collective excited state, ni is its population for

the corresponding temperature. The attenuation of vibrational enhancement of level density at high

temperatures is taken into account with the following occupation number dependence:
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i i
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−
exp / ( )

exp /

γ ω
ω

2

1
, (24)

through the parameter γi obtained empirically on consistent description of the low-lying levels and

the data on neutron resonances

γi = 0.0075A1/3(ωi
2 + 4π2t2) . (25)

The quadrupole and octupole states were considered in the calculations only. The position of

the lowest state for the all nuclei, with exception of 208Pb, was defined by phenomenological

equations which reproduced the experimental data well enough for middle weight nuclei:

ω2 = 30A-1/3;         ω3 = 50A-1/3  . (26)

For nucleus 208Pb the position of 2+ state was assumed to be equal to experimental value 4.1 MeV.

For all spherical nuclei the coefficient of vibrational enhacement of the level Kvibr(U’) was taken

into account according equation (22) only. For deformed nuclei the enhancement of level density

connected with rotational mode of collective excitation Krot(U’) was taken into account according to

Ref. [35] :

Krot(U) = σ⊥
2⋅g(U)  =  σ2⋅(1 + β/3)⋅g(U) , (27)

where σ is the spin cut-off factor, and g(U) is the empirical function taking into account the

attenuation of rotation modes at high energies proposed in Ref. [38]:

g(U) = {1 + exp[(U - Ur)/dr]}-1 , (28)

where the parameters of attenuation function are connected with the parameter of quadrupole

nuclear deformation β by relations:

 Ur = 120A -1/3β2 ; dr = 1400A -2/3β2 . (29)

The parameter of quadrupole deformation was defined from formulae for nuclear masses [36].

The advantage of considered approach to obtain nuclear level density consists in calculation of

cross-sections for magic and neighboring nuclei taking into account shell effects. As an example

Figures 15,16 present the cross-sections for (p,2n2p), (p,3n2p), (p,4n2p), and (p,6n4p) reactions on
90Zr calculated with the superfluid model and Fermi gas model of level density where a = A/9.0 was

used. As seen from the Figures, the better agreement with experimental data in the whole energy

range 0 - 100 MeV is observed in the case of level density calculation based on the superfluid model.



5. Equilibrium γ-ray emission

The probability of photon emission has been calculated through the following formula:

Γγ γ γ γ γ γπ ρ
ε σ ε ρ ε ε( )

( )
( ) ( )E

c E
E E d= ⋅ − −∫1

2 2
2

h
, (30)

where σγ is the photon absorption cross-section. It has been obtained using the Lorenz formula:

σ ε
σ ε

ε εγ γ
γ γ

γ γ γ γ
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− +=
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2 2

2 2 2 2 2
1

2 Γ
Γ

, (31)

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

maximum of dipole giant resonance was calculated taking into account the quadrupole deformation β
in the following way [39]

E1γ = E0 (1 - β/3)2 ; E2γ = E0 (1 - 0.16β); E0  = 43.4A -0.215 . (32)

The widths of the resonances are equal to:

Γi = 0.232E1 ; Γ2 = 0.232E2 ,  (33)

and the maximum values of photon absorption cross-sections are equal to

σ1γ = 145.0⋅A/E1 ; σ2γ = 235.0⋅A/E2 . (34)

The nuclear level density for γ-channel has been calculated on the basis of the superfluid model

consistently with other reaction channels.

The importance of taking into account γ-ray emission for some reactions induced by medium

energy protons on neutron deficient nucleus in particular 124Xe has been noted [40]. The taking

into account the competition of γ-rays and particle emission permits to avoid sharp spurious peak

near threshold region and to get a reasonable description of experimental data [40-44]. The

calculations with ALICE-IPPE code using consistent level density parameters in gamma and

particle channels can be considered as a reasonable cross-section evaluation for energy region up

to 100 MeV.
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Fig.1. Deuteron emission spectra calculated without taking into account the direct processes. The upper Figure
presents the precompound deuteron spectrum as well as the F1,1 and F2,0 [9] contribution components. The lower
Figure shows the total deuteron spectrum obtained provided the precompound calculations have been perfomed
using different values of the deuteron optical potential imaginary part W.



Fig.2. Calculated deuteron emission spectra for 14.8 MeV incident neutron induced reactions on 54Fe and 58Ni. The
contributions of the direct processes, F1,1 and F2,0 precompound and equilibrium processes are shown.



Fig.3. The same as in Fig.2, for 63Cu and 51V.



Fig.4. Deuteron spectra calculated at 62 MeV proton energy for 12C and 27Al.



Fig.5. The same as in Fig.4, for 54Fe(p,d) and120Sn(p,d) ractions.



Fig.6. Calculated deuteron emission spectra for 90 MeV and 62 MeV proton induced reactions. The contributions of
different processes to the emision spectra are shown.



Fig.7. Experimental [25-27] (points) - α-spectra from the reactions on tin isotopes irridiated by 18-and 25.1 MeV
protons. Total spectrum - (solid line), pick-up process contributions - (short dash line), knock-out - (long dash
line), evaporation emission - (dash dot line).



Fig.8. The same as in Fig.7, for 44.3 and 61.9 MeV.



Fig.9. The same as in Fig.7 for the reactions on iron isotopes for various proton energies.



Fig.10. The same as in Fig.9. for the reaction on iron-54 at 61,7 MeV proton energy. Experimental data are taken
from [27-32].

Fig.11. α-particle spectra from the reaction on 209Bi irradiated with 90 MeV protons. Experimental data are taken
from [19].



Fig.12. α-particle spectra from the reaction on 27Al and 58Ni irradiated with 90 MeV protons. Experimental data are
taken from [19].



Fig.13. Calculated contributions of various α-emissions meshanisms to the total α-spectrum for the reactions on 209Bi
at 90 MeV proton energy. First preequilibrium α-particle - (+), preequilibrium α-particle emitted after neutron -
(×) and proton - (*), equlibrium emission - (dash dot line), sum of the first preequilibrium a-particle and
evaporation spectra - (dash line), total spectrum - (solid line).

Fig.14. α-particle formation cross section at preequilibrium stage from reactions on 202Hg irradiated by protons,
calculated with - (2) and without - (1) taking into account multiple preequilibrium emission. Pick-up process
contributions - dash lines (1’) and (2’). Experimental data are taken from [34].



Fig.15. Effect of different models for level density calculations. Dashed line - calculations with Fermi-gas model
(a=A/9.0) and solid line - superfluid model.



Fig.16. The same as in Fig.15.


