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Outline

1 Present situation
Cascade Exciton Model (CEM) , Gudima et al, 1983
Basic formulation
Work in progress ..

2 Further development:
INCL+evaporation (Aatos)
Proposal 1: Improvements in Exciton Model (IEM)
Proposal 2: HMS (Hybrid MonteCarlo Sampling) model

3 For the future?:
Fully quantum mechanical models
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Modified version of Griffin model (EM , SMIS..) suited for
MC calculation

Based on classical exciton model for pre-equilibrium decay

Evolution towards equilibrium described by master equation
for P(E , n, t) as a discontinuous markovian process

1 → Poisson distribution of waiting times
2 → MonteCarlo method
3 → Not need of Never come back hypothesis

No angular momentum conservation is included

No distinction between compound nucleus and continuum
states

One component model

Geant4 version : simplistic ad hoc charged particle
bookkeeping
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Basic assumption of preequilibrium models

Figure: evolution towards equilibrium

The equillibration process proceeds through a series of
nucleon-nucleon reactions.
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The master equation

∂P(E , n, t)

∂t
= −Λ(n,E )P(E , n, t) + λ+(n − 2,E )P(E , n − 2, t)

+λ0(n,E )P(E , n, t) + λ−(n + 2,E )P(E , n + 2, t)

+
∑

j

∫
dT

∫
dE ′ λj

c(n + nj ,E
′,T )P(E ′, n + nj , t)δ(E

′ − E − Bj − T )
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The ingredients (I): transition rates

λ∆n(p, h,E ) =
2π

~
|M∆n|2ω∆n(p, h,E )

Main assumptions :
1

λ+(p, h,E ) =
< σ(vrel)vrel >

Vint

2 M2 = M0 = M−2

The other (“less” important) trasition rates are obtained from
it:

λ0(p, h,E ) =
< σ(vrelvrel >

Vint

n + 1

n

[ gE −A(p, h)

gE −A(p + 1, h + 1)

]n+1

p(p − 1) + 4ph + h(h − 1)

gE −A(p, h)
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The ingredients (II): particle emission rates

The particle emission probability distribution:

λj
c(p, h,E ,T ) =

2sj + 1

π2~3
µjRj(p, h)

ω(p − 1, h,E − Bj − T )

ω(p, h,E )
Tσinv (T )

The total emission rate:

Γj(p, h,E ) =

∫ E−Bj

V c
j

λc
j (p, h,E ,T )dT
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The ingredients (III): the total decay rate

Λ(p, h,E ) = λ+(p, h,E ) + λ0(p, h,E )

+λ−(p, h,E ) +
∑

j

Γj(p, h,E )
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Angular distributions (I)

Not included in exciton model

Must be added “a posteriori” based on:

purely phenomenological grounds (Kalbach)
theory driven models (Mantzouranis,
Blann-Oblozinsky-Chadwick in HMS)

This one is the one actually implemented in
G4PreComppoundModel
Conservation of total (linear) momentum
Total momentum (from incident particle ) is shared by
excitons
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Angular distributions (II): borrowed from HMS model
(Blann & Chadwick, 1998)

d2λn(ε,Ω)

dεdΩ
=

2µεσinv

π2~3

ω(pr , hr ,E − εΩ, ~K − ~kΩ)

4πω(p, h,E , ~K )

ω(p, h,E , ~K ) = ω(p, h,E )M(p, h,E , ~K )

M(p, h,E , ~K ) =
1

(2π)3/2σ3
exp(

−K 2

2σ2
)

σ2 = nr

(
2mεav

3

)
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Angular distributions (III): borrowed from HMS model

|~K − ~kΩ|2 = K 2 − k2
Ω − 2KkΩcosθ

Puting all these ingredients together one gets trivially :

d2σ(ε,Ω)

dεdΩ
=

dσn(ε)

dε

1

4π

2an

ean − e−an
exp(ancosθ)

with

an =
3KkΩ

2nrmεavζ

entrance channel memory concentrated here:

an =
3
√

(εin + Bin + εF )(ε + Bem + εF )

nr εavζ
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Soft cutoff criterium

In G4PreCompoundModel class, the choice of preequilibrium
transition/emission vs equilibrium transition is made with tis
probability:

if n < neq → Ppe(n) = 1− e
− 1

0.32
( n

neq
−1)2

if n ≥ neq → Ppe(n) = 0

Clear physical meaning , but ..

What is the impact of the preequilibrium to equilibrium
transition sharpness on results?
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Fixes (I)

Several fixes have been made up to now, both in:

G4PreCompoundModel:

Bad implementation of Pauli correction factor in several
places: A(p, h) must be multiplied by the sigle level density g
before subtracting it from excitation energy (if not, as before,
never come back hypothesis applies spureously)
More realistic algorithm for charged particle book-keeping
(although still too schematic...)
Light ion emission probability calculation :

Coulomb barrier must not appear in upper integration limit
Single particle level density g1 instead of gj

Inclusion of Rβ factor (it was just ignored)

G4EvaporationProbability:

Spurious atomic mass factor for cluster emission probability
calculation (enhances it artificially and greatly )
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(although still too schematic...)

Light ion emission probability calculation :

Coulomb barrier must not appear in upper integration limit
Single particle level density g1 instead of gj

Inclusion of Rβ factor (it was just ignored)

G4EvaporationProbability:

Spurious atomic mass factor for cluster emission probability
calculation (enhances it artificially and greatly )
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Fixes (II)

In angular distribution calculation, incident direction must be
transformed to CMS (it was not) in order to calculate emission
angle θCMS by properly rotating from ~kΩ direction to zCMS axis.
Of course, Lorentz boost follows to transform to Lab system
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Ongoing work

Open question: test case p + Al @ 22 MeV
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IEM
HMS

Outline

1 Present situation
Cascade Exciton Model (CEM) , Gudima et al, 1983
Basic formulation
Work in progress ..

2 Further development:
INCL+evaporation (Aatos)
Proposal 1: Improvements in Exciton Model (IEM)
Proposal 2: HMS (Hybrid MonteCarlo Sampling) model

3 For the future?:
Fully quantum mechanical models
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Features

It is a pure Intranuclear Cascade Model directly coupled to
evaporation.

Work is in progress (further details by Aatos during this
workshop).
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José Manuel Quesada Preequilibrium in Geant4



Present
Developments

Future

INCL
IEM
HMS

Two component approach

Different transition rates for neutrons and protons

As we are doing MonteCarlo (no master equation to be solved)
extension is straightforward (unless unforeseen problems arise)

Probably refitting of parameters (wrt one component
situation) would be needed
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Mechanism of cluster emission

Improved Rβ factor (Qβ) by averaging over all possible
configurations (→ 1 at equilibrium) (Kalbach, 1977)

Microscopic preformation factors Fl ,m ( Sato, Iwamoto &
Harada, 1983)

Involved calculation of Fl ,m, but parameterized and coded
(together with Qβ) in PCROSS code for EM calculations.
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Main features

Founded on strong physical grounds:

Avoids multiexciton level densities (max 3 excitons)

Linear momentum conservation is included

No physical limit on the number of preequilibrium emissions.

Provides a complete set of observables, including d2σ
dεdΩ , cross

sections for residuals and spectra of recoils.

Still a semiclassical method

DRAWBACK : Cluster emission is not included

José Manuel Quesada Preequilibrium in Geant4



Present
Developments

Future

INCL
IEM
HMS

Main features

Founded on strong physical grounds:

Avoids multiexciton level densities (max 3 excitons)
Linear momentum conservation is included

No physical limit on the number of preequilibrium emissions.

Provides a complete set of observables, including d2σ
dεdΩ , cross

sections for residuals and spectra of recoils.

Still a semiclassical method

DRAWBACK : Cluster emission is not included
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Some hints of the formalism (I)

For choosing a collision partner, it is assumed that the unlike
interaction is 3 times more probable than the like one
(σnp = 3σnn).

Thus,

for an incident neutron we have Pnn and Pnp for the
probability of exciting neutron and proton respectively

Pnn =
(A− Z )

(A− Z ) + 3Z
,

Pnp = 1− Pnn

and similarly for an incident proton

Ppp =
Z

Z + 3(A− Z )
,

Ppn = 1− Ppp.
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Some hints of the formalism (II)

The energy distribution of the scattered particles P(ε) is given by
the ratio of the (n − 1) and n-exciton level densities ρn

P(ε)dε =
ρn−1(E − ε)g

ρn(E )
dε,

with n = 2 or 3 and

ρ2(E ) =
g(gV )

2
if E > V ,

ρ2(E ) =
g(gE )

2
if E ≤ V ,

ρ3(E ) =
g3 [V (2E − V )]

4
if E ≥ V .

where ε is the particle’s energy above the Fermi energy and V is
the potential well depth.
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Some hints of the formalism (III)

The emission probability is calculated as

Pν(ε− B) =
λc(ε− B)

λc(ε− B) + λ+(ε)
,

with the emission rate being

λc(ε− B) ∼ σν(ε− B)(ε− B)(2S + 1)µν

g
.

where

σν is the inverse reaction cross section

B is the separation energy

g is the single-particle density

S is nucleon spin

µν is the reduced nucleon mass

Following the hybrid model, λ+(ε) is calculated from the
meanfree path of a nucleon in nuclear matter
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Calculation flow

1 draw collision partner for incoming nucleon (2p-1h state
created)

2 draw energy (ε) of the scattered nucleon (if bound go to step
5)

3 draw scattering angle
4 decide what to do with the scattered nucleon:

a) if emitted, appropriate cross section is increased
b) if re-scattered, additional particle-hole is created (new 2p1h at

excitation energy ε) and return to step 2
c) if trapped, leave it and go to step 5

5 draw excitation energy of a particle in the remaining 1p-1h
configuration (at full excitation energy):

a) if unbound, go to step 3
b) if trapped, choose another existing 1p-1h pair and repeat step

5
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Proposal

To implement HMS in Geant4 as an alternative to CEM and
INCL models

Reengineering (FORTRAN → C + + translation) of HMS
code (included in EMPIRE code for nuclear reaction analysis)
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Outline

1 Present situation
Cascade Exciton Model (CEM) , Gudima et al, 1983
Basic formulation
Work in progress ..

2 Further development:
INCL+evaporation (Aatos)
Proposal 1: Improvements in Exciton Model (IEM)
Proposal 2: HMS (Hybrid MonteCarlo Sampling) model

3 For the future?:
Fully quantum mechanical models
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MSD+MSC processes and models

Two main approaches:
a) FKK theory: MSD+MSC on the same basis

b) TUL: MSD + NVWY: MSC

Their computational implementation is usually extremely
complex

In their current implementation in ND evaluation codes
(GNASH, EMPIRE II,...) a maximum of two steps are allowed,
which implies limitation in energy range of applicabilty

For high incident energies the low-intermediate energy range
of the spectrum of emitted particles is usually better described
by HMS

Can describe certain features that are out of reach for
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José Manuel Quesada Preequilibrium in Geant4



Present
Developments

Future
Quantum models

MSD+MSC processes and models (cont)

FKK shares some similarities with HMS (not in previous
semiclasscal models)

In HMS model:

a) each subsequent multistep process is viewed as the creation of
a new 2p1h state from which emission may occur (leaving a
1p1h state)

b) each new interactionn occurs independently of other
particle-hole excitations

In FKK approach multistep reactions are described as
convolution of one-step reactions

José Manuel Quesada Preequilibrium in Geant4



Present
Developments

Future
Quantum models

MSD+MSC processes and models (cont)

FKK shares some similarities with HMS (not in previous
semiclasscal models)

In HMS model:

a) each subsequent multistep process is viewed as the creation of
a new 2p1h state from which emission may occur (leaving a
1p1h state)

b) each new interactionn occurs independently of other
particle-hole excitations

In FKK approach multistep reactions are described as
convolution of one-step reactions
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