
Theoreti
al Des
ription of Proton and Light Ion-Indu
ed Rea
tionsWithin the HINDAS CollaborationJ. CUGNON1, TH. AOUST2, P. HENROTTE, B. VAN DEN BOSSCHEUniversity of Li�ege, Physi
s Department B5B-4000 Sart Tilman Li�ege 1, BelgiumA. BOUDARD, S. LERAY and C. VOLANTDAPNIA/SPhN, CEA/Sa
lay, F-91191 Gif-sur-Yvette Cedex, Fran
eAbstra
t. The HINDAS 
ollaboration put forward the improvement of the intranu
lear 
as
ade(INC) plus evaporation model for spallation rea
tions in the 200 MeV to 2 GeV range. This e�orthas led to the 
onstru
tion of the re
ent version INCL4 of the Li�ege INC model, whi
h is brie
ydes
ribed here. Current developments of the model are also presented.1 Introdu
tionOne of the tasks of HINDAS was \to develop a theoreti
al model for p-indu
ed rea
tions in the200 MeV to 2 GeV range, to be validated on ben
hmark experiments, and to be in
luded in theparti
le transport 
ode HERMES". The 
hoi
e of the HINDAS 
ollaboration turned towards themodel resulting from the 
oupling of the Li�ege intranu
lear 
as
ade model INCL1�3) and the Karl-Heinz S
hmidt evaporation-�ssion model ABLA4). The present paper reports on the developmentsof the INCL model during the period of the HINDAS program.Prior to HINDAS, the INCL21) and INCL32) versions of INCL were able to give good results forneutron double di�erential 
ross-se
tions, but su�ered of some short
omings: (i) they failed on thequasi-elasti
 peak, (ii) residue 
ross-se
tions 
lose to the target mass were underestimated and (iii)the statisti
al implementation of the Pauli blo
king led to unphysi
al results. We explain belowhow these short
omings are 
ured in the new version INCL43) developed within the frame of theHINDAS program. We will 
omment on some sele
ted important results and say a few words onthe developments of the INCL model outside HINDAS.2 Des
ription of INCL4Let us �rst des
ribe the main features of the INCL model. Its basi
 premise is the des
riptionof the nu
leon-nu
leus intera
tion as a sequen
e of binary 
ollisions (and de
ays) well separated inspa
e-time. In fa
t, all the parti
les are followed in time, move on straight-line traje
tories until twoof them rea
h their minimum distan
e of approa
h (when 
ollision is de
ided or not on a minimumdistan
e of approa
h 
riterion), or until a parti
le hits the surfa
e (when it 
an be transmitted orre
e
ted), after whi
h straight-line motion is resumed, and so on. Collisions are subje
ted to Pauliblo
king, sto
hasti
ally, a

ording to a probability linked with phase spa
e o

upan
ies evaluated onthe neighbourhood of the 
andidate �nal states of the parti
les. Cross-se
tions are supposed to beas in free spa
e. Pion and � degrees of freedom are introdu
ed. The target is supposed to o

upy asphere with a sharp surfa
e, in whi
h nu
leons undergo the e�e
t of a 
onstant attra
tive potential.An important aspe
t of the INCL model is the \self-
onsistent" determination of the stopping time,at whi
h an evaporation model is to be 
ranked: the average evolution of many physi
al quantitiesexhibits a 
hange of rate roughly at the same time, whi
h is 
hosen as the stopping time.1e-mail:J. Cugnon�ulg.a
.be2Also at SCK-CEN, Mol, Belgium 1



The des
ription of INCL4 is 
ompleted by the following additional points.1. Introdu
tion of a smooth surfa
e. Target nu
leons are positioned at random a

ording toa Saxon-Woods distribution for the density �(r), 
ut at Rmax = R0 + 8a. Their momentum israndomly generated in a sphere of radius pF ; r � p 
orrelations are introdu
ed in order to a

ountfor the fa
t that fast nu
leons travel farther out than slow nu
leons. Nu
leons with momentumbetween p and p+ dp are assumed to 
ontribute to the density �(r) by the layerÆ�(r) = (�(R(p))� �(R(p+ dp)))�H(R(p)� r); (1)where �H is the Heaviside fun
tion. This de�nes the 
orrelating, monotonously in
reasing, fun
tionR(p). This pres
ription amounts to take �rst momentum p at random and then position at randomin a sphere of radius R(p). Furthermore, parti
les of momentum p are feeling a potential of 
onstantdepth V0 and of radius R(p). It is shown in Ref.3) that this leads to a total stabilization of the target(in terms of r and p distributions) in absen
e of 
ollisions. This pro
edure is basi
ally equivalentto putting parti
les in a Saxon-Woods potential well, but keeps the simpli
ity of the straight-linemotion, whi
h allows to propagate parti
les in a single time step between 
ollisions.2. Consistent dynami
al Pauli blo
king. The 
ombination of the statisti
al generation of theinitial state and the statisti
al implementation of the Pauli blo
king leads to unphysi
al e�e
ts.Be
ause of 
u
tuations the phase spa
e o

upan
y f (measured by 
ounting parti
les in a smallphase spa
e volume) 
an be smaller than one, even in the initial state. As a 
onsequen
e, even the�rst 
ollision made by the in
oming parti
le may lead to a de
rease of the energy of the 
ollidingtarget parti
le, if the foreseen position of the latter in phase spa
e is just in a region where f <1.In su
h a 
ase, the target ex
itation energy may be
ome negative. In most events this de�
ien
yis 
ured by subsequent 
ollisions. To remove this undesirable e�e
t we do not allow 
ollisionswhi
h 
ould lead to a negative ex
itation energy of the 
urrent Fermi sea, i.e. the energy of allparti
les with momentum below pF 
annot be smaller than the ground state of the 
urrent Fermisea, de�ned as the energy of the original Fermi sea minus the separation energy of the nu
leonswhi
h have es
aped from it.3. In
ident light 
lusters. In
ident light 
lusters, up to 4He, 
an now be a

ommodated by theINCL4 
ode.4. Improved pion dynami
s. The dynami
al pi
ture of pion produ
tion has been improvedon some points. In parti
ular, a 
orre
ted detailed balan
e formula, whi
h a

ounts for the �nitelifetime of the � resonan
es, is used to determine the N�! NN 
ross-se
tion.5. Remnant angular momentum. This quantity is provided as an output of the 
ode. It is
al
ulated as the di�eren
e between the initial angular momentum and the angular momentum
arried by the eje
tiles.6. Spe
tators and parti
ipants. Spe
tators are moving, whi
h generates a physi
al rearrangementof the density, but are not allowed to 
ollide among themselves.The numeri
al 
ode INCL4 is basi
ally a parameter-free 
ode. Input data are taken from experi-ment (target radius, 
ross-se
tions, et
) or �xed on
e for all (e.g. Fermi momenta). Te
hni
ally onlytwo parameters (potential depth and stopping time) are left free, although they 
annot reasonably
hanged mu
h from their optional values.In Ref.3) INCL4 predi
tions are shown to be quite su

essful when 
ompared with a large body ofexperimental data in
luding total 
ross-se
tions, neutron and proton di�erential 
ross-se
tions, neu-tron and 
harged parti
le multipli
ities, residue mass and 
harge distributions, isotopi
 distributionsand residue re
oil energy distributions. 2



3 Some signi�
ant resultsThe amplitude of the quasi-elasti
 peak both in n and p spe
tra is well des
ribed by INCL4. Thisis basi
ally due to the introdu
tion of a smooth nu
lear surfa
e, whi
h enhan
es the rate of singles
attering events. However, if the position of the peak is well reprodu
ed in p spe
tra (see Fig.1), itis lo
ated at a too high energy for n spe
tra. This probably re
e
ts the e�e
ts of 
olle
tive degreesof freedom, whi
h show up 
oherently in single s
attering events, but are wiped out in multiples
attering events, whi
h are dominated by in
oherent e�e
ts.

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10 4

0 50 100 150 200 250 300

d2 σ/
dΩ

dT
  (

µb
/s

r 
M

eV
)

T (MeV)

p(500 MeV)+Ni

θ= 65

θ= 90

θ= 120

θ= 160

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

0 100 200 300 400 500 600

d2 σ/
dΩ

dT
  (

m
b/

sr
 M

eV
)

T (MeV)

p(600 MeV)+Ta

θ= 30

θ= 60

θ= 90

θ= 120

θ= 150

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1

10

0 100 200 300 400 500 600 700 800

p(800 MeV) + Pb

d2 σ/
dΩ

dT
p 

 (
m

b/
sr

.M
eV

)

Tp (MeV)

110 (10-1)

130 (10-2)

150 (10-3)

200 (10-4)

250 (10-5)

300 (10-6)

Figure 1: Comparison of the INCL4+ABLA predi
tions with experimental proton double di�erential
ross-se
tions for the indi
ated systems. Data are from Refs.5�7). Adapted from Ref.8)The residue mass spe
tra are 
onsiderably improved in INCL4 (see Ref.3) ), espe
ially for residueswith mass 
lose to the target mass. This is also due to the introdu
tion of a smooth surfa
e, whi
henhan
es the rate of events with a small ex
itation energy. The �ssion yield is usually well des
ribed,a result whi
h is mainly attributable to the use of the �ssion model 
ontained in ABLA, but alsoto the ex
itation distribution generated by INCL4.We would like to 
omment on the re
oil energy of the residues. Its value is overwhelminglydetermined by the 
as
ade stage. It is well des
ribed by INCL4, as depi
ted by Fig.2. Moreimportantly, longitudinal re
oil velo
ities have been measured. It is found9) that their mean valuefor a given mass loss in
reases linearly with this mass loss and that their varian
e is also a linearfun
tion of the mass loss (at least for not too large mass losses). Therefore, varian
e and meanvalue are proportional. This is akin to the �ngerprint of a random walk pro
ess, whi
h 
an readilybe identi�ed with the sequen
e of su

essive 
ollisions: ea
h 
ollision produ
es another re
oilingparti
ipant whi
h ultimately transfers its momentum to the remnant. The observed proportionalitythus provides us with a justi�
ation of the basi
 assumption of the INC approa
h, namely theindependen
e of the su

essive 
ollisions.Finally, we say a few words about the stopping time. We 
he
ked that, by 
hanging the stoppingtime by a few fm/
's, the results are not modi�ed sensitively. Of 
ourse, if it is 
hanged more sizably,results may 
hange drasti
ally. In parti
ular, if it is diminished by more than, say, 10 fm/
's, neutronspe
tra 
an be substantially depleted in the region between 20 and 50 MeV. It looks as our stoppingtime has just the value whi
h makes the introdu
tion of an intermediate so-
alled pre-equilibriumstage10) unne
essary (there is no missing feature in our predi
ted nu
leon spe
tra just above the3
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Figure 2: Comparison of the INCL4+ABLA predi
tions (triangles) with experimental averageresidue re
oil energy(
ir
les), as a fun
tion of the mass loss. Data are from Ref.9). Adapted fromRef.3)evaporation part, see Fig. 3). Perhaps it is appropriate to say that our 
as
ade model exhibits twoimportant features: it is able to des
ribe the features usually attributed to pre-equilibrium models(ex
ept for 
luster emission, but see below the extensions of our model) and it pi
ks up (by the'self-
onsistent' determination of the stopping time) the time at whi
h the system is suÆ
ientlyrandomized for evolving further by evaporation.4 Developments outside HINDAS4.1 Cluster emissionSin
e this topi
 is largely 
overed by A. Boudard12) in his 
ontribution at this meeting, we justexplain brie
y the model used to a

omodate 
luster emission during the 
as
ade stage. When aparti
le is 
he
ked for leaving the nu
leus (and provided it has full�lled the test for transmissionthrough the Coulomb barrier), it is veri�ed whether it 
an drag along a 
luster, in whi
h it isembedded. A 
luster is de�ned as a group of nu
leons 
lose to ea
h other in phase spa
e. A
tually,the 
andidate 
luster is 
onstru
ted, starting from the 
onsidered parti
le, by �nding a se
ond, thena third, et
, nu
leon satisfying the following 
onditionri;[i�1℄pi;[i�1℄ � P0 (2)on the Ja
obian 
oordinates of the i-th nu
leon, i.e. the relative 
oordinates of this nu
leon withrespe
t to the subgroup 
onstituted of the �rst [i � 1℄ nu
leons. A 
luster is emitted if its (ki-neti
+potential) energy is suÆ
ient to give an asymptoti
 bound 
luster with positive kineti
 en-ergy and if it su

eeds the test for transmission through the Coulomb barrier. Of 
ourse, energy is
onserved during the emission of the 
luster.Clusters up to 4He are 
onsidered. If a large 
luster is built and if it does not su

eed the testsfor emission, the next largest 
luster in the building pro
ess is then tested for emission, and so on.In other words, we adopt the following hierar
hy: 4He >3 He; t > d > n; p. Finally, as nu
leons are
he
ked for emission at the outer fringes of the nu
leus, i.e. in a region where the density is very4
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Figure 3: Comparison of the INCL4+ABLA predi
tions with experimental neutron double di�eren-tial 
ross-se
tions for the indi
ated system. Data are from Refs.11). Adapted from Ref.8)small, we get it ba
k by a small distan
e d before building the 
luster. In summary, this model is asort of surfa
e 
oales
en
e model, relying on the instantaneous phase-spa
e o

upan
y, dynami
allygenerated by the INC itself. It is quite di�erent from pure (momentum spa
e) 
oales
en
e.We did not try to �t the parameters P0 and d. The adopted values are P0=387 MeV/
 andd=2.6 fm. They allow us to give a reasonable a

ount of 
luster produ
tion 
ross-se
tions, as shownin Ref.12) .4.2 Low-energy limit of validity of INCLIt is 
ommonly stated that separability of the su

essive nu
leon-nu
leon 
ollisions 
annot be guar-anteed for in
ident energies below �200 MeV. O

asionally INC models have been used at lowerenergy, with some su

ess. In a re
ent work13), the validity of INC has been systemati
ally testedbelow 200 MeV, just by 
omparing the INCL predi
tions with the existing data for n and p doubledi�erential 
ross-se
tions. The 
on
lusions of this investigation are: (i) total rea
tion 
ross-se
tion isunderestimated under 100 MeV; (ii) predi
ted energy and angular distributions, down to 40-50 MeVin
ident energy, are generally well des
ribed, provided a stri
t Pauli blo
king (instead of the sta-tisti
al implementation) is adopted; (iii) better results are obtained when Pauli blo
king is stri
tlyenfor
ed for the �rst 
ollision and statisti
ally for the su

eeding ones; (iv) in many 
ases, INCL3gives as good results (even, sometimes, better) as multi-step dire
t models. The latter, somewhatsurprising, result presumably arises from the fa
t that, for multiple 
ollisions, what really mattersis the average energy-momentum 
ow, whi
h 
an be des
ribed by mean (
lassi
al) traje
tories and
ross-se
tions. 5



4.3 Isospin and momentum dependen
es of the mean �eldThe isospin dependen
e of the mean �eld is introdu
ed by adopting di�erent Fermi momenta kiF ,i = n; p and by requiring the Fermi energies to be equal to minus the separation energies Si:(�hkiF )22M � Vi = �Si; (3)where Vi is the potential depth. The following energy dependen
e Vi = �i��iE is introdu
ed, withparameters taken from the opti
al potential phenomenology14) (see Ref.15) for details). The maine�e
t of these dependen
es is to drive the quasi-elasti
 peak towards lower energies in neutron spe
traat small angles, partly 
uring one of the short
omings of INCL. This e�e
t has been 
on�rmed by ananalyti
al model assuming single s
attering16), whi
h is a good approximation in the quasi-elasti
region.5 Con
lusionsIn the frame of the HINDAS 
ollaboration, the Li�ege INCL model has rea
hed a high level ofpredi
tability in the 200 MeV to 2 GeV range. It has been 
onfronted su

essfully with a largebody of experimental data, espe
ially with those obtained by the HINDAS groups. This newversion (INCL4) has been introdu
ed or will soon be introdu
ed in the transport 
odes HERMES,LAHET3 and MCNPX. The INCL model is under 
onstant improvement. We only mentioned threeof them, related to 
luster emission, extension to low energy and detailed properties of the mean�eld.A
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