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Abstract

Recent developmentsin the FLUKA code are outlined. Charged particle energy losses below an (arbitrary)
explicit 6 ray production threshold are obtained from a sophisticated statistical approach which includes* close”
collisions, plusatwo-oscillatorsmodel for “ distant” collisions; comparison with experimental energy loss strag-
gling are presented. Several improvements took placein the PEANUT hadronic generator, among which the in-
clusion of new processesmainly triggered by theneeds of the ICARUS experiment. Standard and exotic nucleon

decay channelsare now available with full simulation of the intranuclear effects and their influence on the final
state configuration. Negative muon capture at rest is also described, and the implementation of neutrino nuclear
interactions, with particular care in the treatment of nuclear Fermi motion and hadron formation time effectsis
in progress. The calculation of residual nuclei has been refined and extended also to neutron interactions below

20 MeV, including fission, with suitable modifications to the multigroup library.
A few only of these topics are presented in the text, because of spacereasons. Other details about some of

the FLUK A applications can be found in a companion paper at this conference[1].

1 lonization energy losses
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Figurel: Experimental [ 14] and cal cul ated energy lossdistributionsfor 2 GeV/c positrons (1eft) and protons(right)

traversing 100um of Si.
The fluctuations associated with charged particle energy losses are a classical topic. However the most popular
solutionsareof difficult applicationin MonteCarl o approaches. The Landau [2] distributionhas several limitations

which restrict its use to alimited number of situations:



¢ Themaximum energy of produced J raysis assumed to beinfinite— aproper cut on the maximum loss has
to beapplied to ensure the correct average energy lossand the Landau distribution cannot be applied for too
long steps and/or low velocities where the maximum secondary electron energy cannot be assumed to be
very large

e Theunderlying § cross section for “close” collisionsis assumed to be simply < > where T, is the sec-
ondary electron kinetic energy — differences among the cross sections for different particles are neglected

o The fluctuations connected with “distant” collisions are neglected, — the Landau distribution cannot be
applied for too short steps where “distant” collision fluctuations dominate

The use of the Vavilov [3] approach overcomes only thefirst problem at the price of asignificant increase in com-
putational complexity which prevent any practical usewhenever the step length and/or the particleenergiesare not
known apriori. Simple correctionsfor the third point [5] increase only marginally therange of applicability [4, 9]
and force to use phenomenological correction factors [6] to bring back the ssimulated data in agreement with the
experimenta ones.

An dternative approach has been devised for FLUKA which makes use of very generd statistical properties
of the problem. Within this framework “practical” solutionshave been implemented into the code with very sat-
isfactory results. This approach exploits the properties of the cumulants[7] of distributions, and in particular of
the cumulants of the distribution of Poisson distributed variables. Given a Poisson distributed number of events
n, each one described by adistribution P (z), withgiven< n >, < 2™ >, m = 1, ... thefollowingfundamental
relationshold for the statistical varisbley = >, 2;:

<Yy> = <n><zx>

o, = <y’ >-—<y>=<n><2’>

which can be shown [8] to be generdized to all the cumulants k,,, of the distribution:
knm(y) = <n><a™> (1

Let » beasuitablelower threshold for close collisions, bel ow which the distant collision description must be used,
and let us assume as usual that distant collisionsare described by N, discretelevels E; for excitation and ioniza-
tion, with oscillator strengths f; and microscopic cross sections ;. Using the general relation 1 and with the only
limitation that the energy loss suffered by a particle along the step ¢ issmall compared to the initial energy, it can
be shown [8] that the m;, cumulant of the energy loss distribution, £5% can be expressed by:
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where T,,,;,, is the threshold for explicit 6 ray production, do5/dT. the cross section for § ray production, n.
the number of electrons per unit volume, N4 the Avogadro number, L the number of elements of the mixture or
compound under consideration, and Z;, A;, and p; their stomic numbers, atomic weight, and partial densities
respectively.

Recalling the relations among the cumulants, .,,, and the central moments, y,,,, of adistribution[7]:

ki = <z>;u1 =0

ky = /Lz;/m:kz

ks = p3;ps=ks (7
ky = pa—3p3; pa = ka+ 3k3



ks = s — 10psps ; ps = ks + 10ksk,
ke = e — 15paps — 10p3 + 30p3 ; s = ke + 15kako + 10k3 + 15k3

it iseasy to derive from eg. 2 whichever moment of the energy loss distribution.
In particular, assuming [9, 10] for o;:
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the first term of eg. 2 can be easily computed at run time. In eg. 9, I is the average ionization potential of the
material under consideration, and §; is the density effect for the level under consideration (al other symbols are
of straightforward interpretation). Adopting for dos /d T, the proper expressions for spin 0,1/2,1 particles [11]
for heavy charged particles, and the Moller and Bhabha cross sections for e ectrons and positrons, expressions 4
and 5 are straightforward analytic integrations which can be easily run time evaluated with minima CPU effort.

Thealgorithmadopted in FLUKA exploitsthe above model, and makes use of two (L+1) distinct discretelevels
for elements (compounds/mixtures), that is the K-shell whose oscill ator strength can be assumed [10] to be:

2pjNa

fik—shen =
I TleAj

and all therest whose energy and strength can be derived from the known energy and strength of the K-shell and
the known average ionization potentia of the material using egs. 9 and 10.

Once for a given particle, energy, step length and d threshold combination, the cumulants of the energy loss
distribution are known, the next problem is how to sample from a distribution of given cumulants/moments. This
has been accomplished in FLUKA making use of the expansions given in[7] for transforming a gaussian random
variate into avariate of given cumulants. The recipe has been implemented up to the 6th order (— thefirst 6 mo-
ments of the energy loss distribution are reproduced) and worksfine provided the distributionis not dramatically
non-gaussian, in order to ensure the proper convergence of theexpansion. Thislast condition can berestored when
required, by explicitly producingthe“$” rays (typically oneor two) between T . and T,,;, withasuitableT,,
and adding their energy to that computed by the energy loss distributiontruncated at 77, .

While the present statistical approach isto our knowledge original and never published before, two technical
aspects benefited from works found in the literature. In particular the way of reducing the non-gaussian tails has
been inspired by ref. [12], even though our algorithm has no longer any need for relying on a gaussian approxi-
meation of the remaining distributionand directly incorporatesin a coherent framework distant collisionstoo, and
the suggestion for looking for suitable expansions for distributions no too far from normality stemmed reading
ref. [13], where however adifferent expansion is used.

Two examples of the performances of the FLUKA algorithm are presented in figs. 1. It isworthwhileto stress
that similar cumulant approaches based on eq. 1 can be appliedto several topicswhere oneisdealing with the sum
Poisson distributed independent events. An example is the multiple scattering distribution of charged particles
when expressed as afunction of the projected angles (to fulfill the additivity requirement). Indeed a devel opment
of anew agorithmfor multiplescattering based on thisapproach isforeseen for FLUKA . It will beableto make use
inan exact way of any single scattering cross section, asthe Goudsmit and Saunderson approach, whilekeepingthe
numerical complexity toamanageable level and therefore being applicableto runtime cal culationswith arbitrary
step lengths and energies.

in?

2 Neutrinointeractions

The final state kinematicsin neutrino-nucleusinteractionsis different and in general more complex than for the
free neutrino-nucleon ones. The extent of this difference has never been investigated in detail, athough it can
heavily affect the results of present and future neutrino experiments. Nuclear effects includeinitial state effects,



essentially related to nucleon Fermi motion, and final state effects, due to reinteractions of the scattered hadrons
in the nucleons, to deflectionsin the nuclear and Coulomb fields, and to reaction Q-values.

There have been recent proposals[17] for astrong effort for new medium and long baseline experimentstoin-
vestigate v oscillations. Within thisframework, the |ICARUS collaboration found important to devel op a descrip-
tion of nuclear effects in v-nucleus interactions using up-to-date nuclear models. In order to be able to describe
neutrino-nucleusinteractionswithin FLUK A , events from free neutrino-nucl eon i nteractions have been generated
and used as source for FLUKA . Comparison of the free and the bound final states have been performed.

21 Relevant FLUKA aspects
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Figure2: Momentum of final protonsin v interactions
(plot (a)); momentum of leading final protonin v in-
teractions (plot (b))

Figure3: Angular distributionof final protonsinv in-
teractions (plot (8)); angular distribution of leading fi-
nal protonin v interactions (plot (b))

Table 1: Final state particlesin QE v °Ar interactions

fina particles | < multiplicity > | < momentum >
GeVl/c
protons 1.46 047
neutrons 13 0.16
charged pions 0.025 0.35
pizero’'s 0.015 0.36
~-rays 2.36 0.0025

Details about the FLUKA intermediate energy nuclear interaction generator, called PEANUT , can be found el se-
where[16, 15]. We only remind that the reaction mechanism ismodelled in PEANUT by explicit intranuclear cas-
cade (INC) smoothly joined to statistical (exciton) preequilibriumemission[19, 18] and followed by evaporation
(or fission or Fermi break-up) and gamma deexcitation.

A critical topicin neutrino nucleusinteractionsis the effect of nuclear Fermi motion. A standard local density
approximation Fermi momentum distribution isimplemented in PEANUT in order to compute the nucleon mean
field:

o dN  |k[?

— = 1
dk 2m2 (11)



for k£ uptoaloca Fermi momentum kg () given by

RY

ke (r) = (Tpv)f 1)

where p is the neutron or proton density given by a symmetrized Woods-Saxon [20] shape for A>16 (with the
parameters computed according to [21]),

sinh(Rg/a)
plr) = o cosh(r/a) + cosh(Rg/a)
P
1 + exp I=fa

a

(13)
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and shell model densities[22] are used for light nuclei. On top of the mean field obtained in thisway, a gaussian
smearing of themomentum di stributionof bound nucleonsisapplied according to uncertainty considerations, with
parameters similar to those used in QMD models[23, 24].

Work is in progress to implement high momentum tailsin the nucleon momentum distribution according to
more or |ess phenomenol ogical descriptions[25, 26]. Accordingtotheliterature, thesetailsare requiredto explain
experimental findings, mainly in el ectron-nucl eus scattering, and they should be rel ated to nucleon-nucleon forces
at short distances. They should affect about 10-15% of the nucleons, and they should reflect inthefinal kinematics
as eventswith arelevant momentum unbal ance in the hadron-lepton system. Since, however, the nuclear spectral
functionfor highmomentais centered at high removal energies[25, 26], interactionson high momentum nucleons
are expected to be strongly Pauli suppressed and should result in low energy outgoing protons, therefore signifi-
cantly reducing the net effect of these tails when compared to naive expectations which do not take into account
binding and removal energies.

Furthermore, as it will be described later, already the present approach, when included in a coherent nuclear
framework, produces significant tails, raising the question about the real amount of genuine high momentum tails
required to explain the experimental findings. As soon as the implementation of the high momentum tails will
be completed, we hope to be able to investigate these critical problems looking at ordinary hadron and photon
induced reactions and comparing with the vast amount of available experimenta datafor these projectiles.

Another critical issue isthe “coherence” length after neutrino interactions, that in PEANUT is assumed to be
analogue to the one for elastic or charge exchange hadron-nucleon scatterings. I1n analogy with the formation
zone concept, such interactions cannot be localized better than the position uncertainty connected with the four-
momentum transfer of the collision. Reinteractionsoccurring at distances shorter than the coherence length woul d
undergo interference and cannot be treated anyway as independent interactions on other nucleons. The coherence
lengthisthe ana ogue of the formation time concept for elastic or quasidastic interactions. It has been applied to
the secondaries in quasi € astic neutrino-nucleoninteractions, with thefollowing recipe: givenatwo body interac-
tion between with four-momentum transfer ¢ = p1; — p1y , (wherein our case the subscript 1 refers to the znitial
or final lepton, and 2 to the hadron') the energy transfer seen in aframe wherethe particle 2 isat rest is given by

q - P2
my

AEZ = Vy = (14)
From the uncertainty principlethis A £’ correspondsto aindeterminationin proper timegivenby Ar-AE,; = h,
that boosted to the lab frames gives a coherence length

_ Paiab

Patab h
Arlab = AT = = _
ma ma V3

(15)

2.2 Simulation of Quasi-Elastic v interactions

As afirst step, 10,000 events for v,, v, and v, quasielastic interactions on free nucleons have been generated
with the wide band neutrino spectrum [27] currently used in the CERN West Area Neutrino Facility for the NO-
MAD and CHORUS experiments (the v, spectrum istaken equal to the v, spectrum, whilethe v, spectrumisthe
expected spectrum for the v, contamination inthe v, beam).

Final state particles are inserted into Argon nuclei and assumed as initial configurations for PEANUT . The
position of the struck nucleon is chosen according to an interaction probability proportiona to the loca nuclear
density. Due to the Fermi motion of the target nucleons, a recorrection of the kinematics is necessary. In doing
this, the center of mass energy of the free system is preserved, and the incident neutrino direction isfixed; as a
consequence al the particle momenta are scaled and rotated.



2.3 Effectson final state kinematics
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The kinematics of the fina states of the free-nucleons and bound-nucleons QE neutrino interactions have been
compared. The free-nucleon interactions of the three neutrino species give alepton and a proton (< p, >~ 800
MeV/c) in the fina state, while the bound-nucleons interactions have in the final state a lepton, one (or more)
residua nucleus (< pr.s >~ 250 MeV/c and some protons, neutrons, v-rays and charged and neutral pionswith
the average multiplicitiesand momenta given intable 1 (values are very similar for v, v,, v;).

In Fig. 2(a) the momentum spectra of final proton in QE v.-free-nucleon interactionsand all final protonsin
QE v.-bound-nucleon interactions are compared; in Fig. 2(b) the momentum spectra of the leading final proton
in the two interaction types are compared. In Fig. 3(8) the angular spectra of final proton in QE v.-free-nucleon
interactionsand all final protonsin QE v.-bound-nucleoninteractionsare compared; inFig 3(b) theangul ar spectra
of theleading fina proton in the two interaction types.

The most important nuclear effect is an apparent missing momentum in theinteraction, due to the unseen en-
ergy, taken away by the residual nucleus, by neutrons and by undetected low energy particles (v, p, 7). For that
reason, while in the free-nucleon v, and, v, interactions the missing momentum is zero, in the bound-nucleon
i nteracti ons the missing momentum is different from zero.

The situation is of course different in the case of v, interactionswhere ared missing momentum is present
(< pmiss >~ 700 MeV) dso in free-nucleon interactions, due to the two neutrinosfrom the - — e decay. Inthis
case the missing momentum distribution is not so much modified by nuclear effects.

Calculating the visible momentum in the event summing up the lepton, al protons with 7, > 60 MeV, al
pionswith 7, > 15 MeV we obtain the plots of Fig. 4, where the distribution of missing momentum for v. QE
events on bound nucleon is compared to the distributions of missing momentum for v, QE events on free and
bound nucleons.

3 Nucleon decays

One of the main goa of the ICARUS experiment is the detection of (possible) nucleon decay events. The pe-
culiar characteristics of the experiment make it able to establish the redlity of nucleon decays even on the basis
of single events due to its capability of fully reconstructing the 3D pattern of the event itsalf. It is therefore of
mandatory importance to understand in a realistic way the distortionsdue to the nuclear medium on the nucleon
decay products.
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Figure 6: Cooling curves for residual activity for 3 different Stainless Seel and Iron targets (see text)

This task too has been tackled with FLUKA , implementing nucleon decays again into the PEANUT event gen-
erator. A redlistic nuclear model, which includes multibody processes, likepion absorption, isakey element since
most decay eventstake place deep inside the nucleus core. Indeed significant differencesin fina state kinematics
have been found compared with simpler approaches where for example pion absorption was not properly taken
into account. The implementation of nucleon decaysisvery similar to that of neutrino interactions, with the sim-
plification that the starting event is now a plain phase body decay of arandomly chosen nucleon into the sel ected
decay channel.

As an example in fig. 5 the simulated reconstructed energy for the p — 7% + et decay is shown. For a
free proton this plot would appear like a gaussian centered around the proton mass (938 MeV) due to the three
EM showers originating from the positron and the two photons coming from the #°. These showers would be
reconstructed with a very narrow spread due to the good EM energy resolution of ICARUS which acts as afully
sensitiveliquid Argon cal orimeter.

4 Residual nuclel production and scoring

TheFLUKA ability in predictingresidual nuclei has been substantially strengthened thanksto threemajor improve-
ments:

e The evaporation part of the nuclear interaction models has been rewritten from scratch adopting a sam-
pling scheme for the emitted particle spectra which no longer makes any maxwellian like approximation
and which includes sub-barrier effects. Gamma competition has been introduced too.
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Figure7: Computed residua activities (Bq) as afunction of theisotope atomic number Z and neutron excess N-Z
for an AISI304 target irradiated by 10'! 5 GeV protonss~* for one month: after 60 s (Ieft) and after 1 year (right)

¢ Residua nuclel yields due to neutron interactions at energies below 20 MeV are now available, dueto a
new version of the group library which includes residual nuclei informationswhenever they can be derived
from the basic nuclear data

o Fission fragment yields due to neutron interactions below 20 MeV are aso available, due to the coupling
on-linewith ageneral sampling algorithm [28] for binary and ternary fission fragments based on the most
recent nuclear datafiles

A simple postprocessor is available which can evolve theresidual nuclei distribution obtained from FLUKA , ac-
cording to given irradiation and cooling times.

As an example of residual nuclei calculationsincluding yields due to low energy neutrons, the cooling curve
of a1 m long, 40 cm radius AISI304 cylinder irradiated by 10'* 5 GeV protonss~! for one month, is shown
infig. 6 together with the corresponding ones for a pureiron target and for a target lined on the external surface
with polyethylene respectively. The activities of the isotopes surviving after 60 sand 1 year after the end of the
irradiation are shown in fig. 7. The peaks due to **Mn, > Fe and 2”Co can be easily identified after one year of
cooling.

5 Conclusions

Thefield of applicationsof FLUKA isbecoming wider and wider, with agrowingemphasi stowards descriptionand
design of physics experiments. The capabilities of the code in the detailed description of both EM and hadronic
processes from few tens of MeV up to atmospheric showers proved to be a key issue in many applications, and
were even more enlightened when compared with standard codes for detector simulations. (see also [29]).

The coderesulted to be useful alsofor thefield of rare event detection (nucleon decay, neutrinoinduced events,
etc.), wherethe very demanding constraintson physi cs description cannot be matched at present by standard codes
like GEANT [30Q].
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