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Abstract

Some features of hadronic showers in the energy range from a few tens of MeV up to
severa hundreds GeV, are presented, with particular emphasis on genera properties and
scaling properties.

Examples of performances of state-of-the-art nuclear models are also given.

1 Introduction
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Figure 1: Neutron fluence resulting from cal culations for the concrete top and iron top positions

of the CERN-CEC facility for high energy dosmetry [1]

The importance of shower smulationsin many fields of present day particle physics has grown
considerably during the last years, in parallel with the rapid increase in available CPU power.

Besides physics experiment, there is an increasing interest for applications of accelerator
beams. A new generation of intermediate energy proton and electron acceleratorsis under con-
struction or planned in the near future, spanning a variety of applications, ranging from energy
production, waste transmutation, synchrotron radiation to radiotherapy. Such applications call
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Figure 2: Cosmic ray fluences with no geomagnetic cutoffs

for more and morerefined simul ationstools, to be ableto design and properly operate thesefacil-
ities. Examplesof the neutron spectraemerging fromthelateral shielding of ahigh energy accel-
erators are presented in fig. 1. These computed spectra (which have been extensively checked
with experimental measurements [1]) refer to the concrete and iron shielding positions of the
CERN-CEC facility for high energy neutron dosimetry.

A good knowledge of radiation transport iscritical also for other activitieswhich apparently
have very little in common with the new medical and industrial accelerators. Radiation back-
ground in the large experiments which are currently planned to be installed at the future LHC
proton-proton collider will be dominated by particle fluxeswhich can only be estimated by sm-
ulation of the whole hadronic cascade from several TeV down to thermal energies. Most of the
particle production will take place at energiesbelow 1 GeV.

A similar situation arises in the assessment of the radiation dose affecting the crew of com-
mercial airplanesor of space stations, where the capabilities of understanding the radiation en-
vironment generated by cosmic rays is of utmost importance. The spectra of cosmic rays im-
pinging on the earth atmosphere are shown in figs. 2 and 3 for no geomagnetic shield and for an
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Figure 3: Cosmic ray fluences for an intermediate geomagnetic | atitude

intermediate | atitude respectively. It is apparent from these spectrathat good physics modelling
isrequired from few MeV up to several tensof GeV at least.

In general all aspects connected with the dosimetry of medium and high energy particlesare
still waiting for afresh and more systematic treatment.

Detailed physical modelsare also required when designing and operating experiments based
on calorimetry. Missing p, measurements and CP violation experimentsare very sensitive to the
response of calorimetersto relatively low energy hadrons. A detailed comprehension of active
deviceresponsesto subGeV hadronswill be akey issue for many of the future experiments, both
at accelerator beams, or in underground laboratories. Despite they heavily rely on MonteCarlo
modelling when designing and understanding their devices, and when analyzing experimental
datafor backgrounds and kinematical cuts, high energy physicists tend to consider all the com-
plex phenomena of hadronic and electromagnetic showers occurring in their experimental ap-
paratus as well understood physics, without recognizing the still large uncertainties connected
with the physical description of showers. While QCD inspired models are very powerful in pre-
dicting and describing the rare interesting phenomena searched for by high energy experiments,



effortsin describing the bulk of high energy interactions, which cannot be understood in terms
of perturbative QCD, arerelatively rare, despite their striking importance in understanding the
complex experimental setups required by modern experiments.

Nuclear physicists are often working on a small subset of “interesting” phenomena related
to nuclear interactions, and usually do not like to spend time on more general models which can
be used for whichever application, particularly for technological ones. Very interesting physics
researches are going on in the description of nucleon induced interactions below the pion thresh-
old (seethereviews[2, 3]), however little or no work isdonein the understanding of interactions
at higher energies, with possibly the exception of someinteresting developmentsin the pion sec-
tor [4, 5, 6]. Anyway, new or updated models are seldom formulated in such away asto alow a
genera application. Asaconsequence, most applications must rely on models, like the glorious
Bertini INC model, which are 20 to 30 years old, and which are no longer up-to-date with the
present knowledge.

As soon asthe energy of aprimary hadron beam exceeds few tens of MeV, inelastic interac-
tions start to play amajor role and secondaries have enough energies to trigger further interac-
tions, giving rise to a hadronic shower. Whenever the beam energy is such that significant pion
production can occur (the pion production threshold for nucleonsinteracting with stationary nu-
cleonsisaround 290 MeV), an increasing fraction of the energy istransferred from the hadronic
(HAD) to the el ectromagnetic (EM) sector dueto production of mesons (mainly =° and ») which
quickly decay into EM particles (et, e, and ). Hadron and electromagnetic showers are very
complex phenomena, whose description in terms of basic physical interactions requiresalot of
knowledge. There are two basic differences between hadronic and EM showers. The first is
that, while energetic hadronic showers are always giving rise to significant EM ones (and we
shall seein section 4 how such EM component is more and more important with increasing pri-
mary energy), EM showers devel op independently without further hadronic particle production,
forgetting for awhile the (small) probability of electro and photonuclear interactions. The sec-
ond differenceisthat, while EM interactionsarein principle well understood (see however [7])
and described by QED, the same does not apply to hadronic nuclear interactions, where such a
complete theory does not exist and one hasto resort to suitable model s to have someinsight into
the physics of the processes.

The devel opment of hadron initiated showersisdetermined both by atomic processes (dE/dx,
multiple Coulomb Scattering etc), which take place very frequently, and by the relatively
rare nuclear interactions (both elastic and nonelastic). EM showers are determined by the
same atomic processes (dE/dx, multiple Coulomb Scattering etc), plus other atomic processes
(Bremsstrahlung, pair production, Compton scattering etc), which are specific of ¢* and pho-
tons, while nuclear interactions play a minor role, and whenever the interest is not in the small
amount of hadrons produced by EM particles, they can be safely neglected.

A simple and schematic description of shower development is presented in section 2. The
atomic processes common to HAD and EM showers are not treated in this lecture (see [8, 9,
10, 11, 12, 13]). Only a“macroscopical” description of hadronic showerswill be given, whilea
description of hadron-nucleusinteractions can be found in [14] and references therein. Finally
a short introduction to EM showersis presented in section 4.
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Before going on with the proposed scheme, it is important to make the reader aware of a
few important warnings and comments. The present lectureis based on the experience and feel -
ings of the authors, who work since several yearsin the field of shower modelling, mainly for
applications connected with high energy accelerators and experiments. Their opinions are not
necessarily those of the majority of people working in the field.

Whenever presented, plots of cross sections etc are to be intended as indicative. Usually
the data used for such plots are taken from the tabulations used by the author code (FLUKA).
Whenever experimental data are plotted, the source is always indicated. Most of the examples
have been computed again with FLUKA, just for convenience: indications whether they can be
considered or not astypical examplesare given every time.

No discussion isgiven about hadron (neutron) interactionsbelow, say, 20 MeV, both because
they are outside the aim of thislecture, and because they are essentially restricted to neutron in-
teractions, for which ahuge and accurate body of experimental informations, sometimes supple-
mented by sophisticated modelling doesexist in official compilationslike ENDF-B, JEF, JENDL
etc. It isalwaysassumed that (neutron) interactions below 20 MeV can be accurately simulated

with the codes developed for this energy range [15, 16, 17], which make use of such informa-
tions.

2 Shower Development
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Figure 4: Spatial distribution of neutron fluence in an infinite natural Pb (left) and depleted U
(right) target, for a 1.5 GeV incident proton beam

Before discussing specific aspects of hadronicand EM showers, thereareafew commentswhich
help in focusing the problem. Assuming one is dealing with some technological application of
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Figure 9: Hadronic (left) and EM (right) energy density distribution in an infinite natural U tar-
get, for a1.5 GeV incident proton beam

|deally, our tool, from now identified with some MonteCarlo program, should be ableto give us
accurate predictionsabout all the above points, for any desired spatial mesh. Usually the degree
of accuracy required for the different kind of informationsis not the same. For example, residual
nuclei are seldom required to an accuracy better than one order of magnitude, while neutron
fluences can well be requested to be within afactor 10% or better.

2.1 HAD shower examples

As an example of the development of hadronic showers, and at the same time of the kind of
informations which can be obtained by modern MonteCarlo codes, let us consider a 1.5 GeV
proton beam impinging at the coordinate origin on infinite natural lead and depleted uranium
(0.2% **5U) targets. These targets have been selected because most of the proposed technolog-
ical applications of accelerator beamswill make use of heavy (and possibly fissionable) targets.
In fig. 4,5,6, the spatial distribution of neutron, protons, and charged pion fluences in both tar-
gets are presented, while the fission distributions are shown in fig. 7. The Z and R axis have
been rescaled in such away as to cover the same “length” for the two targets when expressed in
g/em?, in order to mask every difference due to the different densities. The hadronic and EM
energy densities (the last due to w%’s, capture photons etc) are plotted in fig. 8 and 9 for the Pb
and U target respectively.

There are similarities and striking differences between the two targets, which need a bit of
discussion. Proton and pion fluence distributions look very similar both in shape and in abso-
lute value. They are both concentrated close to the primary beam axis, as expected since they
originate mainly from energetic particles which, by virtue of momentum conservation and of
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Figure 10: Spectra of p,n, and pions undergoing nuclear interactions in an infinite natural U
(right) and Pb (left) target, for a 1.5 GeV incident proton beam
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Figure 11: Spectra of particles undergoing nuclear interactions in an infinite natural U for 15
GeV (left) and 150 (right) incident proton beam. Note the different scale with respect to the
previous figures

the forward asymmetry in most center of mass angular distributions, are strongly peaked in the
origina direction. The protondistributionishigher and wider than the pion one, because protons
can be produced also during thefinal evaporation stage and by particlesof relatively low energy,
while the threshold for pion production is much higher. The number of neutrons is much big-



ger, and spread over amuch larger volume. The faster decrease of neutron fluence with radius
inthe U target isjust due to the larger absorption than in the Pb target. To better understand the
role of different particles/energies in determining the shower evolution, it isinteresting to look
at the spectra of particle undergoing nuclear inelastic interactions. These spectra are shown in
fig. 10 for both targets. The peak due to interactions of primary protonsis clearly visible. The
most striking feature isthe large number of interacting neutrons at low energy. Thisfeature can
be easily explained, observing that charged particles start to be rapidly absorbed without further
reinteractions, assoon astheir range becomescomparableto theinelastic interactionlength. This
conditionisfulfilled around 450 MeV for protons (range~ A; ~ 200 gcm~2), and 200 MeV for
pions in heavy materials. The importance of pionsis quickly rising with the energy of the pri-
mary beam, since in high energy interactions pions are the most likely particles to be produced.
The increasing importance of pions can be appreciated in fig. 11, where the same information
of fig. 10 is presented for 15 and 150 GeV protonson uranium. It is also interesting to note the
onset of kaon (and hyperon) production as well as of antinucleons.

Let’s turn our attention to the energy deposition profiles: the large differences between Pb
and U are mainly due to very different fission probabilities (see fig. 7). Indeed only afraction
of high energy particles can inducefissonsin lead, =~ 0.1 fissions per primary proton in this ex-
ample, while ~ 28 fissions occur in the uranium target, out of which &~ 7 are due to energetic
particlesand = 21 to neutrons below 20 MeV. Asaresult the uranium target is strongly exoener-
getic: please notethat also the EM energy deposition isstrongly boosted dueto the large number
of neutrons, and hence of capture photons, produced because of these fissions. However such
large differences are only apparent. The same physical mechanisms are at work in both cases,
and will be explained in the next sections. The ridge in the hadronic energy deposition around
the beam axis is just due to the primary beam ionization plus heavy recoils (— short ranges)
due to primary interactions, and to the most energetic particles emerging from inelastic inter-
actions which are still strongly forward peaked. The higher valuesfor U also in thisregion are
due again to fissions occurring during primary interactions. The EM component can better be
commented looking at the lead data, which are not masked by fissions. Two components can be
identified: thefirst isdueto 7° decays and is concentrated again around the beam axis. Thisis
dueto the spatial scale of EM cascades, which isgiven by the radiation length (see paragraph 4)
in the longitudinal direction, and by the Moliereradiusin the radial one. In medium and heavy
materials both are much shorter than the “natural” hadronic length scale, given by the nonelas-
tic interaction length. The second component is less intense but much more spread out, and it
is given by photons locally produced by neutron reactions (capture, (n,n’) etc). Of course this
component is following the neutron pattern: the reason why it appears to be more extended in
lead than the hadronic energy density, despite we claim it is due to neutron produced photons,
isjust that purelead is a very bad moderator, but does not absorb too much neutrons. Therefore
low energy neutrons are slowly moderated and diffuse much further away from the beam axis,
depositing a small amount of hadronic energy through recoils, but a substantial amount of EM
energy when captured.

Summarizing, what can be learned from these simple examples?

a) Energetic particles(often called shower particles) are concentrated mainly around the pri-
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mary beam axis, regardlessof their identity. Their d £ /dx and the EM cascades associated
with 7° constitute the “core” of the energy profiles.

b) Neutral particles (— neutrons, since these are the only neutral hadrons with enough long
lifetime) dominate at energies such that charged particle ranges become shorter than the
interaction length. The energy deposition associated with “low” energy neutron interac-
tions, both recoils and photons, constitute the long tails in the energy deposition profiles.

c) Most of the interactions are due to particles (mainly neutrons) of moderate energy, — a
good description of this energy range is mandatory.

d) On the contrary the longitudinal shower development is ruled by shower particles, which
carry agood fraction of the energy and have alonger interaction length. Taking also into
account that any approximation or inaccuracy in the first interactions cannot be recovered
with abetter physicsin thefollowing ones, thismeans that a good description of energetic
particle interactionsis also mandatory.

€) Pions can be only produced by shower particle interactions, so they are the real “tracer”
of the high energy cascade. Neutrons and to less extent protons are copiously produced
also in the final (evaporation) stages of nuclear interactions down to projectile energies
comparable with their nuclear binding energy.

The term shower particles comes from the early experiments of high energy physics, where
nuclear emulsionswere often used asrecording media. Charged particletracksaretherefore cus-
tomarily classified in weakly ionizing, or shower tracks, medium ionizing, or grey tracks, and
heavily ionizing, or black tracks, just according to their ionization rate (see the next section for a
description of charged particlesionization). In practice, shower tracks correspond to (charged)
particleswith 3 = = > 0.7, grey tracksto 0.25 < 3 < 0.7, and black tracks to 3 < 0.25. For-
getting the original meaning, but just retaining their velocity interval interpretation, such defi-
nitions are sometimes used also for neutral particles. 5 = 0.7, 0.25 corresponds to ~ 400 MeV
and 30 MeV for nucleons, and to =~ 50 and 5 MeV for pions. Therefore black tracks are a good
indicator of evaporation products.

3 Hadronic Showers

Actually hA cross sections at intermediate and high energies resembl e the behaviour of the cor-
responding hN ones (see figs. 12 and 13), and this is not unexpected due to the strong relation-
ship between o, 4 and o,y (See for example the discussion in [14] about the Glauber model of
hadron-nucleus scattering). The main differences arein the resonance region, where cross sec-
tion features are smoothed by the nucleon Fermi motion, and at very high energies where the
increase of hA cross sections is slower than the corresponding hN ones. This feature can be
easily explained in the Glauber model, observing that both total and absorption cross sections
are determined by the probability of having at least one collision in the corresponding multiple

11
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Figure 12: Total and elastic cross section for p—p and p—n scattering, together with experimental
data

scattering expansions. Moderate increases in the elementary hN cross section are therefore ef-
fective only for large impact parameters where this probability is small, while for more central
collisionsthey ssmply result in an increase of the average number of collisions rather than in an
increase of the cross section. Typical behaviours of cross sections for neutrons on Copper and
for negative pions on Carbon are reported in figs. 14 and 15, together with some representative
experimental data.

It is customary to introduce a nuclear interaction length, A;, defined as the inverse of the
macroscopic (reaction) cross section for several tens of GeV's protons or neutrons (the hA cross
section above afew GeV varies very mildly with energy and can be assumed to be constant up
to severa hundred GeV's).

P,
Al = (1)
UreacpNav
where o,..,. 1S the microscopic reaction cross section, P, the atomic weight, p the density, and
N,, the Avogadro’snumber. Theinteractionlengthisthenatural length scalefor thelongitudinal

12
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development of the bulk of hadronic showers. The deep attenuation behaviour (mostly in the
lateral direction) is however eventually dominated by the attenuation of neutrons in the 100-
200 MeV region, for which the reaction cross section isat minimum.

4 ElectroMagnetic Showers

As soon as the primary beam energy exceeds the pion production threshold, an increasing frac-
tion of the beam energy is dissi pated through el ectromagnetic cascades, thanksto the production
of neutral pionswhich almost immediately decays into two photons.

In first approximation and for high energy cascades, the fraction of the initial energy that
goes into the electromagnetic sector is[18]

B (e=1)
fem=1- <Eo> ar~08 FEy~1GeV 2

13
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where the above equation has been derived assuming that at sufficiently high energy a constant
fraction of theenergy carried by aparticleinitiating anuclear interaction goesinto = ° production.

In the following a simple introduction to EM cascades will be aso given, assuming that the
basic interactions of electrons and photons with matter are already known.

Let us consider an electron, or positron, of quite high energy, say a few hundreds of MeV,
traversing aslab of material. It will lose energy mainly by bremsstrahlung, thus producing pho-
tons. For photons with energy higher than several MeV, the dominant interaction is pair pro-
duction, thus most bremsstrahlung photons will produce an electron and a positron, and so on,
building up what is called the EM shower [19, 20]. The shower will continue until the energy
of its charged particles becomes low and they start to dissipate most of the energy inionization.
The distance traversed by the shower is most conveniently measured in radiation lengths X,.
Theradiation length isthe distance over which an electron energy isreduced to e ! of theinitial
one by bremsstrahlung emission. The radiation length is given by

1 N -1 _
— =A4ar? =2 [22(In(184.1527 ) — f.(Z)) + ZIn(11942 7 )] 3)
Xo A
where f.(7) is the Coulomb correction[21, 22]. An easy-to-use expression for X is:
716.4A g

(4)

0:

Z(Z +1)In(287/\/Z) cm?

Another characteristic quantity isthe critical energy £ ., defined as the energy at which the col-
lison energy loss becomes equal to the radiation energy loss. It can be approximated by

(5)



The longitudina development of the shower cannot be calculated analytically, but a ssimple toy
model can help in understanding its gross features: let us assume that each particle, electron or
positron or photons, travelsalength X, beforeinteracting, and that ¢* loose one half of their en-
ergy at each interaction, and each created lepton in pair production carries one half of the photon
energy. Moreover, let us neglect collision energy loss above E ., and conversely neglect radia-
tion energy losses below E.. This means that at each radiation length the number of particlein
the shower is multiplied by two. After n radiation lengths there will be N (¢) = 27 particles,
each carrying an average energy F; = % At a certain depth ¢, the shower stops its devel-
opment because the average particle energy equals the critical one: % = FE.. This happens at
t, = WEo/Fe) that iis, the maximum shower depth decreases logarithmically with energy. This
smple model isin qualitative agreement with morerefined ones; obvioudy the shower does not
stop abruptly at ¢.., but decreases gradually.

Thelateral development of the shower scaleswithwhat iscalledtheMoliereradius R ;. This
can be derived fromagaussian approximationto the Moliére multiple scattering distribution: the
width of this gaussian distribution for unit charge particlesis

oo Voo [ 6
0 G VX (6)

where 3¢ and p are the projectile velocity and momentum. The lateral size of the shower at
the shower maximum, (£ = E.) can be estimated by assuming that the particleswill travel one
radiation length before interacting or stopping. The width of the angular deflection will be given

by
E, 4
0. = I y By =4/ gmeCQ (7)

and the radial width after a path X, that isthe Moliére radius becomes:

%

B, X,
Ry = EXO =21.2 EO

(8)

From measurements of the shower cascades, it turnsout that only 10% of the energy lies outside
theradius Rj;.

5 Hadronic Showers. examples of scaling and spectral uni-
versality

As an example of hadronic showers, the fluences of various particles due to proton beams of 1,
10 and 100 GeV on infinite targets of Pb and polystyrene (CH) have been computed and com-
pared. Thetarget materials have been chosen as an example of aheavy (Pb) and light (CH) ma-
terial respectively. The nuclear interaction, ), and radiation, X, lengths for Pb are 16.3 cm
(185 g/cm?) and 0.56 cm (6.37 g/cm?) respectively. The corresponding numbers for CH are
76.3 cm (79.7 g/cm?) for )\;, and 41.9 cm (43.8 g/lcm?) for X,.

15
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Figure17: Proton, charged pion, electron and positron, and photon fluencesfor a10 GeV proton
beam hitting an infinite Lead (left) or Polystyrene (right) target

Proton, pion, electron/positron and photon fluences for both the Pb and CH targets are re-
ported in figs. 16, 17, and 18 for the 1, 10, and 100 GeV cases respectively. Neutron fluences
are presented in fig. 19 for the three energies together.
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Figure 18: Proton, charged pion, electron and positron, and photon fluences for a 100 GeV pro-

ton beam hitting an infinite Lead (left) or Polystyrene (right) target
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Figure 19: Neutron fluences for 1, 10 and 100 GeV proton beams hitting an infinite Pb (left) or
Polystyrene (right) target

First of al some remarks about the hadronic particle fluences (protons, pions and neutrons),
can be derived from these plots. Before starting the real discussion it isimportant to remind that
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one of the many possible definitions of fluenceis:

dl

¢ = dV ©
where [ is the particle tracklength and V the volume. Under the naive assumption that the
hadronic component of showers scaleswith theinteraction length, onewould expect that at each
energy the Pb and CH spectra can be brought into agreement ssmply multiplying the former one
by £82 ~ 5, that isassuming that particletrack length distributions are the same when expressed
in interaction length units. An inspection of figs. 16, 17, and 18, shows that this assumption is
roughly verified at 1 GeV (within afactor 2-3) and well verified at 100 GeV. Thisisnot surpris-
ing sincetheinteraction length isdefined asthe inverse of the macroscopic reaction cross section
for protons/neutronsof several tensof GeV energy. However therough scaling of hadron spectra
with A; isvery important and showsthat, provided the energy islarge enough, there are substan-
tial similaritiesin the particle producion mechanismsfor targets as different as Pb and CH. It is
also interesting to see how the pion component overcomes the proton one (despite the incident

beam is a proton one), as soon as the primary energy exceeds afew GeVs.

Let’s turn out attention to photons (and electron/positrons): two components are clearly ap-
parent in the photon spectra:

e “Low” energy photons produced by neutron interactions (mostly captures) which extend
up toamaximum of 7-8 MeV. Thiscomponent ismaterial specific and indeed the2.2 MeV
lineof ' H(n,~)?H inthe CH spectraand the over 7 MeV line of 2°7 Pb(n,v)**®* Pb inthe
Pb one. Both spectra show the 0.511 MeV annihilation line as expected, and the elec-
tron/positron spectraat 1 and 10 GeV show clear signs of the Compton shoulders due to
the capture lines. These photons due to neutron interactions scale with the energy like the
hadronic components and therefore like £, o =~ 0.8 as explained in section 4 (see also
the discussion on neutron spectra in the following). The low energy part of the photon
spectrais strikingly different in the two materials, and reflect the different behaviour of
the photoel ectric cross section which is already important in Pb at several hundred keV's
whileitis still negligible for CH.

e A continuum which extends up to high energies dueto EM showersinduced mainly by 7°s
production. These showers develop according to the radiation lengths which stand in the
ratio 32 ~ 60. Indeed the photon and el ectron/positron spectraabovethecritical energies
are in the ratios expected from the radiation lengths of the two materials. However the
spectrafor CH slow down their increase towards the lowest energies much before due to
the much larger critical energy. The overall intensity of EM showers scales slightly faster

than linear with the projectile energy according to our qualitative discussion in section 4.

Finally the neutron spectra have to be discussed and interpreted. The neutron spectra for
three energies for Pb and CH are shown in fig. 19. A first important remark is that the spectra
at the three different primary energies are ailmost identical in shape and scale amost linear in
intensity with the incident energy, with the highest energy giving the lowest neutron yield per
incident GeV, as predicted by our discussion in section 4. The low energy part of the spectrain
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CH iscompletely different fromthe onein Pb, refl ecting the different moderation (very effective
in CH, very poor in Pb) and absorption properties of the two materials. The high energy part
exhibits for both material the expected peak around ~ 100 MeV, and the intensity scales with
the material in aratios which is somewhat lower that the A; ratio. Thisisdue to the dominance
of 100-200 MeV neutrons, whose attenuation properties are not well described by A ;, since at
those energies the cross section is somewhat different, elastic scattering cannot be neglected for
light materials, and the number of cascade neutrons per interactionislarger for Pb than for CH.

The findings resulting from these simple examples can be summarized as follows:

¢ The hadronic component fluences, but low energy neutrons, roughly scale with the mate-
rial according to A, and with the primary energy with a power dightly less than one for
primary energies in excess of 1 GeV.

e Thelow energy neutron component is strongly dependent on the material both for moder-
ation and absorption, and scale with the primary energy with the same power of the “fast”
hadronic component.

e As aconsequence of the previous two points, the overall neutron spectrum, while being
material specific initslow energy component, is practically (primary) energy independent
in shape and scales close to linear with the primary energy.

e The EM component fluences above the critical energy, scale with the material according
to Xy, and almost linearly with the primary energy.

e Thelow energy (below one binding energy, ~8 MeV) photon fluence (and hence the el ec-
tron one) has a substantial contribution from neutron interactions (mainly captures). It
is therefore material specific and scales with primary energy like the low energy neutron
component.

6 (Generalized)IntraNuclear Cascade

Hadron-nucleus non-elastic interactions in the energy range of interest for high energy showers
can be described mostly in the framework of the IntraNuclear Cascade (INC) model. Thismodel
was developed at the very beginning (the origina ideas go back at the end of the 40's) of the
history of energetic nuclear interaction modelling, but it is still very valid and in some energy
rangeitisthe only available choice. The model isintrinsically aMonteCarlo model, well suited
for numerical applications, while no closed analytical expression can be derived without severe
approximations. Therefore INC models became more and morerefined and widespread with the
evolution of computer codes; currently available models can reach 100,000 lines of program.

In the energy range going from the pion production threshold (=~ 290 MeV for afreenucleon,
down to 200 MeV for nucleons in nuclel because of the Fermi motion) to high energies, INC
models are practically the only available tools to model hadron-nucleus interactions. At lower
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energies, a variety of preequilibrium models can do a very good job, with physics foundations
which become surely more robust than those of INC ones as the energy is going down.

One of reasons of the long dating success of INC models is their ability to model in rea
sonable time, almost whichever target nucleus with whichever projectile, with no or small need
for external input informationsor preliminary calculations. The other great advantage isthat al
correlation among the different quantities and particles are fully reproduced.

6.1 Basic assumptionsof IntraNuclear Cascade (INC) models

Classical INC codes [23, 24, 25, 26] are based on amore or less accurate treatment of hadron
multiplecollision processesin nuclei, thetarget being assumed to beacold Fermi gasof nucleons
in their potential well [27, 28]. The hadron-nucleon cross sections used in the calculations are
freehadron—nucleon cross sections. Usually, the only quantum mechanical concept incorporated
isthe Pauli principle. Possible hadrons are often limited to pions and nucleons, pions being also
produce or absorbed viaisobar (mainly As3) formation, decay, and capture. The Fermi motion
istaken into account when considering elementary collisions, both for the purpose of computing
the interaction cross section, and to produce the final state particles. The basic assumptions of
INC models can be summarized as follow:

1. Hadrons propagate like free particles in the nuclear medium, with interaction probability
per unit length given by free space cross sections, properly averaged over the Fermi motion
of the target nucleons, times the local nuclear density.

2. The particlemotion is formulated in a classical way. It can be subject to an average nu-
clear mean potential, which must be added to the free particle kinetic energy when track-
ing through the nucleus. The radial and energy dependence of such field are model and
particle dependent.

3. The effect of the nuclear mean field on the particle motion can either be null or can pro-
duce curved trgjectoriesin a semiclassical approach, according to energy and momentum
conservation, depending on themodel. The curvature effectsinduced by the nuclear mean
field are usually referred to as refraction and reflection effects.

4. Interactions occur like in free space in the Center of Mass System of the two colliding
hadrons. Of course, because of the Fermi motion, the lab framewill not coincide with the
frame wherethe target nucleonis at rest, but suitable Lorentz boosts have to be applied to
transform back the secondary particlesin the lab frame.

5. Interactions occur in a completely incoherent and uncorrelated way. No coherence or
diffractive effect isincluded. No multibody or cluster process isincluded, with the possi-
ble exception of pion absorption (see next sections).

6. Quantum effectsare mainly limited to Pauli blocking (seeref. [14] for more details): only
few codes contain further quantum effects (see again [14] for adiscussion).
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7. Secondaries are treated exactly like primary particles, with the only difference that they
start their trgjectory already inside the nucleus.

An obvious regquirement arising from the previous points is that the wavelength associated to
hadron motion must be much shorter than the hadron mean free path inside the target nucleus,
and also much shorter than the average distance among two neighboring nucleons. That is:

97h 1

o= e (10)
P OLNpP
orh 3 \!/3

A, = %<< ( 4710) (12)

The nucleon density at the center of nuclei istypicaly p ~ 0.17 fm~2, therefore the latter con-
dition would require a particle momentum in excess of 1 GeV/c. For aprojectile nucleon, again
at central density, the former condition is fulfilled only starting from 200 MeV (see fig. 12 for
evauating o). From these back of the envelope estimates it would appear that INC models
cannot work at all, unless the projectile energy is above afew hundreds MeV. Furthermore, the
transport and reinteractioninside the nucleus of secondary particles, which areat lower energies,
cannot easily comply with the above requirements. Fortunately the situation is not so bad as it
could appear. Pauli blocking and other effects contribute to increase particle mean free paths. In
particular Pauli blocking is more effective for low energy particles, thus partially compensating
the increase in nucleon-nucleon cross sections at low energies. Furthermore, hadronic interac-
tionsare mostly surface effects (as can be easily checked both from mean free pathsand realizing
that hadron-nucleus cross sections scale with the target atomic mass approximately like A%/%).
Hence the nuclear reactions mostly occur at densities significantly lower than the central one,
therefore partially mitigating the requirements on particle energies. However it is clear that the
physical foundations of INC are not very sound for primary or secondary particle momenta be-
low afew hundreds of MeV/c. According to these considerations, the quality of results which
can be obtained by INC codes is somewhat surprising.

However plain INC models like those devel oped in the seventies become unreliable both at
the lower (< 100-200 MeV) and higher (> 2-3 GeV) ends of the energy scale, and show limita-
tions also when used in the proper energy range.

Once suitable models for describing hadron-nucleon interactions are available, the high en-
ergy regime can be properly handled provided the spacetime characteristics of high energy in-
teractions and multiple primary collisions according to the Glauber approach (see [14] and ref-
erences therein) are taken into account. Models which includes these features are often referred
to as Formation Zone IntraNuclear Cascade or Glauber Cascade approaches (see for exam-
ple[29, 30]).

Important Changes to the original INC approach must be done also at the lowest energies,
and are mainly related with quantum nuclear effects and multibody interactions, besides thein-
troduction of a preequilibrium stage.

IntraNuclear Cascade approaches which make use both of the high energy and low energy
extensions can be called (Generalized) IntraNuclear Cascade models, and will be referred as
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such in the next sections.

The examples shown in the previous and next paragraphs have been computed using the
(G)INC model implemented in the FLUKA code, whose low-medium energy part (up to few
GeV) iscaled PEANUT (for PreEquilibrium Approach to NUclear Thermalization).
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6.2 TheStepsof an INC simulation

A typical INC code usually followsthe following logic:

e Target nucleusdescription, typically realized through afew concentric spheres of different
density and Fermi energy

e Geometrical crosssection, correspondingto the nuclear radiusor to the maximum possible
impact parameter

e Impact parameter selection with a constant probability over the geometrical cross section
area. More than one selection can be required if the particle crosses the nucleus without
interacting

¢ Interaction point selection and projectiletracking through the nucleus, according to Fermi
motion averaged hadron-nucleon cross sections and possibly to the nuclear mean field,
including the Coulomb field
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e Target nucleon selection according to o4, o1, @nd local Fermi energy

e Interaction ssimulation according to free hN interactions, local Fermi energy and Pauli
blocking

e Secondary tracking into the nucleus, until interaction, escape, or energy cut-off

e (Possible) preequilibrium stage, whenever all excited nucleons are below a given energy
threshold (typicaly a few tens of MeV). This stage is included only in the most recent
developments

e Evaporation stage whenever the preequilibrium stage is finished, or all particles are be-
low agiven threshold (usually of the order of the binding energy), and the system can be
assumed to be equilibrated

¢ Final deexcitation stage when the excitation energy is below the threshold for particle
emission and it is spent through photon emission

A description of the physicsinvolved in al stages can be found in [14]. It isimportant to
remark that in principle INC codes are able to compute reaction cross sections by themselves.
Indeed, the reaction cross section is given by the geometrical one times the probability of in-
teraction. The latter information can be easily derived from the ratio of the impact parameter
selections which gave rise to interactions and the total number of selected impact parameters.

6.3 Advantagesand Limitationsof INC models

A few of the strong points of INC codes have been aready touched in the introduction to this
section, however they are repeated here for compl eteness:

¢ No other model available for energies above the pion threshold (with the exception of
QMD models, which however include a substantially ssimilar approach for including
hadron-nucleon nonelastic interactions)

¢ No other model for projectiles other than nucleons

e Easlly availablefor on-lineintegration into transport codes

e Every target-projectile combination, without any extrainformation
e Particle-to-particle correlations preserved

e Equally valid on very light as well as on very heavy nuclei (with some question mark on
evaporation)

e Capability of computing reaction cross section where unknown
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Before going into details about weak points of INC codes, it must be remarked that many of the
historical weaknesses have been mitigated or even completely solved in some of the most recent
developments [31, 32, 33, 34, 35]. In the following list, points flagged with an asterisk refer to
glorious but old models, typically the Bertini model [24, 36, 37], but are partially or completely
solved in state-of-the-art codes.

e “Low projectileenergies (£ < 100 — 200 MeV) are badly described

¢ *Binding energy: the commonly used assumption of aconstant binding energy makes the
end points, shapes, and absolute intensities of emitted particle spectraincreasingly mean-
ingless for energies below 100 MeV, particularly for reactionslike (p, xn) or (n, xp)

¢ *Backward angle emission poorly described

e *Coulomb barrier effect: neglected when refraction/reflection are not modelled or no
Coulomb potential isincluded

e *Cross section calculations: crazy when no potential effect isincluded for £ <100 MeV,
and anyway at low energies. This point is particularly critical for codes, like the original
HETC [38], which make use of INC computed cross sections for particle transport

e *Secondary transport threshold: down to energies much lower than any safe limit for the
theory

e Quasielastic peaksabove 100 MeV areusually too sharp when compared with experimen-
tal data [39]

e Coherent effects as well as direct transitionsto discrete states are not included
¢ Nuclear medium effects which can alter interaction properties are not taken into account

e Multibody processes, like interaction on nucleon clusters, are not included in INC ap-
proaches (with the possible exception of pion absorption)

e Composite particle emission (d, t, *He, ) cannot be easily accomodate into INC codes,
but for the evaporation stage.

It must be stressed that arelevant part of the improvementsachieved at the lowest energy end by
recent developmentsis due to the inclusion of a preequilibrium stage, which prevents the INC
part from working in an unsafe energy range, and strongly improves the modelling of reactions
at thelowest energies. Sincemost of theinteractionsfor areal shower occur inthisenergy range,
it is highly questionable the use of codes which are still based on sloppy physicsin this region.

27



7 A few Examplesof INC calculations

In the previous sections, a brief introduction to the (G)INC approach for hadronic inelastic in-
teractions has been given. In the present section, a few representative comparisons between
model results and experimental data on particle production are presented, with particular em-
phasis on the intermediate energy range and secondary nucleon production. All the presented
results have been obtained with the last version of the FLUKA [40, 41, 34] code, and more
precisely with the model used for the intermediate energy range [32, 33, 34, 14] and called
PEANUT (PreEquilibrium-Approach-to-NUclear-Thermalization). This model combines both
an INC part, and a preequilibrium part, with a smooth transition around 50 MeV for secondary
nucleons, and 30 MeV for primary ones. Nuclear potential effects (refraction and reflection)
are modeled into the code, as well as quantistic effects, like Pauli blocking, nucleon-nucleon
correlations, fermion antisymmetrization, coherence length and formation zone. The results ob-
tained with this code are not representative of the majority of the INC models, usually based on
some flavour of the Bertini INC code [24, 36, 37], or equivalent approaches. Among the avail-
able INC codes, possibly only those which include a preequilibrium model (i.e. CEM92 [35]
and LAHET [31]) and possibly featureslike refraction and refl ection and quantum effects can be
compared with this model for nucleon induced interactions. For pion induced interactions, the
approach of PEANUT is very different from most other codes, none of which includes a com-
plex optical potential or absorption effects computed according to modern approaches [4, 6, 5]
including three body absorption.

The presented examples can be summarized as follows:

e Double differential (d*c/d2d F) distributions of outgoing neutrons/protons for nucleon
induced reactions below the pion production threshold. Examples at 80, 113, and
160 MeV incident energies are reported in figs. 20, 21, 22, 23, 24, and 25. These exam-
plesshow that, when coupled to apreequilibrium stage (G)INC modelsperformfairly well
already at these relatively low energies.

e Double differential (d*c/dQ2d E) distributions of outgoing neutrons for nucleon induced
reactions above the pion production threshold. Examples at 597, 1500, and 3000 MeV
incident energies are reported in figs. 26, 27, 28, and 29. These examples span an energy
range and reaction products where most INC codes are fairly successful.

¢ Pioninduced reactions. two examples only are reported, showing the pion absorption (no
pionin thefinal state) cross section as a function of incident pion energy for positive and
negative pions on Al (fig. 30 and Au/Bi (fig. 31). Pion absorption reactions are particu-
larly important because of their large branching ratio in the A region and because they are
a source of energetic nucleons. Furthermorethey are atypical nuclear multibody effect,
which is not present in pion-nucleon reactions.

¢ High energy examples: just one hadron-nucleus and one hadron-nucleon example are re-
ported in figs. 32 and 33 respectively. The high energy range is fairly complex and does
require significant effortsfirst of all in hadron-nucleon modelling and then in itsextension
to nuclear interactions,
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