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2.0 THE PHYSICS OF SHOWER SIMULATION

2.1 GENERAL REMARKS

The computer program GHEISHA (Gamma- Hadron- Electron- Interaction
SH(A)ower code) describes the development of a hadronic and/or
electromagnetic shower within the materials which constitute the exper-
imental set-up. All tracks are treated in detail, they are followed until they
decay, interact, stop or leave the regions of the detector. Tracking involves
multiple scattering and energy loss. The treatment of high energy inter-
actions, nuclear excitation, Fermi-motion and the generation of secondary
particles in nuclear cascades is based very strongly on experimentally
measured results.

The program consists of three modules, which are described in turn. First
a package of subroutines which handle the tracking through the given
detector set-up, secondly the central part of the program which treats
nuclear and electromagnetic interactions, and last a package of routines
which digitize the energy deposits into ADC- and TDC- signals. These three
packages can be used independently. The last package is certainly of lim-

ited value for other users.

The structure of the program is similar to that written by Grant [8]. This
program has been used as a starting version. The reasons for updating
Grant's old version were twofold. First the knowledge about strong inter-
actions and nuclear cascades increased considerably since 1974, and sec-
ondly that program was written for very high particle momenta, whereas
in the present time in storage ring experiments particles in the momen-
tum range of 0-10 GeV/c have to be handled.

Writing a shower simulation program one is always confronted with the
problem of accuracy and computer time consumption. The program
described in this study has been tested and optimized for detector set-ups
consisting of sandwiched metal calorimeters, interspaced by scintilators,
liquid argon or chambers as active components, bombarded by incoming
particles between 0.1 and 1000 GeV/c kinetic energy. Comparisons with
experimental data have been done for photons, electrons, positrons,
charged pions, charged and neutral kaons, protons and assemblies of par-
ticles as it happens in quark-jets. For quite different set-ups and incoming
particles it may become necessary to include more detailed atomic- and
nuclear interaction effects as those included in the present version.

There are a lot of older versions of this program around in various labora-

tories. We are thus somewhat in a dilemma in this respect. What is
described in the physics part of this report refers only to the last version,
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the GHEISHA7 code. The applications, on the other hand, have been per-
formed with the previous version, the GHEISHA6. Due to limited computer
titne we were not able to repeat all the calorimetric calculations with the
last version. Consequently we decided to report the write-up in chapter 3
for the GHEISHAB version and to mention briefly only the changes done for
the GHEISHA7 version. Both codes are available on the IBM at DESY
(cataloge names "F13FES.GHEISH6.S" and “F13FES.GHEISH7.S"). Another
supported version is that for the MARK J experiment. All other libraries
include intermediate versions, which were not foreseen for general use.

2.2 RELATIVISTIC THEORY OF IONIZATION ENERGY LOSS

2.2.1 The continous slowing down approximation

For a detailed summary of experimental work and its theoretical interpre~
tation of the ionization loss of fast charged particles in matter we refer to
ref. [9]. The most-probable energy loss, which corresponds to the peak of
the measured experimental distribution, can be calculated from the theo-
ry of Landau. In terms of the notation used by Sternheimer [10], we have
for a particle of velocity g on traversing an absorber with atomic number,
atomic weight and mean excitation potential Z, A and I respectively :

dE D g2
-—=— T&.FA v -2 - m&.& (2.1)
ax mN HlmN
v/
D = 0.0001536 p — [GeV cm™t c-1] (2.2)
A
G = 2 1n(1.02-10%/1) (2.3)
I=2(9.76 + 58.8 Z-19) | (2.4)

The saturation of the ionization energy loss for very energetic charged
particles, as predicted by the last term in (2.1), is by now a well estab-
lished experimental fact, and its origin in the polarization of the medium
by the incident charged particle is at least qualitatively understood and
known as density effect. The exact theory is rather complicated and
requires detailed information on the photoionization cross sections and
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Material density c (dE/dX) mp/P (dE/dX) mean/P
[g-em™?] [MeV-g~tcm~2] [MeV-g~tem2]
PDG  GHEISHA PDG  CHEISHA

Air 0.00129 10.61 0.87 0.85 1.82 1.94
H.0 1.00 3.30 1.72 1.65 2.03 2.04
Concrete 2.40 3.64 1.47 1.45 1.70 1.69
Si0; 1.60 4.10 1.49 1.52 1.72 1.73
Hz(liquid) 0.063 2.91 3.17 3.02 4.12 4.13
Dz(liquid) 0.14 2.80 1.57 1.57 2.07 2.07
Ar(liquid) 1.40 5.43 1.38 1.39 1.69 1.69
Emulsion(G5) 3.815 5.10 1.26 1.26 1.44 1.43
Nal 3.67 3.40 1.13 1.13 1.32 1.29
BGO 7.13 3.20 1.14 1.10 1.27 1.31
(CH)* 1.032 3.15 1.67 1.69 1.95 1.93
Plexiglass 1.18 3.10 1.68 1.71 1.95 1.92
Mylar 1.39 3.17 1.61 1.67 1.86 1.89
CO2 0.00197 10.11 0.97 0.99 1.82 1.93
CH, 0.000717 9.56 1.27 1.25 2.41 2.48
CHio 0.00267 8.61 1.28 1.20 2.22 2.25

The corresponding energy loss for muons according to equ. (2.1) is shown
in fig.1. In column 3 of table 1 we compare the results at the minimum
with values given in the Particle Data Group (PDG) table. For other materi-
als see e.g. ref. [9,10 and 4]. This treatment of the energy loss is suffi-
ciently accurate for the shower development only, but is of course not
sufficient for detailed simulations of dE/dx- counter performances (see

e.g. [12]).

We use the same formula for electrons and for all charged hadrons. Exper-
imental verification can be found in ref. [9,10]. Differences for electrons
and positrons have been neglected. Another option in this program is the
complete EGS-code for electromagnetic showers (see chapters 2.5 and
3.1.12). Here a very sophisticated dE/dx- calculation for positrons and
electrons is used. For details see ref. [4].

A very important consideration is the precision attainable in the meas-
urement of energy loss. We shall outline a simple treatment that gives the
respective conditions for the two extreme cases, the Gaussian and the
Landau approximation. The formula for the distribution of energy losses in
a path x is given by [13] (see also equ. (2.1)) :

The physics of shower simulation , 7
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Figure 1.

1 10 100
p [GeVic)

Most probable values of the. specific ionisation energy loss
as function of momentum for various materials.
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Figure 2. Momentum vs x diagram for W/E =1 for various
materials. For muons use the left scale and for protons the

right scale.

compared to the energy loss in metals, this does not influence the shower
development itself. On the other hand one has in any case to calibrate a
certain detector set-up with the response to muons (e.g. statistics of
light-output, secondary electron emission, phototubes and electronics).
Therefore we leave it to the digitization routines to do the final adjust-
ment of the broadening of the energy loss distributions. For a discussion
of detailed simulations of energy loss distributions in gas proportional
chambers we refer to ref. [15].

In the latest version of the program (GHEISHA7) we use Landau fluctu-
ations for all materials. Formula (2.17) is used to generate random num-
bers, folded with a width according to {2.16). The parameter in (2.18) has
been adjusted for all materials. In this way we obtained mean values of the
dE/dx distribution different from the most probable values, as shown in
column 4 of table 1. A reasonable agreement with the values quoted by the
Particle Data Group is observed.

The physics of shower simulation _ 11

2.2.2 J-ray production in light materials

Depending on their energy, electrons ejected by the ionization process will
cover a certain distance in the material. For energies up to a few hundred
keV, a rather good approximation for the range is given by

R, = 0.71 EY7%/p [em] , (2.19)

where E in MeV and p in g/em3. From simple two-body kinematics, the
maximum energy transfer to the electrons can be expressed by

2m,B?
Emax = ——— ) (2.20)
1-82

B beeing the velocity of the traversing primary particle. Eq. can in prin-
ciple get any value for § + 1. For a muon of p = 1 GeV/c momentum, we
calculate Epax =91 MeV, for p = 10 GeV/c we get E.x = 9.1 GeV. The inverse
square behaviour of the energy distribution (see equ. (2.8)) guarantees
that electrons with such large energies are not rather abundant.

Electrons with a range exceeding a certain value, given in general by the
resolution of the position measurement of the respective experimental
device, are called d-rays. Inspection to formula (2.19) shows that pro-
duction of é-rays is meaningful only for gaseous and fluid materials.

The simulation of é-rays is done as follows. First we calculate the mini-
mum energy Eny, for d-electrons from the minimum range requirement
Rmin, the value for the latter quantity has to be given by the user. Invert-
ing equ. (2.19) we get

mu::: =

Alma;luv e [MeV] . (2.21)

0.71

In case of magnetic fields, not the total path range but the diameter of the
bending circle is the relevant range requirement, so that for B # 0 equ.
(2.21) has to be replaced by (see also the formulas in chapter 2.4)

wa.: B
Emin = —— [MeV] . (2.22)
6.67
B in kG.
The physics of shower simulation 12
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1 1
IQTJ.. coav) = M ayvy, + Aa\Nv M A>+V<t<t<t Am.m:

of the inhomogeneous Gaussian distribution

OAK».....LDV = ANQNV

AY/2

1
(2m)V? mxﬁ—wlc.\mv b)) ><\sAX=IDchKtlmtvg
n o

to get the coefficients

a, = ,:,mauvﬁn.cvm.\?.gv dz dv (2.33)

(A*)pu = QQVANveAN.gchAN.QVH=AN.¢V dz dv . (2.34)
(A*)y, are the elements of the Matrix A1,

We start with the calculation of the distribution of the projected angle and
lateral spread. If we set

" (2.35)

HnAN.Qv

f2(z,9) = (2-2) ¢, (2.36)
then F, is the total deflection angle ® and Fp the lateral spread X after
passage of a step Z. By definition we denote

052 u.‘,gu o(v) dv (2.37)

and set a(z) = constant and &(z,9) = ¢(¥). Because of symmetry it is evi-
dent that (¥) = 0 and therefore a; = a; = 0. A simple calculation shows
that

)

(A*)11 = a0,%2

(A%)12 = (A*)2y
(A*)22

(1/2) aoy?Z?
(1/3) aoe2z?

(8x?)
(8X) (2.38)
(X?)

According to classical theory of electrodynamic [17] we have
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a
agy? = A —_ v —_ . (2.39)
p g Xo

where a = 0.015 GeV and Xp is the radiation length of the material. More
accurate treatment of the problem leads to [18]

a 2 2 1 Z 2
a0y2Z = (6x%) = A — v — _H_ + - HomSA.llv H_ . (2.40)
pB Xo 9 Xo
Then our basic formulae read:
v3 2 X X2
Q(6x,X) = —— m.ﬁuﬁn Aexn -3y —+ 3 — z (2.41)
n{6x%)2Z (6x2) Z YA
V3 2 Y Y2
P(6y,Y) = —— 36# Am«n -3y —+3 — VH_ , (2.42)
/ n{&y2)2 (&v?) yA VA

where (0x%) and (©y2) are given by equ.(2.39) or (2.40). Equs. (2.41) and
(2.42) are the well known formulae already given by Rossi {19].

finat djrection
v

ae Q) z

initial direction z

Figure 3. Definition of displacements and angles in
multiple scattering.
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3) £y = A(Zy-2) (Zy-2) ¥
f2 = (Zz-2) ¥
1 2,[322-24] 1 [322-2.] [Z.
" M 22VZ:Zz ) M Zz m
{X; Xz) = (1/8) a043Z13[3Z22-Z,) (2.50)

Av Hw = DAN»!NV AN»INV v

fa =9
~3 Z, 3L
—1 = - = — —
R~Z, 2. 2 " Z;
(X1 82) = (1/2) a0y%2,? ) (2.51)
mv H» = DAN&INV ]
Hm = ANwle J
aNHHNanNﬁ“— l;\wlﬁNleN»u Nu.
r = — = — —_
2 ZzVlyZ; 2 Z2 Z2
(81 Xz) = a04?Z4[Z2-(1/2) Z4] (2.52)
Qv H» = Q
fz =19
r =1
(817) = a0s%Zy (2.53)
Qv £, = ANule ¢ N
f2 = (Z4-2) ¢
r =1
(X12) = (1/3) a0s%24° . (2.54)

For a measurement of angle or displacement at fixed Z; = 100 cm Fe we
have calculated the correlation coefficient for second measurements of
angle or displacement at Z; < Z, as shown in fig.5. It is interesting to note
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that I'(0,Xz) has a maximum at 2, = (2/3)Z.. If one wants to measure the
track outside the absorber and at one point inside, then often the ques-
tion arises, what to measure, the angle or the displacement. From fig.5 the
following answer is given: If momentum measurement using a magnetized
absorber is required, then the most uncorrelated quantities have to be
preferred, i.e. the deflection angle outside and the displacement inside the
absorber. On the other hand for muon identification, in order to distin-
guish the p-track from uncorrelated shower particles, it is much better to
use the displacement outside the absorber and the angle or displacement
inside. We come back to these questions in later sections of this report.

The behaviour of the correlations is changed somewhat if one includes
ionization energy losses. For the following results use has been made of
the detailed simulation program. In fig.6 we compare the r.m.s. deflection
angles and displacements for various depths in iron with the curves
expected without energy loss. It is seen that energy loss do not play an
important role for p > 5 GeV/c, whereas for lower momenta the deflections
and displacements rise if energy loss is taken into account. All corre-
lations drop down for low momenta. This is shown in figs. 7 and 8. The
numbers given on the right side in each figure have been calculated from
the formulae (2.48)-(2.54), i.e. the corresponding values for no energy loss.
The curves are only to guide the eye. As can be seen, any correlation
involving measurement of displacement outside the absorber (I'(X;Xi) and
I'(0;X,)) is only weakly affected by energy loss, whereas on the other hand
I'(0;0,) and I'(X;0x) drop down very steeply approaching lower momenta.
This favours additionally the use of displacement inside and angle outside
for momentum measurement with magnetized absorbers and displacement
or angle inside and displacement outside for u-identification.

Our simulation procedure reproduces quite well what is expected from
theory. This was demonstrated in the previous figures. The only parameter
to adjust is the r.m.s. deflection angle V{©¢%) per unit length. The formula
given in (2.40) is exact to a few percent depending on the material and
stepsize. It is surprising that inspection to the literature shows, that this
quantity has been measured accurately at very low momenta (< 1 GeV/c),
but only for muons also at higher momenta. Just very recently a meas-
urement for pions at higher momenta has been performed [20]. Another
comment has to be made to the simulation procedure. The response of the
simulation for ¥{@¢%) is in general slightly smaller compared to the input
given by (2.40), due to various reasons (see chapter 4). Therefore for each
detector set-up the multiple scattering canstant a has to be adjusted in
order to get the right response for the r.m.s. deflection angle.

The physics of shower simulation 20
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Correlation coefficient I'(® ;X;) for various depths of iron as
function of momentum p. The curves are only to guide the
eyes. The number 0.866 is the result without ionization
energy loss.
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The momentum loss according to ionization energy loss and the changes
of the angles according to multiple scattering are applied after the step
has been carried out. We define the following quantities (B in kG, S-in em

and P in GeV) :

qB
) 7= (2.57)
3336 P
B-P 2
§=BP _-A v . (2.58)
BP
and the matrix R by
Ris = By/B
muu = W%\m
Ry = By/B
Riz = (B,P,-B,Py)/¢
Raz = Amuvulmuﬁuv\a Am.umv
Ry = Amwilmv._u uv\ 6
Ryy = (Re2B.-Ra2By)/B
Rey = (R3zBx-R12B:)/B
Ray = (R12By-Rz2By)/B
Then the transformations (2.55) and (2.56) have to be replaced by
P =Py (R'D) (2.60)
- with
by = (2.61)
bz = (2.62)
B-Po
by = —— (2.83)
B Py ’

The physics of shower simulation . 26

and
[R-B] =1 (2.64)
and
(X.Y.2) = (X0.Y.,Zo) + S(R-&) (2.65)
with
jl.ﬂllm sin(y8)
¢y = /\H-A v _ (2.66)
B P, (r3)
B-Fo\ 2, 1- cos(yS)
° "LH,A o ) Allﬂv &
o Tt (2.68)
B P,
and
[RE] =1 . (2.69)

For later applications we specialize formulae (2.60) and (2.65) for By =
(0,0,P,) and B = (0,B,0) :

1- cos(S)
X =X - S AII.' v
(78)
Y = o (2.70)
sin(yS)
zZ =129 + S
(78)
Px = -po sin(yS)
py= 0 (2.71)
P: = Ppo cos(yS)
The physics of shower simulation 27
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Figure 10. Feynman graphs
production.
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for bremsstrahlung

E.E-¥2

for d<1
for 0>1

.

for o<1
for 6>1

':i-:-’.ca.A

<

pair production

pair

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

30

km

A= for bremsstrahlung
2EoE
(2.84)
km
A= — for pair-production.
2ELE-
All energies are given in MeV and the other constants are given by
a = 1/137
ro? = 7.9524 1072 cm? = 79.524 mb (2.85)
m = 0.511 MeV .
The total cross sections are then given by numerical integration
MQIE
QQU.&::
QaﬂoauAm“oV Hv“ — dk AN@@V
todk
Ec
k-m
QQv-:.
Opuin (K) "% . (2.87)
dE.

Ec

In fig.11 we show the integrated cross sections as function of the energy of
the initial particle for various cut-off energies Ec. In case of pair pro-
duction the cut-off energies have essentially only an effect for very small
energies, whereas for bremsstrahlung the Ec influences the total cross sec-
tion over the whole energy range. The reason for that is quite simple and
lies in the momentum spectra of the outgoing particles, as shown in fig.12.
The probability to get a positron (or electron) with energy E,(or E.) does
nearly not depend on E,(or E_) in case of pair production, i.e.

&Qn-:.
——— = constant f(k). (2.88)

dE,
The physics of shower simulation 31
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2 Xo
(2.94)

My
Vc_.oao.t = A - v
' me 1n(Eo/Ec)

Values for Pb and Fe are 47 m and 120 m respectively. Therefore the effect
of this process is expected to be very small. Fig.16 shows the energy spec-
trum of the produced photons by muons of 5 GeV in 1 m Fe. 2% of the
muons produce a photon with k > Ec = 6 MeVin 1 m iron, only 0.8% with an
energy larger than 10% of the muon energy. )

T—r———— Y \

m.m tor bremsstrahlung onlead

-— mnbb , k CMeV1

| =
L}
T w3
00 207
S o
3 1 &
e 1000 MeV .o_k
E 2000 MeV olo
g ¢ . o
M. m.m for pair - production
v [ * on lead 3
© 0 b b o .E. PR S T SR SR G N
05 1 o 05 1
mo\r r\mo "’
Figure 12. Energy spectra of outgoing particles for

bremsstrahlung and pair production.
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mean free path at 1GeV

| A __ A

004- Xo Xo'Ng 80 -

Ec =2 MeV
5 0

XolLecml

Figure 13. Mean free path for bremsstrahlung
production as function of the radiation length.
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bremsstrahlung by myons 5GeV
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100 31 photons .
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Figure 16. Energy spectrum of photons produced by muon

bremsstrahlung at 5 GeV/c in Fe. The line is only to guide
the eyes.
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2.5.2 Shower parametrizations

For certain not too sophisticated detector set-ups it is not necessary to
transport all electrons, positrons and photons until they reach the cut-off
energy around 100 keV - 2 MeV. Use of parametrizations may be adequate
below a relatively high cut-off energy of ,say, 100 - 500 MeV. But the expe-
riences of the author have shown that a certain parametrization, worked
out for a special detector, can not be taken over to any other detector. We
can only give some hints here how to implement a parametrization into
the program. Beside that the form of the parametrization depends highly
on the problem in question. For electron/hadron separation by means of
the lateral shower development it is certainly not sufficient to use an only
one-dimensional parametrization. For acceptance studies in central track
chambers any parametrization will be doubtful at all. As can be seen from
this two examples, the use of parametrizations is limited to unsensitive
detectors or detector parts.

Several types of parametrizations have been tried. The most frequently
used ansatz for the longitudinal shower expansion is

Q.m U—+I
— = Ep ——— t* e~ (2.95)
dt r(1+a)

t is the longitudinal coordinate in units of radiation lengths, Eq the energy
of the initial particle for a total absorbing device or the total pulse height
for a sandwich calorimeter. )

In a first attempt we have used only bremsstrahlung and pair production
as multiplication processes and have chosen a cut-off energy of E¢c = 200
MeV. This is clearly above the energies where all other reactions (Compton,
Bhabha, ...) become important. For the bremsstrahlung and pair pro-
duction we have not used the EGS-version, but the simplified treatments
as discussed in the previous section. For all particles which have been
slewed down below E¢, a longitudinal shower parametrization according to
equ.(R.95) has been used. To this end the parameters a and b and their
respective fluctuations, expressed by the r.m.s., have been determined as
function of the energy of the incoming particle. For establishing the
parametrization we used the EGS-code. This procedure has been carried
out for a total absorbing copper block and also for a Cu-scintilator
sandwich calorimeter of 0.5 cm sampling each. The results of this simple
parametrization is shown in fig.17 for the total absorbing copper block.
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Table 3 Shower parametrization in a copper scintilator
sandwich calorimter

EGS CHEISHA
p (E) o (E) o
1 124 8.3 125 8.5
2 250 11.6 250 11.9
3 380 17.6 375 15.1
5 631 R21.3 626 18.0

A similar comparison is shown in table 3 for the Cu-scintilator-sandwich.
Here we give the total pulse-height and the r.m.s. We see that it is no
problem to describe the longitudinal shower development by such a
parametrization. It is clear that the transverse shower development can
not be described by such a method, where the low energy processes have
been integrated over. Just at low energies particles are produced with
large emission angles. The disagreement of the lateral shower expansion in
the copper block, shown in fig.18, is thus not surprising.

The shower parametrization, expressed in the form (2.95), does not
describe the longitudinal fluctuations in a right way. The parameters a
and b are correlated and not Gaussian distributed. This can be avoided by
an ansatz of the form

dE
— = Eo ge (gt)°* exp[-(gt)e] . (2.97)
dt

We have used a lead-scintilator sandwich of 0.5 cm thickness each to get a
throughout parametrization of photons and electrons of any energy. The
parameters and their fluctuations as function of the primary energy are
shown in fig.19. Due to leakage effects on both lateral sides of the
calorimeter corrections had to be applied for inclination angles different
from 90°. These are shown in fig.19g. Further corrections of the total pulse
height turned out to be necessary. The correction factors given in fig.18h
had to be applied for the first 3 radiation lengths (A-counter), the follow-
ing 3 radiation lengths (B-counter) and the last 12 radiation lengths
(C-counter) respectively. This experimental set-up is identical to the
electromagnetic shower calorimeter of the Mark J experiment. The first 3
scintilator layers, then the following 3 and finally the last 12 layers are
connected on both sides to one phototube each (A-, B- and C-counter).
This experimental set-up will be described in more detail in chapter 5. In
fig.20 we compare this parametrization with the complete discrete
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EGS-simulation. Plotted is the avarage pulse height as function of the
inclination angle of the primary photon. The electromagnetic calorimeter
is followed by .a hadron calorimeter, with a sequence of 2.5 cm iron and 1
cm scintilators. The leakage of the photon showers into the first two layers
of this hadron calorimeter is shown in fig.2l. As can be seen the
parametrization gives a good overall description of the longitudinal shower
shape.

For sandwich calorimeter a total other type of parametrization has been
tried succesfully. The distribution of energy deposited in the various
scintilators is given by

p(E:AE,, ... AE,) (2.98)

with the energy E of the primary particle. This can be expressed in terms
of conditional probabilities as

p(E;AEy, ... ,AE,) (2.99)
= p(E;AEn  |AEa-y, ... ,AE,) :
‘p(E;AEn-y [AEnz, ... ,AE,)

‘p(E;4E, _DM»V
‘p(E;4E, ) .

The shower development can be treated as a Markov process, so
P(E;AE|AEy-y, ... ,AEy) = p(E;8Ex|AEwk,) . (2.100)
One gets

n
p(E;AEy, ... AEq) =[] p(E;AE;|AE;,)
i=1

(2.101)

where UAm.bm,_DMovuvAmBm_v by definition. For electromagnetic showers
one can make a gaussian ansatz for vAmBm,_ZwT_v. This method has been
used to describe electromagnetic showers in the Mark J calorimeter. A
extremely good description of longitudinal shower fluctuations have been
obtained (not shown). It can be used on the other hand also for the energy
determination in the off-line analysis. The optimal estimation of the
parameter E is given by the solution of the maximum likelihood equation

d

— 1n p(E:AEy,...,AE,) = 0 (2.102)
oE

The physics of shower simulation 43
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2.6 NUCLEAR INTERACTIONS

2.6.1 General remarks

Dependent on the material, momentum and the type of incoming particle,
an interaction probability is calculated according to

P(a) = 1-exp[-8/Ao] . (2.104)

where A is the length of the given step and A, the nuclear collision length,
the latter one calculated from the total cross sections

A A 10+
Ao = = [em], (2.105)
z:bnﬁgv Q.ommoambigv

A is the atomic number, p the density of the material in units of g/cm?3
and o the cross section in [mb]. The reactions are divided into four main
categories, coherent elastic scattering, coherent inelastic scattering,
quasielastic incoherent scattering and inelastic incoherent scattering (see
fig.22). Whereas the first two reactions are theoretically well understood in
terms of the exchanged quanta, the last two reactions are very compli-
cated to describe. Experimental data have been used to develop
parametrizations for the cross sections, the multiplicity distributions and
the four-momenta of final state particles. We use the ansatz of the intra-
nuclear cascade development. The first interaction on a proton or neutron
inside the nucleus is simulated according to the results of the scattering
on free nucleons and the multiplication of particles due to further scat-
terings inside the nucleus is parametrized according to experimental
nuclear scattering data.

We proceed as follows : First we discuss the total cross sections and the
cross sections for all four reactions from fig.22. Then we concentrate on

the scattering of particles on free nucleons. From that we get a simple
" extension to the generation of the secondary particles for coherent elastic

and inelastic reactions. Formally the nucleon with A = 1 has to be replaced
by A > 1. Finally the intranuclear cascade for incoherent scattering will be
discussed. This includes in special chapters the treatment of stopping
particles and nuclear fission. Hadron production by muon scattering does
not really fit into this scheme, but is nevertheless described at the end of
this chapter. It is without saying that we will justify all our doings by
comparison with experimental data.
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coherent elastic

coherent inelastic

mcoherent elastic

incoherent inelastic

Figure 22. Schematic definition of the various types of nuclear
scatterings.

2.6.2 Elastic and inelastic cross sections

The elastic and inelastic cross sections for interactions on protons were
tabulated as function of momentum for n~, n*, K-, K*, K,°, p and p ([25] -
[36]). For all other cross sections on protons we use the charge independ-
ent approximation for the forward elastic scattering amplitudes according
to the naive quark parton model ( see for example ref.[37]). These read :

o(n* p) =6P + A

o(n~ p) = 6P + 2A

o(K* p) = 6P -3
o(Ks%) = 6P + (1/2) A - 35
o(K %) = 6P + (1/2) A - 3S
a(K- p) = 6P + 2A - 33
a(K® p) = 6P - 33
o(K° p) = 6P + A - 38
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AL

There exist mainly two different methods to measure the absorption cross
sections. The first method is to measure the angular distribution of the
most deflected secondary particle. At very small angles one observes the
events from diffraction scattering and at nearly zero angles from Coulomb
scattering. The three contributions can be separately determined by fits.
Fig.24 gives an example [38]. This method has been applied mainly by
counter-hodoscope experiments. On the other hand from bubble chamber
exposures the following types of reactions may be accepted as absorptive
events : a) all cases where the beam particle appears to suffer an energy
loss in the target, as evidenced by the production of secondary particles
(other than knock-on electrons), or by a change in ionization; b) large
angle scatterings; c) disappearance of beam particles inside the target
plate. A bubble chamber experiment will be described later.

The absorption cross sections, as measured by various groups for atomic
numbers ranging from A = 9 (Be) to A = 207 (Pb) ([38] - [49]) have been fit-
ted to equ. (2.109). The results for ¢, are compared with the total cross
sections of the corresponding scattering on free protons in fig.25, the
slope parameters a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>