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1 Introduction

The integral cross-sections for hadronic interactions play an important role in correct
simulation of hadronic showers. Verifying the total cross-section and the integral elastic
and inelastic cross sections for interaction on different targets is thus important. This
verification has been one of the VALSIM tasks during 2006-2007.

In GEANT4 [1] the cross-section definitions are the following : oy = 04, + 0¢, and
Oin = Oprod+0gel, Where oy, Oin, Ocr, Oprog and o4 are total, inelastic, elastic, production
and quasi-elastic cross-sections, respectively. GEANT4 has (historically) the following
models for hadron-nucleus cross-sections:

1. G4HadronCrossSections class for inelastic and elastic hadron (inelastic and elastic)
cross sections inherited from GHEISHA [2].

2. G4Proton/NeutronInelasticCrossSection class for Axen-Wellisch parametrization
model. Inelastic cross section only [3].

3. G4QElastic class for elastic cross-section of CHIPS model [4].

These models were verified versus experimental data. The experimental data were taken
from IHEP-PDG database, and Dubna set [7, 8]. They showed inaccuracy at low energies
and constant-like behavior for high energy range. To improve the hadron-nucleus cross-
section accuracy in GEANT4 two new models were implemented:

1. G4Pi/Nucleon NuclearCrossSection class for optical model parametrisation data
interpolation for pions/nucleons on nuclei. Total, inelastic and elastic (¢ = oot —
Oin) cross sections are available [5, 6].

2. G4GlauberGribovCrossSection class for total and inelastic (also production and
single-diffraction!) hadron cross sections in the spirit of Glauber model with Gribov
correction.

Here it is reported on verification of total and inelastic cross-sections for hadrons on
different targets as well as on new models (optical model parametrisation data inter-
polation and simplified Glauber model) implemented in GEANT4 for the description of
hadron-nucleus cross-sections.

2 Optical model interpolation

The optical model parametrisation data [5, 6] interpolation is essentially based on quasi-
optical model for high energies (T > 2 GeV) and on black disk phenomenology with cor-
rections for low energies. The total, inelastic (and elastic) cross sections are interpolated
using:

o (T, A) = 7 [r,AY* + X(T, A)]” F(T)9(A)*®,



where A is de Brojlie length of projectile in CM system, T is the kinetic energy of
projectile in laboratory system, A is the atomic weight, and r, ~ 1 fm. Functions f(7),
¢(A) and «(T) are series like:

> a;T% and Y a;A%.

The model data were tabulated and interpolated in the frame work of GEANT4 toolkit.
The general disadvantage of optical models is the prediction of constant cross-sections for
very high energies. Experimental data show, however, small relativistic rise of hadron-
nucleus cross-sections. For this reason we consider Glauber model for the description of
hadron-nucleus cross-sections in the high (more than 100 GeV) energy region.

3 Simplified Glauber model for total and inelastic cross
sections

As was mentioned in [9] the Glauber model results in the following relations for the
total o4 inelastic o4 and elastic 0% cross sections of a hadron h on a nuclear target
A, respectively:

= orfi- (o[ Lo}
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where b is the impact parameter, oY is the total cross section of the hadron on a nucleon
and T#(b) is the hadron profile function. Here (...) means a proper averaging of hadron
eigenstates including Gribov inelastic shadowing correction. Applying the light-cone
dipole approximation for the correction calculation, one can perform averaging:

1
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This explicitly demonstates how Gribov correction makes nuclei more transparent (ex-
ponent law — power law). Then the cross sections read:

th / d2 Otot (D) _ / 2b Utot )( i
tot TA (b tOt

For practical calculations in a wide range of hadrons and nuclei, we introduce two sim-
plifications for the hadron profile function 7%(b) calculation according to the Glauber
model (s corresponds to (z,y)-plane):

Thb) = / PRI ()Tu (5 — ), Ta(b) = A /_ °:O d 2p(b, 2),

on tot



where T4 (b) is the nuclear thickness function, A is the number of nucleons in the target
nucleus and p(b, z) is the nuclear density normalised on unit (z is the distance along the
hadron trajectory at the impact parameter b).

The elastic scattering amplitude :T""V(s) on a nucleon can be used in exponential form:

Rel"V (s5) = Uﬁi exp | — i
47rBhN 2BhN ’

where By is the slope of the differential AN elastic cross section. The latter relation
can be simplified assuming small slope Bjxy or small size of a nucleon compared to the
nucleous:

hN
Rel™ () (Bpy — 0) — ‘%"té(:c)é(y),

TH(b) (Ban — 0) ~ Ta(b) = A /_ T dzp, 2),

The second step is simplified Gaussian representation of p(b, z):

p(b,z):(leeXp{—bQ;;T'ZQ}a

where R is the nuclear radius. It allows us to calculate analytically the cross section
integrals in respect of b and z.
Then the cross sections read:

A hN
o' = 2rR?In [1 + Ttot ] ,

2m R2

§ mR2

The model is reduced to the selection of o) and R(A) values. We use the latest edition
of PDG [10] and different GEANT4 parametrizations for oY, including the total cross
sections of p, p, n, #*, K* and ¥~ on protons and neutrons.

: hN _ hp hn
For known cross sections on proton and neutron, Aoy, = Nyo;y + Nyopi, where N,

and N, are the number of protons and neutrons in the nucleus. The nuclear radius is
parametrized by:

AN
o' = 1R%In [1 + Al ] )

R(A) = TOA%f(A)7 ro ~ 1.1 fm,

where for A > 21, f(A) < 1, while in the opposite case 3 < A < 21, f(A) > 1 in
the limits of 20%. Below in the next section are the model predictions for the nucleon
(inelastic, total and elastic) cross sections on different targets.



3.1 Simplified Glauber model cross section ratios

The Glauber approach allows us to estimate the ratios of quasi-elastic and single-
diffraction cross-sections to the inelastic cross-section for hadron-nucleus interaction.
In the framework of simplified Glauber-Gribov model the cross sections read:

Aol Aol
ohd = 2rR?In [1 + 27?5{2] , oM =7R%In [1 + Wé; .
o4 2 Agl hA hA _ _hA
Oprod = =7R"In ll + ﬂ_RQ ] » Oge = Oin — Oprod
Achi
hMhA - XA)=7R*{a—In[1+a]}, a= Lot

2T R? + Aol
Where o4, ot og;id, o(’}f and o™'(hA — X A) are the total, inelastic, production,
quasi-elastic and single-diffraction cross section of a hadron on a nucleus A, respectively.
They depend essentially on the total hadron-nucleon cross sections, oY and now on
the inelastic cross section oV, R is the RMS radius of nucleon distribution inside the

nucleus.

4 Comparison with experimental data

Comparisons have been undertaken for protons, neutrons, 7™ and 7~ on He, C, Fe, Cu,
W, Pb, and U targets in the particle energy range 0.1 — 1000 GeV. One limitations iden-
tified of existing GEANT4 cross sections was the dependence of integral cross-sections on
energy in the range > 100 GeV. Existing implementations had either a large relativistic
rise (G4HadronCrossSections model), or were constant above 100 GeV, according to low
energy optical models [6]. A new cross section implementation for total and inelastic
hadron integral cross sections was developed, to correct this. It utilizes a simplified
version of the Glauber model with Gribov correction (GG model).

Fig. 1 up to Fig. 15 demonstrate the comparisons, and the new GG’ model, in the
integral inelastic and total cross sections of neutrons on carbon target, respectively. At
energies above 1 GeV agreement is found with experimental data [7, 8] at a typical level
of 10 — 20%. The expected small relativistic rise versus energy for the range > 100
GeV is reproduced in the ‘GG’ model. An additional implementation of integral cross
sections for protons and neutrons using Barashenkov’s evaluations [6] has been initiated,
to account for the low-energy behavior, below 1 GeV.

Quasi-elastic and single-diffraction to inelastic cross-section ratios for protons, neutrons,
7T and 7~ on different targets versus energy are shown in Fig. 16 up to Fig. 19. The
prediction of simplified Glauber model is in agreement with the prediction of CHIPS
parametrization utilizing another definition of quasi-elastic cross-section based on con-
sideration of the probability of single elastic hadron-nucleon collision inside nucleus.
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Figure 1: Integral inelastic cross-sections of protons on carbon target: (a) - 1072 —
103 GeV, (b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8],
lines correspond to different GEANT4 models.
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Figure 2: Integral inelastic cross-sections of neutrons on carbon target: (a) - 1072 —
103 GeV, (b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8],
lines correspond to different GEANT4 models.



[ n-Fe inelastic cross-section [ n-Fe inelastic cross-section

~ ~ F
o Q|

& 3 — Geisha inelastic & o —— Geisha inelastic
~1400 ~1400

S $ —— Barashenkov g, S F ? \ —— Barashenkov g,
% {) — G-Ginelastic ° E (% — G-Ginelastic

o —¢— ihep-exp db data o T ihep-exp db dat
4200 4200 —¢— ihep-exp db data
z)’ l —¢— dubna-exp db data Z), E J —¢— dubna-exp db data
0 \ ——— G4 HPW-Axen prod o B N~ —— G4 HPW-Axen prod
0] 0 B

1000 1000

800 \g\ ‘ /Ji | 800 S @ s
600 Eﬁ% {jﬂ : \t/f |

ol 6007
gol—end v v il 400
10? 101 102 10° 10? 101
L 10 Neutron energy (GeV) ! Neutron energ)/l?GeV)
(a) (b)

Figure 3: Integral inelastic cross-sections of neutrons on iron target: (a)-1072—10° GeV,
(b) - 1072° — 2 GeV. Experimental data (open points) from (7, 8], lines corre-
spond to different GEANT4 models.
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Figure 4: Integral inelastic cross-sections of of protons on iron (a) and neutrons on tung-
sten (b) targets. Experimental data (open points) from [7, 8], lines correspond
to different GEANT4 models. The data nW for 200-400 GeV are shown with
and without quasi-elastic cross-section correction.
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Figure 5: Integral inelastic cross-sections of of protons (a) and neutrons (b) on copper
target. Experimental data (open points) from [7, 8|, lines correspond to dif-
ferent GEANT4 models.
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Figure 6: Integral inelastic cross-sections of of protons (a) and neutrons (b) on lead tar-
get. Experimental data (open points) from [7, 8], lines correspond to different
GEANT4 models. The data nPb for 200-400 GeV are shown with and without
quasi-elastic cross-section correction.
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Figure 7: Integral inelastic cross-sections of of protons (a) and neutrons (b) on uranium
target. Experimental data (open points) from [7, 8|, lines correspond to dif-
ferent GEANT4 models. The data nU for 200-400 GeV are shown with and
without quasi-elastic cross-section correction.

n-He total cross-section [ n-He total cross-section
4400 2400r
E Geisha total Er
— Geisha total - — Geisha total
.3‘200 — Barashenkov g, -3200 -
z tot 5 B —— Barashenkov g,
b —— GGlotal a %é
%000 ool i G
@ —4— dubna-exp db data o [
‘0 - \ ‘0 800 : \ % dubna-exp db data
600 3% 600" %
400 & 400 \
L D~
200 Ry - 2001 === A=
10? 10" 107 10° 10"
L 10 Neutron energy (GeV) Neutron energy (GeV)

(a) (b)
Figure 8: Integral total cross-sections of neutrons on helium target: (a)-10"2—10% GeV,

(b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8], lines cor-
respond to different GEANT4 models.
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Figure 9: Integral total cross-sections of neutrons on carbon target: (a)-1072—10% GeV,
(b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8], lines cor-
respond to different GEANT4 models.
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Figure 10: Integral total cross-sections of neutrons on iron target: (a)- 1072 — 10 GeV,
(b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8], lines
correspond to different GEANT4 models.
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Figure 11: Integral total cross-sections of neutrons on copper target: (a) - 1072 —
103 GeV, (b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, §],
lines correspond to different GEANT4 models.
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Figure 12: Integral total cross-sections of neutrons on tungsten (a) and lead (b) targets.

Experimental data (open points) from [7, 8], lines correspond to different
GEANT4 models.
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Figure 13: Integral total cross-sections of neutrons on lead target: (a) - 107! —500 GeV,
(b) - 1072 — 0.2 GeV. Experimental data (open points) from [7, 8], lines
correspond to different GEANT4 models.
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Figure 14: Integral elastic cross-sections of protons on helium (a) and carbon (b) targets.
Experimental data (open points) from [7, 8], lines correspond to different
GEANT4 models.
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Figure 15: Integral total (a) - 1071 —500 GeV and elastic (b) cross-sections of neutrons on

carbon target. Experimental data (open points) from [7, 8], lines correspond
to different GEANT4 models.

5 Conclusions

The following conclusions can be made from the comparison with experimental data:

1. G4Pi/NucleonNuclearCrossSection classes based on Barashenkov parametrization
show good agreement with experimental data for total, inelastic and elastic cross
sections in the wide energy range 10 MeV - 1 TeV.

2. Simplified Glauber model can be used as prolongation of Barashenkov cross sec-
tions for the energy range > 100 GeV.

3. Simplified Glauber model was extended for the description of h-A production and
single-diffraction cross sections.

4. The quasi-elastic/inelastic and single-diffraction/inelastic cross section ratios are
available for different projectiles and targets. They are in qualitative agreement
with CHIPS predictions in the energy range 1-100 GeV.
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Figure 16: Quasi-elastic to inelastic cross-section ratios for protons (a) and neutrons

(b) on different targets.
parametrization.
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Thick lines correspond to the prediction of CHIPS parametrization.
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Figure 19: Single-diffraction to inelastic cross-section ratios for protons (a) and 7 (b)
on different targets.
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