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Summary

Detailed modellings of the LHC insertion regions (IR) have earlier been performed to
evaluate energy deposition in the IR superconducting magnets [1-4]. Proton-proton collisions
at 14 TeV in the centre of mass lead to debris, depositing energy in the IR components. To
evaluate uncertainties in those simulations and gain further confidence in the tools and
approaches used, inter-comparison calculations have been performed with the latest versions
of the FLUKA (2006.3b) [5, 6] and MARS15 [7, 8] Monte Carlo codes. These two codes,
used worldwide for multi particle interaction and transport in accelerator, detector and
shielding components, have been thoroughly benchmarked by the code authors and the user
community (see, for example, recent [9, 10]). In the study described below, a better than 5%
agreement was obtained for energy deposition calculated with these two codes - based on
different independent physics models - for the identical geometry and initial conditions of a
simple model representing the IR5 and its first quadrupole.

1. Introduction

In order to compare energy deposition results with FLUKA 2006.3 [5, 6] and MARS 15
[7, 8], the settings of the simulation models have to be exactly the same so the different results
can only come from the physics of the codes. In detailed models of the nominal LHC insertion
regions [1-4], the geometry layout and the magnetic field definitions are based on many input
parameters. They can differ depending on the different sources available through the period
over which the works have been carried out. Hence, an inter-comparison work applied on a
simplified model with very few components is a relevant exercise.

2. IR5 toy model

2.1 Geometry layout

The simplified geometry, representing the main features of the inner triplet quadrupole
and IR5 layout, has cylindrical symmetry. It includes the copper collimator ‘Target Absorber
Secondaries (TAS)’, the first quadrupole magnet Q1 and the stainless steel beam pipe in the
magnet (Figure 1). The Q1 magnet (MQXA) has 4 layers of superconducting (SC) cables, an
iron yoke, super-insulation and a stainless steel cryostat vessel (Figure 2). The inner cable,
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cable 1, is the closest to the beam pipe and is the most interesting as it is the region where the
maximum energy deposition in SC occurs. The figures are generated with FLAIR [11], FLUKA
advanced interface.
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Figure 1: Geometry layout with FLUKA
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Figure 2: Q1 cross section

2.2 Magnetic field description

The detector magnetic field description has been simplified with a constant solenoidal
field of Bz=4 Tesla, up to 6.5 m from the interaction point (IP) (Figure 3). A bi-dimensional
map of the quadrupole magnetic field for Q1 has been implemented (Figure 4). It is a MQXA
magnet with an operating gradient of 199.4591 T/m. For the interaction debris, the magnet is
focusing in the horizontal plane for a positive charged particle (Figure 5).
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Figure 3: Longitudinal view of the magnetic field in the IR5 toy model
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Figure 4: Q1 cross section showing the magnetic field intensity ~ Figure 5: Q1 cross section showing the
magnetic map

2.3 Particle tracking

Both FLUKA and MARS have coordinates defined with a right handed system, but the
definition of the axes is not the same (Figure 6).

X y
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Figure 6: Right handed coordinate systems. The z axis coincides with the beam 1 axis, i.e the direction

of the protons beam, coming out from the IP. With FLUKA, the x-y plane is seen from the end of the insertion,
whereas with MARS, the y-x plane is seen from the IP.

-3-



The event-generator used to simulate the proton-proton collisions at the center of mass energy
of 14 TeV is DPMJET Il [12] for the 2 codes. A half horizontal crossing angle of 142.5 urad is
modelled in the IR5 [13].

Figure 7, generated with MARS15 Graphical User Interface (GUI), shows some
secondary particles tracked in the insertion region. Each colour corresponds to one type of
secondary particle. The neutrons have been deleted as they are too numerous in the TAS and
would have hidden the components.
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Figure 7: Secdndary particles traced in the IR5 toy model (MARS15)

24 Scoring parameters

For comparing the results of the codes, the scorings have been specified the same way
with a Cartesian binning for the front face of the TAS, in the middle plane and in the end plane
of the magnet Q1 (Table 1). The XYZ coordinates relate to the FLUKA framework system. A
cylindrical mesh split the inner cable of the magnet Q1 in the azimuthal and longitudinal
directions (Table 2). The R-¢-Z coordinates relate to the FLUKA framework system.

Scoring X Y Z Nx [Ny |Nz

TAS [-25:25] | [-25:25] |[1905:1925] 150 |150 |1

Q1 middle [-25:25] | [-25:25] |[2600:2630] 150 |150 |1

QlEnd [-25:25] | [-25:25] | [2900:2930] 150 |150 |1
Table 1: Cartesian Binning

Scoring R ) z NR | N¢ | Nz

Q1 inner cable [3.5:4.65]| [0:360] | [2300:2930] 1 180 |63
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Table 2: R-¢-z Binning
2.5 Cut off parameters

The cut off parameters have been chosen to be the same in both FLUKA and MARS
(Table 3). The threshold is 0.2 MeV for all the particles except for the neutrons which are
followed down to the thermal energy. A difference in the electron and positron cut off energies
has been found after this study and write-up were complete: in FLUKA, for the electrons and
positrons this value has been increased to 1 MeV. For this energy, e+ and e- have a range in
copper of less than 1 mm.

Number of histories 15000 pp-collisions

Cut off energy for photons 200 keV

Cut off energy for e-/+e- 200 keV (MARS), 1 MeV (FLUKA)
Cut off energy for Muons 200 keV

Cut off energy for Hadrons 200 keV

Cut off for Neutrons down to thermal energy

Table 3: Cut-off parameters
2.6 Biasing Parameters

In both simulations, biasing schemes have been utilized to optimize the CPU time.
Leading Particle Biasing (LPB) schemes have been applied for electromagnetic and hadronic
interactions. LPB discards a fraction of the secondary particles in hadronic and electromagnetic
cascades, provided that the selected ones have properly adjusted weights. This way, the
geometrical increase with energy of the number of particles in the cascades is avoided.

The biasing parameters have been chosen independently for each code. The results shall
not be influenced by the biasing parameters. The CPU time can differ for MARS and FLUKA
due to the biasing schemes but also due to the performance of the computing processors.

3. Energy deposition results

3.1 Normalization factor

Both codes give the energy deposition in GeV/primary, in our case per proton-proton
collision. The following formula (1) gives the transformation to power deposition [Watts], as a
function of the luminosity L and the reaction cross section A (including inelastic scattering and
single diffraction events).

Power(W) = Energy(GeV/collision)* 10° * 1.602* 10~2° * L (collision.cm 25! )* A(barn)* 10?4 (1)

Equation (1), considering the upgrade LHC luminosity, L=10%*cm™s™ and assuming A=
80 mbarn, becomes:

Power (W) =1.28* Energy(GeV /collision) @

-5-



Powerdensity(mW /cm?®) =1280* Energy(GeV /cm?/ collision) 3)

MARS gives the power deposition density results in GeV/g/collision. The conversion into
GeV/cm® /collision is made with the multiplication by the superconducting cable density
assumed to be 7 g/cm®.

3.2 Total heat loads

The Table 4 presents the results of the total heat loads in the different components of the
insertion region. The agreement is quite good between the two independent codes FLUKA and
MARS, within less than 5% for most elements. In the most interesting region, the SC coil, the
agreement is amazing, within 1%. The yoke region shows a discrepancy of 23%, which can be
attributed to differences in the event generators at intermediate energies below a few GeV,
cross-section libraries for low-energy neutrons. All of the above are important for well-
developed cascades in the iron region far from the shower core. Several cross checks have been
done and confirmed this difference.

Total heat loads in the insertion region elements (W) for upgrade luminosity L=10*L0

Ratio

FLUKA +/- (%) MARS +/- (%) FLUKA/MARS
TAS 1853.7 0.5 1827.3 0.1 1.01
Beam pipe 89.1 1.0 97.9 0.4 0.91
Q1 cable 158.0 0.6 159.1 0.2 0.99
yoke 96.3 0.9 78.5 0.4 1.23
aluminium layer 2.3 0.6 2.4 0.5 0.98
mylar insulation 19.5 0.8 20.4 0.3 0.96

stainless steel vessel

Table 4: Comparison of total heat loads

3.3 Power deposition maps
3.3.1  Peak power density at the end of QL1, in the inner layer

To estimate the peak power density in the inner cable (cablel), the binning size for the
cross section is based on the cable width (1.3 cm*1.3 cm). The length of the bin is 30 cm to
have an isothermal bin in the z direction. The bin volume is around 50 cm®.

In the MARS simulation, the peak value at z=2900 cm averaged over this bin volume is
17.5 mW/cm? at upgrade luminosity (L=10*cm™s™). The FLUKA estimation is 18.2 mW/cm?®
(with 4.4 % statistical error).

3.3.2 Longitudinal distribution of the power density in the inner layer, averaged
over the azimuthal direction.

There is also a very good agreement for the power density in the inner cable (cablel)
along the magnet (Figure 8). The two longitudinal distributions show the same behaviour, with
a discrepancy, within 15%, appearing at the end of the magnet.
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Figure 8: Azimuthal averaged power density in cablel along Q1

3.3.3  Lateral profile at the end of Q1

Figure 9 and Figure 10 show the power density in the Q1 cross section averaged in the z
direction between z=2900 and z=2930 cm (at the end of the magnet) where the maximum
energy deposition occurs. The symmetries in the vertical and horizontal planes are observed on
the two plots, showing the good agreement between the 2 codes. The binning is finer in the plot
for MARS (Figure 10).
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4.  Particle spectra in inner cable (cablel)

The highest power deposition in the magnet occurs in the inner cable (3.5<r<4.65 cm,
2900<z<2930 cm). There, the energy spectra of different types of particles have been
investigated.

4.1 Hadrons

There is a fairly good agreement between the two codes for the hadron spectra. Minor
discrepancies can be observed:

e for protons with E> 1GeV (Figure 11),
o for pions and kaons at low energies (<100 MeV), (Figure 12) and

o for neutrons at all energies (Figure 13).

Figure 11 : Proton spectra in cablel Figure 12: Pion and kaon spectra in cablel

Figure 13: Neutron Spéctra in cablel



4.2 Leptons

FLUKA and MARS agree almost perfectly well for the electrons and positrons below
about 20 GeV.

The muon contribution to the total particle fluence and energy deposition in the inner
cable is negligible, but it is interesting to compare the results from FLUKA and MARS. Both
codes show the same shape for the muon energy spectrum: the first peak corresponds to the
products of stopped pion decays, the second peak corresponds to the products of stopped kaon
decays, and the remaining higher energy muons are those generated in decays in flight (Fig.
15).

Figure 14: e+ and e-“-stf)édc'tra in the inner cable Figure 15: Muon spectra.in the inner cable

4.3 Photons

The photon spectra are in a good agreement in the low and medium energy ranges. The
discrepancy at E> 50 GeV concerns a very small photon flux with larger statistical errors
(Figure 16). We attribute the difference in that region to the differences in the neutral pion
production models in the codes. o

Figure 16: Photon spectré in the inner cable



5. Muons: further investigations

After the detailed analysis of the spectra of the particles in the cablel, the comparison of
the muon fluences encourages to carry on further investigations. A simple model of a 2 GeV
positive pion beam impacting a carbon and then an iron target was built in order to better
compare the physics models for the production and transport of muons, resulting from pion
decay (Figure 17).
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Figure 17: Pion source with targets

Figure 18 presents the longitudinal distribution of the muon fluence. The two
distributions are in a good agreement. A small discrepancy between the two curves can be
explained by different hadron production models in FLUKA and MARS. It seems that FLUKA
generates slightly softer spectra of pions in pion*-carbon nuclear interactions at 2 GeV.
Therefore, FLUKA's secondary pions have somewhat larger angles than those from MARS,
and muons from decay of those softer secondary pions have even larger angles compared to the
MARS's ones. As a result, we have a higher radial leak for muons in the drift from carbon to
iron in the FLUKA case that is reflected in the plot. The spectra "before the iron target" (Figure
19) and the longitudinal fluence distribution are fully consistent.

8.0E-07
AR M e
7.0E-07 A ‘.ai;;.-l"l.
[
0000000000"==““ .
L pumu® sm® :
6.0E-07 - o* quut® .
. n" M
[ ] L]
¢ - []
. 5.0E-07 »
> *
[} -
E
S []
§ 40E-07 .
£
L [ ]
*
® BOEO7 - - g o mmmm e mmmm e mm oo —
L) —+—MARS15
-
*
20E07 - - ____________ ® FLUKA 2006.3b |- _ _ |
[]
o
0.0E+00 T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550
z (cm)

Figure 18: Longitudinal distribution of the muon fluence
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The spectra "after the iron target" (Figure 20) indicates different muon fluences in the
medium and high energy ranges (E>10 MeV), resulting from pion™-iron nuclear interactions.
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Figure 19: Energy spectra of the muons Before the Iron Target
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Figure 20: Energy spectra of the muons After the Iron Target
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6. Conclusions

The inter-comparison of the two principal codes — FLUKA and MARS - used for the
LHC design and upgrades was performed for an identical model of the insertion region IR5.
The model consists of the first part of the insertion region, with only one quadrupole magnet.
Both codes use the event generator DPMJET 111 for simulating the proton-proton collisions.
The results are normalized to an upgrade luminosity of 10% cm™ s™.

The total heat loads calculated in the quadrupole agree for most of the components within
5%, coinciding within 1% for the critical region (superconducting coils) and 23% for the yoke.
The peaks in the inner cable are in a very good agreement within the statistical error (<5%).
The variations for power density along the superconducting cable closest to the beam pipe are
well featured by the codes, with FLUKA predicting somewhat higher power densities at the
non-1P end of the quadrupole. For particle spectra scored in the first superconducting coil, the
comparative results are also encouraging with small differences that can be explained by
differences in the particle production models and partly by the statistical errors.

To further investigate the muon production and transport models in FLUKA and MARS,
a supplementary study has been made on a model of a 2-GeV pion beam impacting a carbon
target and an iron target separated by a drift. Here again the results are conclusive. FLUKA and
MARS give similar longitudinal distributions of the muon fluence and similar shapes for the
spectra even though the different hadron models of the two codes lead to some differences in
the results.
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