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Introduction

This thesis contains results of Geant4 simulatwhgh have been entirely done during
the Technical Student Program at CERN (Geneva,z8véind) in 2007-2008. The co-
author and main coordinator of presented effeatls Mariusz Sapiski.

The main aim of this project has been to estimh& dorrelation between the
energy deposition inside the superconducting @nls signal. The simulations have been
performed with the Geant4 Monte Carlo Code and @egpwith two first beam-induced
guenches of the Main Dipoles.

This thesis has been divided into eight chapters:

—  Chapter 1. CERN presents general overview of tigarozation, highlights the
history and the mission. The main facilities alswdnbeen briefly discussed.

—  Chapter 2. Theoretical basis is devoted to fundaahémeoretical aspects. Such
terms as the hadronic shower, the superconductitity superfluidity, the
quench, the cross-talk have been introduced.

—  Chapter 3. The Large Hadron Collider contains teecdption and technical
parameters of the Large Hadron Collider. It hasnbieeused mostly on these
fields, which are crucial for the preparation o¢ timulations. Thus the design
of the Main Dipoles and the Beam Loss Monitors hageen discussed here. The
parameters of the proton beam have been also shown.

—  Chapter 4. Geant4 simulations is the heart of oorkwlt presents the entire
procedure of our simulation preparation - from tihesign of the Geant4
geometry to the application of an appropriate mod@hysics .

—  Chapter 5. Data analysis — the coils consists tudies of various scenarios in
regard to the loss locations and the beam energies

—  Chapter 6. Data analysis — the Beam Loss Monitoesgnts final correlation
between the situation inside the superconductints @nd the signal of the
detectors. The results of estimated thresholdgiaes.

—  Chapter 7. Accuracy of the simulations shows thes of errors which have
taken place during the preparation of simulatiohse margin of errors is
calculated.

—  Chapter 8. Conclusions sums up the entire proggees final remark and plans

for the future.



1. CERN

CERN - the European Organization for Nuclear Reseéranc. Conseil Européen pour la
Recherche Nucléaire) is located astride Franco<Shasder, between Lac Leman and Jura
Mountains. It was officially founded in 1954 as asfeEuropean’s first joint venture and
nowadays has twenty Member States. The CERN missitaninvestigate the fundamental
sciences - especially High Energy Physics and darRhysics. Precise experiments at
CERN require instruments which advance to the teldgy frontiers.

Fig.1.1 shows the CERN facilities. The LINAC2 andetLINAC3 are linear
accelerators of, correspondingly, protons and lead. The following accelerators: the
BOOSTER, the PSPfoton Synchrotron), the LEIR l{(ow Energy lon Ring), the SPS
(Super Proton Synchrotron) and the LHC (Large HadZollider) are used to increase the
beam energy. ALICEA Largelon Collider Experiment), ATLAS A Toroidal LHC
Apparat), CMS (the Compact Muon Solenoid) and LHCb I{(arge Hadron Collider
beauty) are interaction points where LHC beams edgllide. TheAntiproton Decelerator
(AD) provides low-energy particles for studies aftimatter. The n-TOF's (theeutron
time-of-flight facility) task is to examine the processesnefitrons which are related to
stellar evolution. Neutrinos are objects of CNG®ETERN Neutrinos toGran Sasso)
interests. ISOLDE (On-Line Isotope Mass Separamiip works on radioactive isotopes.

The entire World turned its attention on the fitbtC start up in September 2008 and

now waits for new highlights.

L H kNorth Area
-
//

LHCb

v neutrinos
CNG‘S\\

Gran Sasso

\?—f_x__ i .Eﬁ_s_t_ﬁ_rsq_i

' LINAC 27 -\@ &

X LINAC j/{ ' LEIR
Tons 2

Fig.1.1: The CERN facilities, courtesy [13].
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2. Theoretical basis

2.1 Hadronic Shower

Decays of unstable particles, strong inelastic aladtic nuclear interactions as well as
electromagnetic interactions affect the passaghbigii-energy particles through a dense
matter. A cascade of secondary particles is caledparticles shower. Multi-particle

production is the main feature of interactions whiem energy is greater than a few GeV.
The shower core is formed by a primary beam axik woncentrated energetic particles.
At energy smaller than 100 MeV neutral particlesifrty neutrons) and photons dominate
with a cascade development. The higher primaryggnist the larger shower dimensions

are.

2.2 Superconductivity

Superconductivity is a phenomenon observed in gelaariety of material at very low
temperatures close to 0 K. The most charactepstiperty of superconductorsis= 00
(the electrical resistance is equal zero).

There are three conditions which must be satisfeedbtain the superconductivity
State:

* Temperaturd < Tc

e Currentl < l¢

* Magnetic fieldB (T) < Bc(T)
where index “C” refers to the critical values. Evieone of these parameters exceeds the
threshold value, the material transits to normaildeacting state (Fig.2.2.1).

B A

BE‘.E

Y

/
Fig.2.2.1: Magnetic-field—temperature—current (B-BTsuperconductor phase diagram
[19].
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We can distinguish two types of superconductors wéther different responses to

magnetic field:

1) Type | superconductors (lead, tin, aluminium, meyaic). These materials do not
admit a magnetic field to the bulk. Their phasadraon is of first order, which
means that the applied field is bel@y (T). Any significant applications of type |
superconductors have not been found .

2) Type Il superconductors (niobium-titanium, niobidim-niobium, lead-indium and
other superconducting alloys). In comparison witpet | superconductors, these
ones are characterised by not one but by two afitield valuesB;; andB,. The
Meisner phase occurs beld®y; (a complete field expulsion), while in the rande o
magnetic fieldB.; < B < B¢, the mixed phase is observed — magnetic field can
penetrate the bulk in the form of flux tubes.

A comparison between Type | and type Il supercotatads presented on Fig.2.2.2. The
relation between magnetic fieRland auxiliary magnetic fielH is given by

B = uo(H + M), (2.1)

whereM is the magnetization and is the vacuum permeability.

Superconductors

Typel Type I
M -M

Meissner

Melssner Mixed
F
He "H Hy H: g
H 4 H 4
i Ha(D)
H:0)
Mixed
Melssner
H:I(O}
Melssner
T E T T

Fig.2.2.2: Magnetization properties of Type | angp@& Il superconductors [15].



The explanation of superconductivity is based orsBIzory which says that so-called
supercurrent is not carried by single electronsidiyju€Cooper pairs — the pairs of electrons
with opposite spins and momenta. The critical terajure is related to an energy gap
between BCS ground state (which is occupied bgaifs) and the single-electron state.

From mathematical point of view, superconductivisy described by London’s

equations.

2.3 Superfluidity

Under certain circumstances, a fluid which is cosgub of neutral particles can flow
without friction. This effect is called a superflity. Currently, only few superfluids are
known — two of them are isotopes of heliutHe becomes superfluid at the temperature
below 2.17 K andHe below about 2 mK. A reason of the superfluidifgstence is the
Bose condensation.

Atoms forming the liquid*He are bosons and if the temperature is lower than
critical one, a finite fraction of particles statts occupy the lowest quantum state. They
obey the Bose statistics.

As the liquid*He atoms are fermions, the Bose Condensation isecoad with
Cooper pairs (like in superconductors).

The superconducting cables which form the coilsl#€ magnets are immersed in

a bath of superfuid helium at temperature of 1.9 K.

2.4Physics of dipoles

Accelerator magnets requires stringent field uniity condition in order to minimize an
un-controllable beam orbit distortion and beamésss
Dipole magnets are used to guide charge partidenbalong desired orbit.

The Lorentz force law is given by:
F = q(? x B), (2.2)

whereq is the electric charge of particle (@)is the velocity (m/s) anB is the magnetic
field (T). Therefore the bending angleis

_ € (S _ 1 rs2
6= J;, Bdl = 5 J,, Bdl, (2.3)
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where p is the momentum of the beam, aRp = % is the momentum rigidity of the

beam. For a circular accelerator, the total bemdingle is &, and thus the total integrated
dipole field becomes

¢ Bdl = 2n% = 2nBp, (2.4)

This means, the greater magnetic field is apptieelsmaller the bending radius of a dipole

magnet is required to obtain the desired momentutimecbeam.

2.5Quench

A guench is a termination of an exit from superagnohg (non-resistive) state into a
normal (resistive) state of superconducting materia

Superconducting cables, which form the coils, avastructed of strands (see
Chapter 3.3). Each strand consists of a copperimeatnich surrounds the niobium-
titanium (type Il superconductor filaments). Thisusture is completely immersed in the
liquid helium at the bath temperature.

The superconductor carries the current and beldwairtemperature the Joule heating
is equal zero. When temperature is greater thaicalrone, practically the superconductor
is free of current. While the niobium-titanium Eisince exceeds the resistance of the
copper by a factor 2000, a heating of the mateaal cause magnet damages. Therefore is
undesirable effect and must be excluded.

Quenches can be induced when:

» the external magnetic field, the temperature or ¢heent density exceeds the

critical value

* even a small wire movement appears

* anepoxy is cracked

e an eddy current heating occurs

* apowering fails

« the other sources are distributed (for instanceadihg by the beam)

If the quench appears, peculiar actions are brotgyavoid magnet destructions. The
first one is a trigger of special quench heatetsclvwarm the whole magnet — this causes
steady resistance along the material and prevkah giant resistance concentration. The
second one is based on leading the beam to a duttg enly region in the LHC tunnel
where entire energy can be deposited.

11



3. The Large Hadron Collider

3.1General layout

The Large Hadron Collider (LHC) is the largest [géetaccelerator and collider ever built.
It has been installed in the Large Electron-Posittollider (LEP) tunnel of about 27 km.
The main aims for the LHC are to discover the Higgson (the God Patrticle) and study
rare events appearing at high energies — up toeM (at centre of mass collisions). Fig.
3.1.1 presents a picture which has been made itisedeHC tunnel.

The LHC is a two-in-one ring what means that boftannels with circulating
beams are combine in the same mechanical strudibhes.was applied due to the lack of
space in the LEP tunnel to separate two rings ajnees. Distance between a clockwise
and a counter-clockwise beams is about 194 mmerath and reaches the value of about
420 mm when beams are accelerated in RF cavities.

As the beam peak energy strongly depends on atejrdipole field along the
storage ring circumstance the superconducting niagebnology was used. To obtain a
peak beam energy of up to 7 TeV in the LEP tunthel,dipole field of 8.33 T had to be
provided.

Fig.3.1.1: The LHC tunnel. Main Dipoles are blueaiMQuadrupoles — grey.
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The LHC is made of eight arcs and eight so-cdliesertions”. Each arc contains
154 bending magnets. Long straight section (LS&3 phio dispersion suppressors (DS) —
one at each end - form an insertion. An octantrizegi the middle of an arc and ends in
the middle of the following arc. Therefore it spamdull insertion (Fig. 3.1.3). Such a
nomenclature is useful from practical point of vieaile looking at the application of the
magnets to guide the beams through injection, atgaand dumping sections or into

collision.

Insertion

Long Straight Section
«— >

Arc Sector

J WY Y IPA‘ L

Matching Section _— _ Matching Section

Dispersion Suppressor Dispersion Suppressor

Inner Triplet * Inner Triplet *

< »
<+ L

Octant

* Inner triplets are only present in insertions with physies experiments

Fig.3.1.2: Octants and sectors in the LHC [1].

The magnets are powered in eight symmetric ancper#ent sectors — parts of the
machine between insertion points (Fig.3.1.3). Theeseors are the LHC working units —
magnet installation and commissioning happen seborsector. Over forty different
cryostats house superconducting magnets withinsdwors, while normal conducting

magnets are contained in LSS.

‘| SECTOR81__ b0 ‘
L =,

Fig. 3.1.3: The LHCs layout: sectors and interaotfmints [16].
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3.2The LHC beam

The LHC beam consists of either protons or lead.idn this study only proton beams
have been considered.

Hydrogen gas is a source of protons. High elecuicent of cathode causes that
the gas becomes a plasma. An electric field segmnaositive charged particles from
negative ones — it strips atoms from electronseifards protons are injected to a chain of
accelerators: the LINAC2, the Booster, the PS &ed3PS and the LHC. Fig 3.2.1 shows
steps of an energy gain in the particular accedesat

Source of protons
LIN,lACZ — 50 MeV
BOOlSTER — 1.4 GeV
Ffs — 25 GeV
SIlDS — 450 GeV
LI-lIC — 7 TeV

Fig. 3.2.1: Diagram of the LHC proton beam the gyegain.

Under nominal working conditions the proton beaitl weach an unprecedented

energy of 7 TeV.

Table 3.2.1: Some of the LHC beam parameters (bas¢tl] and [13]).

Proton beam Unit Injection 450 GeV| Collision 7 TeV
Bunch area (@ eVs 1.0 2.5
Bunch length (é) ns 1.71 1.06
Intensity per bunch 10" 1.15 1.15
Number of bunches per beam 2808 2808

Min. distance between bunche m 7
Design luminosity cm?s? - 10*
Number of turns st 11 245 11 245
Number of collision st 600 million

14



The choice of protons to circulate in the LHC wa do a synchrotron radiation
which is about 18 smaller than in case of electrons. It is worthutalerline the fact that
the LHC beam is not continuous but formed into Ihnasc(as a result of RF cavities

performance). Some of main parameters of the LHnbis shown in Tab.3.2.1.

3.3Main Dipoles

Among all LHC magnets, the most numerous are thia goles (MB). 1104 in the arc
and 128 in the dispersion suppressor region givestotal 1232 Main Dipoles
accommodated in the LHC ring. Basically, they assighed in the same way. Only
interconnections and some geometric details varydip®les from SSS dipoles due to
demands of the Dispersion Suppressor regions.

So-called “dipole cold mass” is a core of a crypwmie. Inside a shrinking
cylinder/He-vessel, all components are cooled dbwthe liquid helium with temperature
of 1.9 K. Cold mass provides two apertures for sulwbere particle beam will circulates
(cold bores). Parameters and a picture of Main Bigogiven on Fig.3.3.1.

Fig.3.3.2 shows a part of CDD drawing no. LHCMB_T038 — the cross-section of
MB cold mass. Austenitic steel collars are presaemind superconducting coils, hold
them in proper positions and therefore providestingctural stability of the cold mass. Any

Number of magnets: 1232

Length: ~ 15 m

Nominal temperature (Heg, ) 1.9K.

Nominal magnetic field: 8.33 T

Nominal current:11850 4

SC/Cu ratio: 1.65 (MB inner layer),
L 1.95 (M® outer layer)

.y

Inner coil radius: 28 mm

Mass~27.5t

Coldmass diameter (273K):570 mm

Fig. 3.3.1: The Main Dipole. On the left: the megnificant parameters of MB. On the
right: cross-section of Cold Mass.
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deformations and displacements must be limitedvtddasudden release of energy, which
can cause quenching. Between coils and surroun@oodars, iron yoke, He-vessel) a pre-

stress has been built-in. Two apertures contaid lsofes and beam screens. A role of the

25 28 32
1 35
21 !
| 36
NN 777/7777,

III,,,"
%
‘ > ‘% 22
NN g
- & s '
S 2
70

2.
15 5 %
Q ) 6.7,8
26 $\ “%
0 A%
1227 §" y 14\\\\ “% 14
N ING v
,; % =
<

- \\\' Z //
. Y N2\
9 \\/ \\\xff 3

33 ‘

18

570

Fig.3.3.2: Drawing LHCMB_T_0035[2]; 1 - Conductoisttibution, 2 — Coil assembly, 3
— Interlayer, 4 — Shim, inner layer, 5 — Shim, olaéger, 6 — Ground insulation, 7 —
Quench heater type 1 and 2, 8 — Coil protectiozesh9 — Collar A, type 1, 10 — Collar A,
type 2, 11 — Control locking rod, 12 — Lateral loukrod, 13 — Collar pack assy. rod, 14 —
Lamination, type A, 15 — Half core assy. rod, lésert, 17 — Glass-cloth tubing, 18 —
Half — cylinder, 19 — Iron insert slide — sheet,-20ron insert shim, 21 — Quadrupole “D”
bus-bars, 22 - Quadrupole “F” bus-bars, 23 — Dipddas-bars, 24 — Auxiliary bus-bars,
25 — Heat exchanger tube, 26 — Cold-bore tube, Béam screen, 28 — Backing strip, 29
— Positioning dowel pin, 30 — Antitorsion bar, 35pacers, 32,33,34 — Filler pieces,
35,36 — Sheets, 37 — Round bar.
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beam screen is to absorb the heat produced byeddui® bthrough an induction. The entire

structure of cold mass is very complex. Every congmb has been designed very precisely
and a wide range of miscellaneous implicationsheirt placement has been taken into
account. Each part plays its own role and noneaammgless — for instant, holes in the

collars supply the required shape of magnetic fieleks.

A factor, which distinguishes the LHC magnets fritva others, is an application of
superconducting coils. The main reason of use tiseto attain a higher magnetic field
than in conventional magnets. They are built ofetfbrd cables (see Fig.3.3.3).

There are two kinds of cables used during a proolucof Main Dipole
superconducting coils. The inner layers are woumanfa cables consisting up to 28
twisted 15-mm strands. Each strand has been made tyn of approximately 8900
individual filaments. The outer layers consist @d-s3rand cables and a number of
filaments forming the strand decreases to 6500. mhe1 parameters of two cables are
givenin Tab.3.3.1

Cables are insulated with two polyimide layers vpegb around the cable with a
50% overlap, together with another polyimide tapapped with spacing of 2 mm. The
gap is penetrated by the liquid helium. The oussel is treated with an adhesive layer -

external surface coated with epoxy resin (Fig.3.3.4

®
0

4
.
N
' ]
=
'l

=)= )

Fig.3.3.3: Structure of the Rutherford cable [1].
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Table 3.3.1: Strand and cable characteristics ofmeapoles (MB) [1].

MB Inner Layer MB Outer Layer
Strand

Copper to superconductor ratio 1.65 = 0.05 1.95056

Diameter after coating [mm] 1.065 + 0.002b 0.8250025

Filament diametenm] 7 6

Number of filaments ~ 8900 ~ 6500

Critical current [A]

10T,1.9K > 515
9T,19K > 380
Cables

Number of strands 28 36

Cable dimension (at room temperature)

Mid-thickness at 50 MPa [mm] 1.900 + 0.006 1.480 + 0.006
Thin edge [mm] 1.736 1.362
Thickedge[mm] 2.064 1.598
Width [mm] 15.10 15.10
Keystone angle [degree] 1.25+0.05 0.90 + 0.05

Critical current 4[A]
10T,19K > 13750
9T,19K > 12960

.
q o T MR
able
rale +
s s
+

Adhesive polyimide

Polyimide tapes

Fig.3.3.4: Insulation of the superconducting caldlp

Between blocks of conductors the copper wedgesnaegted to form appropriate
curvature of the magnetic field lines and ensugeasi-circular coil geometry. End spacers
are insulating fillers, produced of epoxy impregmhtibreglass. They have been designed
to constrain the conductor to a consistent and argchlly stable shape.

Induction of the 8.33 T magnetic field into the wam chamber allows to keep the
7 TeV proton beam on the orbit. Magnetic lengttMaiin Dipoles is 14.3 m while overall
length (with included ancillaries) is about 16,5 m.
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3.4Beam Loss Monitoring

Even the loss of very small fraction of the cir¢ulg beam may induce a quench of the
superconducting magnets and even damage them.fdteetbe detection of the particle
loss must be performed. The LHC protection systemegates a beam dump trigger when
the losses exceed thresholds. Moreover it allowswvestigate an orbit distortion, a beam
oscillations and a patrticle diffusion.

Due to physical limits (inter alia: lack of spaadstortion of magnetic field) it is
impossible to place any conventional detector mglte cold mass. Therefore ionization
chambers are located outside the magnet cryostatetect the energy deposition of
secondary particles. The Beam Loss Monitors (BLKM) 300 mm long cylinders with a

diameter of 87 mm. Inner electrodes are separat&dnbm. The chamber is filled with,N

~

40 15,12, 0.5

@
5.8 2nd ELECTRODE o
’ i

(1,95)

‘w( 15,8)

o

LBIOV__0001[2].

Fig. 3.4.2: Picture of the LHC BLM detector withdhé cover tube [7] .
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Fig. 3.4.3: All LHC BLMs are painted yellow. Onetpicture: BLM mounted on Main
Dipole.

Fig. 3.4.1 presents the technical design of BLMjlevkig. 3.4.2 - a picture of real
detector. Fig.3.4.3 shows BLM mounted on the LHOrMaipole.

There are about 4000 Beam Loss Monitors in the id@ which observe losses at the
most likely locations.

Each detector has been tested during the Beam Tirtakes place in The North Area
(see Fig.1.1) in Prevessin (French site). The bisaderived from the SPS with energy of
450 GeV and is aimed at a metal target. As a redudbllision, the shower of secondary
particles develops and finally can be measuredhbyBeam Loss Monitor. This method
allows to do a calibration of every detector. Big.4 presents steps of measurements. Left
picture: sixteen detectors are placed in a woodex; Iniddle picture: a cabling is
connected to detectors; right picture: the box V@#Ms is located on a movable stage in
the front of the target. In the case of BLMs, thegedure is more or less the same.
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4. Geant4 simulations

4.1 Motivation

It has already been mentioned the Large Hadrond@olls the most powerful accelerator
ever constructed. The circulating beams with enefgg TeV bring not only opportunities
of great discoveries but also wide range of newWlehges in regard to a need of protection
the superconducting magnets.

The most crucial components of the LHC magnetscaiks, made of niobium-
titanium cables and brought into superconductirages(l.9K). Because of that, they are
more imperilled on damages — if the energy depmsitixceeds a stability margin, sudden
increase of temperature causes a phase transitipast of superconductor is taken out
from the superconducting state and therefore aesudcbwth of resistance occurs.

These effects can lead to a permanent breakageilsfand must be prevented.
Detectors which record signal of losses must bdieghpDue to a lack of space inside the
magnets, Beam Loss Monitors (BLM) have been mouatgside the cryostat. The goal of
Geant4 simulations is to estimate correlation betwenergy deposition inside the coils
and signal in BLMs.

4.2 Strategy

Fig. 4.2.1 shows the strategy of a preparatiorbant4 simulation. All information about
geometry as well as drawings of Main Dipole haverbderived from the LHC Design
Report, The CERN Engineering & Equipment Managen&envice (edms) and CERN
Drawing Directory Server (CDD). In regard to vemyphisticated structure of MB some
simplifications have been required (see Chapte). 3Be magnetic field map has been
obtained using ROXIE, a program for magnetic fieddculations inside the magnets [5].
Then, after implementing an appropriate kind of gty (see Chapter 4.5), a system of
measuring the energy losses (ROGeom, Sensitiveloeteand detectors, which score
secondary particles outside the magnet (BLM, sesp@hn 3.4), the simulations have been
ready for running. Processes, which take placee l@aprobabilistic nature. Therefore the
large number of events (in the order of)lifas been needed to reach the correct statistics.
Directly from the Geant4 simulation the energy dgfson in coils and fluence of
secondary particles reaching detectors have bemmeld. Taking into account the quench
level [6], one is able to count a critical numbépootons. On the other hand an application
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Geometry and material description Magneticfield

ROXIE

LHC Design Report LHC Layouts edms

L “

\r

Geantd simulations

ROOT data analysis

o Energy deposition 2 :
s esponse
Quench level in colls function

Critical number
of protons

BLM signal

Fig. 4.2.1: Flowchart of the strategy.

a response function [7] allows to estimate the Bsilyhal. Knowing these two values the
Main Dipole thresholds are quite-well defined — t@relation between the situation

inside the magnet and the signal measured by desastspecified.

4.3 Geant4

The Geant4 (GEometry ANd Tracking) is a sophiséidagcientific tool for the high energy
physics the simulations, using Monte Carlo methdds+ based the Oriented Object
programming is an characteristic for this platform.

Each program contains from several up to dozerfdesf source files with “.cc”
extension and include files with .hh. In the TaB.#.some of the files have been described.

It must be stressed that all files are strictly bored and lack of even one
component can cause a faulty operation of theeesyistem.

Geant4 gives a possibility of investigations on passage of particles through
matter. Therefore is used for HEP, nuclear physiesjical, space and accelerator physics
researches.

These simulation have been fully done in the Gestdion 0.9 patch 01. It is worth
to stress the fact that 282 physical volumes haenbmplemented to construct the Main
Dipole geometry properly.
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Table 4.3.1: Geant4 files

pes

of

No. File name Main contents
) _ Definition of values which are to be measured
1 MDBeamPipeHit.cc .
(v, @, Z,energy deposition etc)
) Placement the read out geometry onto beam p
2 MDBeamPipeROGeom.cc
(cold bores)
3 MDBeamPipeSD.cc Division of beam pipes (cold bonet) cells
) Definition of values which are to be measured
4 MDBeamScreenHit.cc »
(v, @, Z,energy deposition etc)
Placement the read out geometry onto beanm
5 MDBeamScreenROGeom.c¢
screens
6 MDBeamScreenSD.cc Division of beam screens intis cel
o Definition of values which are to be measured
7 MDCoilHit.cc -
(v, @, Z,energy deposition etc)
MDCoilROGeom.cc Placement the read out geometry ooils
MDCoilSD.cc Division of coils into cells
) Implementation the materials and the geometry,
10 | MDDetectorConstruction.cc
magnets
11 MDDetectorMessenger.cc Magnetic field and detectanagement
) Collection of information obtained by single ce
12 MDEventAction.cc -
(v, @, Z,energy deposition etc)
13 MDMagneticField.cc Magnetic Map from ROXY
14 MDParameters.icc Introduction the constant dimerssio
o Definition of particles and interactions betwee
15 MDPhysicsList.cc
them
, ) Primary number of particles, their coordinateg
16 | MDPrimaryGeneratorAction.cc ) ]
momentum direction and energy.
_ Definition an action at the beginning and the eh
17 MDRunAction.cc
each run
18 MDSteppingAction.cc Registration of particles eimgrthe detector
19 MDSteppingVerbose.cc Collection of units (lengthergy etc.)
20 RootInterface.cc Creation the ROOT files for anlgsia

Lxbatch cluster at CERN has provided the perforreapicthese simulations. An

average simulation of one proton has taken apprately 30 minutes.
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4.4The Geometry

During the geometry implementation a compromisavbeh estimated running time and
an accuracy of introduced elements has had to taéneld.

On the one hand all major parts which comprise reegghad to be taken into
account, on the other hand some simplificationsehbgen required due to a magnet
complexity.

Therefore, the cryostat, the thermal shield, tHeuhevessel, the iron yoke, collars,
superconducting coils, cold bores and beam pipes baen implemented. Such elements
as bus bars, instrumentation wires, heat exchgnmiges and alignment targets have been
neglected because they are not in the way of ceresidparticle losses. Also the concrete
tunnel as well as the soil surrounding it have b&ietulated due to the sufficient role of
neutron thermalization. Fig.4.4.1 presents a ol/&wgbut of the simulated space.

Summing up, a lot of importance has been attacha&dlyto these aspects which
have a significant influence on creation, propagatind shape of the hadronic shower.

Fig.4.4.1: Overall layout of the simulated undengnal. It can be noticed that the
magnet doesn’t lay in the axis of the concrete @éinn
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4.4.1 Superconducting coils

In Geant4 simulation the superconducting coils haeen implemented as it is shown on
Fig. 4.4.1.1. A visualization of endings have begren on Fig. 4.4.1.2. Drawing of the
Main Quadrupole has been shown to illustrate aature of coil endings.

The applied simplifications have been listed below:

the material is homogenous. Instead of implemgngiach cable, each strand and

each filament, four pieces of a uniform mater witle weighted density of
niobium, titanium, copper and liquid helium havesbeantroduced. Calculations
have been made as presented in Appendix A.

* The left side of Fig.4.4.1.3 (a part of Drawing LMBPA_0001 ; Coil —
Conductor Distribution) shows a construction oblea which form the coil. In
Geant4 geometry a value of 5.69 mm has been nedlertd an angle has been
implemented as it's shown on Fig.4.4.1.4. An ersosmall - an excess from one
side is countervailed by a reduction from the otide.

» Copper wedges which are normally mounted betweblesdave been neglected —
these do not lay neither in horizontal not in \eatiplane (see Chapter 4.9).

* An insulation of cables and around the coil hasbamitted as it doesn’'t impact

significantly on the creation of the hadronic shawe

Fig.4.4.1.1: Visualization of Main Dipole supercarmting coils which have been
simulated in Geant4.
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Fig.4.4.1.2: Endings of superconducting coils. Oa left: technical design of MQ —
LHCMQ_1S0015[2]; on the right: simulated geometRed colour corresponds to epoxy
fibreglass fillings and olivine one to the niobiditanium core.

S e o o D

R ~ —
Fig.4.4.1.3: Design of the superconducting coift Ede: a part of the CDD

drawing (LHCMBPA_0001); right side: a part of LHCNBAQOO5[2] - cross-
section of MB coil ending [2].
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Fig.4.4.1.4: Simplifications applied during implemi&tion the superconducting
coils. Red dashed line points the original curdegelone — applied in Geant4
simulation.

* A coil ends implementation is quite difficult due & cables curvature. Finding an
appropriate algorithm to create quasi-smooth amadticuous geometry would
extremely extend the running time. As it has beamtioned, the most important
are the material amount and the density. Theretardings have been simplified as
it is shown on the Fig.4.4.1.2. One can see thatespetween cables is now filled
with the epoxy impregnated fibreglass (LHCMBPAAOQO5)the right side of
Fig.4.4.1.3.

4.4.2 Beam Loss Monitoring

Beam Loss Monitors have been implemented as twiadsfls with a diameter of 87 mm
and a length even larger than the cryostat lengte. reason of it has been to investigate
the shape of the signal what is equivalent to thmlrer of secondaries getting out of the
magnet. Moreover this solution provides a flextgilbf simulated cases — with regards to
the LHC region, the monitors are located in différplaces on the magnet cryostat. This
geometry impacts on particles scored by monitotisese ones which get the BLMs from
end-caps are neglected. Angular distribution (seap&r 6.2) shows that the most of
particles enters detectors with large angles andus® of that a margin of error is small.
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Fig. 4.4.2.1: Visualisation of BLM dimensions. @e teft: the real BLM is a single
detector outside the cryostat. On the right: in ¢iraulation BLM has been implemented as
a long tube all along the magnet.

The difference between the real case and the sietlne have been visualized on
Fig. 4.4.2.1.

4.5Physics

Geant4 gives an incredible wide range of choicentiiecellaneous physical interactions
between particles. In this study the list called SFGBERT_HP has been applied as
regards to earlier comparisons which has been a@ofid. This list combines the Quark-
Gluon String (QGSP) modelling of hadron interacsi@t energies above 12 GeV with the
Bertini parameterization of the hadronic cascadevibd 0 GeV and with High Precision
neutron transport (containing the resonant intesastwith nucleai). From GEISHA the
parameterized model on intermediate energy lev®ll GeV) has been obtained.
The following particles have been considered:
* leptonse™, e, u*, U, ve, Ve, Vi,V
« mesonstt,n, 7% n,n,K*,K~,K° K% K® — short, K® — long
« baryonsp*,p~,n%n®
These undergo processes listed below:
* electromagnetic interactions:
— Compton scattering
— gamma conversion
— photoelectric effect
N

multiple scattering
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— ionisation

— Bremsstrahlung

— annihilation

— pair production
* hadron physics

* transportation

4.6 Readout geometry

The most fragile and sensitive components of LHGnMaipoles are superconducting
coils. Therefore, these simulations have been mébdcused on their protection.

Due to the larger exposition to secondary partitdhesinner superconducting coils
have been investigated. As information about therggn deposition occurrence is
substantial, both (left and right) coils have bekvided into artificial cells (Fig.4.6.1).
Each cell is approximately 47 mm long (z-division)th azimuthal size of 4° (phi-
division). In the radial direction the coils haveeln divided into three parts (5.12 mm
each). The bin size has been chosen to obtain pro@mate scale much smaller than the
particle shower scale.

Fig.4.6.1: Each coil has been divided into 81 0@8ib cells which register the energy
deposition. Left plot: z-division into 300 piec€ntre plot:p-division into 90 pieces.
Right plot:p-division into 3 parts.

4.7 Magnetic field

The magnetic field map has been implemented asrap af points with a mesh step of 5.1
mm obtained from the ROXIE (THeoutine for theOptimization of MagnelX-Sections,
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Inverse Problem Solving andnd Region Design) [5]. Between mesh points a linear
interpolation of field values has been applied.
This is a 2D map. In a longitudinal plane, the negnfield must smoothly go to

zero, otherwise unphysical effect appear (Fig.3.7.1

Bl |B|

[ »
Ll Ll

X [mm] X [mm]

Fig.4.7.1: The magnetic field does not end shaaglyt is shown on the left. The smooth,
physically proper transition is presented on thghti

The field map inside the yoke is presented on Fig4.The coloured area

corresponds to the iron yoke and arrows indicabestibns ofB. Along the coil axes, in
the centres of beam screens, the magnetic figeéngendicular to the motion of particles

(the Lorentz Force Law). The field inside the a¢sitlepicted on Fig.4.7.3.

Time (s) : 1.

|B] flux density (T)
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Fig.4.7.2: Magnetic field map of Main Dipole at @M. Arrows represent the vector of
magnetic field [4].
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Fig.4.7.3: The map of magnetic field inside thd.@ollision energy considered [4].

4.8 Threshold

As it has been already mentioned (see ChaptertB&)xuperconducting coils can quench
due to the energy deposition. The maximum valu&gf which does not cause the
transition into the normal conducting state, idaththe stability margin.

The beam abort thresholds in the Beam Loss Mon#specified as they correspond
to an increase of the quench-provoking temperatlire thresholds depend on three
parameters:

* beam energy

* loss duration

* loss dimension.

In this study only fast transient losses have beemsidered, which means that a
dissipation of energy does not occur outside thpesaonducting cables and the stability
margin is defined by the enthalpy of the copper twedsuperconductor.

As the specific heat of the niobium-titanium striyndepends on magnetic field, it
is different in various parts of superconductinglea.
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Enthalpy Margin Strand {mJ/em™

40.15
39.91
39.67
35.43
39.20
38.96
38.72
38.48
38.24
38.00
3777
37.53
37.29
37.05
36.81
36.57
36.34
36.10
35.86
35.62

Enthalpy Margin Strand {mdiem™

29.15
27.72
263

24.87
2344
220
20.59
1916
17.73
16.31
14.88
13.45
12.02
10.60
9173
7.746
6.319
4.892
3465
2037

Fig.4.8.1: The transverse cross-section of the MiB ¢he colour map represents a
distribution of the quench margin. Upper plot: fajection current; bottom plot: for
collision current. Courtesy [17].
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A comparison of initial [14] and refined [6] caletions of the LHC dipole the
cable enthalpy has been shown in Tab.4.8. RestlBOXIE [5] calculations has been
presented on Fig.4.8.1.

Table 4.8: Comparison of cable enthalpy.

Injection energy Collision energy
Source (450 GeV) (7 TeV) Remarks
[14] 38 mJ/cnd 0.8 mJ/cm -

Cu/SC ratio, a presence pf
[6] 31.3 mJ/cm 0.93 mJ/cm He and insulations have
been taken into account

4 9L oss locations

Three loss locations have been simulated — twazbotal (left and right) and one vertical
(Fig.4.9.1). Despite the whole Main Dipole geometfincluding end plates and
interconnections) have been implemented, only diseds within the magnet length have
been analysed.

In the High Energy Physics the statistics playsial role. Therefore, for the
injection energy 2000 protons have been used talaten beam losses while for the
collision energy the number of 1000 has been gaffic

The energy range of considered losses varies flna2V up to 8 TeV.

Vertical upward loss
v
Horizontal left X, Horizontal right
loss los

s

Beam Screen

Cold Bore /

Fig.4.9.1: Three loss locations have been analysed.

33



5. Data analysis — the coils

Pointlike losses have been simulated, which meaaisthe protons were hitting the beam
screen in the same place (see Chapter 4.9). Futtigedistribution of events is obtained by
a convolution of pointlike losses with a broad gadsstribution - its width is dependent on
the impacting angle (either 24@rad or 750 purad) and the beam intensity.

The Gaussian along the beam screen (Fig.5.1)alexction of the loss distribution profile.

>

-
(=]
1 o

T T T T T T T T T
Entries 5e+08

Mean 1268

w
o

]
(=)
II\IllHI|HII|IIII‘\II\‘IIII‘IIH'IHI'I\

RMS 394.6

protons /10 cm

yindf  4.46e+06/238
Constant4.014e+07 £ 783
Mean 1270£0.0

Sigma 398.1£0.0

\\\‘I\Illlllllll\l‘l\\ |
500 1000 1500 2000 2500 3000

distance along beam screen [cm]

Fig.5.1: Lost protons distribution along the beaonezn; simulated bunch contains 4210
protons, transverséean=1mm [4].
A magnitude of thresholds varies according to tbes|width. If the losses are more
localized, the threshold is lower and analogicallthe higher threshold is induced by the

wider losses.

5.1 Deposition of energy in the coil

Initially the hadronic cascade develops in the beaneen, spreads through the cold bore
and finally deposits a part of its energy in thegn&t coils. Of course, deposition of energy
appears in every element which stands on the wadljeopropagating particle shower but
only the superconducting coils are critical dueqteenching. A pie chart on Fig.5.1.1
depicts an estimated contributions of the cold nvag®dients to release the energy.
A “slice” (see Chapter 4.6) of the geometrical agith a width of one cell in z-

direction (a left plot of Fig.5.1.1) is presentedfig.5.1.2. This “slice” represents the most
exposed part of the magnet. The energy densgy distribution in given by a colour map

and reaches the highest values in the beam scneleth@ cold bore.
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Distribution of energy deposition in
the cold mass 5%

in beam screen

and cold bore
K 15-2066
inthe coil

{including Cu
wedges)

715-80%
inthe collar or
the yoke (or
backscattered)

Fig.5.1.1:Left plot: Energy releases appear one¢leh stage of cold mass; right plot: the
coil orientation in the Gean4 coordinate system.

injection energy Ej [mJicm’]
1

Fig.5.1.2: Cross-section of coils where the enatggosition for injection (450 GeV) and
collision (7 TeV) beams reaches the maximum vallies]p plots: horizontal losses;
bottom plots: vertical losses, description in tBgtt
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A higher magnetic field (at collision energy of M) results in a lower vertical and higher
horizontal spread of energy — the energy is comatat in horizontal plane. A thick black
curve has been drawn around a region which cat&d% of the total energy deposited
in the right coil. The region of 7 TeV-case is madd6 cells (40% of entire “slice” of the
coil). In contrast, for the case of 450 GeV, thgioa expands to 63 cells (40%).

While considering the vertical losses (bottom plot Fig.5.1.2), one can notice that
the magnetic field shifts the direction of cascageto 60 degree (an appearance of the
particle cascade peak) from original direction.sTéifect is favourable from thermal point
of view because the fragile external cables ofcihiés are less affected by losses. In case
of injection energy the main part of energy is d#fgal outside the coils so the influence of
the cascade development is irrelevant.

Fig.5.1.3 shows four configurations of the lossaltmns and the beam energies.

The energy density for the most exposed azimuthetoil is presented as a function of
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Fig.5.1.3: Longitudinal energy deposition in thilegers of the coil. The bright turquoise
continuoudine estimates the maximum energy on the inneaseréf the coil and is
described by the Landau fit. The bright blue dadiveglpoints the expected energy

deposition in case of distributed loss [4].
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longitudinal (z-direction) distance from the lossation. The red crosses correspond to the
inner layer of bins, black ones to the middle lagad blue ones to the outer layer. In
theses layers energy releases are defined.

The maximum of approximately 8-#éhJ/cn? per impacting proton appears for the
inner layer of the coil (red crosses) at about GyB&om the loss location in case of the
injection energy. It is worth to stress that foe trertical loss the maximum value is three
times smaller than in case of the horizontal IoBkis fact results from a lack of
superconductor in the vertical direction.

In case of collision energy the position of a peaknains the same but the
maximum value increases roughly 31 times for thezbatal direction of the loss and 20

times for the vertical one .

5.2 Density of energy as a function of radius

On the inner plane of the coil the energy depasifie);'**) reaches the maximum. This

value is derived from the radial dependence ofehergy density (see Chapter 5.1). An
exponent or a power law can be used to fit to #tkat dependence. Thus, a value of the
function at the inner radius of the coil is definedn applied method is alike that one

which is presented in [14].

The maximum energy is plotted on Fig.5.2.1. Begignfrom the left, points
correspond respectively t&]'** in the beam screen, the cold bore and in threerdagf
the coil. The power law functiofi, = p,(r — p,;)P? has been applied for the case of the
injection energy. The calculations give the expéonatue equals 2.40 while [14] reports
1.76.

o F J
E r _ P, ] - o =n +
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E [ - ] 1075 - 11 nelf 0.9579 /1 |
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Fig.5.2.1: Maximum energy density along the mopbs&d azimuth; left plot: the injection
energy and the horizontal loss; right plot: thelsibn energy; description in the text [4].
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The shape of the transverse energy distributiomaslified by the magnetic field at the
high beam energy (right part of Fig.5.2.1). Twatrdlsitions are shown — red one refers to
the situation with the magnetic field and black ¢me¢he situation without magnetic field.
At high energies, what means also high magnetidsjehe simulated points do not match
to the power law function in the entire range. Acentration of energy in the coil can be
seen due to an influence of the magnetic fieldh&tsame time, the deposition in the beam
screen and in the cold bore is significantly smalleen comparing to results derived from
simulations where magnetic field has not been impleted.

The Table 5.2.1 contains a comparison pfgetors estimated from this study and
the report [14].

Table 5.2.1: Comparison of factors.

Exponent value p
No. Energy
Geant4 Report [14]
1 Injection 2.40 1.76
2 Collision (B=0) 3.25 1.15

Analogically to the action made in 5.1, the 90%adias been estimated — 90% of
the energy deposition takes place in 68 cells & @d the magnetic field absence and in 46
when the magnetic field is present.

Table 5.2.2 includes a juxtaposition of four scegrThe ratios of the maximum

max

energy deposition to the energy deposition in theei layer have been shown. Tigen—
D

ratio rises up with the beam energy what is impbgdhe influence of the magnetic field

onto the hadronic cascade concentration.

Table 5.2.2: An influence of beam energy and lasstion orE*** to EJ* ratios.

Egzax
No. Energy Loss direction El
in the peak (| =pka) | in the tail of cascade (| = 2m)
1 450 GeV horizontal 1.8 1.4
2 (injection) vertical 1.3 1.1
3 7 TeV horizontal 2.3 1.5
4 (collision) vertical 1.4 1.2
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6. Data analysis — the Beam Loss Monitors

It has been already highlighted in Chapter 4.2 thatfluence of secondary particles gets
out of the magnet cryostat and results in the Beass Monitor signal. Convolution of the
fluence with an appropriate BLM response functioreg finally the signal of the detector.

The choice of the response function is based aangualar distribution of secondaries.

6.1 Register of the secondary particles by the detector

When hadronic shower exits the magnet, it readiesdlume of the detector (see Chapter
4.4.2). On each side of the Main Dipole the BearssLdonitor is placed (Fig.6.1.1). Right
BLM originally surveys on the beam 1 but can alse an influence of the beam 2 (so-
called cross-talk; see Chapter 2.6). The red hiatagon Fig.6.1.2 corresponds to proper
beam and blue one to the cross-talk from beam 2th@ntop plots the results for the
injection energy (450 GeV) have been shown andhenbbttom ones — for the collision
energy (7 TeV).

Table 6.1 contains a percentage contribution efdiosstalk into the BLM signal.
An astonishing conclusion is that for the injectiemergy the impact of the crosstalk is
more significant in case of the vertical loss dit while opposite for the collision
energy.

It is worth to stress that in all studied casesrttaximum of the fluence distribution
appears about 1 m from the loss location.

LEFTBLM / 4

RIGHT BLM

Fig.6.1.1: Two detectors record secondary partideming from the clockwise beam and
the counter-clockwise beam. Originally the rightNBsurveys the beam 1 and left BLM
observes beam 2 but the cross-talk also occurs.
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Fig.6.1.2: Multiplicity of particles outside themtile cryostat in the direction of the beam
loss (the red histogram) and in the opposite dicect crosstalk (blue histogram). Left top
plot: injection energy, horizontal loss (outward gmet centre); right top plot: injection
energy, vertical loss; Left bottom plot: collisienergy, horizontal loss (outward magnet

centre); right bottom plot: collision energy, vexdi loss[4].

Table 6.1: Contribution of crosstalk into BLM signa

. Signal in BLM?2
No. Energy Loss direction - -
Signal in BLM1
1 450 GeV horizontal ~22%
2 (injection) vertical ~ 30 %
3 7 TeV horizontal ~30 %
4 (collision) vertical ~15%
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6.2 Angular distribution

Secondary particles exit the magnet and enter #tectbrs. Each of them has its own

momentum. Thus, the angular distribution is derifrech the following equations:

a = asin( Pe ), (6.1)

Ptotal

Ptotal = |ﬁtotal| = /p% + pjzl + p% (6.2)

andp is the transverse momentum given by

pe = 1P| = /p% + p2 (6.3)

The results have been shown of Fig.6.2.1.

where
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Fig.6.2.1 The angular distribution of secondary foades which enters the BLM at 75 cm
from the loss location. The majority reaches thied®er volume with almost a right angle.
Therefore the end caps of BLMs can be neglectsainlations [4].
The most of trajectories of particles is perpenidicto the BLM longitudinal axis. By the
way one can notice that a margin of error due ® ithplementation the continuous

registering tube along the magnet (end caps sk)gpecklatively small.

6.3 Spectrum of secondary particles

A wide range of miscellaneous patrticles is regesteby Beam Loss Monitors. Neutrons
and gammas give the dominant contributions to dh& fluence — which is in agreement

with the theoretical background (see Chapter 2Flg. 6.3.1 presents the spectra of
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particles hitting the detector. The distance of sneament has been chosen to be 75 cm
after the loss location. The peak of the spectreaches about 0.3 MeV regardless of the
energy (the injection, the collision) which has memnsidered. Comparison of energies

shows that protons and pions distinguishes amaner ahgredients of spectra. The same
results as on Fig.6.3.1 but in differential fluenseshown on Fig.6.3.2. Here the distinct

deviation from the power law can be observed fatphs and neutron.
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Fig. 6.3.1: Spectra of secondary particles for atjen (left plot) and collision (right plot)
energies. dN/da means the fluence of particlepperary impacting proton which enters
the BLM 75 cm from the loss location. Beam 1 ism@red [4].
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Fig.6.3.2: Differential spectra [4].

6.4BLM signal

Pure spectrum of secondary particles registeredldyl is insufficient to determine a
signal in a particular detector. The folding of #eM response function must be applied
(see Chapter 4.2). Detailed studies as regardfieofianisation chamber geometry (see
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Fig.3.4.2) and an angle of impacting shower has ldeae in [7] and the folding procedure
is described by the equation:

m=4

0= (wi- D D Rl 6.4)
[ k

i=1 j=pme ..

Four angles of incidence have been taken into axtc®d, 30°, 60°, 90° (see Fig.6.4.1).
Thus the first sum in the equation is over thespaase functions. For the zero angle and
the right angle functions the small tilt has beeovgled due to simulation artefacts. The
weightsw; correspond to a population of particles in theudaagbins and are multiplied by
the fluence of particles folded with the responsections. Final sum is over the binning of
the fluence and response function histograms. Aarghbins are shown on Fig.6.4.2 as
dashed steps.

Fig. 6.4.2 shows the design of ionisation chambércan be easily deduced that
only the area between electrodes is active (38 dmis the convoluted spectrum of
particles outside the magnet is multiplied by Q(fi& considered in simulations BLMs are
50-cm long).

A procedure of the signal calculation is shown digystep. Beginning from
Fig.6.4.3, the energy input of each kind of paescto the total detector signal is simulated
(plots on the left) and then the results are irgtgt (plots on the right). In respect to the
response function shape, the contribution of smepdrticles can change. For example the
impact of neutron on the detector signal decreagiede protons and pions start to
dominate due to their peaks in a particular rarfgmergy.

g \ o)
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Fig.6.4.1: Comparison of two response functions [&]t plot presents 60 degree response
function and right one - 90 degree response functio
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Fig.6.4.2: Angular binning; the dashed lines show percentage contributions of the
fluence convoluted with the four response funct[dhs
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Fig.6.4.3: The signal in the BLM (per impacting fmo) as a function of particle type and
kinetic energy. 60 degree response function has bpplied. On the left plots: raw signals
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Fig.6.4.4: Beam Loss Monitor signals (per protdRgsults shown for long tubes along the
magnet. Red points corresponds to BLM registeretighes from beaml while blue points
to opposite BLM. The dashed line points the signabse of distributed losses [4].

At the end, the signal which would be measured Hgy leam loss monitors along the
magnet is presented on Fig.6.4.4. The unit of ipeas is Gray because detectors register
absorbed radiation dose due to ionizing radiati@mdau distribution has been used owing
to simulations of pointlike losses. The peak of signal appears about 1 meter from the
loss location and the full width at half maximum\(HM) is roughly equal 2.5 meters.
The signal FWHM is 4-5 times greater than in casenergy density distribution inside
the coil.

Therefore, higher thresholds must be set for thisted losses than for concentrated
ones.

Fig.6.4.5 gives a total view of particle contritmuts into the detector signal as a
function of the distance from the loss locationlimeter from the energy release the most
significant agents are photons, pions and protdhs. impact of electrons, positrons and

muons do not change considerably along the malyjteeover the contribution of muons
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is almost neglectful. Neutrons play an importane rat the beginning of the particle
shower, especially in the case of the injectiorrgne

a e
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Fig.6.4.5: Secondary particles give different cdmition to the total signal. Here the
contribution of various patrticles to the normalizgignal in detector is presented [4].

6.5Quench prevention

Quench prevention is based on an accurate estimatithresholds in the LHC data bases
which would trigger the chain of protecting actiongase of emergency. These thresholds
depend strongly on four parameters:

1) beam energy

2) type of loss (distributed or pointlike)

3) loss duration

4) loss location (with respect to detectors)
In this study only steady-state and fast transiestes have been considered. It must be
mentioned that the locations of BLMs are not thmedor every magnets — these are
related to a magnet type and a magnet positiomeratc.

Correlation between the energy depositid@}'**) in coils and the BLM signal
outside the cryostat as a function of distance ftoss location is shown on Fig.6.5.1.
Summing up, the maximum of the energy density a38a cm from the loss location
while BLM signal peaks about 65 cm further.

A quench-protecting threshold is denotedyand given in Grays. It is directly
measured by the Beam Loss Monitors and corresptindise energy deposition in the
superconducting coils.

As it is reported in [18], the quench-protectingegholds can be calculated with the
following equation:
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Fig.6.5.1: Correlation between the energy depositiothe coils and signal in BLMs [4].

_1 1
D[GY] = (ng) QBLM : Hcable : Emax ) (65)
D

where (C§,) is a conversion factor from Grays to the chargeodited in the BLM and is
equal 5.4 -107* C/Gy' Qpymis the BLM signal,H .. iS a cable enthalpy. The most

conservative values (studies in [4]) of the calithalpy have been chosen in calculations.
Table 6.5.1 contains threshold values as a depeadehdistance between BLM
and the loss location.
The BLM signal is greater is case of the collisiemergy than in case of the
injection energy even by a factor of 42 and canrterpreted as an impact of strong

magnetic field on the particle shower shape.
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Table 6.5.1: Signals in BLMs corresponding to sinigist proton QBLM) and to quench
level for fast losse))[4].

horizontal loss vertical loss
beam 1 right | beam 1 left beam 1 beam 2
BLM inj coll inj | coll inj coll inj | coll

at 25 cm
Qpru[aC/prot] || 10.9 | 279.3 88 | 67.7 85 4694 1.1 | 399
D[uGy] 46.4 1.0 3751 0.2 146.2 | 32.3 || 189 | 2.7

at 75 cm
Qpim[aC/prot] || 21.6 | 711.2 || 22.0 | 210.0 || 19.7 | 833.8 || 3.2 | 83.1
D[uGy] 92.0 2.4 93.7 0.7 || 3389 | 57.5 || 55.1| 5.7

at 125 em
Qpeim[aC/prot] || 22.8 | 734.0 || 21.9 | 212.6 || 19.0 | 679.9 | 3.3 | 89.2
D[uGy] 97.1 2.5 93.2 1 0.7 || 3269 | 46.8 || 56.8 | 6.1

at 175 em
Qprm[aC/prot] || 18.8 | 507.7 || 14.7 | 155.7 || 14.7 | 559.8 || 2.8 | 82.5
D[uGy] 80.1 1.7 62.6 | 0.5 202.9 | 38.6 || 482 | 5.7

at 225 em
Qperm[aC/prot] || 11.8 | 302.7 | 9.2 | 1104 || 10.9 | 4259 || 24 | 71.3
D[uGy] 50.3 1.0 39.21 04 I87.5 | 29.3 || 41.3 ] 4.9

at 475 em
Qpru[aC/prot] || 3.7 83.9 3.6 | 354 2.9 85.0 0.7 | 14.7
D[uGy] 15.8 0.9 15.1] 0.1 49.9 5.9 120 1.0
Distributed losses
QprLum[aC/prot] || 6.2 | 145.5 5.0 | 508 51 [190.3 | 1.0 | 24.6
D[uGy] 492 19.8 395 | 6.9 1394 | 154 266 | 19.9
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7. Accuracy of the simulations

As this entire report indicates, the proceduréheftiigh energy and accelerator physics the
simulations is very sophisticated and consists ahynsteps at different scientific levels.
This follows the possible sources of errors. Thénoaes are related to:

*  Ep (10+20%)

*  QsLm(20% from the tail simulations and 5% from MontelGatatistics)

*  Hcabie (20%)

» statistics (about 5%)

* response functions (about 20%)
The independence &'“* andQg . has been assumed. The uncertainty of signal coming
from a single proton has been found as the mosbritapt factor. The Table 7.1 contains

the summary of dominant uncertainties. The totalrdras been estimated of about 40%.

Table 7.1: Percentage contribution of differentarsources [4].

Ebeam contribution | contribution | contribution | total
from AQgra | from AHeape | from AEp | error

450 GeV 29% 20% 11% 37%
7 TeV 29% 20% 21‘?{- -—’Llf}"tf:n
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8. Conclusions

The development of the particle cascade causedebynlosses in the Main Dipole has
been simulated with the Geant4 Monte Carlo Code. mhin aim of this study has been to
estimate the correlation between the energy deposihside the superconducting coils
and the signal in the Beam Loss Monitors. Varioosnarios have been considered as
regards to three main agents:

1) the beam energy (from 250 GeV up to 8 TeV),

2) the loss location (horizontal left, horizontal righertical upward)

3) the distance of detectors from the loss appearance.

The thresholds for fast losses have been estimated the error sources has been
discussed.

Detail investigations on the two first beam-inducgeenches at LHC (made in [4]),
which have been observed ohdd August and ¥ of September 2008 during the injection
tests, have indicated that:

» the Gaussian fitting is a proper approximatiorhd tascade tail is negligible; this
coincides with the situation when the cascade kerggharrower than the Gaussian
loss,

» the loss of the beam with~ 1mm with the impact angle of 7%0ad produces the
signal in the BLMs which has a long tail; for angknof 250urad, the tail is
mashed by the Gaussian shape of the loss,

e the simulations underestimates the BLM signal ali@t times (based on both
quenches) for transient losses consisting of %ptidlons,

« for small (~18 urad) impacting angles the data should be fittedh e Landau
curve,

Despite the fact that the estimated in Geant4 i Bignals are 2.7-3.5 times smaller
than ones measured, the thresholds protect magregierly because the enthalpy limit of
the cables caused to be 40-50% smaller than onelatdd.

Steady-state losses have not been verified duel&ckaof appropriate machine
conditions.

These studies give a crucial information concernirgprotection of the magnets -
BLM setting thresholds have been already storedH& Software Architecture (LSA)

database .
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All of the above induces that further investigatioreed to be performed to set safe
thresholds also on the other magnets.

The Geant4 geometries of the Main Quadrupole (Mg Wide aperture
quadrupole (MQY) and the interconnections betwedd &nd the Short Straight Section
have been already implemented and the data an&yfsieseen soon.
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Appendix A

Example of a calculating the weighted density ahptex materials. The case of an outer

layer MB coills.

Known:

=>» Copper to superconductor (SC) ratio: 1.95

2 Nb: 53% ; density: 8.57 g/cin

= Ti: 47% ; density: 4.51 g/cin

= Cu density 8.96 g/ctn

= liquid He: 5% (between cables) ; density: 0.125mj/¢hus 95% of the entire
mass is represented by Cu-NbTi component)

Thus Nb-Ti density:

dyp - 53% +dg; - 47%
d =22 100%“ =6.6618 9/_ 3
Then Cu-NDbTi density:
Mey 1.95
S ] - Mgy = 1.95 mypr

Mcy + Msyp-1i = 100%

Percentage amount of superconductor have beemettabm proportion:

2.95 - 100%
1.95 - x%
x =66.10% Cu
66.10% - d¢y + 33.90% - dyp_7i

Subsequently He-Cu-NbTi density:
5% - dliquidHe +95% - dCu—NbTi
Cu=NDTL = 100% =778 g/cm3

Also a percentage composition of material is a iBgant element for Geant4

simulations and has been calculated from propodsfollows:
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Cu— NbTi - 100%
100% Cu — NbTi = 66.10% Cu
95% Cu — NbTi - x
x =62.80% Cu
100% Cu — NbTi = 33.90% Cu
95% -y
y = 32.20% NbTi
100%NbTi - 47%Ti
100% NbTi - 47% Ti
32.20% — z
z, = 15.13 Ti
100% NbTi - 53% Nb
32.20 - z,
z, = 17.07% Nb
It's obvious that in total all factors must give 0O - otherwise during a
compilation system returns error (a tip for ernetgch are difficult to specify ;) )

All complex materials (different SC coil materialspoxy impregnated

fiberglass etc) have been calculated with the sanmesdure.
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