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Abstract

Most of the monitors of the LHC beam loss monitoring (BLM) system are installed on the
outside of the magnet cryostats, around the quadrupole magnets. Their aim is to prevent
guenches and to protect the super-conducting magnets from damage. The lost beam particles
initiate hadronic showers through the magnets and deposit energy in the coils. The gas filled
BLM ionization chambers probe the very far transverse tail of the showers. The BLM system
relies on GEANT simulations and controll measurements to determine the relation between
the chamber signal, the number of lost beam particles and the energy deposited in the magnet
coil. The specification of the BLM system includes a factor of two in absolute precision on the
final prediction of the quench levels. As the shower tails are not necessarily well represented
by particle simulation codes, it is crucial to experimentally determine the accuracy of these
simulations.

An LHC type BLM system was installed at the internal beam dump of HERA at DESY since
2005. The hadronic showers created by the impacting 39GeV and 920GeV protons have been
simulated with GEANTA4. The far transverse tails of the showers on the outside of the dump
have been measured by ionization chambers. This paper will present the comparison of
simulation to measurement and the conclusions drawn for the LHC BLM system.
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Abstract—Most of the monitors of the LHC beam loss moni-
toring (BLM) system are installed on the outside of the magnet
cryostats, around the quadrupole magnets. Their aim is to
prevent quenches and to protect the super-conducting magnet
from damage. The lost beam patrticles initiate hadronic showers &
through the magnets and deposit energy in the coils. The gas |’
filled BLM ionization chambers probe the very far transverse tail
of the showers. The BLM system relies on GEANT simulations | £
and controll measurements to determine the relation between =
the chamber signal, the number of lost beam particles and the |
energy deposited in the magnet coil. The specification of the
BLM system includes a factor of two in absolute precision on
the final prediction of the quench levels. As the shower tails
are not necessarily well represented by particle simulation codes,
it is crucial to experimentally determine the accuracy of these
simulations.

An LHC type BLM system was installed at the internal beam
dump of HERA at DESY since 2005. The hadronic showers Fig. 1. LHC tunnel. Beam loss detectors (yellow cylindens) mounted on
created by the impacting 39 GeV and 920 GeV protons have been the outside of a quadrupole cryostat.
simulated with GEANT4. The far transverse tails of the showers
on the outside of the dump have been measured by ionization

chambers. This paper will present the comparison of simulation same height as the circulating beams. The detectors prebe th
tS()’/sTeen?S”remem and the conclusions drawn for the LHC BLM 51 qyerse tails of the hadronic showers through the agmst
' The start-up calibration of the BLM system is required to be
Index Terms—LHC BLM, beam loss monitoring, Geant4, wjthin a factor of five in accuracy; and the final accuracy
hadronic shower simulation should be a factor of two. For the calibration and threshold
determination a number of simulations are combined. Beam
. INTRODUCTION particles are tracked to find the most probable loss location

. . At these locations hadronic showers through the machine
N unprecedented amount of energy will be stored in tr%e 9

. ; imul h icl h
circulating beams of the LHC (up to 360 MJ per beam “omponents are simulated to get the particle spectra at the

) . etector locations. A further simulation yields the detect
enough to heat 500 kg of Cu from 2 K to the melting point an .
melt i) and in the magnet system (10 GJ). The proton ener§ sponse. The quench levels of the superconducting magnets

: L - Xcording to loss duration and beam energy, are simulated
Is 450 GeV at '”Jec“or? and 7'_I'eV at CO"'S'O.H' The loss o ﬁparately. Whenever possible, crosschecks of the thoeshol
even a very small fraction of this beam may induce a queng

. : . alibration simulations by measurements have been peefbrm
in the super-conducting magnets or cause physical damag%lloare planned before the start-up of the LHC.

machine components. The BLM system detects and quantifie his paper will focus on the uncertainty of the estimation of

th_e amount of lost beam particles. It gengrates a beam ab[ﬂr transverse hadronic shower tail simulations, whichaig p
trigger when the losses exceed predetermined thresholdsvalof the system calibration error. Measurements at HERA/DESY

to prote_ct the eqmp_ment from damage an_d the magnets fr% compared to simulations and conclusions are drawn éor th
guenching. The main detector type is an ionization chamb Bic BLM system

About 4000 will be installed, mostly around the quadrupole
magnets. Fig. 1 shows ionization chamber llow cylisper
agnets. Fig. 1 sho S 10 ation chambers (yellow cylisple Il. CALIBRATION OF THE BLM SYSTEM
mounted on the outside of an LHC quadrupole magnet at the S ) )
The BLM system calibration is based on simulations and
Manuscript received November 23, 2007. This work was supddsy the backed up by measurements. The simulated detector response
Austrian Federal Ministry of Science and Research. functions (see section Ill) were validated with protonsmga
E. B. Holzer, B. Dehning, C. W. Fabjan and M. Sapinski are vitih di ixed radiation fields. Th h
European Organization for Nuclear Research, CERN, CH-12é&deva 23, mas, neutron, muons and in mixed radiation fields. e quenc

Switzerland (e-mail: author@cern.ch). limit simulations are validated with magnet quench tests at
D. Kramer is with the Technical University of Liberecaltova 6, Czech CERN

Republic and with CERN ' . .
M. Stockner is with the Vienna University of Technology, kmlatz 13, The beam part'CIeS are tracked to determine the loss lo-

A-1040 Vienna, Austria and with CERN cation. At these locations the hadronic showers through the



magnets are simulated and the deposited energy in the nsagnetlV. HADRONIC SHOWER MEASUREMENTS ATHERA

coil is recorded. The maximum energy deposition is comparedthe HERA internal proton beam dump served as a test bed
to the quench level of the magnet, and the number of 19} the LHC BLM system. The proton energy at collision is
beam particles which will lead to a magnet quench is derivegout twice the LHC injection energy. The particle spectrum
In the hadronic shower simulation the particle fluence spechiside the dump is comparable to the one outside of an LHC
are recored at_ the qutside of the magnet. Fron_1 these spegiiynet. It is dominated by low energy (below 10-100 MeV)
the detector signal is generated and scaled with the numbgftrons and photons. The HERA machine was running nearly
of beam particles. This gives the detector signal, at whieh tcontinuously since the installation of the experiment 920
magnet will quench (the quench level). A specified fractiogowing for a long term test of the complete LHC BLM
of this signal will be set as the limit at which a safe beagystem, Six ionization chambers are placed on top of the dump
extraction will be triggered (the beam abort threshold). with a longitudinal spacing of about 1 m (see Fig. 4 and Fig. 5)
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Fig. 4. Schematic of the HERA proton beam dump. Indicated aee th
ionization chambers.

Fig. 2. LHC BLM ionization chamber.
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posed to different radiation fields. The energy of the plasic e R < R e
is spread over a large range from keV to TeV. GEANT4 ] offsetly) heam pipe-whole = -3 mm
(version 4.8.1.p01 QGSP-BERT-HP [1][2][3]) simulationk o l

Depending on the loss location the detectors will be ex-
BLM detector 1r2:°¢ beam pipe R=26.75mm (stainless steel)
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the ionization chambers were performed to determine the
signal response for different particle types at variouskin
energies in the range of 10keV to 1TeV. The cut-off value
of the ionization chambers is below 2 MeV for photons and
electrons and below about 30 MeV for neutrons and protons. !
The response functions for particle impacting at 60respect L
to the detector axis are presented in Fig. 3. X
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Fig. 5. Schematic of the HERA proton beam dump in beam direction

5103; o b They measure the tails of the hadronic showers induced
= by the impacting protons. The proton energy is 39GeV at
5 ok PN kS p injection and 920 GeV at collision. The beam intensity is in
2 F e ——— the range of 1.30' to 1.310'3 protons per 2Ls.
2 X The measurements have been corrected for space charge
10 ¥ = . . . "
g E £ proon | - effects according to a formula derived in [4]. Above a cstic
g - g neutron * ionization density a dead zone of thickness- zy (d being
g 'E : :gf‘mma the electrode spacing) forms next to the cathode:
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kinetic energy [MeV] X . .
time, V is the chamber voltage and is the elementary

Fig. 3. GEANT4 simulated LHC BLM detector response functidos ~charge. At the standard LHC operation range of the ioniratio
particle impact direction of 60 chambers, the ionization density is lower and the dead zone
will not form. It will only be reached at special beam tests. A



HERA, on the contrary, it gives a correction of up to a factaa factor of 2 at the detector 2, which is close to the shower

of 5 (Fig. 6). peak. Longitudinally as well, the models underestimate the
extent of the shower in both directions, backward (detet}or
and forward (detectors 4, 5 and 6).
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Fig. 6. Acquisition ranges and space charge effect range.

The showers through the beam dump have been simula
with GEANT 4.8.1 and two different physics models, QGSH
BERT-HP and FTFP. A FLUKA simulation of the dump
was done for comparison. Fig. 7 shows the results of tigy. 8. Installation of beam loss detectors on top of the HERéton beam
simulations and the measurements. The measurements .
been corrected for space charge effects.

From the uncertainties derived from the validation of the
detector response functions and the uncertainties detedni

NUCLEAR INTERACTION LENGTH (Ag) [5].

L N = in the comparison of the hadronic shower tail simulationg an
= 0'7; e measurements at the HERA proton beam dump, a systematic
g F FrEp i uncertainty of a generated detector signal of 70% has been
s O°F e PLUKA, courtesy of R Bruce § found. This error estimate is valid for a detector placed in
g %% E the range of z=0.5m to z=3.5m after the impact point of the
£ 04 E protons.

0.3 =

02? E V. LHC BLM DETECTORTHRESHOLDS

0.1 . E

o —a = i Table | gives the comparison of a superconducting LHC

AL B Sl Bl s 3 magnet to the HERA proton beam dump in terms of radiation
dump z position [mm] length (%) and nuclear interaction length\{). The interpo-

o lation between the HERA beam dump simulation (70% un-
s F S certainty at 16\y) and the mixed radiation field measurement
c f L e (20% uncertainty at 3,) yields an estimated uncertainty on
S 8 . .
s r FTee f the LHC threshold simulations of 50% from 0.5 to 3.5 m after
. [ —— FLUKA, courtesy of R. Bruce .
2 o { = impact.
g2 B TABLE |

4 COMPARISON OF A SUPERCONDUCTINAHC MAGNET TO THE HERA
% ] PROTON BEAM DUMP IN TERMS OF RADIATION LENGTH(Xo) AND

R i P N distance HERA dump distance MQY LHC
2000 3000 4000 5000 6000

dump z position [mm] long. [m] | lateral [m] | [Xo] [Mo] | lateral [m] | [Xo] [Mo]

Fig. 7. Measurements and simulations for the HERA proton beampd 0 05 2102 | 2.28 0.33 11.59 | 117
Top: 39 GeV; bottom: 920 GeV. 15 0.5 64.44 | 6.98 0.33 51.08 | 5.17
25 0.5 103.42 | 11.18 0.33 83.83 | 8.49
The predicted signal strongly depends on the choice of sim- 3.5 0.5 144.57 | 15.62 0.33 116.86 | 11.83

ulation code and physics model. All models significantly un- 5 0.5 202.54 | 21.88 0.33 — —

derestimate the transverse shower tails. The GEANT4 QGSP- 6 0.5 246.47 | 26.64 0.33 — —

BERT-HP and FLUKA are closest to the data, within less than
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Fig. 9. Secondary particle fluence spectrum on the outsiclerded in a 3.4 m long stripe, lethargy representation.: MY magnet, protons with 7 TeV

impacting on the beam screen. Right: HERA dump, proton ene2fyGV.

energy [MeV]

S‘ [ T T TTTm] T TTTTT] T TTTII T TTTII T TTTII T TTTII T TTTTI T THHTW T T T S‘ - T TTTTT T TTTTT T TTTTT T TTTTT T TTTTT T TTTTT T TTTTT T THTUW T THH7
210°E LHC MOY 7TeV —proton < 2 1ok HERA.-dump.920GeV. —proton ¥
3 = x neutron | 3 = neutron |
O 10k ' ~gamma | (S} 3 ~gamma |
© = E © - -
w o / Y R W & e |3
s L 3 e+ L T - ,f*&m e+ E
W = = W1olE : 2 E
© = ~-muon+/- |3 © = : . “mu+/-
L % jon+/- | : i % o o i+- |
10%¢ : E 102 : s = :
107 E 10° & X E
10°E . 10°E 8 -
10 = E 10° = N & 5 E
3 E 3 i o, E
o5 ol vl il evcnd e vl vl 4 1076 Lol vl vl ol o ®Fml il 1
10* 102 10* 1 10 10® 10® 10* 10° 10° 10® 10?2 10* 1 10 10®° 10® 10* 10° 10°

energy [MeV]

Fig. 10. Detector signab:, (particle fluence folded with detector response) at 1.50mfthe proton impact. Left: MQY magnet, 7 TeV; Right: HERA dump,

920 GeV.
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LHC BLM detector thresholds for steady state and transient VI. CONCLUSIONS

losses were calculated for a long straight section quad®upo The first LHC BLM quench threshold levels have been
magnet, MQY, see Table IIl. The quench limits have begiyculated, which use the full chain of the threshold simu-
determined and the hadronic shower through the magnet Wagons. They partly deviate from previous estimates, et a
simulated. The particles fluence spectrum outside the mag@g|| covered by the dynamic range of the BLM system. The
was convoluted with the detector response function to deriincertainty of the BLM threshold simulation was determined
the detector signals. For the design of the dynamic rangetgf 5005 by comparison to measurements. This uncertainty
the LHC BLM system, detector thresholds had been preyjj pe taken into account when setting the save beam abort
ously estimated for arc dipole magnets. The newly calcdlatgresholds. It should not pose anny difficulty for the system

threshold for steady state losses on an MQY magnet is With4y.en that an initial accuracy of a factor of 5 is required for
the minimum and maximum threshold estimate for the LH¢ne start-up of the LHC.

reference arc magnets. The new threshold for transientdoss
exceeds the previous estimate by a factor of 3.8, but itlis sti
within the design parameters of the LHC BLM electronics.

TABLE I
LOSS DURATION DEPENDENT QUENCH LIMITS FOR THIMQY
MAGNET [6]. PREVIOUSLY CALCULATED MINIMUM AND MAXIMUM BLM
SIGNALS [7][8] FORLHC ARC MAGNETS IN COMPARISON TO THE
ESTIMATED BLM DETECTOR SIGNAL DERIVED WITHIN THIS WORK

loss guench detector
duration limit current [A]
min max this work error

<100us 5mJ/cn? 3.1e-07 | 1.8e-05| 6.9e-05 | 3.7e-05
100s< 53mw/cn? | 4.2e-10 | 2.5e-08 | 2.9e-09 | 1.6e-09

Fig. 9 gives the secondary particle fluence spectra on the
outside of an LHC MQY magnet for 7 TeV protons and on the
outside of the HERA proton beam dump for 920 GeV protons.
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