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Abstract

The LHC has been designed to operate at an energy of

7 TeV with aluminosity of 1034 em=2s~1. This requires
two beams with 2808 bunches, each bunch with 10! pro-
tons. The energy stored in each beam is about 350 MJ,
sufficient to heat and melt 500 kg of copper. At 7 TeV, a
loss fraction of about 108 could quench a superconduct-
ing magnet. Protection systems to prevent uncontrolled
beam loss include the beam dump system, the collimation
system, the beam loss monitors and the interlock system.
For optimizing the parameters of the machine protection
systems, the effect of various failure scenarios on the cir-
culating beams is discussed. The most likely failures are
magnet quenches and power converter faults. Taking into
account the time constants for the decay of the magnetic
field, the impact on the orbit and the beam loss at the colli-
matorsis derived.

1 INTRODUCTION

The proton energy of 7 TeV is a factor of seven above
present machines, the energy per beam is two to three or-
ders of magnitude higher. An uncontrolled release could
seriously damage equipment.

The beams must be handled in an environment with su-
perconducting magnets that would quench in case of sud-
den localized beam loss of about 10 protons when oper-
ating at 7 TeV. The complexity of the LHC is unprece-
dented, with about 8000 superconducting magnets powered
in 1700 electrical circuits. A quench in amagnet or afail-
ure in the powering system could cause the beam to be | ost.
Threeinsertions are for machine protection: two insertions
for beam cleaning, and one for extracting the beams to-
wards the beam absorber blocks (see figure 1). The LHC
also requires collimators to define the mechanical aperture
through the entire cycle. The collimators are adjusted to
about 5-9 ¢ (0: rms of Gaussian transverse beam distri-
bution) absorbing the beam halo with a required suppres-
sion of about 10—, in order to avoid protons impacting in
the cold magnets [1]. In case of equipment failures, colli-
mators will be the first elements to intercept the perturbed
beam and must absorb part of the energy until the beams
are extracted.

1.1 Collimators and Machine Protection

In one of the insertions reserved for beam cleaning with
non-zero dispersion, collimators catch particles with a too
large momentum deviation, for example non-captured pro-
tons at the start of the energy ramp. In a second insertion
aseries of collimators are installed to capture protons with
large betatron amplitudes. Downstream of a primary colli-
mator that is closest to the beam, four secondary collima-

tors catch the protons scattered by the primary collimator.
lonization chambers installed close to the collimators and
other aperture limitations, such as the quadrupoles in the
low-betainsertions, monitor the flux of secondary particles
continuously [2]. In case of equipment failure, beam losses
could then be detected within one turn, and the beam could
be dumped within about three turns.
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Figure 1. Layout of the LHC
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1.2 Equipment Failures

A number of failure scenarios has been considered, such

as magnet quenches or failures of power converters lead-
ing to beam losses. In case of afailure, enough time must
be available to safely detect the failure, to take the decision
that abeam dumpisrequired, to inform the extraction kick-
ers and to send the beam to the beam absorbers.
The effect of afailure on the beam was simulated in a pro-
gram for linear particle tracking. The displacements of the
particles were calculated at the collimation section in IR7,
with the primary collimators at 6 o and the secondary col-
limators at 7o. The tracking was done for one beam (beam
1) with bunches of a Gaussian transverse particle distribu-
tion, at an energy of 7 TeV, with LHC optics version 6.2
and nominal emittance 0.5nm. It was assumed that a pro-
ton hitting a collimator jaw is absorbed.

2 THE MAGNETIC FIELD DURING
EQUIPMENT FAILURES
A failure such as a magnet quench or a power converter
fault leads to a decaying magnetic field and to an error field

AB.
e Failure of the Power Converter or Power Abort

AB(t) = ABy - (1 —e%) )
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Figure 2: Illustration of the magnet placing at the interaction point

e Magnet Quenches

22
1 —¢e 252

AB(t) = AB, - ©

The time constant = in egquation (1) is determined by the
inductance L and theresistance R, = L/R.
Thetypical time constant o for aquenchiso ~ 0.2 s [4].

2.1 Failuresof Dipole Magnets

Dipole magnet failures cause orbit distortions. The de-
flection angle © duetothefield deviation AB is (I =length
of the magnet, p =particle momentum)

0=S.1.AB €)
p
Equation (4) gives the horizontal closed orbit distortion at
a position s¢ in case of a failure at position s¢ for large
time constantsin eguation (1) or (2).
xclosed(k) = (4)
B isthe betafunction, Q the tune of the accelerator and Ay
the betatron phase advance between position s g and s¢.
A more accurate equation for the particle trajectory for
time dependent dipole fields is obtained by using the well-
known transfer matrices, see equation (5). The horizontal
displacement x of a particle in bunch n at a position s

with initial displacement =, and angle =, after k turnsin
an accelerator with failures of NV dipole magnetsis:

¢ (cos(2mQ k + A1,¢)

q=1

z(n, k) =

+ag=15n(2rQ k + Ayrc)) zo
+V/BcBy=1 5in(21Q k + Ai0) g
kN
+ > V/BeBosin(@rQ (k—1) + Ap)O(l,q,n) (5)
=0 g=1

3 CRITICAL DIPOLE MAGNET
FAILURESIN THE LHC

3.1 Failureof the D1 Dipole Magnets

The D1 magnets are single aperture separating dipoles
and will beinstalled next to the quadrupole magnets at the
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Figure 3: Number of particles hitting the collimatorsin IR7 rel-
ative to the initial number Ny for a powering failure of the D1
magnets. Particlesin the core of the bunch were not tracked.

interaction point (see figure 2). The warm D1 magnets at
IP5 and IP1t consist of 6 magnets on each side of the inter-
action point, with anominal field of 1.38 7" and alength of
3.4 m. All 12 magnets are connected in seriesto one power
converter, the time constant is 7 = 2.53 s.

A power converter failure for the D1 magnetsin IP5 or
IP1 leads to particle impact at the primary horizontal colli-
mator TCR.C6L7.B1in IR7 (for the naming convention of
the collimators see [3)]).

Since the phase advance between magnets and collimators
for the D1 magnets in IR1 and IR5 is different, the time
before the first particles impact on the collimator changes,
see figure 3. While it takes 29 turns for a failure at the
IP1 magnets, it takes 12 turns for the 1P5 magnets until the
displacement of afraction of 10~ of theinitial number of
particles has exceeded 6 o at TCP.C6L7.B1.

In order to avoid any damage of a collimator, the beam
should be extracted before, say, 10'! protons have hit the
collimator. This limit is shown as a straight line in fig-
ure 4 for the IP5 magnets. According to these results it
takes 12 turnsfor thefirst 3 - 10° particlesto exceed 6 o at
TCP.C6L7.B1 during a power converter failure at 1P5 and
additional 7 turnsto reach the limit.

1At IP2 and 1P8 superconducting D1 magnets will be used, one on
each side of the interaction point.
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Figure 4: Power converter failure at the D1 magnetsin IP5. Par-
ticlesin the core of the bunch were not tracked.

3.2 Failures of the Main Dipole Magnets

The LHC is divided in 8 sectors (see figure 1), each arc
consists of 23 FODO cells with 6 superconducting main
dipole magnets per cell. In total there are 154 main dipole
magnets in one arc which are connected in series to one
power converter. The length of one magnet is 14.3 m pro-
viding amagneticfield of 8.3 T at collision energy (7 TeV).
For each arc the following fail ure scenarios were examined

e Quench of 154 main dipole magnetsat 7 TeV (case 1)

e Quench of one main dipole magnet followed by a
power abort (case 2)

Theresultsare summarizedin table 1. The probability for a
quench of all dipole magnetsin onearcisvery low, whereas
a quench of one magnet followed by a power abort is a
realistic failure scenario. The most critical caseistherefore
a gquench of one magnet in arc IR2-IR3. It takes about 10
turns between first impact and reaching the limit of 10!
particles at the collimator.

Arc casel case 2

TC- At At* | TC- At At
IP1-IP2 | PC6L 85 102 | PC6L 133 171
IP2-IP3 | PC6L 18 23 | PC6L 20 31
IP3-IP4 | PC6L 25 30 | PC6L 37 56
IP4-IP5 | PC6L 84 113 |PC6L 85 114
IP5-IP6 | SB4R 132 149 | SC6L 173 199
IP6-IP7 | PC6L 94 121 | PC6L 79 95
IP7-IP8 | PC6L 81 100 | PC6L 159 207*
IP8-IP1 | PC6L 80 103 | SB4R 120 137

Table 1. Quenches or power converter fault for the main dipole
magnets. First column: name of the collimator hit first; second
column: number of turns before 3 - 10° particles have hit the col-
limator; third column: number of turns before 10'! particles have
hit the collimator.

*: case 2: firstimpact isat TCP.C6L7.B1, but TCS.C6L7.B1. has
absorbed 10** particlesfirst

4 FAILURE SCENARIOSWITH
QUADRUPOLE MAGNETS

Decaying quadrupole fields lead to tune shifts and for
initially off-center orbits to orbit distortions. A particle
with coordinatesx,, and z,, passing aquadrupoleerror field
of a magnet with length L,, a position s,, receives kicks
Ag! and Az, in both transverse planes according to its
displacement, see equation (6). The error field gradient is

Azl \ Tn
( A ) - AknLn( " ) ©)

The superconducting single aperture quadrupole magnets
Q1, Q2 and Q3 next to the interaction points (see figure 2)
have a nominal field gradient of 2057 /m. The magnetic
length of Q1 and Q3is6.37m, for Q22 - 5.5m. Q1, Q2
and Q3 are serially connected to one power converter; there
is additional powering for Q2. The simulations were done
for IP1 (vertical crossing) and IP5 (horizontal crossing).
The main effect considered so far is the orbit distortion, no
sextupole corrector magnets were taken into account. For
guenches at the quadrupoles on the left or right of IP5 the
particles start hitting the horizontal primary collimator after
about 145 turns, for the quadrupolesat 1P1 the vertical pri-
mary collimator is hit after approximately 160 turns. This
approximation gives about 30 turns between first impact
and 10! particles at the collimator for IP1 and 40 turns for
IP5.

5 CONCLUSION

A program has been developed that calculates particles
losses after afailure of any combination of magnetsin the
LHC. Several failure scenarios were analysed. As aready
pointed out in [5], failures of the D1 magnetsare most criti-
cal, but many other failureslead to fast particles|osses. Af-
ter such failure, massive beam losses will be observed by
monitors close to the collimators in IR7. The signal from
the beam loss monitors will be used to trigger the beam
dump. Hardware interlock from the equipment is consid-
ered as a redundant method to generate a beam dump. Fu-
ture studies will consider beam distributions different from
Gaussian. Nonlinearities of magnets and beam-beam ef-
fects could be included.
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