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Abstract 2.1 Local losses due to aperture restrictions

The paper introduces several mechanisms that can lead|tgcal losses can be caused, for example, by a local orbit
beam losses, for example a quench of magnets, trips gkcursion that exceeds 4mm oBeat that exceeds 20this
power converters or the RF system, and discusses the tifyge of beam loss can occur at any position in the machine.
constants for such losses and how fast the beams need to,dgetop energy, where the arc beam size is reduced by a
dumped. factor of,/7000,/450 this kind of beam loss is only relevant
at locations with highs-functions (D1, D2 and the low-
1 INTRODUCTION 0 triplet magnets in the luminosity optics). In all cases
_ o ) N ~we assume that a local beam loss starts to develop when
Operating the LHC with high beam intensities requires ijther the local orbit or the-beat in the machine changes
tight control of the beam losses in the super-conductingy more than half of the allocated aperture budget: 2 mm
magnets. The quench limit of the main dipole magnets ig the local orbit error and 10the machine.
Nyuencn = 7 - 108 protons/m/s at injection energy. Com-
pared to the design beam intensity of 0.5 A per beam, this
corresponds to a relative beam loss of lessthanl0 6% 2.2  Distributed losses due to the loss of beam
of the nominal beam intensity. Thus, the machine operation lifetime
requires large beam lifetimes and/or an efficient collima-
tion system at all stages of the operation (injection, rampistributed losses can be caused, for example, by a tune
and luminosity operation). The beam lifetime in the LHCChange, a change in chromaticity or the failure of one of
depends on the ratio of the mechanical (MA) and dynamthe spool piece circuits which correct the multi-pole field
ical (DA) aperture. The base line design of the LHC col-€frors in the main dipole magnets. Distributed losses are
limation system requires a primary collimator position ofabSOI'bed in the collimation sections of the LHC machine.
7 o and allows a peak orbit distortion of 4 mm andda  The3-tron cleaning insertion in IR3 is designed to absorb
beat of 20The DA depends on the tune and the multi-polé-6 - 10'° protons per year. Assuming a total of 200 proton
error distribution of the magnets in the machine and a sufills of nominal intensity per year this corresponds to ap-
ficient large beam lifetime depends on a tight control of thé@roximately 25stored in one year. The momentum cleaning
magnet errors, the tune and the orbit of the machine. T&ection in IR7 is designed to absarlo - 10'° protons per
ble 1 and 2 summarize the allowed tolerances for some ké&gar which corresponds under the above assumption to ap-
beam parameters which are based on experience with tREOXimately 1843sections. Because of these large allowed
beam operation in HERA and were discussed in the 199psses on the collimation system one can tolerate beam pa-
Dynamic effects workshop at CERN. rameter changes which are slightly larger than the values
Beam loss monitors (BLM) are installed around the arci Table 2 before initiating a beam abort. In the follow-
and the in collimation sections of the LHC machine. Théng we assume that a beam abort must be triggered if the
signals of the BLM is used by the machine protection systune of the machine changes by more than 0.01 or if the
tem that will trigger a beam abort as soon as the beaghromaticity in the machine changes by more than 5 units.
losses exceed a given threshold value. The BLM are made
out of pin diodes which require an integration time of ap- op/po | Closed Orbit| S-beat
proximately 5msec (approximately 60 turns in the LHC). <1073 <4mm <20%
A machine protection based on signals from the BLM re-
quires that the losses in the machine do not build up fastdgble 1:Tolerancesfor beam parametersrelevant for local
than the integration time of the pin-diodes. losses.
The following analysis looks at how fast different equip-
ment failure modes generate beam losses in the machine
and whether the machine protection system can rely on the op/po 0Q AQ 0&
information from the BLM'’s in the machine for triggering <1073 | <3103 | <1072 [ 12
a beam abort.

Table 2:Tolerances for beam parameters relevant for dis-

2 BEAM LOSSCRITERIA tributed Ioss_&s. 0Q mdlcaFeﬁ the tgn_e change and AQ.the
global coupling expressed in the minimum tune separation.

In case of equipment failure one can distinguish two types
of beam losses:

264 Chamonix XI



3 TIME CONSTANTSFOR BEAM Requiring that the tune change in the machine must be

LOSSESAFTER EQUIPMENT smaller thad@ = 0.01 and that the maximum orbit excur-
FAILURE sion in the arc must be smaller than: = 2 mm one gets
from Equation (2)
In case of equipment failure the magnetic field in the mag- AB
nets decays exponentially 5 <87-107% 4)
0
AB .
— =1- e /T (1) and from Equation (3)
0
wherer is the time constant for the decay. 5 <13-107% (5)
In the following we will look at the following cold and 0
warm element in the machine: Inserting the limit of Equation (4) into Equation (1) and in-
Cold elements: serting a time constant ef= 9928 seconds [2] one obtains
e main bending magnets (power converter failure and At ~ 1.3 seconds (6)

nch | | and distri | . . . . . .
quench) { local and distributed losses] for the time interval after which the orbit excursions in the

e main quadrupoles (power converter failure} [dis- arc exceed the tolerable limit given in Table 1.
tributed losses] A quench in a single bending magnet leads to a local

inal lesinthe | ioh ) field error at one position of the machine. The orbit re-
¢ single quadrupolesin the long straight sections (powebrponse to such an isolated field error is

converter failure) - local and distributed losses]
\Y% ﬂmax . ﬂZE l-AB

e individual dipole magnets (orbit corrector magnets in ATmas = 5 Q) p B ()
the arc and separation/recombination magnetsid- P 2o
cal losses] wherel is the length of the bending magnétt 14.3 me-

) ) o ) ter for one LHC arc dipole)p is the bending radius in-
° spoql piece correction circuits (any failure mode) [ gjge the dipole magnep (~ 2770 meter for the LHC) 3.,
distributed losses] the averaged-function in the arc 6, ~ 100 meter in the

e RF system (any failure mode)}{ particles fill the LHC arcs) and.q. the maximumg-function in the ma-

abort gap— local losses] chine (B,,... = 180 meter for the injegti_on opti_cs _in t_he
arcs and3, ... = 4750 meter for the collision optics inside
Warm elements: the triplet quadrupoles). Inserting these values into Equa-

tion (7) and requiring that the peak orbit excursion must be
smaller than 2 mm one gets for the maximum permissible
change in the bending field

e septum magnet} local losses at the septum magnet

e separation/recombination dipoles in IR1 and IR5 [
local losses]

) X AB ; L .
and in the transfer line to the beam dump] 5 < 3.3-103for the injection optics and (8)
0
insertion quadrupoles+ local and distributed losses AB - :
* q polest ] - < 65 10~ *for the collision optics ~ (9)
e transverse damper systemr[local losses] 0
The time needed to change the magnetic field by the above
3.1 Main Bending Magnets amount during a quenchis [3]
A power converter failure results in a systematic change of AT = 40 msec[injection optics]£& 440 turns) (10)
the bending field in one or more arcs. A systematic change A7 = 25 msec|collision optics]4 280 turns)11)

of the bending field in all main dipoles results in a change

of the beam energy (provided the RF systemis on) and thu$o  Main Quadrupole Magnets
to tune change of
A systematic change of the field in all main quadrupole

0Q = &nat - AB (2) Mmagnets results in a change of the total tune of the machine
B (the induced3-beat is negligible) [1]
where &,.; is the natural chromaticity of the machine AB
(&nat = 80 for the LHC). 0Q ~ 54 - By 12)

A systematic change in the bending field over one arc . )
only results in a orbit distortion that follows the dispersiont€auiring that the total tune of the machine must not

orbit in that arc [1] fgirgg)by more than) = 0.01 one gets from Equa-
[
AB AB
Ar =D, —. 3 — <19-107* 13
B() ( ) B() ( )
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Inserting this limit into Equation (1) and using a time con{ Name B Aa | anom T AT

stant ofr = 260 seconds [2] one gets for the maximum [meter] | [prad] | [urad] | [sec] | [sec]
amount of time one has to initiate a beam abort arc 180 3.5 81 200 8.8
MCBH 180 3.5 81 40 1.8

AT =~ 0.048 s — ¢ 500 turns (14) MCBL 350 25 161 130 20

N _ MCBY | 1500 | 1.2 | 108 | 250 | 2.8

3.3 Individual Dipole Magnets Triplet | 4750 | 0.7 | 71 | 45 | 0.45

Using Equation (7) for estimating the maximum orbit re{ Cleaning | 350 05 73 | 0.7 | 0.005
sponse for a single dipole kick Table 3 lists the resulting D1-warm | 4000 | 0.7 | 1400 | 1.0 | 0.0005
time constants and maximum time intervals before beam D1-cold | 4000 | 0.7 | 1400 | 43 | 0.02
loss for the injection optics. For the injection optics wg D2 2000 1.0 | 1400 | 62 | 0.04
assume a maximum-function of 180 meter in the arc.

Table 4: Maximum time intervals before beam loss occurs

Name B Ao Crom = AT for the collision optics (maximum 3-function of 4750 me-
[meter] | [wrad] | [urad] | [sec] | [sec] ter in the triplet magnets). The first column specifies the

arc 180 18 31 200 | 50 dipole name, the second the g-function at the dipole, the
MCBH 180 18 s1 20 50 third the maximum per missible change in the deflection an-

MCBL 350 12.8 161 | 130 | 10.8 gle (calculated via Equation (7)). The fourth column gives

MCBY 200 17 108 | 250 | 42.8 the nominal deflection angle, the fifth the time constant for

Triplet 580 148 71 25 [ 105 thefield decay in the magnet and the sixth column the max-
Cleaning | 350 56 73 0.7 10.025 imum time interval before beam loss will occur.

Dil-warm| 200 16 1400 | 1.0 | 0.011
D1-cold 200 16 1400 | 43 | 0.49
D2 180 17 1400 | 62 | 0.76

allways be absorbed in the collimator jaws of one of the
two cleaning insertions.

Table 3: Maximum time intervals before beam loss occurs The shortest time intervals occur for the warm dipole
for the injection optics (maximum j3-function of 180 meter magnets where the time constants for the field decay are
in the arcs). The first column specifies the dipole name, the short. The shortest time interval corresponds to only 5 turns
second the §-function at the dipole, the third the maximum ~ @nd occurs at the warm D1 dipole magnet.

permissible change in the deflection angle (calculated via

Equatlon (7). T_he fourth column givesthe nomi nal deflep— 3.4 Individual Cold Quadrupole Magnets

tion angle, the fifth the time constant for the field decay in

the magnet and the sixth columnthe maximumtimeinterval A gradient error in an individual quadrupole magnet results
before beam loss will occur. in a tune change and@beat. The tune change is given by

The shortest time intervals occur for the warm dipole AQ = Bmaz - 1+ Ak (15)
magnets where the time constants for the field decay are 4

short. The shortest time interval corresponds to 120 turns _
and occurs at the warm D1 dipole magnet. Table 3 list¥herel is the length of the quadrupole magngtthe -

the resulting time constants and maximum time interva/finction at the quadrupole magnet and the change in

before beam loss for the injection optics. the normalized quadrupole gradient

Table 4 lists the resulting time constants and maximum
time intervals before beam loss for the collision optics. For k = 0.3 B[T/m|/p[GeV]. (16)
the collision optics we assume a maximuifunction of
4750 meter in the low? triplet magnets. The3-beat in the machine is given by

For the collision optics a failure of the D1 magnets can
not cause any damage for the triplet magnets. The phase Ap < 1 . Z'Ak_ (17)
advance between the D1 magnet and the triplet magnets on B T 2sin(2rQ) 4w

the other side of the IP is approximatél§0° (— no orbit

offset due to the D1 failure in the triplet magnets). The next Using Equations (15) and (17) for estimating the max-
aperture restriction downstream from D1 is at the collimaimum tune change and-beat for a single quadrupole er-
tor jaws in the cleaning insertions. Because of the smalpr Table 5 lists the resulting time constants and maximum
beam size at top energy the aperture in the arcs is large afiiahe intervals before beam loss.

well protected by the collimation sections. Because there is The shortest time interval occurs for the triplet
a collimation insertion between the two long straight secquadrupole magnets where thefunction in the collision
tions with warm D1 magnets for each beam the miskickedptics is large. The shortest time interval corresponds to
beam can not reach the cold elements in the arc and walpproximately 1200 turns.
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Name | | | Brmaz | Ak | knom | T AT change is twice as large but still too small to be relevant for

[m] | [m] [1077] [sec] | [sec] | the machine protection.

Q1/Q3| 12 | 4750 | 0.002| 8.5 | 514 | 0.12 In addition to the arc sextupole magnets each arc has one
Q4 34| 1700 | 002 | 6.8 | 170 | 0.5 sextupole spool piece circuit which compensates the chro-
Q5 3.4 | 1000 | 0.04 | 6.8 30 | 0.15 maticity generated by the main dipole sextupole field errors
Q6 34 | 350 | 0.1 8.5 30 0.4 (approximately 70 units of chromaticity per spool piece cir-
Q7 3.4 | 180 0.2 8.5 30 0.7 cuit at injection energy). The time constant for the field
Q8 48 | 180 | 0.15 | 85 30 05 decay in the spool piece circuitsis~ 13 seconds. Re-

Q9 58 | 180 | 0.12 | 85 30 0.4 quiring that the total machine chromaticity must change by
Q10 | 48| 180 | 0.15 | 85 30 05 less than 5 units one obtains from Equation (1) a maximum

QT11 | 1.15| 180 0.6 4.7 94 | 1.3 time interval of 1.1 seconds.

QT12 | 0.32| 180 | 2.2 4.7 19 | 1.2 _

QT13 | 032] 180 | 2.2 | 47 | 1.9 | 1.2 3.7 RF Failure

Under normal operating conditions the 400 MHz RF sys-
tem devides the proton beams in the machine into small
packages of 0.25 ns (7.5 cm at top energy) and 0.43 ns
(13 cm at injection energy) length (rms bunch length

1/4 full bunch length) with a spacing of 25 ns between in-
dividual bunches. Additional wholes are maintained for
the LHC injection (0.94us) and the beam abort (3.18)
kickers. Without the RF system the particles in the indi-
vidual particle packages will debunch and slowly spread
around the whole machine circumference. The longitudi-
nal debunching is proportional to the energy spread in the
bunches and the longitudinal slippage factor

Table 5: Maximum time intervals before beam loss occurs
for afailure of an individual quadrupole magnet. The first
column specifiesthe quadrupol e name, the second the mag-
net length, the third the 5-function at the quadrupole, the
fourth the maximum permissible change in the normalized
quadrupole gradient (calculated via Equation (12)). The
fifth column gives the nominal normalized quadrupole gra-
dient, the sixth the time constant for the field decay in the
magnet and the seventh column the maximum time interval
before beam loss will occur.

3.5 Individual Warm Quadrupole Magnets 11
=& — —, 19
The warm quadrupole magnets in the LHC collimation ! Vo (19)

insertions have short time constants for the field deca\Xl . R~
. . here~ is the relativistic gamma factor angd,. the rela-
(7 = 1.1 seconds). The warm quadrupole in the collimas 7 g nd.

tion sections are made out of fife modules each 3.2 mettl}gjgc gamma factor at transition energy. For the LHC we
long, have a normalized gradient/of= 0.0015 and a max-

imum g-function of 350 meter. Inserting these values into
Equations (15) and (17) and requiring that the maximum

tune change must be smaller tha® = 0.01 and the max-
imum 3-beat smaller than 10Equation (1) a maximum timepye to the longitudinal debunching the abort gap for the

interval of dump kicker will be reduced with a rate of
AT = 1.7 msec (18)

n = 3.43-10"* atinjection energy (20)
n = 3.473-10"* at top energy. (21)

A A
d7'2._p.

before beam losses occur (approximately 18 turns). dt K Do (22)

.. . . The factor 2 in the above Equation comes from the fact
3.6 Chromaticity Correction Circuits that particles from both sides will spread into the abort gap.

Each arc is equipped with four families of arc sextupolel N€ kicker rise time for the abort kicker 1ump = 3 ps
magnets for a compensation of the natural machine chré£@ing a margin oi\r = 0.175us. Inserting these values
maticity. Two circuits for the horizontal and two for the INto Equation (19) on obtains that after

vertical chromaticity. The total natural chromaticity con- AT — 0.15 seconds 23)
sists of approximately 80 units from the arc quadrupoles '
plus 80 additional units of chromaticity generated by thene first particles will have spread into the gap interval re-
triplet quadrupoles (for the collision optics only). Thus,quired for the rise of the abort kicker.

each arc sextupole circuit generates approximately 5 units |f the RF voltage is off but the system remains tuned on
of chromaticity for the injection and 10 units for the colli- yesonance the RF control loop will shift the RF phase by
sion optics. For the injection optics, the loss of one circuitge and rather then putting energy into the beam the cav-

changes the chromaticity by the same amount that we COfjfes will extract energy from the particles in the machine.
sidered tolerable before a beam abort is necessary and tige particles can loose an energy of [4]

time constant for the circuit failure is irrelevant for the ma-
chine protection. For the collision optics the chromaticity AFE = 16 MeV per turn (24)
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Name Operation Mode| Loss Type Loss Location AT

D1 warm collision local triplet / collimator 5turns

damper injection local arc / triplet 6 turns
warm quadrupoles any distributed collimator 18 turns
dump septum any local diluter kicker / septum | 35 turns
warm orbit corrector, collision local triplet / collimator 55 urns
RF ? any local arc / triplet/ septum | 55 turns
D1 warm injection local arc / triplet / collimators| 120 turns
D1 cold collision local triplet / collimator 220 turns
warm orbit corrector, injection local arc / triplet / collimator | 250 turns
MB quench collision local triplet / collimator 280 turns

Table 6:Top 10 of the fastest beam losses after equipment failure. The first column specifies the element type, the second
the operation mode for which the losses can occur (injection versus collision optics), the third the expected location for
the losses, and the fourth column the maximum time interval before beam loss will occur.

which corresponds to a relative momentum change of which the aperture restriction is exceeded

A
p_p =3.6-107° per turn (25)
0

AT = 0.03 sec— (35 turns). (30)

Due to the change of the particle energy the peak disperio?ﬁ'9 Transverse Damping System

orbit in the machine changes every turn by The transverse damping system has a total length of 6 meter
A and provides a maximum deflection voltage of
P

Ar =Dy —= (26) V= 75KV (31)
Assuming a constant rate for the energy change and a pegsr a 3-function of 3 = 182 meter this corresponds to a
disperion ofD, = 2.3 meter in the arcs of the LHC the maximum transverse deflection angle of
maximum orbit distortion has changed by more than 2 mm
after Aa = 2 prad. (32)

AT = 5 msec— 30 ms (27) At injection energy this allows a damping of injections er-

The above mechanism only works if the particles in theors with a initial amplitude of up to 4 mm with a damping
machine remain their 400 MHz structure. Thus, the longitime of + = 4.7 ms. Exciting the beam at injection en-
tudinal debunching which takes place after the RF failurergy with the wrong phase (amplitude increase) the damp-
reduces the above energy loss and might even stop the ping system can increase the particle amplitudes by

cess before the peak orbit excursion exceeds 2 mm.
Az = 0.35 mm per turn forg = 180 m (33)

3.8  Septum Magnet and the peak orbit excursion exceeds the limit of 2 mm after

Before the aborted beams reach the beam dump at the €gs than
of the extraction transfer line the beamsizes are blown up
by two transverse diluter kickers. In order to avoid particles
losses in the transferline the maximum trajectory error in
the transferline at the position of the diluter kickers must 4 SUMMARY
be smaller than

AT =~ 0.5 msec— less than 6 turns. (34)

Table 6 lists the 10 elements with the shortest time intervals
Az = 3mm (28)  after which beam losses will occur after eipment failure.
The diluter kickers are placed 73 meter downstream frorll losses which occur more than 200 turns after the eqip-
the dump septum and the above trajectory restriction cafient failure can probably be detected by the BLM system.

be translated into a tolerance for the deflection angle at tHésses which occur faster than 100 turns after the equip-
septum magnet ment failure (approximately twice the integration time of

Aa < 4-107°. (29) the BLM system) are too fast for being detected by the

. . .BLM system.
The nominal defelction angle of the septum magnet is y

ag = 2.57 mrad (corresponding to an integrated field of
60 Tm) and the time constant for the field decay in the sep- 5> REFERENCES

tum magnet is- = 2 sec. Inserting these values into Equaq{1] O. Briining, “Accumulation and Ramping”, Session VI: LHC
tion (1) one obtains for the maximum time intervall after ~ Operations, Chamonix2000, February 2000.
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