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Abstract RESULTS

Failuresin the ILC can lead to beam loss or even damage
the machine. In the paper quadrupole failures and errors in
the klystron phase are being investigated and the impactt..E
on the machine protection is being considered for the main %
linac. 0
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INTRODUCTION wf

The main linac is the most expensive subsystem of the

proposed International Linear Collider (ILC). Even a selfigure 1: An example with 14 randomly failed quadrupoles
dom failure scenario may be worth considering. On thgjong the beam line. Shown are the beam particles (black)

other hand the large iris of its cavities provides for a highet the position of the BPMs and the lost particles (red).
operational safety margin compared to most other ILC sub-

systems. Several intricate failure scenarios are conlsigiva
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Here we will investigate two examples where component failing [ % lost [ failing [ % lost
failures cause a beam deflection large enough to hit the cav- quads | particles| quads| particles

ities. 2 2% 10 80 %
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When the beam becomes unstable the details on how a'?gble 2: Fraction of lost particles for different numbers

v_vhere partlcles are lost depend on s_maII d|ffer(_an(_:es N tQﬁ failing quadrupoles randomly distributed along the ILC
linac alignment. We therefore consider a realistic mode

for an already commissioned, working linac with remain."a" linac (preliminary).
ing alignment errors in the order of a fa®0 um (Table 1).

In this model an 1-to-1 steering algorithm is integrated to

set the corrector dipoles in a way that all BPM readings gQUADRUPOLE FAILURES
to zero. For the simulation we consider a linac of total arc
length10237.800 m following the earth curvature. The ini-
tial beam energy id85 GeV and the (nominal) final beam

energy250.299 GeV . It consists of 302 quadrupoles with

If a quadrupole fails in our model the still active dipole
field of the corrector will cause a kink in the nominal
particle trajectory proportional to the compensated align

: ent error. A quadrupole failure does not only cre-
corrector dipoles anq an equal .num_ber of klystrons. Eac?le a kink but it also modifies thé-function of the lat-
kIystron feeds 24 cavities contained in 3 cryomodules. Tht?ce. For the ILC main linac a typical quadrupole strength
gradient is31.5MV/m and the phase advance per FODOIS k ~ 006 m-!. For an misalignment of. —
cell®,/0, = 75°/65°. ' '
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The simulation code is based on the Merlin library [1].\/ ®@uad T @BPar t @Cryomodute = 400 pm We getatyp

In addition results are confirmed with Placet [2]. ical value for the deflection oA© = ka ~ 24 prad.
In a periodic FODO lattice the deviation would stay be-
Oay Crotz Orot—z,y low Az < AO Bha:/2 = 1.5 mm (Bmax = 120 m)
Quadrupole| 300 x| 300 prad but since a quadrupole failure modifies thdunction the
BPM | 200 p observed deviations are larger and the beam will already
Cavity | 300 p 300 prad be lost at a smaller number of failing quadrupoles. For a
Cryomodule| 200 p first estimate we consider failing quadrupoles in a row

of lengthnL, whereL ~ 36 m is the distance between 2
Table 1: Assumed alignment errors for different linac comguadrupoles. The average deviation at the end of the row
ponents. is: (Ax?) = 31" | (n—i)2L?(A©?). This expression ex-
ceeds the cavity aperture of r=35mm for 18 successive fail-
*Work supported by the Commission of the European CommlsnitieIng quads.' A single q.uadruPOIG fallu're V.VIII not dl.rECt the
under the 6% Framework Programme "Structuring the European ReP€am OUt_5_|de the cavity aperture. This simple estimate has
search Area”, contract number RIDS-011899. been verified by detailed simulations. Table 2 shows the




results for the case where the failing quadrupoles are ran- ¢ 0° 9° 18° 27" 367
domly distributed along the ILC main linac. An example | £s/GeV | 251.5 | 2486 | 240 | 225.9 | 206.4
case is shown in Figure. 1: The first quadrupole failures in- 45 54° 63" 72° 81° 90°
troduce strong betatron oscillations and destroy the tyuali | 182.3 154.0 | (56.3) | (29.3) | (19.4) | (15.0)

of the beam but they are not able to drive the beam out- L )
side the acceptance. Only the collective effect of severafPl€ 3: Final beam energy for different klystron phase off-

failures can eventually accomplish this. It is obvious fronf€tS: Energy values in parentheses means that the beam is
Figure. 1 that when the beam is lost tHefunction is so 10St before the reduced final energy is reached.

large that the beam is sufficiently diluted not to harm any
of the linac components. The results in Table 2 are bas
on 100 different configurations randomly chosen accordin ARTICLE DENSITIES

to Table 1. The detailed simulations show that on average The final simulations are concerned with the question

only 8 failing quadrupoles are necessary for a beam 0SS, ather it is possible for a given misalignment configu-

ration to lose the beam while the beam emittance is still
KLYSTRON FAILURES small. Is it possible to create a large enough particle den-

A change of the klystron phase will modify the accelersity to damage the accelerator cavities? To answer this
ation. Eventually the deviation from the design beam erfiuestions the above simulations of klystron phase shifts
ergy becomes too large and the beam will become instabfRad been repeated for 500 misalignment configurations
Here we consider the case that the phase for all klystrofighdomly chosen according to Table 1. For each simula-
is changed by a common offset. The ILC main linac haion 1000 particles are tracked. Then the particle density
a length ofl ~ 10 km and the beam energy goes fromPer cavity andnm? are calculated and for each misalign-
Ey ~ 15 GeV to Er ~ 250 GeV. We therefore can as- ment configuration and for each klystron phase offset the
sume that, at position, the beam energy is approximatelymaximum particle density is plotted as shown in Figure 3.
E(z) = Eg+ z/1(Ep — Eo) cos ¢, whereg is the common  Here a simplified model for the accelerator cavities is used
klystron phase offset. An energy chanffe— E(1 + §) Where the aperture is represented by a single iris of radius
modifies the focal length of a quadrupgfe— f(1 + &) r = 35 mm per cavity. The pattern of particle loss in Fig-
and the stability criterion for a periodic FODO lattice ofure 3 follows equation (1) fof = —0.46. The plot shows

cell length2L requires that the betatron phase advafige thatthe maximum density stays beldw% /mm?/cavity.
per FODO cells stays real: This allows us to estimate the absolute particles density.

L2
- <1
Tl
This becomes violated at+ d.,4¢icq; = Sin % whereQ, ‘
is the design phase advance of the lattice. In the approxi-
mation of a periodic FODO lattice along the length of the \

ILC main linac the stability criterion becomes violated at

lEq
COS (b 1+ 6crztzcal(1 + Z(EF — EO) ) (1)
For the ILC the phase advance will Bg,/©, = 75°/65°
corresponding to a stability limit for the energy shift of
0% iviewr = —0.39 @ndé? ... = —0.46. The beam will
therefore be lost predominantly in the horizontal plane at a
Klystron phase > 54°.

The above considerations have been confirmed by Mer-
lin and Placet simulations. Table 3 shows the reduction of
the final beam energy for different klystron phase shifts.
At ¢ = 56 half of the beam particles are lo$t % at 54°,

50 % at 56° 100 % at 58°). Figure 2 shows the distribu-
tion of lost particles along the linac. The particles are los
as expected predominately in the horizontal plane and as
the phase shift increases earlierzinAt large phase shifts
the different phase advance becomes less important and the %
distribution of lost particles becomes symmetricatiand
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The beam is not lost within a single cavity but is spreadfigure 2: Spatial distribution of lost particle for differe
over several modules. klystron phase shifts.
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Figure 3: Maximum relative density of lost particles per
cavity andmm? collected from 500 different configura-
tions of misalignment.

For a SC module with 9 cells and a typical ILC bunch with
2 - 102 particles per bunch and 3000 bunches per train:

10 % - 2-10' - 3000/9 = 7- 10! particles

The typical particle density to generate a hole (copper)
is 1013 /mm?. We are still more than an order of magni-
tude away from the critical value. Furthermore the above
argument overestimates the particle density because two
bunches will probably not hit exactly the same spot. Since
the particles in different bunches are uncorrelated the the
average density will be smaller. A reasonable control sys-
tem that can abort the beam early will be able to reduce this
value even further

CONCLUSIONS

A single quadrupole failure will not direct the
beam outside the cavity aperture. About 8 failing
guadrupoles at random positions along the ILC main
linac are necessary.

e A common klystron phase shift must become larger
than53° to lose more thafi0% of the beam particles.

e A common feature in the studied examples is that the
beam emittance is largely increased before the beam
is lost.

e The particle densities observed in the cavities are less
than10'3 /mm?/cavity. There is no need for an abort
system along the length of the linac.

REFERENCES

[1] http://www.desy.de/ merlin
[2] D. Schulte et al., CERN/PS 2001-028 AE and PAC2001



