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Collima9on	
  System	
  Design	
  
• Collimation system removes halo

– Low background in the detector

• It also protects the detector from errant beam

– Important additional function

• Energy errors happen frequently

– Energy collimation needs to survive impact of
beam

• Betatron errors can hopefully be detected between
pulses

– Betatron collimation system can be sacrificial

• Place betatron collimation system after energy
collimation

• Energy collimators are close to survival limit
– J. Resta Lopez

Collimation System Design Criteria
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Main Linac Failure Mode Study

D. Schulte, F. Zimmermann

Old parameters and systems
Studied different

mechanisms to induce

losses

• decelerator failure (no

losses in ML except for

failure of sector 1 or 2)

• RF to beam phase

error

(no losses in ML for

error of less than 36°)

• current error

Energy collimators are

only hit for sector

failures



Main	
  Linac	
  Failure	
  Modes	
  2	
  Main Linac Failure Modes 2

Integrated Study of

main linac with

realistic

imperfections and

beam delivery

system

(PLACET+MAD)

Failure leads to an

energy error and a

spot size blow-up at

collimators
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Noticeable

increase of

beam spot size
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  Decelerator Failure Modes

E. Adli, D. Schulte
Decelerator

simulated with

realistic

imperfections

and beam-

based

correction

(PLACET)

Failure of

individual

quadrupoles

studied

Simula9on	
  of	
  Failure	
  modes	
  for	
  uncorrected	
  machines	
  (NC),	
  	
  
1:1	
  steered	
  machines	
  (SC),	
  and	
  DFS	
  steered	
  machines	
  (DFS)	
  

#	
  of	
  failed	
  quads	
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If a consecutive pair

of quadrupoles fails,

the losses are

significantly more

severe
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  3	
  
•  The	
  decelerator	
  laZce	
  contains	
  up	
  to	
  two	
  PETS	
  between	
  each	
  quadrupole,	
  

where	
  each	
  PETS	
  extracts	
  ∼	
  0.1%	
  of	
  the	
  beam	
  energy.	
  	
  
	
  
•  During	
  machine	
  opera9on	
  it	
  will	
  be	
  necessary	
  to	
  inhibit	
  PETS	
  power	
  

produc9on	
  in	
  case	
  of	
  structure	
  breakdown	
  

•  To	
  avoid	
  breakdowns	
  in	
  the	
  
main	
  linac	
  PETS	
  will	
  have	
  to	
  be	
  
switched	
  off	
  

	
  
•  The	
  rela9ve	
  change	
  of	
  the	
  

beam	
  envelope	
  is	
  shown	
  for	
  
randomly	
  chosen	
  PETS	
  

PETS

The Effect of PETS Inhibition
The lattice contains up to two PETS between each

quadrupole, where each PETS extracts � 0.1% of the
beam energy. During machine operation it will be neces-
sary to inhibit PETS power production in case of structure
breakdown. One mechanism being considered is detuning
wedges, described in [4]. The wedges occupy four out of
the eight transverse damping slots. A worst-case estimate
of how the transverse modes are affected is therefore to
double all the transverse Q-factors. In the simulations a
PETS is inhibited by settingR�/Q to 0 while doublingQT .
Inhibiting a PETS affects the beam as follows:

• the lack of deceleration leads to higher minimum
beam energy and thus less adiabatic undamping and
less energy spread

• dipole wake kicks increase; for a steered trajectory the
change of kicks will in addition spoil the steering

• the coherence of the beam energy will increase, and
thus also the coherent build up of tranverse wakes

For all the points above we expect the effect to be small
for few PETS. However, it is of interest to know how the
machine performs with a large number of PETS inhibited.
Figure 5 shows the relative change in beam envelope when
a number of PETS are inhibited at random positions (av-
eraged over 100 machines). For a dispersions-free steered
machine there is indeed a slight decrease of the beam en-
velope whenever less than 2/3 of the PETS are inhibited.
However, for all steering scenarios we observe envelope
growth when the major part of the PETS is inhibited.
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Figure 5: The effect of PETS inhibition

PETS Break Down Voltage
An RF break down will induce transverse voltage in the

PETS, with an amplitude depending on many factors, in-
cluding PETS design. In this section we estimate the max-
imum acceptable PETS transverse voltage by finding the
voltage needed to kick an initial unperturbed beam in a
perfect machine so that the maximum centroid envelope
along the lattice is 1 mm. An analytical estimate is found as

U = �y��E = r
A�̂

/
�

Ei
Ef
�Ei = r

A�̂

�
EiEf , whereEi

is the energy at the kick location, Ei
Ef
the effect of adiabatic

undamping, �̂ the beta function at the kick locations (worst
case assumed, � = �̂). A is an estimate for the transverse
wake amplification, set to A = 1.2 based on previous ex-
perience. Figure 6 shows the estimate as well as simulation
results (PETS are located at points of varing beta function,
and there are varying patterns of empty ”slots”). We con-
clude that, with our criterion of maximum 1 mm centroid
motion, there is an acceptance of about 200 kV at the start
of the lattice, decreasing towards 50 kV towards the end of
the lattice.
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Figure 6: Maximum accepted PETS break down voltage

CONCLUSIONS
A properly steered machine behaves better than an un-

corrected one also wrt. failure modes. For a steered
machine we conclude: more than two simultaneous
quadrupole failures leads to unacceptable loss levels.
Quadrupole power supply jitter is acceptable up to 10�3.
Inhibiting up to 1/3 of the PETS is not severe for beam
stability (up to 2/3 for a dispersion-free steered machine).
PETS break down voltage up to 50-200 kV is acceptable
for beam stability, depending on PETS position.
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  Decelerator Failure Modes 4

RF breakdown in the PETS can result in transverse kicks

The maximum voltage leading to a maximum centroid motion

of 1mm is shown

A	
  properly	
  steered	
  machine	
  behaves	
  becer	
  
than	
  an	
  uncorrected	
  one	
  also	
  wrt.	
  failure	
  
modes.	
  For	
  a	
  steered	
  machine	
  we	
  conclude:	
  
more	
  than	
  two	
  simultaneous	
  quadrupole	
  
failures	
  leads	
  to	
  unacceptable	
  loss	
  levels.	
  	
  
	
  
Quadrupole	
  power	
  supply	
  jicer	
  is	
  
acceptable	
  up	
  to	
  10−3.	
  Inhibi9ng	
  up	
  to	
  1/3	
  
of	
  the	
  PETS	
  is	
  not	
  severe	
  for	
  beam	
  stability	
  
(up	
  to	
  2/3	
  for	
  a	
  dispersion-­‐free	
  steered	
  
machine).	
  PETS	
  break	
  down	
  voltage	
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  to	
  
50-­‐200	
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  acceptable	
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  beam	
  stability,	
  
depending	
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  Distribu9on	
  in	
  the	
  ILC	
  Main	
  Linac	
  
Loss Distribution in ILC Main Linac

PLACET simulations of losses for different phase errors

•  Collabora9on	
  DESY	
  /	
  CERN	
  published	
  
at	
  EPAC	
  2006	
  

•  Studies	
  of	
  quadrupole	
  failures	
  and	
  
errors	
  

•  Studies	
  of	
  	
  klystron	
  phase	
  errors,	
  and	
  
their	
  impact	
  on	
  the	
  machine	
  
protec9on	
  

A STUDY OF FAILURE MODES IN THE ILCMAIN LINAC∗

P. Eliasson, A. Latina, D. Schulte, CERN, Geneva,
E. Elsen, D. Krücker, F. Poirier, N.J. Walker, G. Xia, DESY, Hamburg

Abstract
Failures in 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 impact
on the machine protection is being considered for the main
linac.

INTRODUCTION
The main linac is the most expensive subsystem of the

proposed International Linear Collider (ILC). Even a sel-
dom failure scenario may be worth considering. On the
other hand the large iris of its cavities provides for a higher
operational safety margin compared to most other ILC sub-
systems. Several intricate failure scenarios are conceivable.
Here we will investigate two examples where component
failures cause a beam deflection large enough to hit the cav-
ities.

METHOD
When the beam becomes unstable the details on how and

where particles are lost depend on small differences in the
linac alignment. We therefore consider a realistic model
for an already commissioned, working linac with remain-
ing alignment errors in the order of a few 100 µm (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 go
to zero. For the simulation we consider a linac of total arc
length 10237.800m following the earth curvature. The ini-
tial beam energy is 15 GeV and the (nominal) final beam
energy 250.299 GeV . It consists of 302 quadrupoles with
corrector dipoles and an equal number of klystrons. Each
klystron feeds 24 cavities contained in 3 cryomodules. The
gradient is 31.5MV/m and the phase advance per FODO
cell Θx/Θy = 750/650.
The simulation code is based on the Merlin library [1].

In addition results are confirmed with Placet [2].

σx,y σrot−z σrot−x,y

Quadrupole 300 µ 300 µrad
BPM 200 µ
Cavity 300 µ 300 µrad

Cryomodule 200 µ

Table 1: Assumed alignment errors for different linac com-
ponents.

∗Work supported by the Commission of the European Communities
under the 6th Framework Programme ”Structuring the European Re-
search Area”, contract number RIDS-011899.
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Figure 1: An example with 14 randomly failed quadrupoles
along the beam line. Shown are the beam particles (black)
at the position of the BPMs and the lost particles (red).

failing % lost failing % lost
quads particles quads particles
2 2 % 10 80 %
6 37 % 12 95 %
8 73 % 14 100 %

Table 2: Fraction of lost particles for different numbers
of failing quadrupoles randomly distributed along the ILC
main linac (preliminary).

Quadrupole Failures
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-
ment error. A quadrupole failure does not only cre-
ate a kink but it also modifies the β-function of the lat-
tice. For the ILC main linac a typical quadrupole strength
is k ≈ 0.06 m−1. For an misalignment of a =
√

a2
Quad + a2

BPM + a2
Cryomodule ≈ 400 µmwe get a typ-

ical value for the deflection of ∆Θ = ka ≈ 24 µrad.
In a periodic FODO lattice the deviation would stay be-
low ∆x < ∆Θ βmax/2 ≈ 1.5 mm (βmax = 120 m)
but since a quadrupole failure modifies the β-function the
observed deviations are larger and the beam will already
be lost at a smaller number of failing quadrupoles. For a
first estimate we consider n failing quadrupoles in a row
of length nL, where L ≈ 36 m is the distance between 2
quadrupoles. The average deviation at the end of the row
is: 〈∆x2〉 =

∑n
i=1

(n − i)2L2〈∆Θ2〉. This expression ex-
ceeds the cavity aperture of r=35mm for 18 successive fail-
ing quads. A single quadrupole failure will not direct the
beam outside the cavity aperture. This simple estimate has
been verified by detailed simulations. Table 2 shows the

EUROTeV	
  2006-­‐040	
  



Tracking	
  studies	
  of	
  the	
  Compact	
  Linear	
  
collima9on	
  system	
  (PRST-­‐AB)	
  

•  Review	
  of	
  methods	
  and	
  results	
  of	
  
integrated	
  studies	
  with	
  MADX,	
  
PLACET,	
  HTGEN,	
  GEANT4	
  and	
  FLUKA	
  

PLACET-HTGEN, it is sufficient to specify the rest gas pres-
sure and composition and to enable background tracking. It
is possible to specify gas parameters for each element or
for groups of elements using for-loop constructs in TCL/TK

as input to PLACET.
Figure 3 shows typical transverse distributions obtained

from HTGEN+PLACET at the entrance to the BDS [3]. The
flux of halo particles which will impact on the collimators
will depend on the collimator settings and details of the
lattice parameters including imperfections and misalign-
ment. Based on preliminary collimation studies and simu-
lations under rather idealistic assumptions, we find for
10 nTorr CO both in the CLIC linac and BDS, that a
fraction of about 2! 10"4 of all particles will have large
amplitudes and hit the spoilers in the BDS section. With
1:24! 1012 particles per train, this would translate into a
flux of 2:4! 108 particles per train impacting on the spoil-
ers. At 1.5 TeV, we expect that a fraction of about 9! 10"4

of these particles produce secondary muons, resulting in a
flux of about 2! 105 muons per train, many of which
would be seen as background in the detector in the inter-
action region. Reducing the muon flux would require very
massive shielding, of the order of 100 m of (magnetized)
tunnel fillers, to be effective [16].

VI. ENERGY DEPOSITION AND SECONDARY
PRODUCTION STUDIES WITH BDSIM

Typical loss maps consider a particle lost if it interacts
with the beam line aperture in any way. A program such as
GEANT4 can then be used to examine areas of interest in
more detail. BDSIM combines particle tracking and second-
ary particle production to generate detailed loss maps for
whole beam line more efficiently.

We track a beam halo through the CLIC BDS. The halo
is divided into concentric ellipses in x-x0 and y-y0 phase
space independently, where each ellipse is of thickness
5!xð0Þ or 10!yð0Þ . These ellipses then cover the whole phase

space from 0–40!xð0Þ and 0–190!yð0Þ . The energy and lon-

gitudinal profiles are chosen to be the same as for the core
beam: a flat distribution of width 1% about the nominal
beam energy of 1496 GeV, and a Gaussian of width
44 "m, respectively. The particle distribution within
each ellipse is uniform, and each ellipse contains 10 000
particles; this approximates a 1=r density profile in each
phase space, and gives a total halo population of 1 520 000.
From Sec. V we have a halo population of 2! 10"4 of the
bunch charge, or 8! 105 particles. This is approximately
half of the amount simulated. Alternatively, if we assume
that CLIC will achieve a similar level of halo to that which
the Stanford Linear Collider managed in its later runs—
about 0.1% of the bunch charge—then, for a bunch of 4!
109 particles [17], we are simulating approximately 40% of
the halo population. The numbers which follow have not
been scaled to account for this.

Figure 4 shows the energy deposition profile of the beam
halo in the CLIC BDS. The black histogram is produced
assuming that particles that hit any element of the beam
line are completely absorbed at that point, while the red
histogram includes multiple scattering and secondary par-
ticle production. In this instance, it is seen that the peak
load on the beam spoilers is reduced by up to 4 orders of
magnitude in the case of YSP1 (the first betatron spoiler in
the line). We note that there are no direct impacts on the
thick absorbers; losses occur on the absorbers only when
secondary particles are included. There are a small number
of primary halo particles lost in the final focus system; to
correct this will require either a tightening of the collimator
gaps or a redesign of the lattice optics. It should be noted
that the collimator geometry employed in this study using
BDSIM does not include tapering: the aperture is set to the
minimum gap for the length of the collimator, therefore it
is possible that the collimator efficiency is somewhat opti-
mistic in this study.

VII. PLACET-BDSIM INTEGRATION

Halo particles that are close to the walls of the beam pipe
may be kicked by the collimator wakefields and interact
with the beam-pipe material, producing secondary parti-
cles. A single simulation code that implements wakefields,
tracking, and secondary particle generation does not exist.
On the one hand, a code like BDSIM is designed to track
single particles and their secondaries deriving from the
interactions with the materials, but does not include intra-
bunch interactions; on the other hand, a code such as
PLACET takes into account collective effects but does not
simulate the interactions of the particles with the walls of
the beam line. Combining the abilities of BDSIM and
PLACET enables an accurate simulation of the generation
of secondary particles and their tracking in components

FIG. 4. (Color) Energy deposition along the beam line from halo
particles, with (red) and without (black) secondary particle
production and scattering. Losses from synchrotron radiation
have not been included.

I. AGAPOV et al. Phys. Rev. ST Accel. Beams 12, 081001 (2009)

081001-4
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The total number of particles arriving at the entrance to
the final focusing magnet QD0 for each collimator gap
with and without wakefields and secondary particles is
given in Table IV. We observe that the switching on and
off of the new processes varies the number of particles
arriving at the magnet by approximately 1000 particles.
Opening the collimator gap increases the number of parti-
cles by 20 000–30 000 for each 10 !m.

Taking the case with both wakefields and secondary
particles, we can then perform this analysis for the various
collimator gaps as we did earlier for the energy deposition.
The particle distributions in vertical phase space are shown
in Fig. 12, and the number of particles for each gap is given
in Table V. Table V also includes the numbers without
wakefields for comparison. The number of particles out-
side the collimation depth increases with the widening of
the collimator gap, as would be expected. We note that the
decrease in errant particles caused by the wakefields is not
large enough to compensate for this, at least for the step-
size granularity which we have chosen.

VIII. CONCLUSION

Secondary particle generation and multiple scattering
reduces locally the amount of energy deposited in collima-
tors due to beam halo impacts by several orders of magni-
tude. While a standard loss map shows losses to be almost
entirely confined to the spoilers—barring a few particles in
the final focus which must be excluded by a redesign of the
beam line optics—losses due to secondary particles extend
all the way to the interaction point. This serves to increase
the number of particles arriving at the final focusing mag-
net, which may have a detrimental effect on detector back-
grounds, and on the magnet itself.
The inclusion of wakefield effects on full halo tracking

produces a small but potentially significant decrease in the
number of particles outside the required collimation depth,
although this decrease is partially mitigated by the increase
from secondary particles. The reduction in particle num-
bers is not of sufficient extent that the collimator gaps may
be increased significantly.
The requirement that no halo particles impact upon the

final focusing quadrupole is not met using this current

FIG. 11. (Color) Energy deposition along the beam line from
halo particles for different collimator gap settings. Both wake-
fields and secondary particle production are switched on. A
zoomed view of the interaction region. The IP is located at
2796 m.

FIG. 12. (Color) Particle amplitudes in vertical phase space at
the entrance to QD0 for varying collimator gaps. Wakefields and
secondary particle production are both switched on. The vertical
dotted lines are located at the collimation depth limits of 44 and
70"yð0Þ .

TABLE V. The number of particles at the entrance to QD0
outside the collimation depth. Secondary particle production and
scattering are switched on.

>44"yð0Þ >44"yð0Þ >70"yð0Þ >70"yð0Þ

Gap (!m) No Wf Wf No Wf Wf

60 2451 1253 8 13
70 6519 5307 60 36
80 16 000 12 529 1068 729
90 22 116 20 468 3131 2249
100 34 537 33 512 6962 7117

TABLE IV. The total number of particles at the entrance to
QD0 for various collimator gap settings with and without wake-
field interactions (‘‘Wf’’) and secondary particle production
(‘‘Sec.’’).

No Wf No Wf Wf Wf
Gap (!m) No Sec. Sec. No Sec. Sec.

60 59 773 59 856 57 116 57 188
70 82 550 82 597 80 373 80 865
80 107 807 107 912 106 019 106 547
90 136 428 136 549 134 987 135 199
100 167 842 168 016 166 806 167 192

TRACKING STUDIES OF THE COMPACT LINEAR . . . Phys. Rev. ST Accel. Beams 12, 081001 (2009)

081001-7
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Losses	
  in	
  the	
  CLIC	
  Beam	
  Delivery	
  
System	
  

•  Inves9gate	
  possible	
  failure	
  mode	
  scenarios	
  in	
  
the	
  main	
  linac	
  that	
  could	
  generate	
  significant	
  
energy	
  devia9on	
  

•  Important	
  to	
  study	
  the	
  degree	
  of	
  damage	
  to	
  
the	
  energy	
  spoiler	
  by	
  beam	
  impact	
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Fracture!	
  

J.	
  Resta-­‐Lopez,	
  J.	
  L.	
  Fernandez-­‐Hernando,	
  A.	
  La9na	
  



Losses	
  in	
  the	
  CLIC	
  Beam	
  Delivery	
  
System	
  

RF	
  cavity	
  fail	
  
•  1500	
  cavi9es	
  switched	
  off	
  in	
  the	
  	
  	
  
•  last	
  sec9on	
  of	
  the	
  main	
  linac	
  

Result	
  from	
  FLUKA-­‐ANSYS:	
  

Fracture	
  limit	
  (ul6mate	
  tensile	
  strength)	
  

Deforma6on	
  limit	
  (tensile	
  yield	
  strength)	
  

Equivalent	
  stress	
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ss
	
  [P

a]
	
  

Time	
  [seconds]	
  

Deforma9on!	
  

Run	
  FLUKA	
  and	
  
ANSYS	
  

?	
  
σx=1 mm 
σy=25.4 µm 
Emean=1471 GeV 
≈1% full energy spread 

Beryllium	
  spoiler	
  



Simula9on	
  Tools	
  	
  
we	
  developed	
  and	
  use	
  

•  PLACET	
  
–  The	
  main	
  tool	
  for	
  our	
  performance	
  studies	
  
–  Has	
  been	
  extensively	
  compared:	
  

•  Single	
  par9cle:	
  
–  MAD,	
  SAD,	
  Merlin,	
  Lucre9a,	
  ELEGANT	
  

•  Single	
  par9cle	
  with	
  large	
  energy	
  spread:	
  
–  DIMAD,	
  Elegant	
  

•  Wakefield	
  simula9on:	
  
–  Merlin,	
  SLEPT,	
  Lucre9a,	
  LIAR,	
  ELEGANT	
  

–  Can	
  calculate	
  losses	
  and	
  losses	
  maps	
  
–  HTGEN:	
  

•  Halo	
  and	
  tail	
  genera9on	
  rou9nes	
  

•  BDSIM	
  (RHUL)	
  
–  Extension	
  of	
  Geant-­‐4	
  for	
  accelerators	
  
–  Interfaced	
  with	
  PLACET	
  for	
  tracking	
  +	
  secondary	
  par9cle	
  genera9on	
  and	
  

transport	
  studies	
  with	
  misalignment	
  and	
  wakefields	
  



Other	
  Tools	
  used	
  

•  FLUKA:	
  
– energy	
  deposi9on	
  and	
  temperature	
  rise	
  

•  ANSYS:	
  
– mechanical	
  stress	
  



Summary	
  
•  Several	
  studies	
  of	
  failure	
  modes	
  have	
  been	
  performed	
  during	
  the	
  last	
  years	
  for	
  the	
  linacs	
  of	
  

CLIC	
  and	
  ILC	
  within	
  the	
  framework	
  of	
  EUROTeV;	
  their	
  results	
  should	
  be	
  reviewed	
  and	
  
updated	
  to	
  the	
  latest	
  parameter	
  sets	
  and	
  laZces	
  

•  Studies	
  in	
  the	
  CLIC	
  BDS	
  have	
  been	
  carried	
  out	
  more	
  regularly,	
  seeing	
  the	
  successful	
  
integra9on	
  of	
  mul9ple	
  numerical	
  tools,	
  to	
  allow	
  the	
  simula9ons	
  of	
  	
  complex	
  scenarios	
  to	
  
inves9gate	
  material	
  survivability	
  

•  The	
  community	
  has	
  shrunk	
  over	
  the	
  years,	
  but	
  significant	
  efforts	
  are	
  s9ll	
  on	
  going	
  from	
  the	
  
experts	
  

•  Powerful	
  tools	
  have	
  been	
  developed	
  and	
  benchmarked	
  and	
  are	
  available	
  to	
  explore	
  various	
  
scenarios	
  of	
  failure	
  modes	
  and	
  recovery	
  schemes	
  

	
  

•  A	
  big	
  thank	
  to	
  all	
  people	
  whose	
  plots	
  and	
  data	
  have	
  been	
  used	
  for	
  preparing	
  this	
  
presenta9on	
  


