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MACHINE PROTECTION

ISSUES AND SOLUTIONS FOR LINEAR ACCELERATOR COMPLEXES
First workshop on machine protection held at CERN June 2012

M. Jonker, H. Schmickler, R. Schmidt, D. Schulte, CERN, Geneva, Switzerland
M. Ross, SLAC, Menlo Park, CA 94025-7015 , USA

This paper summarises the workshop

Motivation and Objectives

Machine protection: major concern for high power linear ac-
celerators 1n construction or planned (ESS, XFEL, ILC, CLIC).

Increased beam power = machine protection imperative.

Bring together for the first time experts on machine protection
from various origins and disciplines

. exchange experience and 1deas

. profit from recent experience of LHC

Workshop Organisation

60 participants with a significant number from outside CERN .

30 presentations & discussion in 6 half day sessions:

= Introduction:
. objectives for machine protection
. existing solutions and challenges for future installations.

1 Beam loss mechanisms: existing installations and expecta-
tions for future accelerator.

] Failure detection: failures leading to uncontrolled beams.
1 Failure mitigation: failure dependent mitigations strategies.

] Operational aspects: commissioning, intensity ramp, avail-
ability, risk assessment and management.

Beam LOSS MGChanismS to be studied first:

key role in failure scenarios

Operational beam losses: inherent quasi continuous losses
(loss background). Not primary concern for failure studies, but
induced radiation contributes to long term failure, and may
pose problems to electronics.

Sources: dark current, un-captured beam, satellite bunches,
beam gas induced beam halo, ...

Equipment failure: = major damage
Transient beam losses: temperature , ground motion, UFQOs, ...

« Software tools and methods to simulate beam behaviour & losses.
. LHC experience &

. First measurement of beam kick induced by
RF breakdown in CLIC structures.

Destructive DB 1.0% of bunch
train hits single aperture

Destructive MB 0.01% of
bunch train hits single aperture
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most effective: act before
failure leads to damage

Failure Detection

Equipment failures: for beam interlock.

Beam quality: not always applicable for RT beam abort in line-
ar accelerators, but fundamental for a beam permit system to
protect against upcoming instabilities. Example from LHC
transfer line and 1njection beam permuit.

Beam diagnostics mstruments: large emphasis on beam loss de-
tection. Scintillating fibre: economic solution for large beam
loss observation systems (e.g. CLIC drive-beam decelerators).

Beam damage capability - capacity chart
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Failure rate (SIL) and Risk table in LHC risk evaluation (adapted from

Probability [year'] Impact (LHC: 1 sec ~1 CHF)

Catastrophic Major Severe Minor
... 5107 ChF 5107 — 10° ChF 10°—10° ChF 10°... ChF
... 200 days 200 —20 days 20 — 3 days 3 ... days

Frequent: siL4 ~1000% SIL3 ~100% SIL3 ~10% ~1%

Probable SIL3 ~100% SIL3 ~10% SIiL3 F1% ~0.1%

Occasional SIL3 ~10% SIL3 ~1% ~0.1% SIL1 ~0.01%

Remote S|L3 ~19%

Improbable SIL3 -~0.1%

RISK

protect accelerator from

Machine Protection

beam induced damage

Not: equipment protection, quench protection, ...

Not: personnel protection (stringent legal requirements and basic so-
lutions).

Not limited to the interlock system:

1 Passive protection (collimators and masks) limits damage
caused by unmanageable failures.

2 Active beam-abort systems to dispose of any beam present
(beam observation , abort kickers, beam dumps, ....

3 Beam interlock: inhibits the beam 1n case of equipment failures.

4  Strategy to limit rate of change for magnetic fields and device
positions.

5 Post cycle quality assessment (becam and equipment), inhibit
next cycle when performance 1s outside predefined limats.

6 A beam-stop restart system: 1.e. Intensity ramp sequence
providing protection depending on machine status.

7 Version control and parameter change authorization.
8 Fault recording, analysis and playback system.

9  Written procedures to introduce changes in the parameters that
control the machine protection system.

10 Test procedures to thoroughly test the components of the ma-
chine protection system after each change in the system.

11 Spares policy to reduce loss of operational availability caused
by unavoidable damage to equipment.

Risk = Frequency x Impact
(expectation value of impact)

Damage potential: amount of energy that can be released be-
fore the system can safely shut down.
Risk (1n statistical terms) expectation value of the impact
Risk = Impact x Probability
impact: - cost of repair
- operational downtime.
Normalize by available financial resources and scheduled oper-
ation time. [Risk] = [fraction of available resources].
o prioritize risk mitigation

o risk reduction pays off where risk reduction > investment.

— Risk management 1s scale imnvariant

Low probability high impact risk, estimation errors: A

o Probability : aging, human errors, unanticipated configuration changes or co-
incidences with other failure modes.

o Impact: Collateral damage

reducing risk =
reducing (frequency or impact)

Failure Mitigation

Frequency reduction

Improved equipment reliability: kicker pulsing circuit, fault-
tolerant powering configuration, ... (these also contribute to bet-
ter system availability).

Beam interlock: reduce the frequency of dangerous beam fail-
ures (need efficient detection, decision and beam abort).

Impact reduction

Passive protection (masks and collimators) for ‘in-flight’ failure
protection. Often close or above material damage threshold
(high beam brilliance). Examples of possible improvements:
new collimator designs, nonlinear collimation optics, novel ma-
terial.

Spare policies: reduce 1mpact in case of unavoidable damage.
Examples: spare collimator surface, build-in hot spares i pow-
ering configurations.

key to success &
performance

Implementation and Operation

SL.C experience: machine protection = unstable operation:
beam inhibit = thermal change = beam instability = beam inhibit

— Beam-stop recovery important. Discussed at workshop: re-
covery of RF breakdowns, beam intensity ramp up procedures.

Analysis & tools

. Post mortem analysis, performance analysis

. Risk classification and evaluation (prioritization of mitigation
. Machine availability analysis.

(last 2 are very similar: failure catalogue, frequency, impact, pos-
sible redundancies, knock-on effects).

System complexity < reliability. Often came up at the work-
shop. Machine protection implementation must follow a system
approach. Example: incorrect to simplify the interlock system
while creating hidden complexity elsewhere in the system.
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Conclusions

Machine protection (MP) plays a crucial role in future high
power linear accelerators and poses many new challenges, e.g.
robust collimator designs; large scale beam loss detection sys-
tems; intensity ramp-up whilst following beam performance
and environmental changes; improving equipment reliability
and managing system complexity. Some challenges will be ad-
dressed through R&D programs, while others will need learn-
ing 1n realistic machine environments.

The workshop has shown that MP must be an integral part
of the accelerator design stage and include well-planned and
engineered instrumentation. Such instrumentation 1s crucial to
understand the dynamics of the machine and will allow the MP
to evolve 1n parallel with the commissioning of the machine at
increasing stored beam energies.

The workshop allowed a fruitful exchange of experience
and was highly valued by the participants. It is foreseen to re-
peat the workshop 1n two or three year. More details will be
made available on the workshop website or can be obtained by
contacting the authors.
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* What makes a beam destructive

* Concentrated beams of even modest

* Projected charge density damage

Performance, equipment settings, ...

is its brilliance (projected beam
charge density)

energy can damage the material (more
beam energy just implies drilling deeper
holes, i.e. more damage)
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Single Pulse Damage in 1.4 mm Cu

Scanning Electron Microscope images.
Charge density of beam impacts 1... 3 nC um?

Source: XX international Linac Conference, Monterey, California

threshold :

0-yield = ATyield X C/ (1-4 X dE/dX)

ineld AT\Jrield Cth dE/ dXmin
[nC pm~?] [°C] [°C'g'l | [MeVg'cm?]
CuU 0.39 103 0.38 1.40
BE 3.02 10 370 189 160 Yield temperature rise take
from EUROTeV 2008-050
Tl-alloy 4.45 103 1710 0.46 1.45
T 76 Fg
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Mo-CD Composites

* High sintering T of Mo (~1700 °C) leads to diamond graphitisation. 2 alternative processes:
Liquid Phase Sintering (LPS) or Assisted Solid-state Sintering (ASS)

LPS

I Addition of low-melting phase (Cu) to fill in
the pores between Mo and CD

I Good mechanical strength (400+ MPa) and
fair Thermal Conductivity (185 W/mK)

l, Max Tgice limited by low-melting phase (Cu) Large diamond particles interfere with Mo

T .
& -

ASS

IAddition of activating elements (Ni, Pd)
enhances Mo sintering at low T (~1300 °C)

IAbsence of low-melting phase increases Tg.yice
up to ~2600 °C

B0 compaction,

g
.

lDiamond graphitization not fully avoided.
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, — CD lightly graphitized
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Last moment equipment errors:
Safe by design (equipment inertia)

Inter pulse equipment errors:
Interlock system

10 1 0.111“‘Ie before(:z:.“s'on . 0.001 0.0001 1E-05
Downtime Frequency Risk Equivalent
(for 6 month running per year)
3 month 1 per S years 71.5%
| day 10 per year 5.5%
2 years 1 per 10000 years 0.02%

Microphotography of the SiPM

o =

1 mm

SiPM f mm

Pixels of the
SiPM

| 10 ns/div.

e Array of avalanche photodiodes
(APDs) connected in parallel

e« Reverse bias 2 photon causes
APD breakdown

e Photomultiplier-like gain

e« Dynamic range limited by
number of APDs

e Rise time: some 100 ps

¢ Hamamatsu S10362-11-050U:
400 APDs at ~70 V reverse bias

qguenching resistors
Vbias ()

avalanche photodiodes
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status of

magnet power supplies,
operations laser shutter,
screen position switches,
undulator gap switches

2 Event Receiver VME-EVR-230
3 Fast ADC (8 ch., 250 MS/s, 12 bit)
7 Slow ADC (16 ch., 16 bit)

10 Digital I/0 board

| digital out

MPS
Injector Laser
Shutter

Linac/USA Interlock PLCs
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