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Motivation

ωWorking safely inside magnetic fields

ωHistorically at CERN, the subject was 
partially covered during Electrical 
Safety training

ωSince LHC: increasing risk awareness + 
high-field machines in operation + 
specific user demand

Ÿ 2010: new specialized training course

ωTopics: identification of hazards and estimation of risk 
ωMain message: be aware that risks exist; in case of doubt ask 

objective: personnel andequipment safety
scope: DCand quasi-static magnetic fields 
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Scope

we shall not discuss fields @ f ²50 Hz

Power station on the Autoroutede la Maurienne, Savoie
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What does a magnetic field do ?

a magnetic fieldproduces a force proportional to electrical charge and velocity
force perpendicular to the direction of motion ­ bending of trajectory

magnetic fields in accelerators are the to most efficient way to 
guide and controlparticle beams + capture and steercharged collision products

Magnetic Field B

bent trajectory

Magnetic Force

N

S

constant velocity v

electrical
charge q BvqF

rrr
³=

V
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Measurement units

1 Tesla = 10,000 Gauss

Earth field

0.5 G
50 ˃ T

Permanent magnet
(typical)

100 ~ 1000 G
10 ~ 100 mT

Accelerator/experimental
electromagnet (typical)

1 ~ 100 kG
0.1 ~ 10 T
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How do we measure a magnetic field

Practical options: use one of the many teslameters/gaussmeterscommercially available
(ask TE/MSC/MM for help or for a loan)

Hall effect sensor
(inexpensive, limited
bandwidth and precision)

Fluxgate
(low and very low fields)

NMR probe
(golden standard, highly uniform DC fields only)
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How to make a magnetic field ?

moving electrons = electrical current

(field @ 1 m = 2 G/kA)

electrical current loop Ÿ stronger, localized field

(R=1 m, field @ center º6 G/kA)

moving electrical chargeŸ magnetic field
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How to make a magnetic field ?

άǎǇƛƴƴƛƴƎέ ŜƭŜŎǘǊƻƴ Ґ ŜǉǳƛǾŀƭŜƴǘ άǎǳǊŦŀŎŜ ŎǳǊǊŜƴǘέ
elementary magnetic dipole source

many aligned electron spins
predominant mechanism at the basis of magnetic materials
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Examples of electromagnets at CERN

wind more coil turns to multiply field strength add iron yoke  to amplify field, channel it to 
the wanted region, screen exterior leakage

standard copper coils ςmagnetic field  2T
limited by heat dissipation

superconducting coils ςmagnetic field 10T
limited by critical field
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Magnetic field in a material medium

B [T]         = magnetic induction  =  m0 (M+H) 
(aka flux density)

H [A/m]   = magnetic field
(aka magnetizing force)

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

I

L

Ὄ
ὔ Ὅ

ὒ relative permeability

permeability of vacuum
m0 = 4 p10-7 T m/A = const.

M [A/m]  = magnetization= c(H) H
(aka magnetic polarization)

H, M, B

magnetic susceptibility

= (1+c(H))µ0 H

= µr(H) µ0 H
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Classification of magnetic materials

B

H

Br

initial
magnetization

curve

hysteresis loop
(exaggerated)

remanent field

Hccoercive field

High remanent field ­
Permanent magnet materials

Coercive field:
High ­Hard materials
Low ­ Soft materials

Permeability (B/H slope):
High ­Magnetic materials 

Low ­Non-magnetic materials
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Technical hazards
DC fields
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Collision hazard ïwhat can go wrong
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Magnetization of ferromagnetic objects

force per unit volume is much strongeron elongated objects

F
widely spaced poles ­ little demagnetization (Nº0)

N

Hd

S

F NS

Hd

closely spaced poles ­
strong demagnetizing field

(e.g. sphere N=1/3)

H=Hext+Hd, Hd=-NM
π¢b¢ρŘŜƳŀƎƴŜǘƛȊŀǘƛƻƴŦŀŎǘƻǊόŦǳƴŎǘƛƻƴƻŦǎƘŀǇŜύ

ὓ
Ⱨ►

ρ ὔⱧ►
Ὄ ὃȾά

H field (irrotational i.e.Ð³H=J+µD/µt=0) 
N­S inside andoutside the material

B field (solenoidali.e.ÐÖB=0) 
closed field lines

Hint

B

Hd demagnetizing field

Hext external field

M magnetization
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Forces on magnetic objects

Case of uniform field 
(e.g. interior of a dipole magnet, local Earth field)

ωMagnetization ­N and S poles appear
ωOpposite magnetic poles attract
ωEqual and opposite forces ­ torque

magnetic objects tend to align to field lines

max. torque for an elongatedferromagnetic object 
of volume V perpendicular to the field (worst-case scenario)

Ὕ
ם
ίὭὲגὧέίג
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N N 

N 

S 

S 

N 

uniform magnetic field 

net torque 

J
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Forces on magnetic objects

Case of field with gradient:
(e.g. fringe field of large magnets)

ωMagnetic forces depend upon position and 
orientation of the piece
ωNet forceappears in addition to the torque

magnetic objects tend to get pulled
towards regions ofstronger field

 

N 

S 

S S 

N N 

S 

N 

magnetic field with gradient 

net inward force 

magnetic force for an elongated
ferromagnetic object of volume V

(worst-case scenario)
NB: force grows with B2 i.e. I2excitation

J
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Effects on ferromagnetic tools

Uniform field in the gap
Tools align to field lines

r

B

Field falls off outside the gap  
Tools get pulled inside

Recommended limit for using standard tools:
Background field B ¢3 mTif source ²100 mT (Directive 2013/35/EU)

Non-magnetic tools
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Safety classification of magnetic materials

ωNon-magneticand weakly magnetic(mr º1-10)
- Elements: aluminum, copper, titanium
- Bronze, brass, beryllium copper, aluminum bronze
- Austenitic + high Ni/Cr/Mo stainless steels e.g. 316 (annealed)
- Virtually all polymers and glasses, most ceramics

ωStrongly magnetic(mr º10-5000)
- Elements: iron, nickel, cobalt
- Low-C (soft) e.g. ARMCO steel 
- Ferritic(e.g. 409) and martensitic (e.g. 420) stainless steels
- Most other steel types
- NiFealloys e.g. permalloy, mumetal (mr  up to 106)
- Ferrites (Mn/Ni/Zn ceramics)

ωPermanent magnets(Br ¢1.5 T)
- Ferrites, AlNiCo, rare-earth ceramics (NdFeB, SaCo)

possibly strong
magnetic forces
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Non - magnetic tools

Known suppliers: 

ωHYDRO SYSTEM SA
8, Rue de la Bergère, 1217 MEYRIN, CH 

Å EGA Master SA
C/Zorrolleta11  (01015), Vitoria, ES

Concept Cu-Be Al- Br 

Hardness 35-40HRc 25-30HRc

Magnetism Non ferrous 

substance in the 

composition makes 

it safer when non-

magnetic 

applications are 

required.

Minimun ferrous 

components makes 

them not 100% 

non-magnetic, 

although its low 

magnetism make it 

appropiate for non 

critical non-

magnetic 

applications.

Durability Much higher due to 

the higher 

hardness and 

tensile strength. 

hogher efforts can 

be made.

Not as much as 

Cu-Be.

Price Higher price due to 

the special raw 

material used

Around 30% lower 

price.
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Collision hazard examples
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Collision hazard examples

Relatively common 
accidents in the MRI 
(Magnetic Resonance 
Imaging) field.

First fatality on record: 
Michael, 6, killed by an O2
bottle in New York, 2001

Worst case at CERN: 
[9tΩǎ [о лΦр ¢ ƳŀƎƴŜǘ

(currently in ALICE)
none injured.
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Collision hazard examples

ÅOn 29/01/2018, 32-year old Rajesh Maru carried an O2 bottle
for a relative in an MRI room, believing the magnet was off

ÅThe bottle got stuck to the 1.5 T magnet, trapping
wŀƧŜǎƘΩǎ ƘŀƴŘ ŦƻǊ н ƳƛƴǳǘŜǎ ōŜŦƻǊŜ ƘŜ ǿŀǎ ŦǊŜŜŘ

ÅA leak from the bottle reportedly caused his death
by collapsed lung (due to excessive, high-pressure O2 intake)

ÅSimilar accident in 2014 in New Delhi, no fatal consequences
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Rough estimation: collision hazard in CMS

tŜŀƪ ŦƻǊŎŜ Ғ 50 kgf³0.5 m
YƛƴŜǘƛŎ ŜƴŜǊƎȅ Ғ 250 J
aŀȄΦ  ǎǇŜŜŘ Ғ 70 m/s

100 g magnetic steel screwdriver
( r˃ = 500)

Skull fracture energy 
~50 J

max. BdB/ dzҒ о ¢2/m

Courtesy B. Dalena in L.P. Sun, LHC PN 426
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Equipment
malfunctions
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Equipment malfunctions due to DC magnetic field é

Possibly affected equipment include:

ωMagnetic drag on rotating or reciprocating machinery όǇǳƳǇǎΣ Ŧŀƴǎ Χύ
ωElectrical and electronic components

- motors, transformers , power supplies, circuit breakers
- ferrite-core inductors (ǊŜƭŀȅǎΣ wC Χ)
- semiconductors(Hall effect voltages)
- resistors (magneto-resistance)
- sensors
- microphones, loudspeakers

ω Lifting devices όŜƭŜǾŀǘƻǊǎΣ ŎǊŀƴŜǎΧύ
ωElectronic instruments όDŜƛƎŜǊ ŎƻǳƴǘŜǊΣ 5//¢ǎΣ ŀƴŀƭƻƎ ƳŜǘŜǊǎΣ ƛƴŎƭƛƴƻƳŜǘŜǊǎ Χύ
ωComputer components (hard disks, CRT monitors)
ωPersonal items όƳŜŎƘŀƴƛŎŀƭ ǿŀǘŎƘŜǎΣ ƳŀƎƴŜǘƛŎ ŎŀǊŘǎ Χύ

mailto:marco.buzio@cern.ch

