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Lectures	  overview	  
•  Produc/on	  of	  par/cles	  

–  Electrons	  (Thermionic	  and	  photoelectric	  effects)	  
–  Protons	  and	  ions	  

•  Accelera/on	  of	  par/cles	  
-‐	  Van	  de	  Graaff	  
-‐	  RF	  accelerators	  

•  Steering	  the	  par/cles,	  magnets	  
•  Beam	  dynamics	  
•  The	  LHC	  
•  Other	  applica/ons	  of	  par/cle	  accelerators	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   2	  



Introduc/on	  

•  To	  probe	  maSer	  on	  smaller	  scales	  one	  needs	  
probes	  with	  a	  higher	  energy.	  	  

•  As	  such	  probes	  are	  not	  available	  naturally	  they	  
have	  to	  be	  produced.	  

•  Par/cle	  colliders	  bring	  electrons	  or	  protons	  to	  
high	  energies	  and	  collide	  them	  to	  probe	  
maSer	  on	  the	  smallest	  possible	  scale.	  
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How	  do	  par/cle	  accelerators	  work?	  

•  Par/cle	  accelerators	  are	  typically	  made	  of	  the	  following	  
elements:	  
-‐	  a	  source	  
-‐	  an	  accelera/ng	  sec/on	  
-‐	  a	  ring	  

•  In	  a	  complex	  accelerator	  these	  elements	  may	  be	  repeated.	  
•  We	  will	  see	  how	  each	  of	  them	  work…	  
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ThomX,	  an	  
accelerator	  
being	  built	  
in	  Orsay	  



Producing	  beams	  of	  electrons:	  
Thermionic	  effect	  

•  Remember	  the	  Maxwell-‐Boltzmann	  
energy	  distribu/on:	  
	  
	  

•  Electrons	  (fermions)	  obey	  a	  different	  
but	  similar	  law.	  

•  When	  a	  metal	  is	  heated	  more	  electrons	  
can	  populate	  high	  energy	  levels.	  

•  Above	  a	  certain	  threshold	  they	  
electrons	  can	  break	  their	  bound	  and	  be	  
emiSed:	  	  
	  This	  is	  thermionic	  emission.	  
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Electrons	  in	  solids	  

•  At	  low	  temperature	  all	  electrons	  are	  in	  the	  lowest	  possible	  
energy	  level,	  below	  the	  Fermi	  level.	  

•  As	  the	  temperature	  increase	  some	  electrons	  will	  go	  above	  
the	  Fermi	  level.	  

•  But	  only	  those	  with	  an	  energy	  greater	  than	  the	  “work	  
func/on”	  are	  “free”.	  
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Electrons	  extrac/on	  
•  Once	  the	  electrons	  are	  free	  they	  
may	  fall	  back	  on	  the	  cathode.	  

•  To	  avoid	  this	  an	  electric	  field	  
needs	  to	  be	  applied.	  

•  If	  a	  nega/ve	  poten/al	  is	  applied	  to	  
the	  cathode	  the	  electrons	  will	  be	  
aSracted	  away	  from	  the	  cathode	  
acer	  being	  emiSed.	  

•  The	  poten/al	  the	  electrons	  must	  
overcome	  to	  escape	  is	  called	  the	  
“work	  func/on”.	  
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Example	  of	  thermionic	  gun	  
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Spring	  8	  SCSS	  thermionic	  gun.	  
(images	  source:	  T.	  Shintake,	  Spring-‐8)	  



Photo-‐electric	  emission	  
Instead	  of	  thermionic	  emission	  it	  is	  possible	  to	  shot	  on	  the	  cathode	  

with	  a	  laser	  =>	  photo-‐electric	  emission	  (produces	  beSer	  quality	  
beams)	  

Photo-‐electric	  emission	  takes	  place	  in	  3	  steps:	  
1)	  Absorp/on	  of	  a	  photon	  by	  an	  electron	  inside	  the	  metal.	  The	  

energy	  transferred	  is	  propor/onal	  to	  the	  photon	  energy.	  
2)	  Transport	  of	  the	  photon	  to	  the	  physical	  surface	  of	  the	  metal.	  The	  

electron	  may	  loose	  energy	  by	  	  
scaSering	  during	  this	  process.	  

3)	  Electron	  emission	  (if	  
the	  remaining	  energy	  is	  
above	  the	  work	  func/on;	  
including	  SchoSky	  effect)	  

	  
The	  efficiency	  of	  this	  process	  is	  	  

called	  “quantum	  efficiency”.	  
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Principle	  of	  a	  RF	  Photo-‐gun	  

Courtesy	  Jom	  Luiten,	  TUV	  Eindhoven	  
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Principle	  of	  a	  RF	  Photo-‐gun	  

Courtesy	  Jom	  Luiten,	  TUV	  Eindhoven	  
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Principle	  of	  a	  RF	  Photo-‐gun	  

Courtesy	  Jom	  Luiten,	  TUV	  Eindhoven	  
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Principle	  of	  a	  RF	  Photo-‐gun	  

Courtesy	  Jom	  Luiten,	  TUV	  Eindhoven	  
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Ion	  (and	  proton)	  sources	  
•  An	  electric	  discharge	  creates	  a	  plasma	  
in	  which	  posi/vely	  and	  nega/vely	  
charged	  ions	  are	  	  present	  (as	  well	  as	  
neutrals).	  

•  If	  such	  plasma	  experiences	  an	  intense	  
electric	  field	  ions	  will	  separate	  in	  
opposite	  direc/ons.	  

•  This	  is	  a	  rather	  crude	  and	  inefficient	  
(but	  very	  simple)	  way	  of	  producing	  any	  
sort	  of	  ions.	  

•  In	  a	  Penning	  ion	  source	  a	  magne/c	  field	  
is	  used	  to	  increase	  the	  probability	  the	  
free	  electron	  ionize	  extra	  neutrals.	  
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Proton	  source:	  the	  duoplasmotron	  
•  At	  CERN	  the	  protons	  are	  

produced	  in	  a	  duoplasmotron	  
source.	  

•  Hydrogen	  is	  injected	  in	  a	  plasma	  
chamber	  at	  a	  high	  electric	  
poten/al	  (100kV)	  

•  Inside	  the	  plasma	  chamber	  a	  
cathode	  emits	  electrons.	  

•  These	  electrons	  hit	  the	  gas	  
atoms	  and	  ionise	  them	  into	  
protons.	  

•  The	  protons	  are	  aSracted	  toward	  
lower	  poten/al	  areas	  and	  are	  
ejected	  from	  the	  source.	  

•  Magnets	  are	  used	  to	  minimise	  
transverse	  momentum	  of	  the	  
par/cles	  and	  focus	  them	  at	  the	  
exit.	  
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CERN	  Linac	  4	  H-‐	  source	  

h8p://linac4ionsource.web.cern.ch/	  

Courtesy	  Richard	  Scrivens,	  CERN	  
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Quizz	  
We	  have	  seen	  that	  in	  a	  duoplasmotron	  there	  is	  a	  thermionic	  
electron	  source.	  Does	  that	  mean	  that	  this	  source	  produces	  both	  
protons	  and	  electrons?	  Why?	  
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Answer	  
1)	  In	  the	  duoplasmotron	  the	  

electric	  field	  separates	  the	  
electrons	  from	  the	  proton	  
as	  they	  have	  opposite	  
charge.	  So	  only	  	  
p+	  are	  extracted	  through	  
the	  hole.	  

2)	  This	  is	  not	  the	  case	  in	  a	  H-‐	  
source	  where	  the	  electrons	  
and	  the	  ions	  have	  the	  same	  
charge.	  They	  must	  be	  
separated	  by	  a	  magnet	  at	  
the	  source	  exit.	  This	  must	  
done	  carefully	  to	  limit	  
hea/ng	  of	  cri/cal	  
components.	  	  
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Van	  de	  Graaff	  generator	  
l  To	  reach	  high	  par/cle	  energies	  an	  electric	  field	  

is	  necessary	  to	  accelerate	  the	  par/cles.	  
l  	  In	  1929	  Van	  de	  Graaff	  proposed	  a	  generator	  

capable	  of	  producing	  such	  high	  voltages.	  
l  In	  a	  Van	  de	  Graaff	  generator	  charges	  are	  

mechanically	  carried	  by	  a	  conveyor	  belt	  from	  a	  
low	  poten/al	  source	  to	  a	  high	  poten/al	  
collector.	  

l  Van	  de	  Graaff	  generators	  can	  reach	  several	  MV	  
and	  are	  s/ll	  used	  in	  DC	  accelerators.	  
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Images	  courtesy:	  	  
hSp://people.clarkson.edu/~ekatz/scien/sts/graaff.html	  
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Tandem	  accelerators	  
l  It	  is	  possible	  to	  increase	  the	  energy	  

reach	  of	  a	  Van	  de	  Graaff	  accelerators	  
by	  using	  a	  “tandem”	  accelerator.	  

l  Such	  accelerator	  has	  two	  stage:	  
-‐	  In	  the	  first	  stage	  nega/ve	  ions	  (with	  
extra	  e-‐)	  are	  accelerated	  from	  ground	  
to	  a	  posi/ve	  high	  voltage.	  
-‐	  These	  ions	  are	  then	  stripped	  of	  2-‐3	  
electrons	  in	  a	  stripper	  and	  become	  
nega/ve.	  
-‐	  They	  are	  then	  accelerated	  further	  
by	  going	  from	  the	  posi/ve	  high	  
voltage	  to	  DC.	  

Image	  source:	  hSp://people.clarkson.edu/~ekatz/scien/sts/graaff.html	  

Example:	  10MV	  Van	  de	  Graaff	  can	  accelerate	  C-‐	  to	  10	  MeV	  and	  then	  C2+	  to	  30	  MeV.	  
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Cyclotron	  
l  DC	  electric	  fields	  beyond	  
20MV	  are	  very	  difficult	  to	  
achieve.	  

l  Above	  20MV,	  it	  is	  easier	  to	  
use	  an	  electric	  field	  created	  
by	  an	  alterna/ng	  current	  
(AC).	  

l  In	  1931	  Lawrence	  designed	  
a	  “cyclotron”,	  a	  circular	  
device	  made	  of	  two	  
electrodes	  placed	  in	  a	  
magne/c	  field.	  
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Cyclotron	  (2)	  
l  Due	  to	  the	  magne/c	  field	  the	  par/cles	  
follow	  a	  circular	  trajectory	  

l  By	  reversing	  the	  electric	  field	  of	  the	  
electrode	  between	  two	  gap	  crossing	  it	  
is	  possible	  to	  accelerate	  the	  par/cles.	  

l  With	  an	  AC	  poten/al	  of	  only	  2000V	  
Lawrence	  accelerated	  protons	  to	  80kV!	  

l  Lawrence	  received	  the	  Nobel	  prize	  in	  
1939	  for	  this	  work.	  

l  However,	  Cyclotrons	  can	  only	  
accelerate	  non-‐rela/vis/c	  par/cles…	  
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Par/cle	  accelera/on	  
•  Van	  de	  Graff	  and	  Cyclotrons	  are	  

limited	  in	  the	  energies	  they	  can	  
reach.	  

l  To	  go	  beyond	  these	  limits	  it	  is	  
necessary	  to	  use	  cavi/es	  in	  which	  
the	  fields	  is	  alterna/vely	  
accelera/ng	  and	  decelera/ng.	  
Radio-‐frequency	  (RF)	  cavi/es	  use	  
such	  AC	  field	  to	  accelerate	  par/cles	  
to	  very	  high	  energies.	  

l  In	  a	  RF	  cavity	  the	  par/cles	  “surf”	  on	  
an	  electromagne/c	  wave	  that	  
travels	  in	  the	  cavity.	  
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RF	  accelerators	  (2)	  
l  The	  first	  stages	  of	  an	  AC	  accelerator	  
are	  quite	  complicated	  because	  the	  
speed	  of	  the	  par/cles	  keeps	  changing	  
and	  thus	  the	  spacing	  between	  cavi/es	  
is	  changing.	  

l  Once	  the	  par/cles	  reach	  the	  speed	  of	  
light,	  the	  cavi/es	  can	  be	  evenly	  spaced.	  
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First	  stage	  of	  a	  proton	  
	  RF	  accelerator	  



Special	  rela/vity	  reminder	  
•  In	  a	  par/cle	  accelerator	  par/cles	  travel	  at	  very	  high	  speed.	  
•  Special	  rela/vity	  can	  not	  be	  ignored.	  
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•  Typical	  RF	  gun	  (electrons):	  few	  MeV	  =>	  gamma	  =	  5-‐10	  
•  Typical	  proton/H-‐	  source:	  hundred	  kV	  =>	  gamma	  less	  than	  0.001!	  
•  Electrons	  are	  very	  quickly	  rela/vis/c,	  protons	  are	  not!	  	  	  

	  
•  Typical	  synchrotron	  light	  source:	  3	  GeV	  =>	  gamma	  =	  6000	  
•  LEP	  energy	  100	  GeV/beam	  =>	  gamma	  =	  200	  000.	  
•  LHC	  Energy	  (so	  far)	  3.5	  TeV/beam	  =>	  gamma	  =	  3500.	  
•  Rela/vis/c	  phenomena	  are	  much	  more	  important	  in	  electron	  

accelerators	  than	  in	  proton	  accelerators.	  

Electrons: � =

E

mec2
' 2E[MeV]
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Synchrotrons	  
Instead	  of	  having	  a	  large	  number	  of	  cavi/es	  to	  

accelerate	  the	  par/cles,	  it	  is	  also	  possible	  
to	  have	  a	  single	  cavity	  in	  which	  the	  
par/cles	  pass	  several	  /mes.	  	  

Dipole	  magnets	  are	  then	  used	  to	  make	  the	  
par/cles	  follow	  a	  circular	  orbit.	  

As	  the	  par/cles	  gain	  energy	  the	  radius	  of	  
curvature	  of	  their	  orbit	  in	  a	  constant	  field	  
increases	  
=>	  	  The	  field	  of	  the	  dipoles	  has	  to	  be	  
increased	  to	  follow	  the	  par/cles	  energy	  
gain	  and	  	  keep	  a	  constant	  orbit	  (synchro-‐
cyclotron).	  



How	  to	  control	  	  
where	  the	  par/cles	  go?	  

•  Electric	  and	  magne/c	  fields	  can	  
deflect	  charged	  par/cles.	  

•  In	  an	  electric	  field	  the	  par/cles	  
get	  accelerated.	  

•  In	  magne/c	  field	  the	  direc/on	  of	  
the	  par/cles	  is	  changed	  but	  not	  
their	  energy.	  
=>	  it	  is	  preferable	  to	  use	  
magne/c	  field	  (usually	  
electromagnets)	  to	  control	  a	  
beam.	  

•  Magnets	  are	  also	  more	  efficient.	  
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Beam	  focussing	  
•  A	  regular	  magnet	  (dipole)	  
will	  create	  a	  field	  the	  will	  
bend	  the	  beam	  in	  one	  
direc/on.	  

•  The	  change	  the	  size	  of	  the	  
beam	  a	  different	  type	  of	  
magnets	  called	  
quadrupoles	  need	  to	  be	  
used.	  

•  Quadrupoles	  create	  intense	  
fields	  for	  off-‐axis	  par/cles	  
but	  do	  not	  disturb	  par/cles	  
on	  the	  axis.	  
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FODO	  cell	  
•  A	  quadrupole	  will	  focus	  the	  
beam	  in	  one	  plane	  but	  
defocus	  it	  in	  the	  other	  
plane.	  

•  To	  have	  a	  net	  focussing	  
effect,	  2	  quadrupoles	  are	  
used,	  one	  focussing	  in	  one	  
plane	  and	  the	  other	  one	  
focussing	  in	  the	  other	  plane.	  
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Accelerator	  lauce	  
•  In	  an	  accelerator	  there	  is	  a	  large	  

number	  of	  quadrupoles	  to	  keep	  
the	  beam	  size	  under	  control.	  	  

•  This	  is	  called	  the	  lauce	  of	  the	  
accelerator.	  	  
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Longitudinal	  
dynamics	  

•  As	  there	  is	  a	  rela/on	  
between	  momentum	  and	  
orbit,	  the	  par/cles	  that	  
do	  not	  have	  the	  correct	  
momentum	  will	  
experience	  a	  phase	  
slippage.	  

•  This	  will	  in	  turn	  induce	  a	  
change	  in	  their	  energy.	  

•  In	  fact	  all	  the	  par/cles	  
“rotate”	  in	  all	  planes	  
around	  the	  reference	  
orbit.	  
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Impedance	  matching	  
•  In	  a	  RF	  circuit	  an	  impedance	  mismatch	  will	  result	  in	  a	  reduced	  

transmission	  at	  the	  interface.	  
•  The	  same	  is	  true	  in	  an	  accelerator:	  an	  impedance	  mismatch	  is	  

likely	  to	  induce	  a	  reflec/ve	  wave	  at	  the	  interface.	  
•  This	  will	  induce	  a	  loss	  of	  power	  and	  an	  emiSance	  increase.	  
•  In	  a	  synchrotron	  the	  impedance	  of	  all	  beam	  pipe	  elements	  is	  

carefully	  controlled.	  
•  This	  is	  less	  important	  in	  a	  transfer	  line	  where	  the	  beam	  passes	  

only	  once.	  
	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   32	  Kyiv	  2015	  



Betatron	  oscilla/ons	  
•  We	  have	  seen	  that	  as	  it	  travels	  

along	  the	  lauce	  the	  beam	  is	  
focussed	  alterna/vely	  in	  both	  
planes.	  

•  For	  individual	  par/cles	  this	  leads	  
to	  oscilla/ons	  called	  “betatron	  
oscilla/on”.	  

•  This	  occurs	  in	  both	  planes	  at	  the	  
same	  /me.	  

•  If	  the	  par/cles	  perform	  an	  integer	  
number	  of	  betatron	  oscilla/ons	  in	  
one	  turn,	  they	  come	  back	  at	  the	  
same	  posi/on	  turn	  acer	  turn.	  

•  Be	  careful,	  you	  should	  not	  confuse	  
the	  number	  of	  lauce	  periods	  with	  
the	  number	  of	  betatron	  
oscilla/ons.	  	  
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Integer	  betatron	  oscilla/ons	  
•  If	  one	  of	  the	  magnets	  in	  the	  accelerator	  has	  a	  field	  error	  a	  

par/cle	  coming	  turn	  acer	  turn	  at	  the	  same	  posi/on	  will	  
accumulate	  the	  effect	  of	  this	  field	  error.	  

•  Acer	  a	  large	  number	  of	  turns	  (millions…)	  what	  was	  ini/ally	  
a	  very	  small	  error	  can	  lead	  to	  large	  orbit	  changes	  and	  
eventually	  to	  the	  loss	  of	  the	  beam.	  	  
=>	  avoid	  integer	  betatron	  oscilla/ons…	  (avoid	  half-‐integers	  
also)	  
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Tune	  
•  To	  avoid	  cumula/ve	  effects	  in	  
the	  accelerator	  over	  a	  large	  
number	  of	  turns	  all	  ra/onal	  
numbers	  should	  be	  avoid	  for	  
betatron	  oscilla/ons	  in	  both	  
planes	  
=>	  choose	  an	  irra/onal	  
number!	  

•  Choosing	  an	  incorrect	  tune	  
can	  significantly	  increase	  the	  
par/cle	  loss	  rate.	  
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Wakefield	  issues	  
•  Electrons	  produce	  an	  electromagne/c	  wave	  behind	  them.	  

•  This	  can	  be	  compared	  the	  to	  wake	  of	  a	  boat	  and	  is	  called	  wakefield.	  

•  Imagine	  what	  would	  happen	  if	  there	  was	  a	  second	  surfer	  on	  the	  
picture	  below...	  

•  How	  good	  is	  the	  wake	  for	  the	  walls	  of	  the	  canal?	  	  
It	  is	  not	  good	  for	  the	  beam	  pipe	  either!	  
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Intra-‐beam	  scaSering	  

•  Inside	  the	  beam	  the	  par/cles	  behave	  somewhat	  like	  a	  gas.	  

•  Coulomb	  collisions	  do	  occur	  between	  the	  par/cles	  leading	  to	  
momentum	  transfer	  between	  the	  par/cles	  and	  a	  degrada/on	  of	  
the	  beam	  quality.	  

•  In	  extreme	  case	  some	  par/cles	  may	  be	  ejected	  from	  the	  beam	  
(Touschek	  effect).	  
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Nicolas	  Delerue,	  LAL	  (CNRS)	  

Beam	  beam	  effects	  
•  In	  a	  collider	  the	  two	  beams	  feel	  each	  other's	  

electric	  field	  well	  before	  and	  well	  acer	  
colliding.	  

•  Given	  that	  the	  par/cles	  come	  very	  close	  to	  
each	  other,	  this	  lead	  to	  very	  intense	  forces.	  

•  These	  forces	  lead	  to	  significant	  disrup/on	  of	  
the	  beam.	  
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Looking	  again	  at	  an	  accelerator	  

•  We	  can	  now	  understand	  most	  of	  the	  element	  
that	  make	  an	  accelerator,	  so	  let’s	  have	  a	  look	  at	  
the	  largest	  accelerator	  in	  the	  world:	  the	  LHC…	  	  
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THE	  LHC	  
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A	  complex	  enterprise	  
•  Beyond	  the	  par/cle	  physics	  

challenges	  associated	  with	  
the	  construc/on	  of	  the	  
detectors	  and	  the	  analysis	  of	  
the	  data,	  building	  and	  
opera/ng	  the	  LHC	  machine	  
was	  also	  an	  immense	  
challenge	  involving	  a	  large	  
number	  of	  skills.	  

•  The	  machine	  has	  not	  yet	  
reached	  its	  full	  poten/al	  and	  
the	  engineers	  running	  it	  
improve	  its	  performance	  all	  
the	  /me.	  
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The	  LHC:	  A	  27km	  ring	  



1983	  LEP	  Note	  440	  -‐	  S.	  Myers	  and	  W.	  Schnell	  propose	  
	  twin-‐ring	  pp	  collider	  in	  LEP	  tunnel	  with	  9-‐T	  dipoles	  

1991	  CERN	  Council:	  LHC	  approval	  in	  principle	  
1992	  EoI,	  LoI	  of	  experiments	  
	  	   	  1993	  SSC	  termina/on	  	  	  
1994	  CERN	  Council:	  LHC	  approval	  
1995-‐98	  coopera/on	  w.Japan,India,Russia,Canada,&US	  	  
	   	  	  2000	  LEP	  comple/on	  
2006	  last	  s.c.	  dipole	  delivered	  
2008	  first	  beam	  
2010	  first	  collisions	  at	  3.5	  TeV	  beam	  energy	  	  
2015	  collisions	  at	  ~design	  energy	  (plan)	  

	  short	  LHC	  history	  

>30	  years!	  
Courtesy	  of	  F.	  Zimmerman	  Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   43	  



The	  injec/on	  chain	  
•  Par/cles	  can	  not	  directly	  be	  produced	  and	  
accelerated	  in	  the	  LHC,	  several	  preliminary	  steps	  
are	  necessary.	  
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Proton	  source	  

•  Par/cles	  are	  extracted	  by	  ionisa/on	  of	  hydrogen	  as	  in	  a	  
device	  called	  “Duoplasmotron	  Proton	  Ion	  source”	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   45	  



Linac	  

•  Acer	  the	  source	  the	  protons	  are	  
accelerated	  in	  a	  linac.	  

•  As	  the	  protons	  gain	  speed	  they	  travel	  
longer	  distance	  in	  a	  RF	  cycle	  and	  
therefore	  the	  length	  of	  the	  tubes	  
must	  be	  increased.	  

•  At	  the	  end	  of	  the	  Linac	  the	  protons	  
reach	  an	  energy	  of	  50	  MeV.	  
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RF:	  Phase	  stability	  	  
and	  cavity	  quality	  

•  In	  an	  RF	  accelerator	  the	  field	  
felt	  by	  the	  par/cles	  depend	  on	  
the	  exact	  phase	  a	  which	  the	  
par/cle	  is	  injected.	  

•  In	  a	  linac	  the	  phase	  of	  all	  
accelera/ng	  cavi/es	  must	  be	  
controlled	  very	  accurately.	  

•  The	  shape	  of	  the	  cavity	  is	  also	  
very	  important	  to	  ensure	  a	  
homogeneous	  field	  in	  the	  
center.	  

•  Acer	  a	  while	  cavi/es	  dissipate	  
the	  energy	  they	  store	  
=>	  the	  design	  must	  op/mise	  
the	  Q	  factor.	  
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Warm	  cavi/es	  vs	  cold	  cavi/es	  
•  Two	  types	  of	  technologies	  exist	  for	  

accelera/ng	  cavi/es.	  
•  “warm”	  	  cavi/es	  operate	  at	  room	  

temperature.	  	  
-‐	  They	  are	  easier	  to	  install.	  	  
-‐	  They	  have	  a	  low	  quality	  factor	  (Q	  
value)	  so	  the	  power	  injected	  is	  
dissipated	  quickly.	  

•  “Cold”	  cavi/es	  work	  in	  the	  
superconduc/ng	  regime	  (typically	  
3K).	  
-‐	  They	  require	  an	  helium	  cooling	  
plant	  (expensive)	  
-‐	  They	  have	  a	  high	  quality	  factor	  and	  
dissipate	  much	  less	  power.	  	  

•  The	  most	  suitable	  technology	  
depends	  on	  the	  applica/on.	  

•  Modern	  rings	  tend	  to	  use	  
superconduc/ng	  cavi/es.	  
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Cryogenics	  
•  For	  the	  LHC	  it	  was	  decided	  that	  it	  

would	  be	  more	  economical	  to	  use	  
superconduc/ng	  accelera/ng	  
cavi/es	  and	  superconduc/ng	  
magnets.	  

•  This	  requires	  large	  amount	  of	  
cooling	  down	  to	  2K.	  

•  Thermal	  radia/on	  depends	  on	  T4.	  
To	  minimize	  thermal	  losses	  LHE	  
cryostat	  need	  an	  outer	  LN2	  shield.	  

•  Cooling	  the	  LHC	  has	  its	  own	  
challenges:	  
-‐	  During	  cool	  down	  the	  LHC	  shrinks	  
by	  about	  80m	  (over	  27km).	  
-‐	  Warming	  up/cooling	  the	  cold	  
masses	  takes	  several	  weeks	  per	  
sector.	  	  
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Cryogenics	  
•  To	  keep	  all	  the	  magnets	  superconduc/ng	  they	  

must	  be	  kept	  at	  all	  /me	  below	  4K.	  
•  If	  a	  superconduc/ng	  magnet	  is	  suddenly	  

brought	  back	  to	  normal	  conduc/ng	  (eg	  due	  to	  
hea/ng),	  the	  magne/c	  energy	  is	  suddenly	  
released	  =>	  quench.	  

•  Therefore	  an	  important	  safety	  margin	  must	  be	  
kept	  to	  prevent	  quenches.	  

•  All	  the	  LHC	  magnet	  are	  cooled	  to	  1.9K.	  
•  It	  is	  not	  possible	  to	  reach	  such	  temperature	  

simply	  by	  liquefying	  helium.	  The	  phase	  
transi/on	  between	  Helium	  II	  and	  Helium	  I	  
must	  used	  (using	  a	  mix	  of	  Helium-‐3	  and	  
Helium-‐4).	  

•  Cooling	  a	  large	  metallic	  object	  from	  room	  
temperature	  to	  1.9K	  without	  breaking	  it	  is	  a	  
complex	  opera/on	  that	  takes	  several	  weeks.	  	  
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Pre-‐accelera/on	  rings	  
•  At	  50	  MeV	  the	  energy	  of	  the	  protons	  is	  too	  low	  

to	  be	  injected	  in	  the	  LHC.	  
•  Several	  intermediate	  rings	  are	  necessary	  to	  bring	  

their	  energy	  to	  the	  LHC	  injec/on	  energy.	  
•  To	  save	  space	  the	  first	  of	  these	  rings,	  the	  PS	  

booster	  is	  made	  of	  4	  rings	  stacked	  on	  to	  each	  
other!	  

•  All	  these	  rings	  use	  pulsed	  magnets	  which	  allow	  
to	  change	  the	  beam	  configura/on	  very	  quickly.	  

•  The	  PS	  was	  built	  in	  1959,	  the	  PSB	  in	  1972	  and	  
the	  SPS	  in	  1976.	  
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Why	  pre-‐accelera/on	  rings?	  
•  In	  a	  synchrotron	  the	  strength	  of	  the	  magnets	  must	  

be	  increased	  when	  the	  energy	  of	  the	  par/cles	  is	  
increased.	  

•  It	  is	  cheaper	  to	  have	  magnets	  (and	  power	  supplies)	  
with	  a	  limited	  dynamic	  range.	  

•  As	  the	  energy	  of	  the	  beam	  increase	  its	  emiSance	  
(and	  therefore	  its	  size)	  decreases.	  
Early	  accelerators	  in	  the	  accelera/on	  chain	  must	  
have	  a	  wide	  aperture	  whereas	  the	  LHC	  has	  a	  small	  
aperture	  (a	  bunch	  from	  the	  Linac	  would	  not	  fit	  in	  
the	  LHC.	  
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Protons	  bunch	  spliung	  
•  Another	  purpose	  of	  the	  PS	  is	  to	  adapt	  the	  bunch	  structure	  from	  the	  

Linac	  to	  the	  requirements	  of	  the	  LHC.	  
•  The	  RF	  of	  the	  PS	  is	  used	  to	  split	  8	  proton	  bunches	  into	  84	  bunches!	  	  
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Beam	  injec/on/extrac/on	  
•  Injec/ng	  (or	  
extrac/ng)	  par/cles	  
from	  a	  ring	  is	  not	  
easy.	  

•  The	  par/cles	  must	  
be	  inserted	  on	  the	  
correct	  orbit.	  

•  However	  the	  
deflector	  must	  not	  
affect	  the	  trajectory	  
of	  other	  bunches	  in	  
the	  ring	  (or	  of	  the	  
same	  bunch	  acer	  
one	  turn).	  	  	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   55	  
Courtesy	  of	  Andy	  Wolski	  



Septum	  magnets	  

•  Inser/on/extrac/on	  are	  
usually	  done	  by	  combining	  
2	  types	  of	  deflectors:	  
-‐	  Ultra	  fast	  kickers	  use	  an	  
intense	  electric	  field	  to	  
deflect	  the	  par/cles	  (but	  
beware	  to	  ripples)	  
-‐	  A	  septum	  magnet	  is	  used	  
to	  separate	  neighbouring	  
trajectories	  (thanks	  to	  a	  
magne/c	  shield).	  	  
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The	  LHC	  itself	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   57	  



Magnets	  
•  One	  of	  the	  challenges	  of	  the	  LHC	  is	  to	  

give	  to	  the	  7	  TeV	  protons	  a	  circular	  
orbit.	  	  

•  The	  magne/c	  rigidity	  defines	  how	  
strong	  the	  magne/c	  field	  must	  be	  to	  
bend	  par/cles	  of	  a	  given	  energy.	  

•  At	  7	  TeV	  and	  with	  a	  bending	  radius	  of	  
2.8km	  this	  requires	  a	  very	  intense	  
magne/c	  field:	  8.3	  Tesla!	  

•  This	  is	  a	  very	  intense	  magne/c	  field.	  
•  To	  achieve	  it	  without	  using	  too	  much	  

power,	  the	  coils	  have	  to	  be	  
superconduc/ng.	  	  
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LHC	  Magnets	  
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Quench	  
•  Unfortunately	  a	  quench	  occurred	  in	  September	  2008.	  
•  This	  was	  due	  to	  the	  resistance	  of	  a	  busbar	  (connector)	  
being	  a	  few	  nano-‐ohms	  too	  high.	  
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Machine	  protec/on	  system	  
•  The	  LHC	  beams	  carry	  the	  same	  amount	  of	  energy	  
than	  a	  jumbo	  plane	  at	  take-‐off!	  

•  If	  a	  beam	  is	  sent	  on	  the	  beam	  pipe	  accidentally	  it	  
could	  make	  serious	  damages!	  

•  A	  complex	  “machine	  protec/on	  system”	  is	  used	  to	  
monitor	  the	  machine	  at	  all	  /me	  and	  prevent	  
injec/on	  or	  dump	  the	  beam	  if	  a	  fault	  is	  detected.	  
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How	  to	  get	  rid	  
of	  the	  beams?	  

•  With	  so	  much	  energy	  
stored	  in	  the	  beams	  
they	  have	  to	  be	  
disposed	  of	  with	  care.	  

•  A	  special	  area	  “dumps”	  
has	  been	  designated	  
and	  instrumented	  for	  
this	  purpose.	  
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Vacuum	  
•  Collisions	  between	  protons	  and	  residual	  gas	  in	  
the	  accelerator	  will	  reduce	  the	  beam’s	  life/me.	  
=>	  Very	  stringent	  requirements	  (10-‐10	  mbar	  ~	  
10-‐8Pa).	  

•  Use	  of	  a	  special	  coa/ng	  (Non	  Evaporable	  GeSer	  -‐	  
NEG)	  on	  the	  beam	  pipe	  that	  “absorbs”	  residual	  
gas.	  	  
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design parameters 
 
c.m. energy = 14 TeV (p) 
luminosity =1034 cm-2s-1 

 
1.15x1011 p/bunch 
2808 bunches/beam 
 
360 MJ/beam 
 
γε=3.75 µm 
β*=0.55 m 
θc=285 µrad 
σz=7.55 cm 
σ*=16.6µm 

LHC:	  highest	  energy	  	  pp,	  AA,	  and	  pA	  collider	  

Courtesy	  of	  F.	  Zimmerman	  



n  2010: 0.04 fb-1 

¨  7 TeV CoM 
¨  Commissioning 

n  2011:  6.1  fb-1 

¨  7 TeV CoM 
¨  Exploring the 

limits 

n  2012:  23.3  fb-1 
¨  8 TeV CoM 
¨  Production 

integrated	  pp	  luminosity	  2010-‐12	  
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Luminosity	  
issues	  

More	  luminosity,	  
	  =>	  more	  collisions	  	  
per	  turn	  	  
	  =>	  pile-‐up.	  
	  
	  
	  
Not	  everybody	  want	  
more	  instantaneous	  
luminosity.	  Eg:	  LHCb	  
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Can	  the	  beams	  collide	  elsewhere?	  
•  Only	  if	  the	  
operators	  want	  it.	  
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Non	  HEP	  applica/ons	  
of	  par/cle	  accelerators	  

•  I	  discussed	  mostly	  of	  the	  
par/cle	  accelerators	  used	  
for	  HEP.	  However	  most	  
par/cle	  accelerators	  in	  the	  
world	  are	  used	  for	  other	  
purposes.	  

•  To	  treat	  cancers	  by	  
radiotherapy	  or	  proton	  
therapy.	  

•  To	  perform	  Carbon-‐14	  
da/ng	  on	  old	  artefacts.	  

•  As	  intense	  sources	  of	  light.	  

Nicolas	  Delerue,	  LAL	  (CNRS)	   Kyiv	  2015	   68	  



Summary	  
•  Par/cle	  accelerators	  are	  used	  to	  produce	  probes	  with	  a	  
very	  large	  energy	  (small	  wavelength)	  and	  explore	  
maSer	  at	  a	  very	  small	  scale.	  

•  Electrons	  can	  be	  extracted	  from	  cathodes,	  proton	  are	  
produced	  by	  ionising	  hydrogen.	  

•  Electric	  fields,	  Radiofrequency	  EM	  waves	  are	  used	  to	  
accelerate	  the	  par/cles.	  	  

•  Magnets	  are	  used	  to	  control	  the	  size	  and	  direc/on	  of	  
the	  beams.	  

•  The	  opera/on	  of	  accelerators	  is	  very	  complex	  and	  
requires	  skills	  from	  different	  fields.	  

•  Par/cle	  accelerators	  have	  applica/on	  many	  fields	  such	  
as	  medicine,	  material	  science	  and	  even	  the	  
humani/es!	  	  
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Recommended	  reading	  
l  	  An	  introduc/on	  to	  par/cle	  accelerators,	  Edmund	  Wilson	  

l  The	  physics	  of	  Par/cle	  accelerators,	  Klaus	  Wille	  

If	  you	  want	  to	  learn	  much	  more:	  

l  Handbook	  of	  Accelerator	  Physics	  and	  Engineering,	  	  
by	  Alex	  Chao	  and	  Maury	  Tigner	  	  ISBN-‐10:	  9810235003	  

l  	  Charged	  Par/cle	  Beams,	  by	  Stanley	  Humphries	  hSp://
www.fieldp.com/cpb/cpb.html	  

l  Principles	  of	  Charged	  Par/cle	  Accelera/on	  by	  Stanley	  Humphries,	  
hSp://www.fieldp.com/cpa/cpa.html	  


