
How	
  to	
  “see”	
  the	
  protons	
  in	
  the	
  LHC?	
  
(or	
  the	
  electrons	
  in	
  SuperB	
  and	
  the	
  ILC)	
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Lectures	
  overview	
  

I.  How	
  to	
  produce	
  protons	
  for	
  the	
  LHC?	
  
II.  How	
  to	
  get	
  protons	
  in	
  the	
  LHC?	
  
III.	
  How	
  to	
  “see”	
  protons	
  in	
  the	
  LHC?	
  

-­‐  Beam-­‐maFer	
  interacGon	
  
-­‐  RadiaGon	
  emiFed	
  by	
  the	
  beam	
  
-­‐  Example	
  of	
  accelerator:	
  The	
  LHC	
  	
  

IV.	
  What	
  can	
  you	
  do	
  with	
  a	
  par;cle	
  accelerator	
  
(apart	
  from	
  hun;ng	
  the	
  Higgs)?	
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Where	
  are	
  we?	
  

•  We	
  have	
  seen	
  how	
  to	
  produce	
  parGcles	
  
•  We	
  also	
  learnt	
  how	
  to	
  accelerate	
  them	
  and	
  how	
  
to	
  control	
  them.	
  

•  We	
  are	
  aware	
  that	
  some	
  effects	
  such	
  as	
  
wakefield,	
  electron	
  cloud,	
  scaFering	
  can	
  limit	
  the	
  
beam	
  lifeGme	
  or	
  performances…	
  

•  Today	
  we	
  will	
  learn	
  how	
  to	
  “look”	
  at	
  the	
  beam	
  in	
  
the	
  accelerators.	
  

•  But	
  to	
  help	
  you	
  wake,	
  up	
  let’s	
  work	
  together	
  
first…	
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What	
  do	
  we	
  want	
  to	
  know	
  	
  

about	
  the	
  beam?	
  

?	
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What	
  do	
  you	
  want	
  to	
  know	
  about	
  the	
  

beam?	
  
•  Intensity	
  (charge)	
  (I,Q)	
  
•  PosiGon	
  (x,y,z)	
  
•  Size/shape	
  (transverse	
  and	
  

longitudinal)	
  

•  EmiFance	
  (transverse	
  and	
  

longitudinal)	
  

•  Energy	
  
•  ParGcle	
  losses	
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Beam	
  properGes	
  measurements	
  

•  Almost	
  all	
  accelerators	
  accelerate	
  charged	
  par*cles	
  	
  

•  There	
  are	
  mainly	
  2	
  types	
  of	
  beam	
  diagnosGcs:	
  
-­‐	
  DiagnosGcs	
  that	
  use	
  the	
  interacGon	
  of	
  the	
  beam	
  
with	
  maFer	
  (see	
  Serguei’s	
  lecture)	
  
-­‐	
  DiagnosGcs	
  that	
  use	
  radiaGons	
  emiFed	
  by	
  the	
  
beam	
  to	
  measure	
  its	
  properGes.	
  

•  That's	
  almost	
  all	
  what	
  you	
  need	
  to	
  use	
  to	
  build	
  
diagnosGcs	
  (together	
  with	
  some	
  clever	
  tricks).	
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ParGcles	
  interacGons	
  with	
  maFer	
  
 High	
  energy	
  parGcles	
  interact	
  
with	
  maFer	
  in	
  several	
  ways.	
  

 When	
  a	
  parGcle	
  enters	
  

(nuclear)	
  maFer,	
  it	
  loses	
  

energy.	
  

 It	
  will	
  scaFer	
  off	
  the	
  nuclei	
  
that	
  form	
  the	
  nuclear	
  maFer.	
  

 ParGcles	
  produced	
  when	
  
such	
  scaFering	
  occur	
  will	
  

carry	
  a	
  significant	
  energy	
  and	
  

scaFer	
  themselves.	
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Example:	
  Electron	
  shower	
  

•  The	
  distance	
  ader	
  which	
  an	
  

electron	
  or	
  a	
  photon	
  interacts	
  is	
  

called	
  the	
  “radiaGon	
  length”	
  

•  RadiaGon	
  length	
  vary	
  from	
  

material	
  to	
  material	
  and	
  can	
  be	
  

found	
  in	
  tables.	
  

•  X0(Pb)=	
  0.56cm	
  

X0(Ta)=	
  0.41cm	
  

X0(Cu)=	
  1.44cm	
  

X0(Fe)=	
  1.76cm	
  

X0(C	
  graphite)=	
  19.32cm	
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ParGcle	
  absorpGon	
  
  ParGcles	
  loose	
  1/e	
  of	
  their	
  

energy	
  ader	
  each	
  radiaGon	
  

length.	
  

  The	
  reality	
  is	
  a	
  bit	
  more	
  complex	
  

but	
  staGsGcally	
  this	
  picture	
  is	
  

true...	
  

  Heavy	
  parGcles	
  such	
  as	
  protons	
  
will	
  loose	
  some	
  energy	
  as	
  they	
  

travel	
  in	
  maFer	
  and	
  suddenly	
  

stop	
  when	
  their	
  energy	
  	
  slow	
  

enough.	
  

 More	
  details	
  in	
  the	
  

instrumentaGon	
  lectures	
  Nicolas	
  Delerue,	
  LAL	
  (CNRS)	
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Faraday	
  cup	
  (1)	
  

•  Let's	
  send	
  the	
  beam	
  
on	
  a	
  piece	
  of	
  copper.	
  

•  What	
  informaGon	
  
can	
  be	
  measured	
  
ader	
  the	
  beam	
  has	
  
hit	
  the	
  copper?	
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Faraday	
  cup	
  (2)	
  
•  By	
  inserGng	
  an	
  ammeter	
  between	
  

the	
  copper	
  and	
  the	
  ground	
  it	
  is	
  
possible	
  to	
  measure	
  the	
  total	
  
charge	
  of	
  the	
  beam.	
  

•  The	
  total	
  energy	
  of	
  the	
  beam	
  
could	
  also	
  be	
  measured	
  by	
  using	
  
the	
  cup	
  as	
  a	
  calorimeter,	
  but	
  
usually	
  knowing	
  the	
  charge	
  is	
  
enough	
  as	
  most	
  beam	
  are	
  almost	
  
monochromaGc.	
  

•  At	
  high	
  energy	
  Faraday	
  cups	
  can	
  
be	
  large:	
  	
  
More	
  than	
  1m	
  at	
  SOLEIL	
  for	
  a	
  	
  
3	
  GeV	
  electron	
  beam.	
  Image	
  source:	
  Pelletron.com	
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Screen	
  (1)	
  

•  If	
  a	
  thin	
  screen	
  is	
  inserted	
  in	
  

the	
  path	
  of	
  the	
  parGcles,	
  they	
  

will	
  deposit	
  energy	
  in	
  the	
  

screen.	
  

•  If	
  this	
  screen	
  contains	
  

elements	
  that	
  emit	
  light	
  when	
  

energy	
  is	
  deposited	
  then	
  the	
  

screen	
  will	
  emit	
  light.	
  

•  Example	
  of	
  such	
  elements;	
  

Phosphorus,	
  Gadolinium,	
  

Cesium,...	
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Screen	
  (2)	
  

•  It	
  is	
  not	
  possible	
  for	
  the	
  

operators	
  to	
  stay	
  in	
  the	
  

accelerator	
  while	
  the	
  beam	
  is	
  

on	
  so	
  the	
  screen	
  must	
  be	
  

monitored	
  by	
  a	
  camera.	
  

•  To	
  avoid	
  damaging	
  the	
  camera	
  

the	
  screen	
  is	
  at	
  	
  

45	
  degrees.	
  

•  On	
  this	
  screen	
  you	
  can	
  see	
  

both	
  the	
  posiGon	
  of	
  the	
  beam	
  

and	
  its	
  shape.	
  

•  Note	
  the	
  snow	
  on	
  the	
  image.	
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Wire-­‐scanner	
  
•  By	
  inserGng	
  a	
  thin	
  wire	
  in	
  the	
  

beam	
  trajectory	
  (instead	
  of	
  a	
  full	
  
screen)	
  it	
  is	
  possible	
  to	
  sample	
  
parts	
  of	
  the	
  beam.	
  

•  By	
  moving	
  the	
  wire	
  in	
  the	
  
transverse	
  direcGon	
  one	
  can	
  get	
  a	
  
profile	
  of	
  the	
  beam.	
  

•  It	
  is	
  possible	
  to	
  use	
  wire	
  
diameters	
  of	
  just	
  a	
  few	
  
micrometres.	
  
=>	
  beFer	
  resoluGon	
  than	
  with	
  
screens	
  &	
  less	
  disrupGve	
  

•  However,	
  a	
  too	
  strong	
  beam	
  
current	
  can	
  lead	
  to	
  damages	
  to	
  
the	
  wire	
  (requiring	
  replacement	
  
of	
  the	
  wire).	
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Laser-­‐wire	
  
•  To	
  miGgate	
  the	
  problem	
  of	
  

broken	
  wires	
  in	
  wire-­‐
scanners	
  it	
  is	
  possible	
  to	
  
replace	
  the	
  wire	
  by	
  a	
  laser.	
  

•  This	
  technique	
  called	
  “laser-­‐
wire”	
  also	
  allow	
  to	
  reach	
  
beFer	
  resoluGons.	
  

•  High	
  power	
  lasers	
  (or	
  long	
  
integraGon	
  Gmes)	
  are	
  
needed.	
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Longitudinal	
  properGes	
  

•  It	
  is	
  not	
  possible	
  to	
  directly	
  
image	
  the	
  longitudinal	
  
profile	
  of	
  a	
  bunch.	
  

•  By	
  giving	
  longitudinal	
  
impulsion	
  to	
  the	
  beam	
  	
  it	
  is	
  
possible	
  to	
  make	
  it	
  rotate	
  
and	
  observe	
  its	
  longitudinal	
  
profile.	
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RF	
  deflector	
  off	
  and	
  on	
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DeflecGon	
  calculaGons	
  

•  The	
  transverse	
  quick	
  given	
  
by	
  the	
  cavity	
  is	
  

•  This	
  leads	
  to	
  an	
  offset	
  

•  And	
  a	
  resulGng	
  beam	
  size	
  

Nicolas	
  Delerue,	
  LAL	
  (CNRS)	
   19	
  
TESHEP	
  2012	
  -­‐	
  ParGcle	
  accelerators	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

DiagnosGcs	
  



Beam	
  losses	
  
•  It	
  is	
  important	
  to	
  monitor	
  the	
  beam	
  losses	
  directly:	
  
•  Small	
  beam	
  losses	
  may	
  not	
  be	
  detected	
  by	
  other	
  

systems	
  
•  Beam	
  losses	
  are	
  a	
  source	
  of	
  radiaGon	
  and	
  acGvaGon	
  
•  Most	
  beam	
  losses	
  indicate	
  that	
  there	
  is	
  a	
  problem	
  

somewhere.	
  
•  In	
  some	
  accelerators	
  on	
  opGcal	
  fibre	
  is	
  used	
  to	
  track	
  the	
  

losses	
  (by	
  induced	
  Cerenkov	
  light).	
  
•  Beam	
  loss	
  monitoring	
  is	
  oden	
  compulsory	
  to	
  minimize	
  

health	
  risks.	
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LimitaGon	
  of	
  these	
  monitors	
  

•  Monitors	
  in	
  which	
  the	
  

maFer	
  interacts	
  are	
  prone	
  

to	
  damage.	
  

•  With	
  high	
  energy	
  high	
  

intensity	
  colliders	
  such	
  

damages	
  are	
  more	
  likely	
  to	
  

occur.	
  

•  To	
  the	
  led:	
  hole	
  punched	
  by	
  
a	
  	
  30	
  GeV	
  beam	
  into	
  a	
  

scinGllaGng	
  screen.	
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Summary	
  	
  
(parGcles	
  interacGon	
  with	
  maFer)	
  

•  We	
  have	
  seen	
  that	
  it	
  is	
  possible	
  
to	
  build	
  monitors	
  which	
  use	
  the	
  
interacGons	
  of	
  parGcles	
  with	
  
maFer.	
  

•  These	
  monitors	
  tend	
  to	
  be	
  
destrucGve:	
  they	
  significantly	
  
damage/modify	
  	
  the	
  beam.	
  

•  These	
  monitors	
  tend	
  to	
  be	
  
simple	
  but	
  can	
  be	
  damaged	
  by	
  
high	
  energy	
  and/or	
  high	
  
intensity	
  beams.	
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Charged	
  parGcle	
  
•  Any	
  charged	
  parGcle	
  

“radiates”	
  

•  These	
  electromagneGc	
  
radiaGons	
  can	
  be	
  detected	
  
without	
  disrupGng	
  the	
  
beam.	
  

•  One	
  needs	
  to	
  remember	
  
that	
  the	
  beam	
  travels	
  at	
  
high	
  speed:	
  the	
  radiaGons	
  
will	
  be	
  contained	
  in	
  a	
  1/
gamma	
  cone.	
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Beam	
  current	
  monitor	
  

•  Remember:	
  as	
  the	
  charge	
  
travelling	
  in	
  the	
  beam	
  pipe	
  
is	
  constant	
  the	
  current	
  
induced	
  on	
  the	
  walls	
  (of	
  the	
  
beam	
  pipe)	
  will	
  be	
  
independent	
  of	
  the	
  beam	
  
posiGon.	
  	
  

•  By	
  inserGng	
  a	
  ceramic	
  gap	
  
and	
  an	
  ammeter	
  the	
  total	
  
charge	
  travelling	
  in	
  a	
  beam	
  
pipe	
  can	
  be	
  measured.	
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Beam	
  current	
  monitor	
  	
  
vs	
  Faraday	
  cup	
  

•  Both	
  devices	
  have	
  pros	
  and	
  
cons.	
  

•  A	
  Faraday	
  cup	
  destroys	
  the	
  
beam	
  but	
  it	
  gives	
  a	
  very	
  
accurate	
  charge	
  
measurements	
  

•  A	
  Beam	
  current	
  monitor	
  
does	
  not	
  affect	
  the	
  beam	
  
but	
  must	
  be	
  calibrated.	
  

•  Both	
  tend	
  to	
  be	
  used	
  but	
  at	
  
different	
  locaGons	
  along	
  the	
  
accelerator.	
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Beam	
  posiGon	
  monitor	
  

•  If	
  instead	
  of	
  measuring	
  the	
  
charge	
  all	
  around	
  the	
  beam	
  
pipe,	
  two	
  electrodes	
  are	
  
posiGoned	
  at	
  opposite	
  
locaGons,	
  they	
  will	
  be	
  
sensiGve	
  to	
  the	
  beam	
  posiGon.	
  

•  Here	
  the	
  electrodes	
  act	
  as	
  
antennas.	
  

•  Such	
  device	
  is	
  called	
  a	
  beam	
  
posiGon	
  monitor.	
  

•  Many	
  flavours	
  of	
  BPM	
  exist.	
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Beam	
  PosiGon	
  Monitor	
  (2)	
  
•  BPM are one of the most 

common diagnostic at an 
accelerator. 

•  They exist on many different 
configurations. 

•  At synchrotrons it is not 
possible to have electrodes in 
the horizontal plane so the 
electrodes have to be above or 
below the beam. 

•  Although the basic principle is 
simple, very advanced 
electronics are used to get he 
best possible precision. 

•  In typical synchrotrons there is 
a large number of BPMs, about 
1 every 4 meters in the ring!  
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Synchrotron	
  radiaGon	
  

•  Synchrotron	
  radiaGon	
  
carries	
  informaGon	
  about	
  
the	
  beam	
  which	
  emiFed	
  it.	
  

•  It	
  is	
  commonly	
  used	
  to	
  
study	
  the	
  beam	
  transverse	
  
profile.	
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OpGcal	
  TransiGon	
  RadiaGon	
  
•  When	
  a	
  charged	
  parGcle	
  

experiences	
  a	
  transiGon	
  
between	
  two	
  different	
  media	
  
conGnuity	
  equaGons	
  require	
  
some	
  EM	
  signal	
  to	
  be	
  emiFed.	
  

•  This	
  radiaGon	
  can	
  be	
  observed	
  
by	
  using	
  a	
  45	
  degrees	
  screen.	
  

•  By	
  imaging	
  the	
  radiaGon	
  
emiFed	
  from	
  the	
  screen	
  it	
  is	
  
possible	
  to	
  know	
  the	
  beam	
  
transverse	
  shape	
  (and	
  possibly	
  
other	
  things).	
  

•  As	
  this	
  is	
  a	
  surface	
  effect,	
  very	
  
thin	
  (non	
  disrupGve)	
  screens	
  
can	
  be	
  used.	
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OpGcal	
  DiffracGon	
  RadiaGon	
  

•  It	
  is	
  also	
  possible	
  to	
  
use	
  a	
  screen	
  to	
  reflect	
  
the	
  wake	
  created	
  by	
  
the	
  charged	
  parGcles	
  
bunch.	
  

•  This	
  technique	
  is	
  
called	
  ODR.	
  

•  It	
  is	
  even	
  less	
  
disrupGve	
  than	
  OTR.	
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Nicolas	
  Delerue,	
  LAL	
  (CNRS)	
  

Longitudinal	
  profiles	
  
•  Longitudinal	
  profiles	
  of	
  short	
  beams	
  are	
  one	
  

of	
  the	
  most	
  difficult	
  measurement.	
  
•  Several	
  techniques	
  use	
  radiaGon	
  induced	
  by	
  

the	
  beam.	
  
•  In	
  the	
  Smith-­‐Purcell	
  method	
  a	
  graGng	
  is	
  

used.	
  
•  The	
  beam	
  interacts	
  coherently	
  with	
  the	
  

graGng	
  and	
  emits	
  radiaGon.	
  
•  The	
  intensity	
  and	
  wavelength	
  of	
  this	
  

radiaGon	
  depends	
  on	
  the	
  longitudinal	
  profile	
  
of	
  the	
  beam.	
  	
  

•  Most	
  longitudinal	
  profile	
  measurement	
  
techniques	
  actually	
  measure	
  the	
  
Fourier	
  transform	
  of	
  the	
  beam	
  	
  
=>	
  reconstrucGon	
  needed!	
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Energy	
  measurements	
  
•  To	
  measure	
  (or	
  select)	
  the	
  

energy	
  of	
  the	
  parGcles	
  a	
  
bending	
  magnet	
  is	
  oden	
  the	
  
best	
  soluGon.	
  

•  This	
  can	
  be	
  done	
  in	
  an	
  “energy	
  
chicane”.	
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DiagnosGcs	
  overview	
  
Interac)on	
  with	
  ma/er	
   Radia)on	
  

Charge	
   Faraday	
  cup	
   Beam	
  current	
  monitor	
  

PosiGon	
   Screen	
   BPM	
  

Size	
  or	
  shape	
  (transverse)	
   Screen	
  or	
  wire-­‐scanner	
   Synchrotron	
  radiaGon	
  or	
  
opGcal	
  transiGon	
  radiaGon	
  

Size	
  or	
  shape	
  (longitudinal)	
   RF	
  cavity	
  	
  +	
  screen	
   RadiaGon	
  detectors	
  	
  
(eg:	
  Smith-­‐Purcell)	
  

Energy	
   Bending	
  magnet	
  

Losses	
   ScinGllator	
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EmiFance	
  measurement:	
  
MulG	
  screen/wire	
  method	
  

•  The emittance is not directly an observable. 
•  The beam size is an observable. 
•  By measuring the beam size at several locations it is 

possible to fit the best emittance. 
•  The beam size can be measured by using screens or wires. 
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Quad	
  scan	
  

•  The emittance can also be measured by changing the 
strength of a quadrupole and measuring the location 
at a fixed position. 

•  This modifies the beta function of the beam and once 
again this can be fitted to find the best emittance 
value. 
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Quad	
  scan	
  emiFance	
  measurement	
  

Source:	
  LCLS	
  Nicolas	
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Pepper-­‐pot	
  (1)	
  
•  A	
  grid	
  of	
  dense	
  material	
  inserted	
  

in	
  the	
  beam	
  path	
  will	
  split	
  the	
  
beam	
  in	
  several	
  beamlets.	
  

•  The	
  transverse	
  posiGon	
  at	
  which	
  
these	
  beamlets	
  were	
  created	
  is	
  
know	
  (it	
  is	
  the	
  posiGon	
  of	
  the	
  
grid).	
  

•  A	
  measurement	
  of	
  the	
  size	
  of	
  
the	
  beamlets	
  downstream	
  gives	
  
access	
  to	
  the	
  beam	
  divergence.	
  

•  The	
  beam	
  size	
  plus	
  the	
  beam	
  
divergence	
  can	
  be	
  combined	
  to	
  
give	
  the	
  value	
  of	
  the	
  emiFance.	
  

Pepper-­‐pot	
  measurement	
  of	
  the	
  
transverse	
  emiFance	
  of	
  	
  

a	
  van	
  de	
  graaff	
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Pepper-­‐pot	
  (2)	
  

•  In	
  the	
  phase	
  space,	
  the	
  effect	
  of	
  pepper-­‐pot	
  is	
  shown	
  above:	
  
–  The	
  beam	
  is	
  sampled	
  at	
  given	
  x	
  posiGons	
  
–  Ader	
  the	
  pepper-­‐pot,	
  the	
  beam	
  drids	
  

•  The	
  measurement	
  must	
  be	
  made	
  close	
  enough	
  so	
  that	
  the	
  beamlets	
  do	
  not	
  
overlap.	
  

•  The	
  Pepper-­‐pot	
  method	
  is	
  a	
  destrucGve	
  single-­‐shot	
  technique	
  (the	
  beam	
  is	
  
destroyed	
  ader	
  the	
  measurement	
  but	
  a	
  single	
  pulse	
  is	
  enough	
  to	
  make	
  the	
  
measurement).	
  

•  It	
  is	
  used	
  a	
  low	
  energy,	
  for	
  example	
  for	
  the	
  study	
  of	
  parGcle	
  gun	
  properGes.	
  
Nicolas	
  Delerue,	
  LAL	
  (CNRS)	
  

TESHEP	
  2012	
  -­‐	
  ParGcle	
  accelerators	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
DiagnosGcs	
  



DiagnosGcs	
  summary	
  

•  The	
  properGes	
  of	
  a	
  parGcle	
  beam	
  can	
  be	
  measured,	
  
either:	
  
-­‐	
  through	
  its	
  interacGons	
  with	
  maFer	
  (destrucGve	
  
measurement)	
  
-­‐	
  or	
  by	
  detecGng	
  the	
  radiaGon	
  measurements	
  (almost	
  
non	
  perturbaGve	
  measurement)	
  

•  The	
  more	
  accurate	
  the	
  measurement	
  has	
  to	
  be	
  the	
  
more	
  precise/expensive	
  the	
  measuring	
  equipment	
  will	
  
be.	
  

•  DiagnosGcs	
  for	
  parGcle	
  accelerators	
  are	
  an	
  acGve	
  
research	
  area	
  with	
  conferences	
  dedicated	
  to	
  the	
  topic	
  
every	
  year.	
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EXAMPLE	
  OF	
  ACCELERATOR:	
  
THE	
  LHC	
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A	
  complex	
  enterprise	
  
•  Beyond	
  the	
  parGcle	
  

physics	
  challenges	
  
associated	
  with	
  the	
  
construcGon	
  of	
  the	
  
detectors	
  and	
  the	
  analysis	
  
of	
  the	
  data,	
  building	
  and	
  
operaGng	
  the	
  LHC	
  
machine	
  was	
  also	
  an	
  
immense	
  challenge	
  
involving	
  a	
  large	
  number	
  
of	
  skills.	
  

•  The	
  machine	
  has	
  not	
  yet	
  
reached	
  its	
  full	
  potenGal	
  
and	
  the	
  engineers	
  running	
  
it	
  improve	
  its	
  performance	
  
all	
  the	
  Gme.	
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  »	
  



The	
  injecGon	
  chain	
  
•  ParGcles	
  can	
  not	
  directly	
  be	
  produced	
  and	
  accelerated	
  
in	
  the	
  LHC,	
  several	
  preliminary	
  steps	
  are	
  necessary.	
  

•  Let’s	
  follow	
  a	
  proton	
  from	
  the	
  source	
  to	
  the	
  collisions…	
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Proton	
  source	
  

•  ParGcles	
  are	
  extracted	
  by	
  ionisaGon	
  of	
  hydrogen	
  as	
  in	
  a	
  
device	
  called	
  “Duoplasmotron	
  Proton	
  Ion	
  source”	
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Linac	
  

•  Ader	
  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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Pre-­‐acceleraGon	
  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	
  injecGon	
  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	
  configuraGon	
  very	
  quickly.	
  

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

when	
  the	
  energy	
  of	
  the	
  parGcles	
  is	
  increased.	
  
•  It	
  is	
  cheaper	
  to	
  have	
  magnets	
  (and	
  power	
  supplies)	
  with	
  a	
  limited	
  

dynamic	
  range.	
  
•  As	
  the	
  energy	
  of	
  the	
  beam	
  increases	
  its	
  emiFance	
  (and	
  therefore	
  its	
  

size)	
  decreases.	
  
Early	
  accelerators	
  in	
  the	
  acceleraGon	
  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	
  spliyng	
  
•  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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The	
  LHC	
  itself	
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The	
  LHC	
  

•  Circumference:	
  
26659m	
  

•  InjecGon	
  energy:	
  
450	
  GeV	
  

•  9300	
  magnets	
  	
  
(1232	
  dipoles,	
  858	
  
quadrupoles,…)	
  

•  Power	
  consumpGon:	
  
180MW	
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Collimators	
  

•  Some	
  parGcles	
  do	
  leave	
  the	
  main	
  orbit	
  and	
  get	
  
lost.	
  

•  To	
  minimize	
  damages	
  by	
  these	
  stray	
  parGcles	
  
(for	
  example	
  in	
  the	
  HEP	
  detectors)	
  collimators	
  
are	
  placed	
  around	
  the	
  ring.	
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Magnets	
  

•  One	
  of	
  the	
  challenges	
  of	
  the	
  LHC	
  is	
  to	
  
give	
  to	
  the	
  7	
  TeV	
  protons	
  a	
  circular	
  
orbit.	
  	
  

•  The	
  magneGc	
  rigidity	
  defines	
  how	
  
strong	
  the	
  magneGc	
  field	
  must	
  be	
  to	
  
bend	
  parGcles	
  of	
  a	
  given	
  energy.	
  

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

•  This	
  is	
  a	
  very	
  intense	
  magneGc	
  field.	
  
•  To	
  achieve	
  it	
  without	
  using	
  too	
  much	
  

power,	
  the	
  coils	
  have	
  to	
  be	
  
superconducGng.	
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Bρ = 3.3p(GeV/c)



LHC	
  Magnets	
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Cryogenics	
  
•  To	
  keep	
  all	
  the	
  magnets	
  superconducGng	
  they	
  

must	
  be	
  kept	
  at	
  all	
  Gme	
  below	
  4K.	
  
•  All	
  the	
  LHC	
  magnet	
  are	
  cooled	
  to	
  1.9K.	
  
•  It	
  is	
  not	
  possible	
  to	
  reach	
  such	
  temperature	
  

simply	
  by	
  liquefying	
  helium.	
  The	
  phase	
  
transiGon	
  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	
  operaGon	
  that	
  takes	
  several	
  weeks.	
  	
  

•  If	
  a	
  superconducGng	
  magnet	
  is	
  suddenly	
  
brought	
  back	
  to	
  normal	
  conducGng	
  (eg	
  due	
  to	
  
heaGng),	
  the	
  magneGc	
  energy	
  is	
  suddenly	
  
released	
  =>	
  quench.	
  

•  Therefore	
  an	
  important	
  safety	
  margin	
  must	
  be	
  
kept	
  to	
  prevent/minimize	
  quenches.	
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Quench	
  
•  Unfortunately	
  a	
  large	
  quench	
  occurred	
  in	
  September	
  2008.	
  
•  This	
  was	
  due	
  to	
  the	
  resistance	
  of	
  a	
  bus	
  bar	
  (connector)	
  being	
  

a	
  few	
  nano-­‐ohms	
  too	
  high.	
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Machine	
  protecGon	
  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	
  protecGon	
  system”	
  is	
  used	
  to	
  

monitor	
  the	
  machine	
  at	
  all	
  Gme	
  and	
  prevent	
  injecGon	
  
or	
  dump	
  the	
  beam	
  if	
  a	
  fault	
  is	
  detected.	
  

•  A	
  system	
  of	
  flags	
  and	
  permits	
  is	
  used	
  to	
  prevent	
  any	
  
situaGon	
  that	
  might	
  led	
  to	
  significant	
  damages.	
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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.	
  

•  All	
  the	
  energy	
  can	
  not	
  be	
  
disposed	
  of	
  on	
  a	
  single	
  
point.	
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Vacuum	
  
•  Collisions	
  between	
  protons	
  and	
  residual	
  gas	
  in	
  
the	
  accelerator	
  will	
  reduce	
  the	
  beam’s	
  lifeGme.	
  
=>	
  Very	
  stringent	
  requirements	
  (10-­‐10	
  mbar	
  ~	
  
10-­‐8Pa).	
  

•  Use	
  of	
  a	
  special	
  coaGng	
  (Non	
  Evaporable	
  GeFer	
  -­‐	
  
NEG)	
  on	
  the	
  beam	
  pipe	
  that	
  “absorbs”	
  residual	
  
gas.	
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Feedback	
  systems	
  

•  Can	
  you	
  react	
  to	
  a	
  change	
  in	
  1ms?	
  
•  In	
  an	
  accelerator	
  that	
  is	
  already	
  several	
  thousand	
  
turns.	
  

•  Feedback	
  systems	
  are	
  used	
  to	
  correct	
  fast	
  
environmental	
  changes.	
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Feedback	
  (2)	
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Phase	
  
contrôle	
  

MO	
  	
  
500	
  MHz	
  

Voltage	
  
contrôle	
  

	
  	
  ϕ	
  

PID	
   PID	
  

PA	
  
3dB	
  

Coupleur	
  

	
  SWITCH	
  
RF	
  

AMPLI	
  
50	
  kW	
  

CAVITE	
  

-­‐	
  +	
  

ϕ	
  
Tuning	
  
contrôle	
  

PID	
  

ϕ	
  



Collisions	
  

•  Special	
  magnets	
  near	
  each	
  interacGon	
  point	
  
allow	
  to	
  control	
  the	
  focussing	
  (or	
  not	
  of	
  the	
  
beam	
  at	
  that	
  point).	
  

•  LHCb	
  has	
  requested	
  a	
  lower	
  pile-­‐up	
  than	
  the	
  
other	
  experiments	
  =>	
  different	
  tuning	
  and	
  flat	
  
luminosity	
  during	
  the	
  run.	
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Ring	
  layout	
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Summary	
  

•  To	
  control	
  an	
  accelerator	
  you	
  need	
  to	
  “see”	
  what	
  is	
  
happening:	
  
-­‐	
  where	
  is	
  the	
  beam?	
  
-­‐	
  what	
  are	
  its	
  properGes?	
  

•  There	
  are	
  2	
  main	
  types	
  of	
  diagnosGcs:	
  
-­‐	
  diagnosGcs	
  that	
  use	
  interacGons	
  between	
  the	
  
parGcles	
  and	
  maFer	
  
-­‐	
  diagnosGcs	
  that	
  look	
  at	
  the	
  radiaGon	
  emiFed	
  by	
  the	
  
bunch	
  

•  The	
  operaGon	
  of	
  an	
  accelerator	
  is	
  very	
  complex	
  and	
  
requires	
  the	
  control	
  of	
  a	
  large	
  number	
  of	
  parameters.	
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THE	
  JOURNEY	
  OF	
  A	
  PROTON	
  FROM	
  
THE	
  SOURCE	
  TO	
  THE	
  LHC	
  	
  

(Courtesy	
  of	
  D.Manglunki	
  -­‐	
  BE/OP/CERN)	
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