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Tonight	  

Term papers due by 6:30pm 



Announcements	  	  
•  PresentaRon	  dates:	  tonight!,	  Tues	  Dec	  8,	  and	  Thurs	  Dec	  10	  

–  You	  MUST	  send	  me	  your	  presentaRon	  (pdf	  or	  ppt)	  no	  later	  than	  5:30	  pm	  on	  
the	  day	  of	  your	  talk	  

•  I	  will	  upload	  all	  slides	  for	  each	  session	  so	  online	  aZendance	  is	  possible	  
•  Listening	  to	  other	  students’	  reports	  is	  an	  important	  part	  of	  this	  course!	  

–  Final	  paper	  due	  Thurs	  12/10	  before	  class:	  email	  pdf	  or	  .doc	  to	  JW	  
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Tonight:	  Case	  studies	  in	  ParRcle/nucleus	  accelerators	  

•  How	  to	  accelerate	  parRcles	  or	  nuclei	  
–  Linear	  DC	  or	  RF	  accelerators	  
–  RF	  caviRes	  
–  Beam	  opRcs	  

•  Cyclotrons,	  synchro-‐cyclotrons,	  betatrons	  
•  Early	  history:	  Cockcro`-‐Walton,	  van	  de	  Graaf,	  Lawrence	  
•  Colliders	  
•  Collider	  detectors	  	  
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Illustrations borrowed from:  
K. Wille, The Physics of Particle Accelerators, 2000 
And presentations by  
Erik Adli, University of Oslo/CERN, 2009; 
A. Chao, USPAS 2007 



How	  to	  accelerate	  parRcles	  (or	  nuclei)	  
Linear	  accelerators	  
•  DC	  electric	  fields:	  chain	  of	  electrodes	  with	  voltage	  drops	  	  

–  ParRcle	  is	  accelerated	  between	  electrodes	  
–  Energy kick: ΔE=qΔV  per stage	  
–  LimitaRon:	  hard	  to	  provide	  insulaRon	  for	  voltages	  >	  10	  MV	  

	  
•  Oscillating (RF) fields  

–  Particle must see the field only when the field is in the accelerating direction 
•  Previous electrode repels, next electrode attracts, at each gap 

–  Requires synchronization: ΔT = ½TRF 
–  Limitations: large power loss due to radiation 
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Need to ramp up RF frequency, or increase 
spacing of electrodes, as particle speeds up 



Using RF cavities for acceleration 
•  ElectromagneRc	  power	  is	  stored	  in	  a	  resonant	  volume,	  instead	  of	  being	  

radiated	  between	  electrodes	  
•  RF	  power	  feed	  into	  cavity	  (typically	  from	  Klystrons,	  industrial	  radio	  

broadcasRng	  technology)	  
•  RF	  caviRes	  require	  bunched	  beams:	  parRcles	  grouped	  in	  bunches	  

separated	  in	  space	  by	  spacing	  between	  RF	  caviRes	  
•  Cavity	  evoluRon:	  

LHC cavity module 



Charged	  parRcle	  beam	  opRcs	  
•  Quadrupole	  magnets	  have	  linear	  B	  field	  in	  x	  and	  y:	  

	  Bx	  =	  -‐gy	  
	  By	  =	  -‐gx	  

•  B	  forces	  focus	  in	  one	  plane	  and	  defocus	  in	  the	  orthogonal	  plane:	  
	  Fx	  =	  -‐q	  v	  gx	  	  	  	  (focusing)	  
	  Fy	  =	  q	  v	  gy	  	  	  	  	  	  (defocusing)	  

–  Focal	  length	  of	  a	  quadrupole:	  1/f	  =	  kL	  
	  k	  ~	  field	  strength,	  L	  =	  length	  of	  the	  quadrupole	  

	  
•  Alternate	  focusing/defocusing	  in	  x	  or	  y	  planes	  by	  rotaRng	  quadrupoles	  90°	  

–  Result:	  Net	  focusing	  effect	  in	  both	  planes	  	  
–  “AlternaRng	  Gradient”	  focusing	  
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Synchrotron:	  circular	  accelerator	  
using	  dipoles,	  quads	  and	  RF	  caviRes	  
Repeated	  sequence	  of	  components	  
=	  	  Accelerator’s	  “lamce”	  
(Must	  fit	  circumference	  used!)	  



Examples of lattice components 
•  Dipoles          quadrupole 



•  Cyclotron:  
–  constant B field 
–  constant RF field in the gap increases energy 
–  radius increases proportionally to energy 
–  limit: relativistic energy, RF phase out of synch 
–  Requires large-area vacuum chamber for beam 
–  Simpler than the synchrotron, 
      sometimes still used as medical accelerators 

•  Synchro-cyclotron 
–  Cyclotron with varying RF phase  

•  Betatron (electron accelerator) 
–  Acceleration induced by time-varying magnetic field 

Cyclotrons,	  synchro-‐cyclotrons,	  betatrons	  

Circular vacuum chamber inside magnet 
 



Early	  history:	  Cockcro`-‐Walton,	  van	  de	  Graaf,	  Lawrence	  (1930s)	  

•  van	  de	  Graaf	  =	  motorized	  fricRon-‐belt	  staRc	  electricity	  generator	  
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Cockro`-‐Walton	  =	  charge	  up	  capacitors	  in	  
parallel;	  spark	  gap	  breakdown	  puts	  them	  in	  
series	  à	  high	  voltage	  

Tandem	  accelerator	  for	  nuclei:	  central	  high	  V	  electrode	  aZracts	  negaRve	  ions;	  they	  
are	  stripped	  to	  become	  posiRve	  ions;	  then	  it	  repels	  them	  through	  same	  ΔV	  	  

Fermilab Cockroft-Walton 
(1970s) 

MIT van de Graaf  
(1930s) 

ORNL	  25	  MV	  
tandem,	  inside	  
a	  100-‐`-‐high,	  
33-‐`-‐diameter	  
pressure	  vessel	  
(HV	  insulaRon).	  



UW’s	  tandem	  300	  kV	  Van	  de	  Graaf	  accelerator	  
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Work	  with	  this	  next	  term	  in	  Prof.	  Garcia’s	  phys	  576	  course	  



E.O.Lawrence	  (UC/Berkeley,	  1930—50s)	  

 Lawrence in 1930 

184” cyclotron (late 50s) 

Lawrence’s original 5” cyclotron 



LHC pre-accelerator system 

•  LHC ring accelerates protons from 450 
GeV up to 7000 GeV 

•  450 GeV protons injected into LHC from 
the SPS (Super PS, 1980s: main CERN 
accelerator before LHC)) 

•  PS (Proton Synchrotron, predecessor of 
SPS, 1959; original main machine at 
CERN, 28 GeV) injects into the SPS  

•  LINAC injects into the PS 



LHC layout 
•  circumference = 26.6 km 

•  8 interaction points, 4 of which contain 
detectors where the beams intersect 

•  8 straight sections, containing the IPs, 
around 530 m long 

•  8 arcs with a regular lattice structure, 
containing 23 arc cells 

•  Each arc cell has a F0D0 lattice (Focus, 
bend (=0), Defocus, bend), 106.9 m long 



Geneva airport 

CERN PS 
accelerator 

CERN site today 
See http://public.web.cern.ch/ 

LHC collider rings 

Lake Geneva 

CERN site in 1957 during 
construction of the PS.  
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Collider	  Detectors	  
The	  outgoing	  composite	  parRcles	  interact	  with	  the	  maZer	  of	  the	  detector,	  leave	  tracks,	  
and	  deposit	  their	  energies.	  	  

From	  the	  tracks	  and	  the	  energy	  deposits,	  we	  can	  reconstruct	  what	  happened	  during	  the	  
collision.	  

Energy	  &	  
Momentum	  
conservaRon	  
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A	  typical	  contemporary	  HEP	  detector	  

Hadronic	  	  
layers	  

Tracking	  system	  	  
MagneRzed	  	  
volume	  

Calorimeter	  
Induces	  shower	  
in	  dense	  material	  

Innermost	  	  
tracking	  layers	  
use	  silicon	  

Muon	  detector	  InteracRon	  
point	  

Absorber	  
material	  

Bend	  angle	  →	  momentum	  

Electron	  

Experimental	  signature	  	  
of	  a	  quark	  or	  gluon	  

Muon	  

Jet	  	  

“Missing	  transverse	  energy”	  
Signature	  of	  a	  non-‐interac&ng	  (or	  weakly	  
interac&ng)	  par&cle	  like	  a	  neutrino	  
(based on energy/momentum conservation) 

EM	  layers	  
fine	  sampling	  
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The	  ATLAS	  Detector 

22	  m 

44	  m 

A	  Toroidal	  LHC	  Apparatus	  	  

Inner	  Detector	  (ID)	  
• Si	  pixel	  and	  strip	  detector	  
• TransiRon	  RadiaRon	  	  	  	  Tracker:	  
e/π	  separaRon	  
• Solenoid	  magnet	  of	  2T	  

Muon	  spectrometer	  
• Air-‐core	  toroid	  system	  average	  ~	  0.5	  T	  
• MDTs	  &	  CSCs;	  RPCs	  &	  TGCs	  

Calorimeter	  
• High	  granularity	  LAr	  EM	  calorimeter:	  
|η|<	  3.2	  
• Hadron	  calorimeter:	  |η|<	  4.9	  
(scinRlator-‐Rle	  in	  barrel	  and	  LAr	  in	  
end-‐caps	  and	  forward)	  
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ATLAS	  Calorimeter	  	  
–  The	  Calorimeter	  of	  the	  ATLAS	  experiment	  at	  the	  CERN	  LHC	  

•  The	  Tile	  barrel	  Calorimeter	  uses	  plasRc	  scinRllator	  

About	  12	  m	  long,	  	  
4.3	  m	  radius	  
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Time	  for	  presentaRons	  !	  

•  Tonight’s	  vicRms:	  
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XXXX XXXX 

Due to dropped talk, you can have 25 min total (20 + 5) each 
 
7:00 pm   Per 
7:25         Rick 
7:50  Chris 
8:15  Charles 
 


