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Overview	  

•  Beam	  Op8cs	  Basics	  
•  Issues	  for	  Muon	  Cooling	  Channels	  
•  Example	  of	  Op8cs-‐based	  Muon	  Cooling	  
Channel	  Design:	  PIC	  –	  Twin	  Helix	  Channel	  

•  Uses	  of	  Muon	  Cooling	  in	  PX	  Era	  
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Beam	  Op#cs	  Overview	  

•  Define	  Par8cle	  Coordinates:	  

•  Taylor	  Map	  Calculates	  Change	  in	  Coordinates:	  
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Linear	  terms	  can	  be	  represented	  as	  a	  matrix	  
Non-‐linear	  terms	  can	  be	  calculates	  as	  a	  
Taylor	  series	  expansion	  in	  terms	  of	  the	  
ini8al	  par8cle	  coordinates:	  

x f = x | xx( ) xi2 + x | xa( ) xiai + x | aa( )ai2 +.....
+(x | xxx)xi

3 + (x | xxa)xi
2ai +......



Uses	  of	  Transfer	  Maps	  

Terms	  in	  the	  linear	  map	  contain	  crucial	  op8cal	  
informa8on	  about	  your	  beam	  channel	  
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Magnifica8on	  terms	  
(x|a)	  =	  0	  for	  point	  to	  point	  imaging	  
(a|x)	  =	  0	  for	  parallel	  to	  parallel	  imaging	  

Determinant	  of	  the	  matrix	  
will	  be	  less	  than	  one	  for	  a	  
system	  with	  cooling	  in	  6-‐D	  
phase	  space	  

Non-‐zero	  for	  dispersion	  



Nonlinear	  Op#cs	  
•  Chroma8c	  Aberra8ons:	  
– energy	  dependent	  	  	  	  	  	  	  
– ex.	  (x|ad)	  is	  a	  second	  order	  aberra8on	  dependent	  
on	  ini8al	  angle	  and	  energy	  spread	  rela8ve	  to	  
reference	  par8cle	  orbit	  

•  Geometric	  Aberra8ons:	  
– angular	  and	  posi8on	  dependent	  only	  	  
– ex.	  (x|xxx)	  is	  the	  third	  order	  aberra8on	  dependent	  
on	  the	  cube	  of	  ini8al	  posi8on	  offset	  from	  the	  
reference	  orbit	  
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Impact	  of	  Nonlinear	  Aberra#ons 	  	  
Simula8on	  codes	  such	  as	  COSY	  Infinity	  can	  be	  used	  
to	   calculate	   aberra8on	   coefficients	   and	   show	  
impact	  on	  the	  channels	  op8cs:	  
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Largest	  2nd	  order	  aberra8ons	  effec8ng	  horizontal	  posi8on	  are	  (x|aa)	  and	  (x|aδ)	  
	  
Since	  muon	  beams	  can	  have	  large	  ini8al	  angular	  and	  energy	  spreads,	  these	  	  	  	  	  	  	  	  	  
aberra8ons	  might	  drama8cally	  impact	  final	  beam	  spot	  size	  	  
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Minimizing	  Aberra#ons	  
•  Aberra8ons	  tradi8onally	  minimized	  using	  higher	  
order	  mul8poles	  	  
–  sextupoles	  for	  2nd	  order	  terms,	  octopoles	  of	  3rd	  order	  
terms	  etc.	  

•  Symmetries	  can	  also	  be	  used	  to	  minimize	  certain	  
aberra8ons	  

•  Simula8ons	  at	  various	  orders	  can	  demonstrate	  
which	  order	  terms	  are	  most	  cri8cal	  
–  If	  simula8on	  results	  converge	  above	  5th	  order	  then	  
aberra8on	  correc8on	  may	  focus	  on	  lower	  order	  terms	  
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Op#cs	  Issues	  for	  Muon	  Cooling	  Channels	  
•  Large	  phase	  space	  volume	  impacts	  aberra8on	  correc8on	  

–  Large	  ini8al	  angular	  spreads	  
–  Need	  large	  dynamic	  aperture	  
–  Energy	  spread	  

•  Short	  muon	  life8me	  
•  Muon	  cooling	  channels	  can	  have	  complicated	  fields	  and	  non-‐

standard	  elements	  that	  crea8ng	  higher	  order	  effects	  
–  solenoid	  fringe	  fields	  
–  helical	  magnet	  channels	  
–  PIC	  Twin	  Helix	  

•  Ioniza8on	  cooling	  requires	  you	  to	  deal	  with	  material	  interac8ons	  
–  Mul8ple	  scamering	  
–  Energy	  straggling	  
–  Space	  charge	  interac8ons	  
–  Par8cle	  decays	  

•  RF	  Cavi8es	  must	  be	  properly	  modeled	  
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Parametric-‐Resonance	  Ioniza#on	  Cooling	  

Parametric-‐resonance	   Ioniza8on	   Cooling	   (PIC)	   offers	   an	  
example	  of	  using	  an	  op8cs-‐based	  approach	  to	  designing	  a	  
muon	  cooling	  channel	  
	  
PIC	   is	   proposed	   as	   a	   final	   stage	   6-‐D	   cooler	   for	   muon	  
collider	  
	  
Analy8c	   calcula8ons	   show	   PIC	   can	   improve	   cooling	   by	  
about	  a	  factor	  of	  10	  over	  ioniza8on	  cooling	  only	  	  	  
	  
Theorize	  it!	  –	  Implement	  it?	  –	  Simulate	  it?	  –	  Op8mize	  it?	  
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How	  PIC	  works	  
•  Correlated	  op8cs	  maintains	  a	  stable	  reference	  orbit	  where	  the	  betatron	  tunes	   in	  

the	  horizontal	  and	  ver8cal	  planes	  are	  integer	  mul8ples	  of	  the	  dispersion	  func8on	  
for	  the	  system	  

•  ½	  integer	  resonances	  are	  introduced	  
	  	  	  	  	  	  to	  create	  a	  hyperbolic	  fixed	  point	  
	  
•  Wedge	  absorbers	  minimizes	  angular	  
	  	  	  	  	  	  blowup	  while	  RF	  cavi8es	  	  are	  used	  to	  
	  	  	  	  	  	  maintain	  the	  reference	  momentum	  
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PIC	  in	  the	  Twin-‐Helix	  Channel	  
•  One	  example	  implemen8ng	  PIC	  criteria	  

is	  the	  twin-‐helix	  channel	  
•  The	  basic	  channel	  involves:	  

–  A	  pair	  of	  helical	  dipole	  harmonics	  of	  
equal	  field	  gradient	  and	  equal	  but	  
opposite	  helici8es	  

–  A	  con8nuous	  quadrupole	  field	  is	  
superimposed	  to	  maintain	  the	  
correlated	  op8cs	  condi8ons	  

–  Two	  addi8onal	  pairs	  of	  helical	  
quadrupole	  harmonics	  (parametric	  
lenses)	  induce	  the	  ½	  integer	  
resonances:	  one	  pair	  for	  the	  horizontal	  
and	  the	  other	  for	  the	  ver8cal	  plane	  

–  Beryllium	  wedge	  absorbers	  placed	  
every	  4	  meters	  

–  RF	  cavi8es	  are	  placed	  3	  cms	  ajer	  each	  
absorber	  
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H.	  Dipole	  Field 1.63	  T 

H.	  Dipole	  wavelength 1	  meter 

Con8nuous	  Quadrupole	  Field .72	  T/m 

H.	  Quadrupole	  Field	  
(Horizontal	  Lenses) 

.02	  T/m 

H.	  Quadrupole	  wavelength 2	  meters 

H.	  Quadrupole	  Field	  	  	  (Ver8cal	  
Lenses) 

.04	  T/m 

H.	  Quadrupole	  wavelength 1	  meter 

RF	  Voltage -‐12.5	  MeV 

RF	  Frequency 201.25	  MHz 

RF	  Phase 30	  Degrees 

Wedge central thickness 2 cm 

Wedge thickness gradient 30% 

Simula#on	  Parameters	  



Implementa#on	  of	  Twin-‐Helix	  
•  One	  proposed	  conceptual	  drawing	  of	  implementa8on	  of	  twin-‐helix	  

channel	   using	   a	   combina8on	   of	   2	   helical	   conductor	   layers	   and	   a	  
straight	  quadrupole.	  	  	  

•  Colors	  indicate	  current	  varia8on	  in	  the	  conductors	  
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Hyperbolic	  Fixed	  Point	  
The	  basic	   twin-‐helix	  channel	   is	   simulated	  without	  wedge	  absorbers	  
or	  energy	  restoring	  RF	  cavi8es	  
	  
250	  MeV/c	  μ-‐	  launched	  offset	  from	  the	  reference	  orbit	  by	  2	  cm	  and	  
130	  mrad	  in	  both	  planes	  
	  
This	  test	  par8cle	  is	  tracked	  every	  4	  meters	  for	  200	  cells	  	  	  
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Ioniza#on	  Cooling	  and	  PIC	  
Basic	  channel	  with	  wedge	  absorbers	  and	  energy-‐restoring	  RF	  cavi8es	  is	  simulated	  with	  
and	  without	  parametric	  lenses	  
	  
250	  MeV/c	  μ-‐	  launched	  offset	  from	  the	  reference	  orbit	  by	  2	  cm	  and	  130	  mrad	  in	  both	  
planes	  
	  
This	  test	  par8cle	  is	  tracked	  every	  4	  meters	  for	  1000	  cells	  	  	  
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Addi#on	  of	  Stochas#c	  Effects	  
•  Tracking	  using	  transfer	  maps:	  	  	  	  

•  Adding	  stochas8cs	  “map”:	  

•  Stochas8c	  “map”	  defined	  to	  produce	  these	  results:	  
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Stochas#c	  Effects	  for	  Single	  Par#cle	  
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parametric	  lenses	  –	  with	  and	  without	  the	  stochas8c	  effects	  of	  mul8ple	  scamering	  and	  
energy	  straggling	  
	  
250	  MeV/c	  μ-‐	  launched	  offset	  from	  the	  reference	  orbit	  by	  2	  cm	  and	  130	  mrad	  in	  both	  
planes	  
	  
This	  test	  par8cle	  is	  tracked	  every	  4	  meters	  for	  400	  cells	  	  	  



Cooling	  Factor	  Measurements	  
A	   distribu8on	   of	   test	   par8cles	   in	   the	   full	   simula8on	   of	   the	   linear	   channel	   with	  
stochas8cs.	   	   The	   ini8al	   distribu8on	   uses	   a	   sigma	   of	   2	   cm	   in	   offsets,	   130	  mrad	   in	  
angles,	  and	  1%	  spread	  in	  energy	  from	  the	  reference	  par8cle.	  	  The	  distribu8on	  is	  also	  
spread	  over	  a	  bunch	  length	  of	  ±	  3	  cms	  rela8ve	  to	  the	  reference	  par8cle.	  
	  
Comparison	  of	  cooling	  factor	  (ra8o	  of	  ini8al	  to	  final	  6D	  emimance)	  with	  and	  without	  
the	  PIC	  condi8on	  is	  consistent	  with	  theory	  indica8ng	  improved	  in	  cooling	  by	  ~	  factor	  
of	  10	  
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Evalua#ng	  Aberra#ons	  and	  Effects	  
•  Linear	  Model	  sets	  a	  baseline	  for	  

aberra8on	  correc8ons	  
–  “perfect”	  correc8on	  is	  the	  linear	  

model	  
•  Aberra8ons	  can	  be	  studied	  through	  

maps	  
–  which	  aberra8ons	  at	  each	  order	  are	  

largest	  
–  which	  aberra8ons	  will	  impact	  

sensi8vity	  of	  op8cs	  	  
•  Aberra8on	  effects	  can	  be	  evaluated	  

by	  order	  
–  at	  what	  order	  do	  op8cs	  results	  

converge	  
–  correc8ng	  lower	  order	  aberra8ons	  

can	  correct	  dependent	  higher	  order	  
aberra8ons	  
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monochroma8c	  point	  source,	  ±160	  mrad,	  2	  helix	  periods	  

Aberra#ons	  effec#ng	  spot	  size	  for	  the	  λD=20	  cm.	  
twin-‐helix	  >	  10-‐3	  at	  2nd	  and	  3rd	  order	  

(x|aa)	   	  0.0015	  

(x|aδ)	   	  0.0021	  

(x|aaa)	   -‐0.0178	  

(x|abb)	   -‐0.0061	  

(y|aab)	   0.0061	  

(y|bbb)	   0.0012	  



Effects	  of	  Aberra#on	  Correc#on	  

Correc8on	  of	  aberra8ons	  offers	  
substan8al	   improvement	   in	  
dynamic	  aperture	  
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Basic	  twin-‐helix	  helical	  dipole	  and	  straight	  quadrupole	  
	  
Ini8al	  beam	  distribu8on:	   azimuthal	  φ	  	  from	  0	  to	  2π	  	  in	  steps	  
of	  π	  /4,	  polar	  θ	  	  from	  20	  to	  220	  mrad	  in	  steps	  of	  40	  mrad	  

	  

Addi8onal	  helical	  quadrupole	  and	  straight	  sextupole	  and	  
octopole	  fields	  are	  added	  to	  help	  correct	  aberra8ons	  



Uses	  for	  Muon	  Cooling	  in	  Project	  X	  Era	  

•  M2e	  
– bemer	  energy	  resolu8on	  
– monochroma8c	  beam	  =	  less	  signal	  loss	  

•  Neutrino	  Factory	  	  -‐	  	  
–  increased	  survival	  of	  muons	  to	  storage	  ring	  
– Reduce	  aperture	  for	  accelera8ng	  structure	  
– Test	  cooling	  techniques	  for	  MC	  

•  Muon	  Collider	  
–  increased	  luminosity	  
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