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RF	
  accelera'ng	
  structures	
  

Accelera'ng	
  structures	
  are	
  resonant	
  structures	
  used	
  to	
  accelerate	
  (or	
  increase	
  energy)	
  
of	
  a	
  beam	
  of	
  charged	
  par'cles.	
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  ,	
  only	
  the	
  electric	
  field	
  can	
  change	
  the	
  par'cle	
  energy!	
  
To	
  accelerate	
  the	
  beam	
  along	
  the	
  axis	
  we	
  need	
  a	
  longitudinal	
  component	
  of	
  the	
  
electric	
  field,	
  Ez.	
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Outline	
  

•  EM	
  waves	
  in	
  structure	
  and	
  RF	
  frequency	
  
–  RF	
  basics	
  	
  
–  Travelling	
  wave	
  
–  Standing	
  wave	
  

•  Structures	
  characteris?cs	
  
–  Accelera'ng	
  voltage	
  
–  Losses	
  and	
  quality	
  factor	
  
–  Structure	
  efficiency	
  -­‐	
  R/Q	
  
–  Shunt	
  impedance	
  

•  Example	
  of	
  structures	
  
–  Low	
  Beta	
  structures	
  
–  Intermediate	
  beta	
  structures	
  

•  Linacs	
  for	
  medical	
  applica?ons	
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EM	
  WAVES	
  IN	
  STRUCTURES	
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EM	
  waves	
  in	
  waveguides	
  

•  EM	
  waves	
  can	
  propagate	
  in	
  cylindrical	
  and	
  rectangular	
  pipes,	
  called	
  waveguides	
  
•  In	
  a	
  waveguiding	
  system,	
  we	
  are	
  looking	
  for	
  solu?ons	
  of	
  Maxwell’s	
  equa?ons	
  that	
  

are	
  propaga'ng	
  along	
  the	
  guiding	
  direc'on	
  (the	
  z	
  direc'on)	
  and	
  are	
  confined	
  in	
  
the	
  near	
  vicinity	
  of	
  the	
  guiding	
  structure	
  and	
  can	
  be	
  described	
  mathema'cally	
  by:	
  

•  These	
  are	
  homogenous	
  plane	
  waves	
  characterized	
  by	
  a	
  wave	
  vector	
  k:	
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•  ωc	
  is	
  the	
  so-­‐called	
  “cut-­‐off	
  frequency”.	
  The	
  
boundary	
  condi'ons	
  for	
  each	
  waveguide	
  type	
  
force	
  ωc	
  to	
  take	
  on	
  certain	
  values.	
  

•  At	
  each	
  excita'on	
  frequency	
  is	
  associated	
  a	
  
phase	
  velocity,	
  the	
  velocity	
  at	
  which	
  a	
  certain	
  
phase	
  travels	
  in	
  the	
  waveguide.	
  

•  To	
  be	
  synchronized	
  all	
  the	
  'me	
  with	
  an	
  
accelera'ng	
  E-­‐field,	
  a	
  par'cle	
  traveling	
  inside	
  
the	
  waveguide	
  has	
  to	
  travel	
  at	
  v	
  =	
  vph	
  >	
  c	
  !	
  	
  

•  Energy	
  and	
  informa'on	
  travel	
  at	
  the	
  group	
  
velocity	
  (vg	
  <	
  c	
  <	
  vph)	
  

The	
  dispersion	
  rela'on	
  	
  
and	
  wave	
  veloci'y	
  	
  

•  The	
  precise	
  rela'onship	
  between	
  ω	
  (angular	
  frequency)	
  and	
  kz	
  (waveguide	
  
propaga'on	
  constant)	
  is	
  called	
  dispersion	
  rela?on:	
  	
  

guide	
  wavelength	
  

kz

ω

 

0

tg α = ω/kz = vph

 vph>c 

 vph=c 

vph=ω/kz	
  =	
  (c2+ωc
2/kz2)1/2	
  

vg=dω/dkz	
  

kz=2π/λp	
  

λp	
  =	
  vph	
  /	
  f	
  

guide	
  wave	
  number	
  
phase	
  
velocity	
  

group	
  velocity	
  

M.	
  Vretenar	
  (CERN),	
  CAS2013	
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EM	
  propaga'ng	
  modes	
  

•  Solu'ons	
  of	
  Maxwell’s	
  equa'ons	
  can	
  
be	
  classified	
  in	
  three	
  families	
  (TEM,	
  
TE,	
  TM)	
  depending	
  on	
  whether	
  both,	
  
one,	
  or	
  none	
  of	
  the	
  longitudinal	
  
components	
  are	
  zero.	
  

•  To	
  accelerate	
  par'cles,	
  we	
  need	
  a	
  
mode	
  with	
  longitudinal	
  E-­‐field	
  
component	
  on	
  axis:	
  a	
  TM	
  mode	
  
(Transverse	
  Magne?c,	
  Bz=0).	
  The	
  
simplest	
  is	
  TM01.	
  

•  We	
  inject	
  RF	
  power	
  at	
  a	
  frequency	
  
exci'ng	
  the	
  TM01	
  mode,	
  but	
  as	
  we	
  
have	
  seen	
  before	
  vph	
  >	
  c	
  

•  We	
  need	
  to	
  "slow	
  down"	
  the	
  wave	
  in	
  
order	
  to	
  use	
  the	
  pipe	
  as	
  an	
  
accelera?ng	
  structure	
  

RF	
  input	
  

TM01	
  field	
  configura'on	
  

E-­‐field	
  λp	
  

TEM	
  mode	
   TE	
  mode	
   TM	
  mode	
  

Transverse	
  	
  
Electric	
  	
  and	
  	
  
Magne'c	
  

Transverse	
  	
  
Electric	
  

Transverse	
  	
  
Magne'c	
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The	
  disc	
  loaded	
  waveguide:	
  
an	
  accelera'ng	
  tube	
  for	
  electrons!	
  

•  Discs	
  inside	
  the	
  cylindrical	
  waveguide,	
  spaced	
  
by	
  a	
  distance	
  l	
  ,	
  will	
  induce	
  mul?ple	
  reflec?ons	
  
between	
  the	
  discs.	
  

•  for	
  λp=0	
  and	
  λp=∞	
  the	
  wave	
  does	
  not	
  see	
  the	
  
discs,	
  i.e.	
  the	
  dispersion	
  curve	
  remains	
  that	
  of	
  
the	
  empty	
  cylinder.	
  

•  At	
  λp/2=	
  l	
  ,	
  the	
  wave	
  will	
  be	
  confined	
  between	
  
the	
  discs,	
  and	
  present	
  2	
  “polariza?ons”	
  (mode	
  
A	
  and	
  B	
  in	
  the	
  figure),	
  2	
  modes	
  with	
  same	
  
wavelength	
  but	
  different	
  frequencies:	
  the	
  
dispersion	
  curve	
  splits	
  into	
  2	
  branches,	
  
separated	
  by	
  a	
  stop	
  band.	
  

electric field pattern - mode A

electric field pattern - mode B

electric field pattern - mode A

electric field pattern - mode B
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K.	
  Wille,	
  The	
  Physics	
  of	
  Par=cle	
  Accelerators	
  

Travelling	
  wave	
  structures	
  

•  In	
  an	
  electron	
  linac	
  velocity	
  is	
  prac'cally	
  	
  
constant	
  v	
  =	
  c	
  (i.e.	
  β	
  =	
  1).	
  

•  The	
  linac	
  structure	
  is	
  made	
  of	
  a	
  sequence	
  of	
  
iden'cal	
  cells	
  (except	
  for	
  the	
  gun)	
  of	
  length	
  
d	
  =	
  β λ	
  /	
  2	
  =	
  λ	
  /	
  2.	
  	
  

•  The	
  cells	
  are	
  grouped	
  in	
  cavi'es	
  opera'ng	
  
in	
  travelling	
  wave	
  mode.	
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Standing	
  wave	
  structures	
  

•  Standing	
  wave	
  modes	
  are	
  generated	
  
by	
  the	
  sum	
  of	
  2	
  waves	
  traveling	
  in	
  
opposite	
  direc?ons,	
  adding	
  up	
  in	
  the	
  
different	
  cells	
  

•  Boundary	
  condi'on	
  at	
  both	
  ends	
  is	
  
that	
  electric	
  field	
  must	
  be	
  
perpendicular	
  to	
  the	
  cover	
  à	
  Only	
  
some	
  modes	
  on	
  the	
  disc-­‐loaded	
  
dispersion	
  curve	
  are	
  allowed	
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Standing	
  wave	
  modes	
  

•  Standing	
  wave	
  modes	
  are	
  named	
  from	
  the	
  phase	
  difference	
  between	
  adjacent	
  
cells:	
  in	
  the	
  example	
  below,	
  mode	
  0,	
  π/2,	
  2π/3,	
  π.	
  	
  

mode 0
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•  For	
  accelera'on,	
  the	
  par'cles	
  
must	
  be	
  in	
  phase	
  with	
  the	
  E-­‐
field	
  on	
  axis.	
  We	
  have	
  already	
  
seen	
  the	
  π	
  mode:	
  

•  In	
  standing	
  wave	
  structures,	
  
cell	
  length	
  can	
  be	
  matched	
  to	
  
the	
  par'cle	
  velocity!	
  

Synchronism conditions: 
0-mode :    l = βλ
π/2 mode: l = βλ/4 
π mode:   l = βλ/2

M.	
  Vretenar	
  (CERN),	
  CAS2013	
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RF	
  accelera'ng	
  structures	
  

Travelling	
  wave	
   Standing	
  wave	
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The	
  Pillbox	
  cavity	
  

•  The	
  linac	
  we	
  have	
  seen	
  before	
  is	
  composed	
  of	
  an	
  array	
  of	
  accelera'ng	
  gaps.	
  Each	
  
gap	
  can	
  be	
  seen	
  as	
  a	
  ‘pill	
  box’	
  cavity.	
  

•  The	
  boundary	
  condi'ons	
  on	
  the	
  cavity	
  walls	
  (E//	
  =	
  0)	
  force	
  the	
  fields	
  to	
  exist	
  only	
  at	
  
certain	
  quan'zed	
  resonant	
  frequencies	
  à	
  an	
  integer	
  mul?ple	
  of	
  half-­‐
wavelengths	
  must	
  fit	
  along	
  each	
  direc?on.	
  	
  

•  Simplest	
  mode	
  is	
  TM010	
  .	
  Indexes	
  indicate	
  number	
  of	
  half	
  wavelength	
  in	
  φ,	
  r	
  and	
  z	
  
direc'on	
  à	
  no	
  dependence	
  on	
  z	
  and	
  φ,	
  1	
  half	
  wavelength	
  in	
  r	
  direc'on	
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STRUCTURES	
  CHARACTERISTICS	
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T.	
  P.	
  Wangler	
  	
  
–	
  RF	
  Linacs	
  

•  The	
  accelera?ng	
  voltage	
  in	
  a	
  gap	
  is	
  defined	
  as:	
  

	
  
The	
  exponen'al	
  factor	
  accounts	
  for	
  the	
  varia'on	
  of	
  
the	
  field	
  while	
  par'cles	
  with	
  velocity	
  βc	
  are	
  traversing	
  
the	
  gap.	
  

•  The	
  transit	
  ?me	
  factor	
  is	
  the	
  ra'o	
  of	
  the	
  accelera'on	
  
voltage	
  to	
  the	
  (non-­‐physical)	
  voltage	
  a	
  par'cle	
  with	
  
infinite	
  velocity	
  would	
  see	
  (à	
  see	
  also	
  Transit	
  'me	
  
factor	
  next	
  lecture):	
  

•  The	
  energy	
  gain	
  of	
  an	
  arbitrary	
  par'cle	
  with	
  charge	
  q	
  
travelling	
  through	
  the	
  gap	
  is:	
  

1.	
  Accelera'ng	
  voltage	
  and	
  
	
  energy	
  gain	
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2.	
  Stored	
  energy	
  and	
  losses	
  

•  The	
  losses	
  Ploss	
  are	
  propor'onal	
  to	
  the	
  stored	
  energy	
  
W. In	
  steady	
  state,	
  the	
  total	
  stored	
  energy	
  is:	
  

•  The	
  energy	
  into	
  the	
  cavity	
  is	
  stored	
  in	
  the	
  electric	
  
and	
  magne'c	
  field.	
  Since	
  E	
  and	
  H	
  are	
  90°	
  out	
  of	
  
phase,	
  the	
  stored	
  energy	
  con'nuously	
  swaps	
  from	
  
electric	
  energy	
  to	
  magne'c	
  energy.	
  The	
  (imaginary	
  
part	
  of	
  the)	
  Poyn?ng	
  vector	
  describes	
  this	
  energy	
  
flux	
  

•  `	
  
•  In	
  a	
  vacuum	
  cavity,	
  losses	
  are	
  dominated	
  by	
  the	
  

ohmic	
  losses	
  due	
  to	
  the	
  finite	
  conduc'vity	
  of	
  the	
  
cavity	
  walls	
  

•  Surface	
  resistance	
  Rs	
  is	
  related	
  to	
  the	
  skin	
  depth	
  δ,	
  
which	
  is	
  func'on	
  of	
  material	
  and	
  frequency:	
  

∫∫∫ ⎟
⎠
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⎜
⎝
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•  The	
  cavity	
  quality	
  factor	
  Q	
  is	
  defined	
  as	
  the	
  ra'o:	
  

•  But,	
  how	
  does	
  a	
  resonance	
  look	
  like?	
  

•  We	
  can	
  iden'fy	
  the	
  ra'o:	
  

	
  as	
  the	
  FWHM	
  of	
  the	
  
resonance	
  centred	
  at	
  
frequency	
  ω

•  Therefore	
  we	
  have:	
  

3.	
  The	
  quality	
  factor	
  

W
Ploss=Δω

lossP
WQ 0ω=

ω
ω
Δ

= 0Q
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4.	
  Structure	
  efficiency:R,	
  Z	
  and	
  R/Q	
  

•  The	
  rela'on	
  between	
  gap	
  voltage	
  and	
  power	
  is	
  
characterized	
  by	
  the	
  so-­‐called	
  shunt	
  impedance:	
  

•  Let	
  L	
  be	
  cavity	
  length,	
  the	
  average	
  axial	
  electric	
  field	
  is:	
  

•  Then	
  we	
  can	
  define	
  the	
  effec've	
  cavity	
  shunt	
  
impedance	
  per	
  unit	
  length	
  (p.u.l.):	
  

•  Taking	
  the	
  ra'o	
  between	
  R	
  and	
  Q,	
  we	
  can	
  define	
  the	
  
quan'ty	
  R/Q.	
  

•  This	
  quan'ty	
  represents	
  the	
  propor'onality	
  constant	
  
between	
  the	
  square	
  of	
  the	
  accelera'on	
  voltage	
  and	
  
the	
  stored	
  energy.	
  It	
  is	
  independent	
  of	
  cavity	
  losses	
  (it	
  
only	
  depends	
  on	
  the	
  geometry)	
  and	
  it	
  gives	
  a	
  measure	
  
of	
  structure	
  efficiency.	
  

W
V

P
W
P
V

Q
R

loss

loss

0

2
0

0

2
0

ωω
==

( )
lossloss

acc

P
TV

P
V

RT
2

0
2

2 ==

L
VE 0

0 =

LP
TE

L
RT

ZT
loss /

22
0

2
2 ==

29/05/2015	
  -­‐	
  A.	
  Degiovanni	
   CAS	
  2015,	
  Vösendorf,	
  Austria	
   18	
  



Shunt	
  impedance…	
  

•  Shunt	
  impedance	
  per	
  unit	
  length	
  Z	
  (measured	
  in	
  Ω/m)	
  is	
  defined	
  as	
  the	
  ra'o	
  of	
  the	
  
average	
  electric	
  field	
  squared	
  (E0	
  )	
  to	
  the	
  power	
  (P)	
  per	
  unit	
  length	
  (L)	
  dissipated	
  
on	
  the	
  wall	
  surface.	
  	
  

	
   	
   	
   	
   	
   	
   	
   	
  for	
  TW	
  

•  Physically	
  it	
  measures	
  how	
  well	
  we	
  concentrate	
  the	
  RF	
  power	
  in	
  the	
  useful	
  region.	
  
•  NOTICE	
  that	
  it	
  is	
  independent	
  of	
  the	
  field	
  level	
  and	
  cavity	
  length,	
  it	
  depends	
  on	
  

the	
  cavity	
  mode	
  (frequency)	
  and	
  geometry	
  (shape).	
  

•  IMPORTANT:	
  beware	
  defini'on	
  of	
  shunt	
  impedance	
  !!!	
  some	
  people	
  use	
  a	
  factor	
  2	
  
at	
  the	
  denominator	
  (we	
  will	
  see	
  why	
  later);	
  some	
  (other)	
  people	
  use	
  a	
  defini'on	
  
dependent	
  on	
  the	
  cavity	
  length	
  (the	
  R	
  introduced	
  in	
  the	
  previous	
  slide).	
  

P
LEZ ⋅=

2
0

dP
dLEZ ⋅=

2
0
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…	
  and	
  Effec?ve	
  shunt	
  impedance	
  

•  If	
  we	
  want	
  to	
  take	
  into	
  account	
  the	
  effect	
  on	
  the	
  beam	
  (this	
  is	
  what	
  we	
  are	
  
interested	
  in,	
  isn’t	
  it?)	
  we	
  need	
  to	
  include	
  the	
  effect	
  of	
  transit	
  'me	
  factor	
  T!	
  

•  From	
  shunt	
  impedance	
  (p.u.l.)	
  	
  	
  	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  EFFECTIVE	
  SHUNT	
  IMPEDANCE	
  (p.u.l.)	
  

P
LEZ ⋅=

2
0 ( )

P
LTEZT ⋅=

2
02

op'mum	
  RF	
  design	
  
op?mum	
  structure	
  design	
  

adapted	
  to	
  the	
  velocity	
  of	
  the	
  
par?cle	
  to	
  be	
  accelerated	
  

≠
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Gap	
  accelera'ng	
  	
  
voltage	
  

Vacc=V0T	
  

Power	
  lost	
  in	
  	
  
the	
  cavity	
  walls	
  

Ploss 

Energy	
  stored	
  inside	
  
the	
  cavity	
  

W 

Summary:	
  structure	
  characteris'cs	
  

W
V

Q
RT acc

0

22

2ω
=

R-­‐upon-­‐Q	
  

loss

acc

P
V

RT
2

2
2 =

Shunt	
  impedance	
  

lossP
WQ 0ω=

Q	
  factor	
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Lumped	
  elements	
  circuit	
  model	
  

F.	
  Gerigk	
  (CERN),	
  CAS2010	
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Equivalent	
  circuit	
  

R 

Cavity	
  

Generator	
  

IG 

Z 
P 

C=Q/(Rω0) 

Vacc 

Beam	
  

IB 

L=R/(Qω0) L C 

	
  	
  	
  	
  :	
  	
  coupling	
  factor	
  

R:	
  Shunt	
  impedance	
   :	
  R-­‐upon-­‐Q	
  

Simplifica'on:	
  
single	
  mode	
  
(given	
  frequency)	
  

β
R

β

C
L

E.	
  Jensen	
  (CERN),	
  
CAS2011	
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Cavi'es	
  characteris'cs	
  

lossacc PRV 22
=

lossPQW =0ω

C
L

W
V

Q
R acc ==

0

2

2ω

CL ⋅
=

1
0ω

Linac	
  defini'on	
  

lossacc PRV =
2

W
V

Q
R acc

0

2

ω
=

Circuit	
  defini'on	
  

∫

∫

zE

zeE

z

z
c

z

d

d
j
β
ω

•  Resonance	
  frequency	
  

•  Transit	
  'me	
  factor	
  

•  Shunt	
  impedance	
  

•  Structure	
  quality	
  factor	
  

•  Structure	
  efficiency	
  R/Q	
  

lossPQW =0ω
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Field	
  limi'ng	
  quan''es	
  

•  The	
  peak	
  to	
  average	
  field	
  ra'o	
  
Emax/E0	
  of	
  a	
  cavity	
  is	
  defined	
  as	
  
the	
  ra'o	
  between	
  the	
  maximum	
  
Surface	
  electric	
  field	
  Emax	
  and	
  the	
  
average	
  axial	
  electric	
  field	
  E0:	
  

•  The	
  Kilpatrick	
  criterion	
  is	
  used	
  
as	
  the	
  basis	
  for	
  the	
  peak	
  surface	
  
electric-­‐field	
  limit	
  at	
  low	
  
frequencies	
  (f	
  <	
  1	
  GHz).	
  	
  

•  Experimental	
  evidence	
  supports	
  
the	
  model	
  that	
  a	
  combina'on	
  of	
  
electric	
  and	
  magne'c	
  fields	
  at	
  
the	
  surface	
  correlate	
  well	
  with	
  
the	
  measured	
  breakdown	
  
probability.	
  

515

530
0

pc

p

tSBDR

tEBDR

∝

∝

)( 2
0 kTEaeBDR +∝

( ) ( )SS Im61Re +=cS

Grudiev	
  at	
  al.,	
  Phys.	
  Rev.	
  ST	
  
Accel.	
  Beams	
  12	
  (2009)	
  

Djurabekova	
  et	
  al.,	
  
Phys.	
  Rev.	
  ST	
  Accel.	
  
Beams	
  15	
  (2012)	
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Accelera'ng	
  cavi'es	
  op'miza'on	
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L
P
TEZTZ

2
02 )(' =≡

( ) SLTEqW φcos0=

LPZW ⋅⋅∝ '

Maximum	
  surface	
  field	
  limit:	
  
	
  
Break-­‐Down	
  Rate	
  (BDR):	
  
	
  
Modified	
  Poyn?ng	
  vector	
  (Sc)*:	
  

45.0
max fE ∝

}Im{}Re{ SgSS cc ⋅+=

515
pc tSBDR ≈

GOALS	
  
1.  Energy	
  gain	
  
2.  Power	
  consump'on	
  
3.  Final	
  dose	
  rate	
  
4.   Acceptable	
  cost	
  

CONSTRAINTS	
  
1.  Number	
  of	
  RF	
  sources	
  
2.  Repe''on	
  rate	
  
3.  Mechanical	
  

constraints	
  
4.  Beam	
  dynamics	
  

DESIGN	
  OPTIMIZATION	
  
1.  Structure	
  geometry	
  
2.  Tuning	
  features	
  
3.  Linac	
  layout	
  (see	
  

next	
  lecture)	
  



Parameter	
  

Diameter	
   D	
  

Bore	
  radius	
  	
   Rb	
  

Septum	
  	
   S	
  

Outer	
  nose	
  radius	
   Rno	
  

Example:	
  op'miza'on	
  of	
  a	
  cell	
  

•  Op'miza'on	
  of	
  the	
  acc.	
  cell	
  geometry	
  
–  maximize	
  the	
  shunt	
  impedance	
  

–  keep	
  the	
  ra'o	
  	
  Emax/E0	
  <	
  5	
  
–  resonant	
  freqeuncy	
  at	
  3	
  GHz	
  !	
  

( )

L
P
TEZT

2
02 = LPZTW ⋅⋅∝Δ 2

Rno	
  

Rb	
  

S	
  

D/2	
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Septum	
  	
  
influence	
  on	
  ZT2	
  

+1 mm ~ -4% 

M
e
c
h
a
n
i
c
a
l 

t
h
e
r
m
a
l 

&

Bore	
  Radius	
  
influence	
  on	
  ZT2	
  

+1 mm ~ -10% d
y
n
a
m
i
c
s 

B
e
a
m 

Example	
  of	
  op'miza'on	
  study	
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EXAMPLE	
  OF	
  STRUCTURES	
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Standing	
  wave	
  	
  
normal	
  conduc'ng	
  structures	
  

RFQ 

M.	
  Vretenar	
  (CERN),	
  CAS2013	
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Examples	
  of	
  prac'cal	
  structures	
  

•  TE	
  mode	
  like	
  
structures:	
  

–  RFQ	
  
–  Interdigital	
  H-­‐mode	
  
–  Crossbar	
  H-­‐mode	
  

•  TM	
  mode	
  like	
  
structures:	
  

–  Dri~	
  Tube	
  Linac	
  
–  Cell	
  Coupled	
  Dri~	
  

Tube	
  Linac	
  
–  Cell	
  Coupled	
  Linac	
  
–  Ellip'cal	
  

F.	
  Gerigk	
  (CERN),	
  CAS2010	
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Linac	
  structures	
  layout	
  

•  The	
  accelera'ng	
  efficiency	
  is	
  strongly	
  
dependent	
  on	
  the	
  type	
  of	
  structure	
  
used	
  and	
  on	
  the	
  beam	
  energy	
  

•  For	
  proton	
  linac,	
  several	
  structures	
  are	
  
used	
  in	
  sequence	
  to	
  adapt	
  to	
  the	
  
increasing	
  par'cle	
  velocity	
  β	
  	
  

•  In	
  order	
  of	
  increasing	
  β	
  typical	
  
structures	
  are:	
  

	
  1.	
  RFQ	
  
	
  2.	
  DTL	
  or	
  SCDTL	
  
	
  3.	
  CCL	
  

CARE-­‐Report-­‐2008-­‐071-­‐HIPPI	
  (2008)	
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Back	
  to	
  TE	
  modes:	
  the	
  RFQ	
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The	
  Radio	
  Frequency	
  Quadrupole	
  

•  The	
  Radio	
  Frequency	
  Quadrupole	
  is	
  a	
  
special	
  RF	
  structure	
  used	
  for	
  accelera'on	
  
of	
  low	
  β	
  protons	
  and	
  ions	
  

•  It	
  uses	
  a	
  quadrupolar	
  electric	
  field	
  to:	
  
1.	
  bunch	
  the	
  beam	
  adiaba'cally	
  
2.	
  focusing	
  the	
  beam	
  transversally	
  
3.	
  accelera?ng	
  

•  There	
  are	
  2	
  types:	
  4	
  vanes	
  and	
  4	
  rods	
  

•  Typical	
  frequencies	
  used	
  10-­‐350	
  MHz!	
  	
  

•  Machining	
  tolerances	
  and	
  related	
  
frequency	
  errors	
  limit	
  scaling	
  up	
  in	
  
frequency	
  

29/05/2015	
  -­‐	
  A.	
  Degiovanni	
   CAS	
  2015,	
  Vösendorf,	
  Austria	
   34	
  



The	
  4	
  vane-­‐structure	
  

•  Capacitance	
  between	
  vane	
  
'ps,	
  inductance	
  in	
  the	
  inter-­‐
vane	
  space	
  

•  Each	
  vane	
  is	
  a	
  resonator!	
  
•  Frequency	
  depends	
  on	
  

cylinder	
  dimensions	
  (good	
  at	
  
frequency	
  of	
  the	
  order	
  of	
  
200MHz,	
  at	
  lower	
  frequency	
  
the	
  diameter	
  of	
  the	
  tank	
  
becomes	
  too	
  big)	
  

•  Vane	
  'p	
  are	
  machined	
  by	
  a	
  
computer	
  controlled	
  milling	
  
machine.	
  

•  Need	
  stabiliza?on	
  (problem	
  of	
  
mixing	
  with	
  dipole	
  
modeTE110)	
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The	
  4	
  rod-­‐structure	
  

•  Capacitance	
  between	
  rods,	
  inductance	
  with	
  
holding	
  bars	
  (remember	
  the	
  circuit	
  model!)	
  

•  Each	
  cell	
  is	
  a	
  resonator!	
  
•  Cavity	
  dimensions	
  are	
  independent	
  from	
  

the	
  frequency	
  
•  Easy	
  to	
  machine	
  (be�er	
  access)	
  
•  Problems	
  with	
  end	
  cells,	
  less	
  efficient	
  than	
  

4-­‐vane	
  due	
  to	
  strong	
  current	
  in	
  the	
  holding	
  
bars	
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The	
  High	
  Frequency	
  RFQ	
  
	
  for	
  medical	
  applica'ons	
  

750	
  MHz	
  RFQ	
  	
  -­‐	
  	
  4	
  MODULES	
  
40	
  keV-­‐5	
  MeV	
  in	
  2	
  meter	
  

	
  
1.  Injector	
  for	
  proton	
  therapy	
  linac	
  
2.  Two	
  units	
  (10	
  MeV)	
  for	
  radioisotope	
  

produc'on	
  	
  	
  

Modula'on	
  machining	
  test	
  on	
  a	
  minor	
  vane	
  

LINAC Conference 2014,  
M. Vretenar et al. 	
  

A	
  COMPACT	
  HIGH-­‐FREQUENCY	
  RFQ	
  
FOR	
  MEDICAL	
  APPLICATIONS	
  

IPAC Conference 2015,  
A. Lombardi et al. 	
  

BEAM	
  DYNAMICS	
  IN	
  A	
  HIGH	
  
FREQUENCY	
  RFQ	
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Interdigital	
  H	
  structure	
  

•  TE	
  mode	
  (also	
  called	
  H	
  mode)	
  
•  Transverse	
  electric	
  field	
  is	
  

pushed	
  along	
  the	
  axis	
  by	
  the	
  
presence	
  of	
  the	
  stems	
  

•  Good	
  ZT2	
  for	
  very	
  low	
  β	
  	
  
(0.02-­‐0.08)	
  and	
  low	
  frequency	
  
(f	
  ~	
  200	
  MHz)	
  

•  Low	
  intensi'es	
  beam	
  

CNAO	
  IH	
  

LINAC	
  3	
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CLUSTER:	
  a	
  	
  CH	
  structure	
  
	
  for	
  proton	
  therapy	
  

•  Another	
  TE	
  mode	
  like	
  
structure!	
  

•  Two	
  stems	
  per	
  dri~	
  tube	
  
alternated	
  from	
  one	
  cell	
  to	
  
the	
  next	
  

•  H-­‐mode	
  structures	
  are	
  
more	
  efficient	
  at	
  low	
  beta	
  
than	
  SCDTL	
  and	
  SCL	
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The	
  Dri~	
  Tube	
  Linac	
  (DTL)	
  

•  Standing	
  wave	
  linac	
  structure	
  for	
  
protons	
  and	
  ions	
  

•  β=0.1-­‐0.5,	
  f=20-­‐400	
  MHz	
  	
  
•  Dri~	
  tubes	
  are	
  suspended	
  by	
  

stems	
  
•  Coupling	
  between	
  cells	
  is	
  

maximum	
  (no	
  slot,	
  fully	
  open!)	
  
•  The	
  0-­‐mode	
  allows	
  a	
  long	
  

enough	
  cell	
  (d=βλ)	
  to	
  house	
  
focusing	
  quadrupoles	
  inside	
  the	
  
dri~	
  tubes	
   

Tuning 
plungerQuadrupole 

lens

Drift 
tube 

Cavity shell
Post coupler

  

Tuning 
plungerQuadrupole 

lens

Drift 
tube 

Cavity shell
Post coupler

B-­‐field	
  E-­‐field	
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Example:	
  the	
  Linac4	
  DTL	
  

beam	
  

352	
  MHz	
  frequency	
  
Tank	
  diameter	
  500mm	
  

3	
  resonators	
  (tanks)	
  
Length	
  19	
  m	
  

120	
  Dri~	
  Tubes	
  
Energy	
  3	
  MeV	
  to	
  50	
  MeV	
  

Beta	
  0.08	
  to	
  0.31	
  →	
  cell	
  length	
  (βλ)	
  68mm	
  to	
  264mm	
  
→	
  factor	
  3.9	
  increase	
  in	
  cell	
  length	
  	
  

DTL	
  tank	
  1	
  fully	
  equipped:	
  focusing	
  by	
  small	
  
permanent	
  quadrupoles	
  inside	
  dri~	
  tubes.	
  

M.	
  Vretenar	
  (CERN),	
  CAS2013	
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Example	
  of	
  Cell	
  Coupled	
  Linacs	
  

Annular	
  ring	
  Coupled	
  Structure	
  (ACS)	
   Side	
  Coupled	
  Structure	
  (SCS)	
  	
  

On	
  axis	
  Coupled	
  Structure	
  (OCS)	
  π/2-­‐mode	
  in	
  a	
  coupled-­‐cell	
  structure	
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PIMS	
  structure	
  for	
  LINAC	
  4	
  

352	
  MHz	
  PI	
  Mode	
  Structure	
  
intermediate	
  β	
  structure	
  
102-­‐160	
  MeV	
  	
  -­‐	
  	
  22	
  meter	
  
12	
  Modules	
  7	
  cells	
  

	
  
courtesy	
  of	
  R.	
  Wegner	
  (CERN)	
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LIBO	
  (Linac	
  Booster):	
  the	
  first	
  
3	
  GHz	
  SCL	
  for	
  proton	
  therapy	
  

•  Linear	
  accelera'ng	
  structure:	
  
–  Standing	
  wave	
  
–  π/2	
  mode	
  
–  Biperiodic	
  structure	
  (off-­‐axis	
  

coupling	
  cavi=es)	
  

•  Synchronism	
  condi'on:	
  

waveguide 

Accelerating cavity Coupling cavity 

222
βλλ

β ==⋅=
c

cTvL
t = 0 

t = T/2 

!
Amaldi	
  et	
  al.,	
  NIM	
  A	
  521	
  (2004)	
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Limite	
  sul	
  numero	
  di	
  celle:	
  
•  Focalizzazione	
  

•  Separazione	
  in	
  frequenza	
  tra	
  modi	
  
successivi	
  

•  Potenza	
  fornita	
  dai	
  Klystrons	
  

Accelera'ng	
  unit	
  	
  
Side	
  Coupled	
  Linac	
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WAVEGUID
E	
  



LINACS	
  FOR	
  MEDICAL	
  
APPLICATIONS	
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Linacs	
  for	
  medical	
  applica'ons!	
  

•  The	
  most	
  used	
  linacs	
  with	
  E	
  >	
  1	
  MeV	
  
in	
  the	
  world	
  are	
  radiotherapy	
  linacs!	
  

•  About	
  10’000	
  e-­‐	
  linacs	
  are	
  used	
  daily	
  
for	
  radiotherpay	
  

•  Electron	
  tubes	
  can	
  be	
  both	
  SW	
  or	
  TW	
  	
  
•  RF	
  sources:	
  magnetrons	
  or	
  klystrons	
  

in	
  the	
  5	
  MW	
  range	
  

electrons	
  

X 

X 
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Electron	
  linacs	
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To	
  order	
  these	
  specialized	
  brazed	
  products	
  contact	
  us	
  today.	
  	
  



An	
  example	
  of	
  full	
  linac	
  solu'on	
  
for	
  proton	
  therapy	
  by	
  A.D.A.M.	
  SA.	
  

~	
  28	
  m	
  

RFQ	
  (750	
  MHz):	
  
0.04	
  –	
  5	
  MeV	
  

SCDTL	
  (3	
  GHz):	
  
5-­‐37.5	
  MeV	
  

proton	
  
pulses	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
4us	
  @	
  
200	
  Hz	
  

CCL	
  (3	
  GHz):	
  
37.5	
  –	
  230	
  MeV	
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Reflec'on	
  model	
  of	
  	
  
waveguide	
  propaga'on	
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Rectangular	
  waveguide	
  modes	
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TE10	
   TE20	
   TE01	
   TE11	
  

TM11	
   TE21	
   TM21	
   TE30	
  

TE31	
   TM31	
   TE40	
   TE02	
  

TE12	
   TM12	
   TE41	
   TM41	
  

TE22	
   TM22	
   TE50	
   TE32	
  

plo�ed:	
  E-­‐field	
  



Circular	
  waveguide	
  modes	
  

29/05/2015	
  -­‐	
  A.	
  Degiovanni	
   CAS	
  2015,	
  Vösendorf,	
  Austria	
   56	
  

TE11	
   TM01	
  

TE21	
   TE21	
  

TE11	
  

TE31	
  

TE31	
   TE01	
   TM11	
  

plo�ed:	
  E-­‐field	
  


