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Outline

• Overview	
  of	
  HOM	
  based	
  beam	
  diagnostics.	
  
1. Wakefield	
  and	
  HOMs	
  
2. Basic	
  principle	
  of	
  an	
  HOMBPM.	
  

• 	
  	
  Measurements	
  at	
  FLASH.	
  
1. HOMBPM	
  measurements	
  for	
  1.3	
  GHz	
  cavities	
  
2. HOMBPM	
  measurements	
  for	
  3.9	
  GHz	
  cavities	
  

• HOM	
  based	
  beam	
  phase	
  monitor	
  -­‐HOMBPhM.	
  
• Summary	
  and	
  Outlook.	
  

HOM:	
  Higher	
  Order	
  Mode	
  
HOMBPM:	
  HOM	
  based	
  BPM	
  
HOMBPhM:	
  HOM	
  based	
  Beam	
  Phase	
  Monitor



Accelerator	
  complex	
  at	
  DESY
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FLASH	
  -­‐>	
  E-­‐XFEL
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Both	
  facilities	
  are	
  based	
  on	
  	
  
TESLA	
  cavities	
  	
  and	
  3rd	
  	
  
harmonic	
  cavities	
  .

The	
  x-­‐ray	
  (0.05	
  nm	
  wavelength	
  	
  
and	
  fs	
  duration)produced	
  	
  
at	
  E-­‐XFEL	
  can	
  be	
  used	
  for	
  	
  
detailed	
  atomic	
  structure	
  study,	
  
film	
  the	
  chemical	
  reaction	
  etc.	
  
All	
  basic	
  researches	
  will	
  benefit	
  	
  
from	
  this	
  new	
  laser	
  source.	
  



HOM	
  based	
  beam	
  diagnostics	
  Wakefield	
  
and	
  HOMs

• Wakefield 	
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When	
  beam	
  traverses	
  a	
  cavity,	
  it	
  will	
  
excite	
  electromagnetic	
  fields	
  inside.	
  
The	
  excited	
  fields	
  generally	
  are	
  called	
  	
  
wakefield.	
  

R. Wanzenberg, TESLA 2001-33, 2001
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• Overview	
  of	
  HOM	
  based	
  beam	
  diagnostics.	
  
• 	
  	
  Measurements	
  at	
  FLASH.	
  
• HOM	
  based	
  beam	
  phase	
  monitor	
  -­‐HOMBPhM.	
  
• Summary	
  and	
  Outlook.



Overview	
  of	
  HOM	
  based	
  beam	
  diagnostics

1. HOM	
  carries	
  much	
  information	
  about	
  beam	
  
(position,	
  phase,	
  charge	
  etc.)	
  and	
  cavity	
  
(imperfection,	
  axis	
  etc.)	
  

2. At	
  FLASH,	
  we	
  try	
  to	
  determine	
  the	
  beam	
  
position,	
  beam	
  phase	
  and	
  perform	
  beam	
  
alignment	
  based	
  on	
  HOM	
  signals.	
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HOM	
  based	
  Beam	
  Diagnostics	
  –	
  FLASH	
  and	
  	
  
E-­‐XFEL
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HOM	
  based	
  beam	
  
diagnostics

FLASH

1.3	
  GHz	
  cavities

BPM	
  
(SLAC)	
  

3.9	
  GHz	
  cavities

BPM	
  
(FNAL)

E-­‐XFEL

1.3	
  GHz	
  cavities

BPM	
  	
  
BPhM	
  (DESY+WUT)

3.9	
  GHz	
  cavities

BPM	
  
(DESY)

BPM:	
  Beam	
  Position	
  Monitor	
  
BPhM:	
  Beam	
  Phase	
  monitor	
  



Principle	
  of	
  an	
  HOMBPM
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HOMBPMs	
  at	
  FLASH
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• All	
  HOM	
  raw	
  data	
  
are	
  accessible	
  from	
  DOOCS	
  
(control	
  system)	
  

• The	
  HOMBPMs	
  were	
  	
  
integrated	
  into	
  beam	
  orbit	
  	
  
feedback	
  system	
  at	
  FLASH.	
  
Due	
  to	
  instability	
  issues	
  of	
  	
  
HOMBPMs,	
  they	
  were	
  	
  
removed	
  latter	
  on.

• Cavities	
  are	
  equipped	
  with	
  
HOM	
  couplers	
  to	
  damp	
  the	
  	
  
HOMs	
  inside.	
  
	
  	
  



• Overview	
  of	
  HOM	
  based	
  beam	
  diagnostics.	
  
• 	
  	
  Measurements	
  at	
  FLASH.	
  
• HOM	
  based	
  beam	
  phase	
  monitor	
  -­‐HOMBPhM.	
  
• Summary	
  and	
  Outlook.
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HOMBPMs	
  at	
  FLASH
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R. Wanzenberg, TESLA 2001-33, 2001



Calibration	
  of	
  an	
  HOMBPM

• Calibration	
  of	
  an	
  HOMBPM
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1. Beam	
  position	
  inside	
  each	
  cavity	
  is	
  interpolated	
  from	
  two	
  BPMs.	
  
2. Dipole	
  signals	
  are	
  measured	
  via	
  each	
  HOM	
  port.	
  
3. The	
  correlation	
  between	
  dipole	
  signal	
  and	
  beam	
  positions	
  can	
  be	
  established.

	
  

SVD:	
  Singular	
  Value	
  Decomposition
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Courtesy	
  of	
  DESY



HOMBPMs	
  at	
  FLASH  
Data	
  preparation
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Recorded	
  waveforms	
  used	
  for	
  obtaining	
  	
  
the	
  spectrum	
  at	
  module	
  5	
  cavity	
  1.	
  
There	
  are	
  386	
  records	
  in	
  total.

Interpolated	
  beam	
  position	
  at	
  module	
  5	
  
cavity	
  1.	
  Accordingly,	
  there	
  are	
  386	
  beam	
  	
  
position	
  records.



HOMBPM	
  calibration	
  results	
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• The	
  training	
  RMS	
  is	
  22.3,	
  18.2	
  
µm	
  in	
  X,Y	
  direction	
  respectively.	
  

• The	
  goodness	
  of	
  calibration	
  	
  
is	
  in	
  least	
  square	
  sense.



HOMBPM	
  validation	
  results  
3	
  days	
  interval	
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• The	
  validation	
  RMS	
  is	
  44.7,	
  
39.5	
  µm	
  in	
  X,Y	
  direction	
  
respectively.	
  

• The	
  resolution	
  is	
  almost	
  	
  
twice	
  worse	
  than	
  the	
  
calibrated	
  resolution.	
  

• Systematic	
  pattern	
  in	
  the	
  
left	
  plot	
  might	
  account	
  for	
  
the	
  	
  degradation.



HOMBPM	
  validation	
  results  
5	
  days	
  interval	
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• The	
  validation	
  RMS	
  is	
  
43.8,	
  37.7	
  µm	
  in	
  X,Y	
  
direction	
  respectively.	
  

• The	
  validation	
  RMS	
  does	
  
not	
  necessarily	
  degrade	
  over	
  
time.	
  

• The	
  systematic	
  pattern	
  is	
  
not	
  as	
  clear	
  as	
  in	
  previous	
  
slide.



Resolution	
  limits	
  of	
  HOMBPM
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HOMBPMs	
  for	
  3.9	
  GHz	
  cavities
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N. Baboi et al, TUPF06, IBIC14

Band pass 
Filter  

~5.43 GHz or 9.06 GHz 
100 MHz BW

Mixer
µTCA Digitizer 

SIS8300 
(108MS/sec)

30 MHz 
IF

C1H2	
  5GHz
C4H2	
  5GHz



Spectrum	
  comparison	
  between	
  3.9	
  and	
  1.3	
  
GHz	
  cavities	
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It	
  is	
  difficult	
  to	
  identify	
  single	
  dipole	
  
mode,	
  a	
  band	
  of	
  dipoles	
  are	
  used	
  for	
  
beam	
  position	
  monitor.

Mode	
  type	
   Freq./
BW(MHz)

Advantages

TE111-­‐6 1721/20 High	
  R/Q;	
  Localized

Dipole	
  used	
  for	
  HOMBPM

Spectrum	
  for	
  3.9	
  GHz	
  cavity Spectrum	
  for	
  1.3	
  GHz	
  cavity



HOMBPM	
  for	
  3.9	
  GHz	
  cavities
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-­‐ In	
  general	
  good	
  results	
  for	
  5	
  
GHz	
  channels	
  and	
  9	
  GHz/x	
  

-­‐ High	
  RMS	
  error	
  for	
  9GHz/y:	
  
Possibly	
  instability	
  of	
  signals	
  in	
  
electronics

Result	
  from	
  May	
  2014

Result	
  from	
  August	
  2014



Summary	
  of	
  HOMBPM	
  at	
  FLASH

• First	
  time,	
  we	
  get	
  stable	
  beam	
  position	
  prediction	
  over	
  5	
  days	
  
for	
  HOMBPM	
  of	
  1.3	
  GHz	
  cavities.	
  

• RMS	
  resolution	
  is	
  evaluated	
  in	
  a	
  global	
  sense	
  (wide	
  beam	
  
movement).	
  Therefore,	
  better	
  resolution	
  is	
  expected	
  when	
  
using	
  beam	
  jitter	
  data	
  within	
  reasonable	
  movement	
  range.	
  

• The	
  resolution	
  limit	
  on	
  cavity	
  BPMs	
  used	
  for	
  calibration	
  limits	
  
our	
  results	
  to	
  a	
  large	
  extent.	
  

• Since	
  the	
  cavity	
  and	
  couplers	
  are	
  not	
  designed	
  for	
  beam	
  
position	
  purpose,	
  the	
  beam	
  position	
  determination	
  based	
  on	
  
standard	
  I/Q	
  processing	
  is	
  not	
  trivial.
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• Overview	
  of	
  HOM	
  based	
  beam	
  diagnostics.	
  
• 	
  	
  Measurements	
  at	
  FLASH.	
  
• HOM	
  based	
  beam	
  phase	
  monitor	
  -­‐HOMBPhM.	
  
• Summary	
  and	
  Outlook.



Overview	
  of	
  HOM	
  based	
  beam	
  Phase	
  
measurements

3/21/2015
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780	
  MHz

1290-­‐1310	
  MHz

1690-­‐1710	
  MHz

2400-­‐	
  2460MHz

Signal	
  can	
  be	
  aliased	
  to	
  250-­‐270	
  MHz	
  (fundamental	
  Monopole),	
  130-­‐150	
  MHz	
  (Dipole),	
  
	
  60-­‐120	
  MHz	
  (2nd	
  monopole	
  band)	
  respectively.	
  

Block	
  diagram	
  of	
  HOMBPhM	
  hardware



Example	
  of	
  	
  single	
  bunch
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Clearly,	
  attenuation	
  or	
  amplification	
  for	
  each	
  channel	
  needs	
  to	
  match	
  each	
  other.	
  

Beam	
  arrival

1.3	
  GHz	
  leakage
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Clearly,	
  attenuation	
  or	
  amplification	
  for	
  each	
  channel	
  needs	
  to	
  be	
  matched	
  with	
  	
  
each	
  other.

2nd	
  Monopole	
  band

	
  Dipole	
  TE111-­‐6	
  

	
  1.3	
  GHz	
  leakage



How	
  to	
  determine	
  beam	
  phase?
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Flat	
  top	
  of	
  RF	
  field	
  inside	
  cavity



HOM	
  based	
  Beam	
  Phase	
  measurement	
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2nd	
  monopole	
  band	
  from	
  TESLA	
  cavity

Monopole	
  	
  
Signal

Beam	
  arrival	
  
phase

1.3	
  GHz	
  leakage

Compare

Advantages:	
  
• Both	
  signal	
  are	
  from	
  	
  
the	
  same	
  cable.	
  
• Monopole	
  is	
  always	
  	
  
available	
  

	
  

S. Molloy et al., Phys. Rev. ST-AB 9, 112802 (2006)



Pros	
  and	
  Cons	
  of	
  HOM	
  Based	
  Beam	
  
Diagnostics

+	
  	
  Accelerating	
  cavities	
  can	
  be	
  used	
  as	
  beam	
  monitors.	
  

+	
  	
  When	
  there	
  is	
  no	
  space	
  for	
  standard	
  beam	
  diagnostics	
  
instruments.	
  
 
+	
  It	
  is	
  cheaper	
  when	
  compared	
  with	
  standard	
  BPMs.	
  
+	
  ……	
  

-­‐	
  Cavities	
  are	
  not	
  designed	
  for	
  diagnostic	
  purpose,	
  
therefore	
  need	
  efforts	
  to	
  get	
  relevant	
  information.	
  
-­‐	
  ……
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Summary	
  and	
  Outlook
• HOMBPM	
  works	
  stably	
  with	
  beam	
  data	
  over	
  a	
  week.	
  Compared	
  with	
  several	
  hours	
  

stability	
  in	
  the	
  past,	
  this	
  is	
  promising	
  for	
  using	
  accelerating	
  cavity	
  as	
  a	
  HOMBPM.	
  	
  

• There	
  is	
  still	
  large	
  room	
  for	
  improvements	
  to	
  the	
  theoretical	
  resolution	
  limit.	
  

• We	
  tested	
  the	
  electronics	
  for	
  BPhM	
  and	
  found	
  there	
  are	
  issues	
  with	
  power	
  mismatch	
  
among	
  channels.	
  

• We	
  plan	
  to	
  test	
  the	
  HOMBPM	
  	
  with	
  dedicated	
  beam	
  time	
  to	
  confirm	
  the	
  stability.	
  

• HOMBPhM	
  prototype	
  electronics	
  will	
  be	
  produced	
  soon	
  and	
  will	
  be	
  tested	
  at	
  FLASH.	
  

• We	
  are	
  actively	
  developing	
  algorithms	
  to	
  extract	
  beam	
  position	
  and	
  beam	
  phase	
  
information.
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Thank	
  you	
  for	
  your	
  attention!
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