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What	
  has	
  been	
  achieved	
  so	
  far	
  ?	
  

•  Installed	
  state	
  of	
  the	
  art	
  operaMonal	
  32	
  cavity	
  capable	
  LLRF	
  
system	
  for	
  CM1	
  

•  Operated	
  individually	
  6	
  caviMes	
  
•  Interface	
  to	
  ACNET	
  for	
  control	
  parameters	
  and	
  data	
  logging	
  

•  LabView	
  expert	
  operator	
  interface	
  
•  RF	
  calibraMon	
  chain	
  of	
  power	
  couplers,	
  cables	
  	
  and	
  LLRF	
  

systems	
  

•  Design	
  +	
  test	
  of	
  RF	
  reference	
  line	
  	
  
•  LLRF	
  receiver	
  chain	
  stability	
  measurements	
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•  FNAL	
  LLRF	
  system	
  provides	
  proof	
  of	
  principle	
  for	
  ILC	
  LLRF	
  
–  Demonstrates	
  all	
  major	
  components	
  (Master	
  Oscillator,	
  Receivers,	
  transmiZer,	
  

controller,	
  cable	
  plant,	
  external	
  system	
  interfaces)	
  
–  Control	
  includes	
  filter	
  for	
  8π/9	
  and	
  7π/9	
  modes	
  
–  	
  Exceeds	
  main	
  linac	
  requirements	
  
–  DramaMcally	
  reduces	
  costs	
  

•  Development	
  of	
  simulators	
  	
  
–  for	
  mulM-­‐cavity	
  control	
  (incl.	
  microphonics,	
  LFD,	
  operaMng	
  gradient	
  spread)	
  
–  HLRF	
  distribuMon	
  simulaMon	
  using	
  Agilent	
  ADS	
  

•  Numerous	
  built-­‐in	
  diagnosMcs	
  	
  
–  (i.e.	
  Live	
  FFT	
  display	
  of	
  any	
  test	
  point)	
  

•  Cavity	
  control	
  performance	
  (open	
  and	
  close	
  loop)	
  
	
  	
  see	
  performance	
  picture	
  slide	
  (at	
  the	
  end)	
  

•  Training	
  of	
  next	
  generaMon	
  of	
  RF	
  scienMsts	
  and	
  engineers	
  with	
  the	
  
intangible	
  value	
  of	
  direct	
  experience	
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VXI	
  CPU	
  &	
  
3	
  R3MFC	
  Controllers	
  

Master	
  Oscillator	
  

Receivers	
  and	
  Up-­‐converters	
  

Power	
  Supplies	
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7	
  

•  RF,	
  LO,	
  IF	
  	
  
•  Programmable	
  outputs	
  
•  Timing	
  reference	
  
•  1.3	
  GHz	
  
•  <140	
  fs	
  integrated	
  jiZer	
  	
  (1Hz–10MHz)	
  

1.3 GHz Master Oscillator
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8	
  Ch	
  ADCs	
  

AD	
  9010	
  Clk	
  

DSP	
  

FPGA	
  

8	
  Ch	
  ADCs	
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Pulsed	
  linac	
  data	
  rate	
  
224	
  cav,	
  3	
  signals/cav,	
  8ms,	
  
1MSPS,	
  10Hz	
  =	
  100	
  MB/s	
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•	
  Closed	
  loop	
  
operaMon	
  with	
  
8pi/9	
  mode	
  
uncontrolled	
  

•	
  Top	
  level	
  
control	
  page	
  



Individual	
  Cavity	
  and	
  FFT	
  Display	
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x1	
  

16	
  CM1	
  Commissioning	
  Progress	
  



x100	
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5	
  minutes	
  data	
  	
  

average	
  

±	
  0.05%	
  	
  	
  2Pk	
  

NOTE:	
  	
  iniMal	
  transient	
  would	
  be	
  
damped	
  by	
  actual	
  beam	
  loading	
  

RMS	
  =	
  0.015	
  %	
  

KP	
  =	
  128	
  
KI	
  =	
  2e6	
  

KP	
  =	
  30	
  
KI	
  =	
  0	
  

±	
  0.06	
  deg	
  	
  	
  2Pk	
  
0.017	
  deg	
  	
  	
  RMS	
  

KP	
  =	
  128	
  
KI	
  =	
  2e6	
  

KP	
  =	
  30	
  
KI	
  =	
  0	
  

average	
  

5	
  minutes	
  data	
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±	
  0.025	
  %	
  	
  	
  p2p	
  
	
  0.009	
  %	
  	
  	
  RMS	
  

Amplitude	
   Phase	
  

average	
   average	
  

5	
  minute	
  data	
   5	
  minute	
  data	
  

±	
  0.02	
  deg	
  	
  	
  p2p	
  
0.005	
  deg	
  	
  	
  RMS	
  

Cavity	
  signal	
  

Receiver	
  

PSD	
  of	
  FlaMop	
  Waveforms	
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CM1	
  –	
  cavity	
  3	
  

Impact	
  of	
  Kp	
   Impact	
  of	
  Ki	
  

Ki	
  =	
  0	
   Kp	
  =	
  128	
  

~	
  5	
  MV	
  disturbance	
  

Feedforward	
  will	
  reduce	
  
Error	
  by	
  an	
  addiMonal	
  20dB	
  



Receiver	
  Chain	
  Stability	
  Measurement	
  vs	
  Building	
  Temperature	
  

Blue	
  –	
  Building	
  Temperature	
  

Yellow	
  –	
  CH	
  6	
  Rev	
  phase	
  

6	
  week	
  test	
  period	
  

Approximate	
  phase	
  variaMon	
  =	
  
	
  0.03	
  degrees	
  /	
  1	
  degree	
  F	
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Phase Error Due
 to Amplitude Unbalance

...
FWD REFL FWD REFL

Tap #1 Tap #N

7/8" LCF78 – 50J

Amplitude
 Unbalance

FWD

REFL

Vector Sum
(FWD+REFL)

1dB _  ~ 0.02°REFL+FWD REFL+FWD

Atten . Atten . Atten . Atten .

0.46ppm /°K

-4.5dB/100m

 < 0.001° (_ L = 0.23mm) phase change between 
taps over L = 100m with 5°K temp. change

L

Regulate	
  phase	
  of	
  Tap#1	
  to	
  regulate	
  
the	
  enMre	
  line.	
  

Control	
  by	
  phase	
  shis	
  of	
  forward	
  
power	
  or	
  temperature	
  control	
  of	
  
Line.	
  

Temperature Coefficient of Electrical Length
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0.025	
  deg	
  

20	
  F	
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Reference	
  Line	
  Cost	
  Analysis	
  

30	
  M	
  secMon	
  for	
  1	
  RF	
  staMon:	
  
1	
  direcMonal	
  coupler	
  	
  ………………………………….	
  $700	
  
1	
  power	
  combiner	
  	
  …………………………………..…	
  $30	
  
1	
  variable	
  aZenuator	
  ………………………………….	
  $200	
  
1	
  fixed	
  aZenuator	
  	
  ……………………………………..	
  $20	
  
30	
  meter	
  secMon	
  of	
  RFS	
  7/8”	
  cable	
  …………….	
  $200	
  
2	
  s	
  of	
  Mmes	
  Microwave	
  phase	
  track	
  cable	
  	
  …	
  $50	
  
1	
  mounMng	
  plate	
  and	
  hardware	
  	
  …………………	
  $250	
  	
  	
  
1	
  heater	
  control	
  circuit	
  and	
  power	
  supply	
  …..	
  $250	
  
-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	
  
Total	
  hardware	
  cost	
  per	
  tap	
  	
  ………………………	
  $1700	
  
Cost	
  per	
  meter……………………………………………$57	
  



•  Obtaining	
  flat	
  gradient	
  and	
  phases	
  in	
  
mulMcavity	
  operaMon	
  

•  “N”	
  different	
  8π/9	
  and	
  7π/9	
  mode	
  frequencies	
  
– Large	
  observed	
  spread	
  in	
  frequencies	
  	
  

•  Understanding	
  limitaMons	
  of	
  weak	
  performing	
  
caviMes	
  (Q0	
  drop)	
  

•  OperaMon	
  with	
  spread	
  in	
  cavity	
  gradients	
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•  Resonance	
  control	
  integraMon	
  into	
  LLRF	
  system	
  
•  Cryomodule	
  level	
  full	
  vector	
  sum	
  control	
  

–  Ready	
  for	
  24	
  caviMes	
  (3	
  cryomodules)	
  
•  InstallaMon	
  of	
  RF	
  reference	
  line	
  
•  Resume	
  operaMon	
  of	
  CCII	
  
•  Quench	
  detecMon	
  &	
  recovery	
  algorithm	
  	
  
•  Long	
  term	
  stability/operability	
  studies	
  
•  Prepare	
  for	
  gun	
  operaMons	
  (Beam)	
  

–  Beam	
  based	
  calibraMon	
  
–  OperaMon	
  with	
  gradient	
  spreads	
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