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Project Summary 

Future progress in high energy physics depends upon the construction of larger and more 
powerful particle accelerators. The interior surfaces of these accelerators must be perfectly 
clean. To reduce the risk of contamination, we must assemble accelerator components with the 
minimum of human contact. A system of motorized stages and machine vision is an obvious 
way to maneuver components without human contact, but efforts to use machine vision have 
been thwarted by the mirror-like surface finish of the vulnerable components.  

We are building a machine vision system capable of measuring the position of highly-reflective 
components. Our system illuminates the components from behind with a uniform field of infrared 
light. It views the components with stereoscopic cameras that see only infrared light. Modern 
assembly-room lighting does not contain infrared light, so our cameras do not see reflections off 
the component surfaces. Instead, we see each component as a dark silhouette. Our 
stereoscopic silhouette cameras allow us to determine the position and orientation of a 
component with sufficient precision to bring mating flanges into contact, and to ensure that their 
bolt holes are perfectly aligned. 

In Phase I we built a prototype stereoscopic silhouette camera and infrared backlight. We 
devised and implemented image-analysis and ray-tracing routines to deduce the location of 
objects from their silhouettes. We demonstrated that we can measure the position of mirror-
finish spheres and cylinders. In Phase II we will build a full-sized system with motorized stages. 
With the help of our collaborators, we will test our system with actual accelerator components in 
a working accelerator assembly room. We will expand our software to support all shapes that 
arise in accelerator construction and we will improve the efficiency of our image analysis so that 
automated assembly can proceed rapidly. 

Our contactless position measurement system has immediate application in all existing 
accelerator assembly rooms. We expect construction of a new particle accelerator, larger than 
any that has come before, to begin in the next few years. Construction of this accelerator will 
require dozens of automated assembly rooms and hundreds of contactless position 
measurement systems. The growth of the fusion power industry offers another potential market 
for our system. Fusion plants require regular disassembly and reassembly. They also require 
that human contact be minimized, not because we want to avoid contaminating the 
components, but because the components will be radioactive, and will therefore contaminate 
their human handlers. 

Key Words: particle accelerator, machine vision, string assembly, optical alignment, remote 
assembly, highly reflective components 

Summary for Members of Congress: The particle accelerators that support high energy physics 
research require automated assembly with the minimum of human contact. This project will 
provide a system of cameras and motorized stages that maneuvers accelerator components 
into precise alignment without human contact.
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 FUom  Topic  30.b.  ³AXWomaWion  of  SRF  CaYiW\  SWUing  AVVembl\  SRF  caYiWieV  and  oWheU  highl\  UeflecWiYe 
 meWallic  componenWV  aUe  aVVembled  WogeWheU  in  a  cleanUoom  enYiUonmenW.  AW  pUeVenW  Whe  laUgeVW  impacW 
 on  Whe  TXaliW\  of  Whe  aVVembl\  iV  Whe  hXman  facWoU.  In  oUdeU  Wo  minimi]e  WhiV  impacW  and  alVo  Wo  decUeaVe 
 WoXch  laboU  and  coVW,  YiVion-aVViVWed  aVVembl\  Wechnolog\  iV  of  gUeaW  inWeUeVW.  FXll  digiWali]aWion  of  Whe 
 aVVembl\  aUea,  conWacWleVV  meaVXUemenW  of  Whe  componenW  poViWionV,  aVViVWed  poViWioning  and 
 alignmenW  aUe  Vome  of  Whe  VWepV  WhaW  coXld  be  implemenWed.  The  XlWimaWe  goal  iV  Wo  deYelop  a 
 conWacWleVV  Wechnolog\  Wo  UeconVWUXcW  Whe  poVe  of  highl\  UeflecWiYe  meWallic  componenWV  Wo  enable  a 
 machine aVViVWed aVVembl\ of SRF componenWV in a cleanUoom enYiUonmenW.´ 

 FXWXUe  pUogUeVV  in  high  eneUg\  ph\VicV  dependV  Xpon  Whe  conVWUXcWion  of  laUgeU  and  moUe  poZeUfXl 
 paUWicle  acceleUaWoUV.  TheVe  acceleUaWoUV  Zill  XVe  VWUingV  of  SXpeUcondXcWing  Radio-FUeTXenc\  (SRF) 
 caYiWieV  Wo  acceleUaWe  WheiU  paUWicle  beamV  and  Ueplace  Whe  kineWic  eneUg\  Whe  beam  loVeV  Wo  V\nchUoWUon 
 UadiaWion.  The  inWeUioU  VXUfaceV  of  WheVe  SRF  caYiWieV  mXVW  be  peUfecWl\  clean,  oU  elVe  Whe\  fail  Wo  pUoYide 
 VhaUp  enoXgh  UeVonance  aW  WheiU  opeUaWing  Uadio  fUeTXenc\.  The  aVVembl\  Weam  meaVXUeV  Whe 
 peUfoUmance  of  each  caYiW\  afWeU  iW  haV  been  aWWached  Wo  iWV  VWUing  and  cooled  doZn  ZiWhin  iWV  cU\ogenic 
 chambeU.  AccoUding  Wo  all  SRF  VWUing  aVVembl\  gUoXpV  Ze  haYe  Vpoken  Wo,  appUo[imaWel\  one  in  fiYe 
 caYiWieV  fail  Wo  UeVonaWe  adeTXaWel\  becaXVe  Whe\  haYe  been  conWaminaWed  b\  Vome  paUWicle  oU  UeVidXe. 
 The  caYiW\  mXVW  When  be  UemoYed,  ZaVhed,  dUied,  Ue-inVWalled,  and  WeVWed  again.  ThiV  deconWaminaWion 
 and UeinVWallaWion pUoceVV WakeV WZo ZeekV. 
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 FLJXUH 1:  E[ample Clean-Room EnYiUonmenW, SXpeUcondXcWing  Radio-FUeTXenc\ (SRF) AVVembl\ 
 Room aW FeUmi NaWional LaboUaWoU\ (FNL). CoXUWeV\ of MaWWia PaUiVe, FNL. 

 Significance 

 All  VWUing  aVVembl\  WeamV  agUee  WhaW  hXman  conWacW  iV  Whe  main  VoXUce  of  caYiW\  conWaminaWion.  The 
 VWage  aW  Zhich  conWaminaWion  iV  moVW  likel\  Wo  occXU  iV  Zhen  a  hXman  opeUaWoU  joinV  WZo  pipe  flangeV 
 WogeWheU.  The  opeUaWoU  mXVW  UemoYe  Whe  capV  fUom  Whe  WZo  flangeV,  WhXV  e[poVing  Whe  inWeUioU  of  Whe 
 caYiW\.  The  opeUaWoU  mXVW  maneXYeU  Whe  WZo  flangeV  inWo  conWacW  and  align  WheiU  bolW-holeV.  IW  iV  dXUing 
 WhiV  maneXYeUing  b\  hXman  handV  WhaW  conWaminaWion  iV  moVW  likel\  Wo  Wake  place.  Once  Whe  WZo  flangeV 
 aUe  WoXching,  Whe  caYiW\  inWeUioUV  aUe  no  longeU  e[poVed  and  Whe  UiVk  of  conWaminaWion  haV  paVVed.  IW  iV 
 haUd  Wo  deWeUmine  Zhen  a  conWaminaWion  WakeV  place,  becaXVe  Whe  fiUVW  Wime  Whe  aVVembl\  Weam  can 
 check  foU  conWaminaWion  iV  Zhen  Whe  caYiW\  iV  inVWalled  in  iWV  VWUing  and  cooled  Wo  iWV  VXpeUcondXcWing 
 WempeUaWXUe.  NeYeUWheleVV,  Whe  VWUing  aVVembl\  gUoXpV  Ze  haYe  Walked  Wo  Well  XV  WhaW  an  aXWomaWed 
 V\VWem foU aligning e[poVed componenWV ZoXld UedXce WheiU conWaminaWion UaWe dUamaWicall\. 

 One  Za\  Wo  UemoYe  Whe  hXman  opeUaWoU  fUom  Whe  flange-maneXYeUing  pUoceVV  iV  Wo  inVWall  a  machine 
 YiVion  V\VWem  and  Vome  moWoUi]ed  VWageV  WhaW  Zill  maneXYeU  Whe  WZo  flangeV  inWo  conWacW.  EffoUWV  Wo 
 appl\  machine  YiVion  Wo  WhiV  pUoblem  haYe,  hoZeYeU,  been  WhZaUWed  b\  Whe  miUUoU-like  VXUface  finiVh  of 
 SRF  componenWV.  When  a  WUadiWional  machine  YiVion  V\VWem  YieZV  a  miUUoU-like  componenW,  iW  cannoW 
 find  Whe  oXWline  of  Whe  componenW  becaXVe  iW  iV  confXVed  b\  bUighW,  diVWoUWed  imageV  of  Whe  VXUUoXnding 
 VWUing aVVembl\ Uoom and iWV miUUoU-like conWenWV. 
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 The  VolXWion  Ze  pUopoVe  iV  Wo  illXminaWe  Whe  highl\-UeflecWing  componenWV  fUom  behind  Wo  obWain 
 VilhoXeWWe  imageV  deYoid  of  UeflecWionV  neaU  WheiU  oXWlineV.  The  componenWV  Zill  appeaU  aV  black  VhapeV, 
 and  Ze  can  meaVXUe  WheiU  poViWion  b\  WUiangXlaWion  ZiWh  WZo  SilhoXeWWe  CameUaV  (SCAMV).  We  place  a 
 backlighW  WhaW  VhineV  ZiWh  XnifoUm  illXminaWion  behind  WZo  componenWV  WhaW  mXVW  be  maneXYeUed 
 WogeWheU.  The  backlighW  VhineV  ZiWh  infUaUed  lighW  and  Whe  SCAMV  aUe  eTXipped  ZiWh  infUaUed-onl\  filWeUV. 
 B\  YieZing  Whe  componenWV  in  infUaUed  lighW,  Ze  eliminaWe  Whe  UeflecWed  YieZV  of  Whe  aVVembl\  Uoom  WhaW 
 ZoXld  oWheUZiVe  be  YiVible  on  eYeU\  VXUface  of  Whe  componenWV.  TheVe  UeflecWionV  aUe  geneUaWed  b\  Whe 
 oYeUhead  lighWV  of  Whe  aVVembl\  Uoom,  Zhich  aUe  inYaUiabl\  LED  oU  flXoUeVcenW  bXlbV,  neiWheU  of  Zhich 
 emiW infUaUed lighW. 

 FLJXUH 2:  SkeWch of TZo ConWacWleVV PoViWion MeaVXUemenW  S\VWemV (CPMS) CoopeUaWing Wo Align 
 ThUee SRF CaYiW\ ComponenWV. 

 OXU  ConWacWleVV  PoViWion  MeaVXUemenW  S\VWem  (CPMS)  Zill  meaVXUe  Whe  poViWion  of  WZo  highl\-UeflecWiYe 
 componenWV  and  maneXYeU  Whem  inWo  poViWion  ZiWh  moWoUi]ed  VWageV.  In  Whe  caVe  of  WZo  flangeV,  Whe 
 hXman  opeUaWoU  UemoYeV  Whe  coYeUV  fUom  WZo  flangeV  and  e[iWV  Whe  clean  Uoom.  The  CPMS  bUingV  Whe 
 flangeV  inWo  conWacW  and  alignV  WheiU  bolW-holeV.  WiWh  no  hXman  pUeVenW,  Whe  UiVk  of  conWaminaWion  Zhile 
 maneXYeUing  iV  gUeaWl\  UedXced.  When  Whe  flangeV  aUe  in  conWacW  and  peUfecWl\  aligned,  Whe  hXman 
 opeUaWoU  UeWXUnV.  The  opeUaWoU  inVeUWV  bolWV  and  faVWenV  Whe  flangeV  WogeWheU.  An\  conWaminaWion  Vhed  b\ 
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 Whe  hXman  opeUaWoU  dXUing  Whe  faVWening  Zill  be  Vhed  on  Whe  e[WeUioU  VXUfaceV  of  Whe  caYiWieV,  Zhich  do 
 noW Wake paUW in Whe caYiW\ UeVonance. 

 The  CPMS  haV  immediaWe  applicaWion  in  VWUing  aVVembl\  UoomV.  OXU  collaboUaWoUV  aW  FeUmi  NaWional 
 LaboUaWoU\  (FNL)  haYe  been  VWXd\ing  Whe  pUoblem  of  aXWomaWed  aVVembl\  in  WheiU  oZn  SRF  caYiW\ 
 faciliW\  foU  VeYeUal  \eaUV  [12].  OYeU  Whe  ne[W  decade  Ze  e[pecW  Whe  demand  foU  SRF  caYiWieV  Wo  e[pand 
 Uapidl\.  The  fXWXUe  of  High  EneUg\  Ph\VicV  (HEP)  UeVeaUch  dependV  Xpon  laUgeU  and  moUe  poZeUfXl 
 paUWicle  collideUV.  Toda\¶V  LaUge  HadUonic  CollideU  (LHC)  pUoYideV  colliVionV  aW  14  TeV.  Si[Ween  SRF 
 caYiWieV  aUe  VXfficienW  Wo  oYeUcome  Whe  loVVeV  dXe  Wo  V\nchUoWUon  UadiaWion  in  Whe  LHC.  The  pUopoVed 
 FXWXUe  CiUcXlaU  CollideU  (FCC)  Zill  pUoYide  colliVionV  aW  100  TeV.  S\nchUoWUon  UadiaWion  incUeaVeV  aV  Whe 
 foXUWh  poZeU  of  Whe  colliVion  eneUg\.  AW  100  TeV,  Whe  LHC  ZoXld  need  foUW\  WhoXVand  SRF  caYiWieV.  The 
 FCC  Zill  be  foXU  WimeV  Whe  diameWeU  of  Whe  LHC,  WhXV  UedXcing  Whe  acceleUaWion  of  Whe  paUWicleV  b\  a 
 facWoU  of  foXU.  S\nchUoWUon  UadiaWion  incUeaVeV  aV  Whe  Vecond  poZeU  of  acceleUaWion,  Vo  WhiV  TXadUXpling 
 of  diameWeU  UedXceV  Whe  FCC  V\nchUoWUon  UadiaWion  b\  a  facWoU  of  Vi[Ween.  Combining  WheVe  WZo  effecWV, 
 Ze  eVWimaWe  WhaW  Whe  FCC  Zill  need  UoXghl\  WZenW\-fiYe  hXndUed  SRF  caYiWieV  Wo  oYeUcome  iWV 
 V\nchUoWUon  UadiaWion  loVVeV.  TheUe  Zill  be  impUoYemenWV  in  Whe  deVign  of  Whe  caYiWieV,  bXW  Whe  facW 
 UemainV WhaW Whe FCC Zill UeTXiUe one hXndUed WimeV aV man\ caYiWieV aV Whe LHC. 

 The  CPMS  haV  a  longeU-WeUm  applicaWion  in  Whe  UepaiU  and  mainWenance  of  fXVion  UeacWoUV.  No 
 poZeU-pUodXcing  fXVion  UeacWoUV  e[iVW  Woda\,  bXW  WheUe  aUe  man\  pUoWoW\pe  UeacWoUV  being  bXilW  and 
 WeVWed.  All  WheVe  pUoWoW\peV  aUe  bXilW  oXW  of  highl\-UeflecWiYe  meWallic  componenWV.  An\  componenWV  neaU 
 Whe  fXVion  plaVma  aUe  iUUadiaWed  b\  neXWUonV  and  gamma  Ua\V.  TheVe  neXWUonV  UeacW  ZiWh  iUon  and  cobalW 
 nXclei  Wo  cUeaWe  UadioacWiYe  iVoWopeV.  The  Wime  WhaW  hXman  opeUaWoUV  can  Vpend  neaU  Whe  componenWV  iV 
 limiWed.  The  half-life  of  Whe  iUon-55  and  cobalW-60  acWiYaWion  iV  VeYeUal  \eaUV,  Vo  WheUe  iV  no  poinW  in 
 ZaiWing  foU  Whe  componenWV  Wo  become  leVV  UadioacWiYe  befoUe  UepaiUing  Whem.  MainWenance  of  iUUadiaWed 
 componenWV  WakeV  place  in  VepaUaWe  UoomV  called  WeVW  cellV.  B\  WXUning  one  enWiUe  Zall  of  a  WeVW  cell  inWo 
 an  infUaUed  backlighW  and  VeWWing  Xp  a  do]en  cameUaV  on  Whe  oWheU  Zall,  Ze  coXld  diUecW  moWoUi]ed 
 VWageV and UoboWV aV Whe\ UepaiU and Ue-aVVemble Whe UadioacWiYe componenWV. 

 PhaVe I WoUk Done 

 So  faU  in  oXU  PhaVe  I  ZoUk,  Ze  haYe  deVigned  and  bXilW  a  half-Vi]ed  conWacWleVV  poViWion  meaVXUemenW 
 V\VWem  (CPMS),  deVigned  Whe  opWicV  foU  oXU  VilhoXeWWe  cameUaV  (SCAMV),  deYeloped  Whe  image  anal\ViV 
 VofWZaUe  UeTXiUed  Wo  locaWe  compoXnd  UeflecWing  objecWV  in  iWV  field  of  YieZ,  and  obWained  50-�m 
 meaVXUemenW  pUeciVion  ZiWh  Whe  half-Vi]ed  CPMS.  We  haYe  been  UecoUding  oXU  ZoUk  in  oXU 
 DeYelopmenW Log [1]. We VXmmaUi]ed oXU ZoUk in oXU InWeUim ReVeaUch PeUfoUmance RepoUW [2]. 
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 FLJXUH 3:  PoVW and SpheUe PUeVVed Up AgainVW BacklighW.  BUighW VpoWV aUe lighW-emiWWing diodeV behind 
 Whe backlighW diffXVeU. We Vee UeflecWion of Whe backlighW aUoXnd Whe peUimeWeU of Whe VpheUe. We Vee 

 UeflecWionV of ZindoZV aW Whe cenWeU of Whe VpheUe. 

 A  fXll-Vi]e  CPMS  ZoXld  be  UoXghl\  180  cm  fUom  SCAMV  Wo  backlighW.  In  oXU  half-Vi]e  CPMS  Ze  haYe  90 
 cm  fUom  SCAMV  Wo  backlighW.  OXU  backlighW  conViVWV  of  an  aUUa\  of  infUaUed  LighW-EmiWWing  DiodeV  (LEDV) 
 on  a  50-mm  gUid.  A  pane  of  ZhiWe  diffXVing  glaVV  iV  moXnWed  50  mm  in  fUonW  of  Whe  LEDV.  When  Ze  YieZ 
 WhiV  backlighW,  Ze  Vee  UegXlaU  bUighW  VpoWV  coUUeVponding  Wo  Whe  locaWion  of  each  LED.  TheVe  bUighW  VpoWV 
 haYe  no  effecW  Xpon  VilhoXeWWe  anal\ViV,  aV  can  be  dedXced  fUom  Whe  ZhiWe-glaVV  UeVidXalV  in  FigXUe  6. 
 The  UeVW  of  Whe  backlighW  iV  a  VloZl\-YaU\ing  field  of  infUaUed  lighW.  We  eTXipped  oXU  half-Vi]ed  CPMS  ZiWh 
 a  backlighW  20  cm  VTXaUe,  bXW  oXU  backlighW  iV  deVigned  in  VXch  a  Za\  WhaW  iW  ma\  be  Wiled  ZiWh  oWheU 
 backlighWV Wo illXminaWe a 1-m VTXaUe pane of ZhiWe glaVV Wo make a 1-m VTXaUe backlighW. 

 We  XVed  micUomeWeU  VWageV  Wo  moYe  highl\-UeflecWing  poVWV  and  VpheUeV  acUoVV  Whe  field  of  YieZ  of  oXU 
 SCAMV.  We  deYeloped  image  anal\ViV  and  Ua\  WUacing  VofWZaUe  WhaW  alloZV  XV  Wo  dedXce  Whe  locaWion 
 and  oUienWaWion  of  a  componenW  XVing  one  oU  WZo  VilhoXeWWe  imageV.  We  XVed  Whe  lineaUiW\  of  oXU 
 meaVXUemenWV ZiWh VWage poViWion Wo demonVWUaWe Whe peUfoUmance of oXU backlighW. 
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 FLJXUH 4:  LineaUiW\ of SilhoXeWWe Edge TUacking YeUVXV  BacklighW Spacing. We YaU\ Whe Vpacing beWZeen 
 Whe LED aUUa\ and a gUoXnd glaVV diffXVeU. FoU each Vpacing Ze moYe a poVW ZiWh oXU manXal VWage, fiW a 
 VWUaighW line Wo image poViWion YeUVXV VWage poViWion, and Wake Whe VWandaUd deYiaWion of Whe UeVidXalV aV 

 oXU meaVXUe of lineaUiW\. 

 We  WUied  a  YaUieW\  of  commeUciall\-made  and  compoXnd  lenVeV  in  oXU  half-Vi]ed  CPMS,  bXW  in  Whe  end 
 Ze  foXnd  WhaW  Whe  beVW-peUfoUming  opWicV  ZeUe  a  2.7-mm  apeUWXUe  pUeVVed  Xp  againVW  a  Vingle 
 plano-conYe[  lenV.  TheVe  opWicV  appUo[imaWe  a  pin-hole  cameUa.  The\  pUoYide  ample  depWh  of  field  and 
 lineaU  pUojecWion  onWo  oXU  image  VenVoUV.  The  VenVoUV  WhemVelYeV  aUe  CCDV  (ChaUge  CoXpled  DeYiceV). 
 We  choVe  CCD  VenVoUV  in  pUefeUence  Wo  CMOS  (ComplemenWaU\  MeWal  O[ide  SemicondXcWoU)  VenVoUV 
 becaXVe  Ze  knoZ  Whe\  pUoYide  imageV  of  VXfficienW  TXaliW\,  and  Ze  did  noW  ZanW  Wo  complicaWe  oXU 
 deYelopmenW  b\  WeVWing  neZ  VenVoUV.  We  flaVh  oXU  backlighW  and  Uead  oXW  oXU  image  VenVoUV  ZiWh  oXU 
 Long-WiUe  DaWa  AcTXiViWion  (LWDAQ)  haUdZaUe  [13]  and  VofWZaUe  [14].  We  fiUVW  deYeloped  Whe  LWDAQ 
 WZenW\  \eaUV  ago  foU  Whe  alignmenW  V\VWem  of  Whe  ATLAS  end-cap  mXon  VpecWUomeWeU  [11].  The  LWDAQ 
 alloZV  XV  Wo  cleaU  Whe  image  VenVoUV,  flaVh  Whe  backlighW,  and  Uead  oXW  boWh  imageV  V\nchUonoXVl\.  The 
 UeadoXW WakeV place pi[el b\ pi[el, Vo aV Wo pUeVeUYe Whe e[acW geomeWU\ of Whe pUojecWed VilhoXeWWeV. 

 We  WUied  edge-finding  and  oXWline-WUacing  aV  a  Za\  Wo  anal\]e  VilhoXeWWe  imageV  in  oXU  iniWial  VWXdieV.  We 
 haYe  XVed  edge-finding  VXcceVVfXll\  in  Whe  paVW  Wo  find  ZiUeV  and  ellipVeV  in  [-Ua\  and  opWical  imageV  [4, 
 6,  7].  OXU  iniWial  VWXdieV  of  Whe  lineaUiW\  of  Whe  VilhoXeWWe  meaVXUemenW  Ze  peUfoUmed  ZiWh  an  edge-finding 
 algoUiWhm  applied  Wo  Whe  VilhoXeWWe  of  a  highl\-UeflecWing  poVW.  We  XVed  WheVe  VWXdieV  Wo  chooVe  Whe 
 diffXVeU  foU  oXU  backlighW.  ReVidXalV  on  Whe  image  VenVoU  ZiWh  ZhiWe  glaVV  ZeUe  appUo[imaWel\  1  �m  UmV, 
 oU UoXghl\ 50 �m UmV in Whe poVW poViWion aW Uange 1 m. 
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 FLJXUH 5:  Half-Si]e CPMS ConfigXUed Wo MeaVXUe DepWh  of Field. We haYe 90 cm fUom Whe SCAMV Wo 
 Whe backlighW. A VpheUe and poVW moYe fUom Whe backlighW Wo cameUaV. 

 When  iW  came  Wo  Whe  comple[  VhapeV  WhaW  Whe  CPMS  mXVW  locaWe,  oXWline-WUacing  pUoYed  Wo  be 
 cXmbeUVome  and  XnUeliable.  We  deYeloped  a  moUe  YeUVaWile  anal\ViV,  one  WhaW  can  accommodaWe 
 comple[  componenWV  ZiWh  no  fXndamenWal  changeV  in  Whe  Za\  iW  opeUaWeV.  In  all  CPMS  applicaWionV,  Ze 
 Zill  haYe  dUaZingV  of  eYeU\  componenW,  and  eYeU\  componenW  Zill  be  machined  ZiWh  high  pUeciVion.  OXU 
 anal\ViV  conVWUXcWV  a  compXWeU  model  of  each  componenW  b\  combining  Vimple  VhapeV  like  VpheUeV  and 
 c\lindeUV  XnWil  Whe  combinaWion  maWcheV  Whe  acWXal  componenW.  When  Ze  meaVXUe  Whe  locaWion  of  a 
 componenW,  Ze  VWaUW  b\  giYing  oXU  modeled  componenW  a  locaWion  WhaW  iV  cloVe  Wo  WhaW  of  Whe  acWXal 
 componenW.  We  pUojecW  Whe  modeled  componenW  onWo  Whe  image  VenVoU  of  oXU  cameUa  and  obWain  a 
 modeled  VilhoXeWWe.  The  modeled  VilhoXeWWe  and  Whe  acWXal  VilhoXeWWe  aUe  noW  aligned.  We  pUoceed  Wo 
 adjXVW  Whe  poViWion  of  Whe  modeled  componenW  XnWil  Ze  align  Whe  modeled  and  acWXal  VilhoXeWWeV  aV  beVW 
 Ze  can.  The  final  poViWion  of  Whe  modeled  componenW  iV  oXU  meaVXUemenW  of  Whe  poViWion  of  Whe  acWXal 
 componenW. 
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 FLJXUH  6:  LineaUiW\  of  Image  PoViWion  foU  TZo  T\peV  of  DiffXVing  GlaVV.  Image  magnificaWion  iV  1/44.  We 
 ploW  UeVidXalV  fUom  a  VWUaighW  line  fiW  of  edge  poViWion  on  Whe  image  VenVoU  YeUVXV  VWage  poViWion.  The 
 c\clic componenW of Whe UeVidXal haV peUiod one half of Whe image VenVoU pi[el. 

 The  onl\  anal\ViV  Ze  peUfoUm  on  Whe  acWXal  VilhoXeWWe  image  iV  Wo  claVVif\  eYeU\  pi[el  aV  eiWheU 
 ³VilhoXeWWe´ oU ³backlighW´. 

 FLJXUH 7:  A ClaVVified SilhoXeWWe Image ZiWh Model  PUojecWion OYeUla\ed and DiVagUeemenW 
 ColoU-Coded. LefW: BefoUe fiWWing. RighW: AfWeU fiWWing. 

 In  FigXUe  7  Ze  Vee  Whe  compaUiVon  of  an  acWXal  and  modeled  VilhoXeWWe  coloU-coded  in  Whe  oYeUla\  of  one 
 of  oXU  gUa\-Vcale  SCAM  imageV.  An\  pi[el  in  Zhich  Whe  modeled  VilhoXeWWe  and  acWXal  VilhoXeWWe  agUee 
 Ze  leaYe  aV  a  gUa\-Vcale  pi[el.  An\  pi[el  WhaW  iV  paUW  of  Whe  acWXal  VilhoXeWWe,  bXW  noW  paUW  of  Whe  modeled 
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 VilhoXeWWe  Ze  maUk  in  oUange.  An\  pi[el  WhaW  iV  paUW  of  Whe  modeled  VilhoXeWWe,  bXW  noW  paUW  of  Whe  acWXal 
 VilhoXeWWe,  Ze  maUk  in  blXe  oU  gUeen.  GUeen  iV  Whe  modeled  VpheUe  and  blXe  iV  Whe  modeled  c\lindeU.  The 
 VimpleVW  Za\  Wo  obWain  Whe  diVagUeemenW  beWZeen  Whe  modeled  and  acWXal  VilhoXeWWeV  iV  Wo  coXnW  Whe 
 coloUed pi[elV. 

 In  Whe  cenWeU  of  Whe  VpheUe,  Ze  Vee  UeflecWionV  of  oXU  VXnlighW  ZindoZV.  IW  WXUnV  oXW  WhaW  WheVe  UeflecWionV 
 do  noW  diVWXUb  oXU  anal\ViV.  AV  Ze  moYe  Whe  modeled  componenW  aUoXnd,  Whe  UeflecWionV  caXVe  a 
 conVWanW  offVeW  Wo  Whe  diVagUeemenW  beWZeen  Whe  WZo  imageV.  We  can  WoleUaWe  UeflecWionV,  Vo  long  aV 
 Whe\  aUe  faU  fUom  Whe  edgeV  of  Whe  VilhoXeWWe.  FigXUe  8  VhoZV  hoZ  Whe  nXmbeU  of  diVagUeemenW  pi[elV 
 YaUieV  aV  Ze  offVeW  modeled  componenW  poViWion  in  Whe  WZo  diUecWionV  peUpendicXlaU  Wo  Whe  cameUa  a[iV. 
 OXU  fiWWing  algoUiWhm  aUUiYeV  aW  a  minimXm  ZiWh  pUeciVion  50  �m  UmV,  and  Ze  can  eYen  adjXVW  Whe  model 
 poViWion  manXall\  Wo  minimi]e  Whe  diVagUeemenW  b\  looking  aW  Whe  coloUed  pi[elV  in  Whe  image  oYeUla\, 
 and Vo obWain Whe Vame pUeciVion of 50 �m UmV oYeU Wen aWWempWV fUom a Uandom VWaUWing poViWion. 

 FLJXUH  8:  DiVagUeemenW  (pi[elV)  YeUVXV  OffVeW  (mm)  in  X  and  Y  FoU  SilhoXeWWe  Anal\ViV.  ObjecW  iV  a 
 YeUWical poVW and VpheUe aW Uange 52 cm. 

 We  moXnWed  componenWV  on  micUomeWeU  VWageV  Wo  meaVXUe  pUeciVion  and  UeVolXWion  of  oXU  poViWion 
 meaVXUemenW.  We  moXnWed  componenWV  on  an  opWical  Uail  Wo  e[ploUe  d\namic  Uange  and  depWh  of  field. 
 BecaXVe  Ze  knoZ  Whe  dimenVionV  of  Whe  componenWV  Ze  Zill  be  locaWing,  Ze  can,  in  pUinciple,  dedXce 
 Whe  poViWion  of  Whe  objecW  XVing  onl\  one  cameUa  VilhoXeWWe.  WiWh  onl\  one  cameUa  looking  aW  a  combined 
 VpheUe  and  poVW  objecW,  oXU  pUeciVion  iV  50  �m  in  Whe  diUecWionV  peUpendicXlaU  Wo  Whe  cameUa  a[iV,  and 
 500  �m  along  Whe  a[iV.  WiWh  WZo  cameUaV  ZhoVe  a[eV  aUe  VepaUaWed  b\  foXUWeen  degUeeV,  oXU  pUeciVion 
 along  Whe  a[eV  impUoYeV  Wo  150  �m.  DepWh  of  field  in  oXU  half-Vi]ed  V\VWem  iV  limiWed  b\  Whe  Vi]e  of  Whe 
 backlighW.  BoWh  cameUaV  look  VWUaighW  aW  Whe  backlighW.  AV  Ze  moYe  an  objecW  fUom  Uange  60  cm  Wo  90  cm, 
 iW  UemainV  in  YieZ  of  boWh  SCAMV.  If  Ze  moYe  an  objecW  Wo  Uange  40  cm  in  fUonW  of  one  of  Whe  SCAMV,  iW  iV 
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 VWill  in  VhaUp  focXV.  In  a  fXll-Vi]ed  CPMS  ZiWh  a  1-m  VTXaUe  backlighW,  Ze  e[pecW  Wo  haYe  depWh  of  field  80 
 cm Wo 180 cm ZiWh objecWV in YieZ of boWh cameUaV. 

 PhaVe I WoUk Remaining 

 AW  Whe  Wime  of  ZUiWing,  Ze  VWill  haYe  WhUee  monWhV  Uemaining  in  oXU  PhaVe  I  gUanW  peUiod.  AlWhoXgh  Ze 
 haYe  anVZeUed  Whe  fXndamenWal  TXeVWionV  Ze  VeW  oXW  Wo  anVZeU  in  PhaVe  I,  Ze  haYe  VeYeUal  fXUWheU 
 goalV Wo accompliVh. 

 FLJXUH 9:  Solid Model of SRF CaYiW\ Flange Replica  MoXnWed on RoWaWion and TUanVlaWion SWageV. All 
 WheVe pieceV e[iVW, eiWheU machined foU XV oXW of VWainleVV VWeel, oU pXUchaVed fUom a YendoU. 

 The  diVagUeemenW  fXncWion  oXU  anal\ViV  XVeV  Wo  align  oXU  modeled  componenW  ZiWh  oXU  acWXal 
 componenW  iV  an  inWegeU  coXnW  of  diVagUeemenW  pi[elV.  AV  Ze  can  Vee  in  FigXUe  8,  WhiV  fXncWion  iV 
 pooUl\-behaYed.  IW  pUoYideV  XV  ZiWh  no  definiWe  minimXm,  and  iW  iV  noW  VmooWh.  ThiV  pooU  behaYioU  iV  Whe 
 UeVXlW  of  oXU  binaU\  claVVificaWion  of  pi[elV  aV  eiWheU  in  agUeemenW  oU  oXW  of  agUeemenW.  A  gUadXaWed  Vcale 
 of  agUeemenW  Zill  pUoYide  a  VmooWheU  diVagUeemenW  fXncWion,  bXW  UemainV  Wo  be  implemenWed.  AnoWheU 
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 ZeakneVV  of  oXU  e[iVWing  anal\ViV  iV  iWV  e[ecXWion  Wime:  one  meaVXUemenW  WakeV  one  minXWe.  We  haYe 
 VeYeUal  ideaV  foU  acceleUaWing  Whe  anal\ViV,  bXW  WheVe  ideaV  Uemain  Wo  be  implemenWed.  BecaXVe  Whe 
 anal\ViV  iV  VloZ,  V\VWemaWic  WeVWV  of  lineaUiW\  and  pUeciVion  haYe  been  impUacWical.  AW  Whe  Wime  of  ZUiWing, 
 Ze  haYe  WhUee  monWhV  of  Wechnical  ZoUk  lefW  Wo  do  in  PhaVe  I.  We  haYe  hiUed  an  appUenWice  compXWeU 
 pUogUammeU,  Zho  Zill  Vpend  Whe  ne[W  WhUee  monWhV  ZoUking  on  acceleUaWing  Whe  anal\ViV.  We  aUe  hiUing 
 an  XndeUgUadXaWe  VWXdenW  foU  Whe  VXmmeU  Wo  peUfoUm  V\VWemaWic  meaVXUemenWV  of  lineaUiW\  and  pUeciVion 
 ZiWh Whe acceleUaWed anal\ViV and oXU manXal micUomeWeU VWageV. 

 AnoWheU  VWXd\  Ze  Zill  peUfoUm  in  Whe  final  monWhV  of  oXU  PhaVe  I  ZoUk  iV  Wo  meaVXUe  Whe  UelaWiYe  poViWionV 
 of  WZo  Ueplica  flangeV  Waken  fUom  a  model  of  an  SRF  aVVembl\  pUoYided  Wo  XV  b\  oXU  collaboUaWoUV  aW 
 FeUmi  NaWional  LaboUaWoU\.  We  haYe  WheVe  pieceV  in  hand,  along  ZiWh  a  WhUee-a[iV  WUanVlaWion  VWage  and 
 UoWaWion  VWage  aV  VhoZn  in  FigXUe  9.  We  Zill  model  boWh  flangeV  aV  a  combinaWion  of  c\lindeUV,  and 
 meaVXUe WheiU poViWion and oUienWaWion aV Ze WUanVlaWe and UoWaWe Whem. 

 One  alignmenW  TXeVWion  Ze  haYe  noW  \eW  addUeVVed  iV  Whe  pUoblem  of  aligning  bolW-holeV.  So  faU,  oXU 
 anal\ViV  pUoYideV  a  meanV  foU  bUinging  WZo  flangeV  inWo  flXVh  conWacW,  ZiWh  WheiU  c\lindUical  a[eV 
 coincidenW,  bXW  iW  doeV  noW  pUoYide  a  Za\  Wo  UoWaWe  a  flange  aboXW  iWV  c\lindUical  a[iV  XnWil  iWV  bolW  holeV 
 align.  We  Zill  WU\  oXW  Vome  pUeliminaU\  ideaV  foU  hoZ  Wo  meaVXUe  c\lindUical  UoWaWion  befoUe  oXU  PhaVe  I 
 ZoUk  endV,  VXch  aV  aWWaching  a  pin  Wo  each  flange,  oU  aWWaching  a  baWWeU\-poZeUed  infUaUed  lighW  VoXUce. 
 BXW  Whe  main  ZoUk  Ze  anWicipaWe  foU  WhiV  pUoblem  Zill  be  foUming  a  UelaWionVhip  ZiWh  Whe  deVigneUV  of  Whe 
 componenWV  ZheUeb\  Whe\  Zill  be  Zilling  Wo  modif\  WheiU  dUaZingV  Wo  inclXde  fi[WXUeV  foU  moXnWing  oXU 
 alignmenW fidXcialV. We plan Wo dedicaWe faU moUe Wime Wo WhiV TXeVWion in PhaVe II. 

 AlWhoXgh  Ze  haYe  Vome  UefinemenW  of  oXU  anal\ViV,  and  Ze  haYe  \eW  Wo  e[ploUe  Whe  fXndamenWal  limiWV  of 
 Whe  accXUac\  of  Whe  CPMS,  Ze  aUe  confidenW  WhaW  Whe  CPMS  Zill  pUoYide  Whe  accXUac\  UeTXiUed  foU 
 aligning Whe highl\-UeflecWing componenWV. 

 PhaVe II WoUk, OYeUYieZ 

 In  PhaVe  II  of  oXU  ZoUk,  Ze  Zill  focXV  on  foXU  objecWiYeV.  FiUVW,  Ze  Zill  VolYe  Whe  pUoblem  of  meaVXUing  Whe 
 oUienWaWion  of  Uadiall\-V\mmeWUic  componenWV  aboXW  WheiU  a[iV  of  V\mmeWU\  Vo  WhaW  WheiU  bolW-holeV  ma\ 
 be  aligned.  Second,  Ze  Zill  VolYe  Whe  pUoblem  of  abVolXWe  calibUaWion  of  oXU  SCAMV  and  WheiU  moXnWing 
 plaWe  Vo  WhaW  Ze  can  obWain  abVolXWe  meaVXUemenWV  of  Whe  VepaUaWion  of  componenWV  aV  Whe  CPMS 
 maneXYeUV  Whem  WogeWheU.  ThiUd,  Ze  Zill  bXild  a  fXll-Vi]e,  moWoUi]ed  CPMS  and  WeVW  iW  ZiWh  acWXal  SRF 
 caYiW\  componenWV  in  a  Ueal  VWUing  aVVembl\  faciliW\.  FoXUWh,  Ze  Zill  VWXd\  Whe  poVVible  adapWaWion  of  Whe 
 CPMS  foU  applicaWion  in  Whe  mainWenance  of  fXVion  UeacWoUV.  In  oXU  pXUVXiW  of  Whe  fiUVW  WhUee  objecWiYeV,  Ze 
 Zill  ZoUk  cloVel\  ZiWh  oXU  collaboUaWoUV  aW  FeUmi  NaWional  LaboUaWoU\  (FNL),  Zho  Ze  aUe  VXbconWUacWing  Wo 
 VeW Xp and WeVW oXU pUoWoW\peV in WheiU oZn aVVembl\ Uoom. 
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 BolW-Hole AlignmenW 

 When  Ze  connecW  WZo  VWeel  flangeV  WogeWheU,  Whe  moVW  common  Za\  Wo  faVWen  Whem  VecXUel\  in  place  iV 
 ZiWh  bolWV.  TheUe  mighW  be  Vi[  bolWV  aUUanged  aUoXnd  each  flange.  The\  ma\  be  WhUeaded,  oU  Whe\  ma\ 
 boWh  be  cleaUance  holeV.  We  mXVW  align  Whe  coUUecW  holeV  ZiWh  one  anoWheU.  Indeed,  iW  iV  Whe  alignmenW  of 
 bolW-holeV  WhaW  dicWaWeV  Whe  UeTXiUed  accXUac\  of  Whe  CPMS.  WiWh  a  half-millimeWeU  cleaUance  aUoXnd  a 
 bolW,  Ze  mXVW  align  Whe  holeV  Wo  ZiWhin  WZo  hXndUed  micUonV.  In  oUdeU  Wo  pUoYide  WhiV  alignmenW,  Whe  VWage 
 Xpon  Zhich  one  of  Whe  componenWV  iV  moXnWed  mXVW  pUoYide  noW  onl\  WhUee  a[eV  of  WUanVlaWion,  bXW  alVo 
 WhUee  a[eV  of  UoWaWion.  SeWWing  aVide  Whe  TXeVWion  of  hoZ  Wo  pUoYide  WheVe  WhUee  a[eV  of  UoWaWion  ZiWh 
 VWageV  VXiWable  foU  a  clean  Uoom  enYiUonmenW,  leW  XV  conVideU  Whe  pUoblem  of  meaVXUing  Whe  oUienWaWion 
 of a flange aboXW iWV c\lindUical a[iV. 

 AV  Whe  WZo  flangeV  aUe  bUoXghW  WogeWheU,  Ze  haYe  no  hope  of  Veeing  WheiU  bolW  holeV  in  oXU  VilhoXeWWe 
 imageV.  AW  Vome  poinW,  Ze  Zill  no  longeU  Vee  Whe  gap  beWZeen  Whem.  BXW  oXU  componenW-modeling 
 anal\ViV  Zill  VWill  be  able  Wo  dedXce  Whe  diVWance  beWZeen  Whem,  and  WheiU  oUienWaWionV  aboXW  all  a[eV  VaYe 
 foU  Whe  c\lindUical  a[iV.  In  oUdeU  Wo  meaVXUe  Whe  UoWaWion  aboXW  Whe  c\lindUical  a[iV,  Ze  mXVW  modif\  Whe 
 componenW in Vome Za\ Wo bUeak iWV Uadial V\mmeWU\. 

 FLJXUH 10:  FoUW\-FiYe DegUee FidXcial Pin and BaWWeU\-PoZeUed  InfUaUed PoinW SoXUce foU BolW Hole 
 AlignmenW. 

 SXppoVe  each  flange  pUoYideV  a  2-mm  deep  hole  on  Whe  Wop  Vide.  We  place  a  52-mm  pin  in  WhiV  hole,  Vo 
 WhaW  iW  pUoWUXdeV  b\  50  mm  aboYe  Whe  flange.  The  YieZ  of  oXU  CPMS  iV  neaU-hoUi]onWal,  Vo  Ze  Zill  be  able 
 Wo  meaVXUe  Whe  alWiWXde  of  Whe  Wop  of  Whe  pin  ZiWh  accXUac\  50  �m  UmV.  AV  Whe  flange  UoWaWeV  aboXW  iWV 
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 c\lindUical  a[iV,  Whe  alWiWXde  of  Whe  Wop  of  Whe  pin  Zill  YaU\.  BXW  Zhen  Whe  pin  iV  YeUWical,  iWV  alWiWXde  YaUieV 
 onl\  aV  Whe  coVine  of  UoWaWion.  A  10-mUad  UoWaWion  fUom  YeUWical  Zill  dUop  Whe  alWiWXde  b\  onl\  2  �m,  Zhich 
 iV Woo Vmall foU XV Wo meaVXUe. 

 We  haYe  WZo  ideaV  foU  hoZ  Wo  VolYe  Whe  bolW-hole  alignmenW  pUoblem.  One  iV  Wo  aWWach  Whe  pin  Wo  Whe 
 flange  aW  foUW\-fiYe  degUeeV  Wo  Whe  YeUWical,  and  make  Whe  pin  long  enoXgh  WhaW  iW  iV  YiVible  aboYe  Whe 
 VilhoXeWWe  of  Whe  flange  iWVelf.  NoZ  Ze  haYe  Whe  alWiWXde  of  Whe  pin  YaU\ing  aV  Whe  coVine  of  foUW\-fiYe 
 degUeeV. 

 AnoWheU  idea  iV  Wo  place  a  baWWeU\-poZeUed  infUaUed  poinW  VoXUce  half-Za\  Xp  Whe  flange,  Vo  WhaW  iW  iV 
 YieZed  neaUl\  head-on  b\  Whe  SCAMV.  AV  Ze  VaZ  in  PhaVe  I  ZiWh  UeflecWionV  aW  Whe  cenWeU  of  a 
 VilhoXeWWe,  WhiV  poinW  of  lighW  Zill  noW  diVUXpW  oXU  VilhoXeWWe  anal\ViV.  We  Zill  be  able  Wo  locaWe  Whe  VpoW 
 ZiWhin  Whe  VilhoXeWWe  ZiWh  a  VepaUaWe  VpoW-finding  UoXWine,  VXch  aV  Ze  XVe  ZiWh  oXU  BCAM  (BoVWon  CCD 
 Angle  MoniWoU)  imageV  [4].  OXU  VpoW-finding  UoXWineV  aUe  Zell-eVWabliVhed  and  capable  of  aYoiding 
 UeflecWionV  b\  e[amining  Whe  Vhape  of  a  VpoW  and  coXnWing  Whe  nXmbeU  of  pi[elV  iW  conWainV.  The  poViWion 
 of Whe lighW VoXUce iV noZ a VWUong fXncWion of Whe flange UoWaWion. 

 The  pin  ZoXld  haYe  Wo  be  aW  leaVW  half  Whe  diameWeU  of  Whe  flange.  The  hole  in  Zhich  iW  ViWV  Zill  haYe  Wo  be 
 WighW  enoXgh  and  deep  enoXgh  Wo  enVXUe  WhaW  Whe  Wip  of  Whe  pin  iV  locaWed  ZiWh  accXUac\  of  one  oU  WZo 
 hXndUed  micUonV.  The  infUa-Ued  lighW  coXld  be  VmalleU,  eTXipped  ZiWh  a  VhoUW  pin  aW  Whe  baVe.  The  lighW 
 iWVelf  ZoXld  haYe  Wo  be  cenWeUed  on  Whe  moXnWing  pin  a[iV  ZiWh  pUeciVion  100  �m  Vo  Whe  opeUaWoU  doeV 
 noW haYe Wo ZoUU\ aboXW Whe oUienWaWion of Whe lighW Zhen Whe\ place Whe lighW in iWV VockeW in Whe flange. 

 BoWh  of  WheVe  ideaV  Veem  pUomiVing  Wo  XV,  bXW  boWh  UeTXiUe  inWegUaWion  of  Whe  fidXcial  moXnW  Wo  Whe 
 dUaZing  of  Whe  componenW.  BoWh  W\peV  of  fidXcial  aUe  accommodaWed  b\  oXU  e[iVWing  libUaU\  of  image 
 anal\ViV algoUiWhmV. BoWh W\peV Zill need Wo be bXilW and WeVWed. 

 AbVolXWe CalibUaWion 

 So  faU  Ze  haYe  VWXdied  Whe  pUeciVion  and  lineaUiW\  of  Whe  CPMS,  bXW  Ze  haYe  noW  aWWempWed  Wo  peUfoUm 
 an  abVolXWe  meaVXUemenW  of  componenW  poViWion  oU  oUienWaWion.  B\  ³abVolXWe  meaVXUemenW´  Ze  mean 
 Whe  meaVXUemenW  of  poViWion  and  oUienWaWion  in  a  knoZn  cooUdinaWe  V\VWem,  noW  meUel\  Whe  meaVXUemenW 
 of  Whe  diVWance  a  componenW  haV  moYed.  UlWimaWel\,  Ze  aUe  inWeUeVWed  onl\  in  Whe  UelaWiYe  poViWion  of  Whe 
 WZo  componenWV  Ze  ZiVh  Wo  align.  In  oUdeU  Wo  obWain  WheiU  UelaWiYe  poViWionV  in  Whe  diUecWionV  paUallel  Wo  Whe 
 SCAM  a[eV,  hoZeYeU,  Ze  mXVW  meaVXUe  WheiU  abVolXWe  poViWionV  in  Whe  diUecWionV  peUpendicXlaU  Wo  Whe 
 SCAM a[eV. 

 An\  meaVXUemenW  of  componenW  Uange  XVing  onl\  one  VilhoXeWWe  VXffeUV  fUom  a  V\VWemaWic  eUUoU 
 geneUaWed  b\  oXU  inWenViW\  WhUeVhold.  Pi[elV  daUkeU  Whan  Whe  WhUeVhold  Ze  claVVif\  aV  ZiWhin  Whe 
 VilhoXeWWe.  All  oWheUV  aUe  oXWVide  Whe  VilhoXeWWe.  BecaXVe  Whe  edgeV  of  Whe  VilhoXeWWe  aUe  VlighWl\  blXUUed, 
 incUeaVing  Whe  WhUeVhold  decUeaVeV  Whe  ZidWh  of  Whe  VilhoXeWWe,  Zhich  in  WXUn  VXggeVWV  WhaW  Whe  objecW  iV 
 faUWheU  aZa\.  SimilaUl\,  incUeaVing  Whe  e[poVXUe  Wime  decUeaVeV  Whe  ZidWh  of  Whe  VilhoXeWWe,  leading  XV  Wo 
 conclXde WhaW Whe objecW iV faUWheU aZa\. 
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 FLJXUH 11:  DeYiaWion of LefW and RighW EdgeV of PoVW  YeUVXV E[poVXUe Time. LefW and UighW edgeV moYe 
 WoZaUdV one anoWheU aV Whe backlighW becomeV bUighWeU. 

 In  oUdeU  Wo  meaVXUe  Uange  ZiWh  accXUac\  VXfficienW  Wo  align  bolW  holeV,  Ze  mXVW  XVe  WZo  VilhoXeWWe  imageV 
 Waken  b\  WZo  VepaUaWe  cameUaV  and  dedXce  Whe  Uange  b\  WUiangXlaWion.  One  of  Whe  fXndamenWal 
 UeTXiUemenWV  of  WUiangXlaWion  iV  WhaW  Ze  knoZ  Whe  lengWh  of  Whe  baVe  of  oXU  WUiangle.  AnoWheU  iV  WhaW  Ze 
 knoZ  Whe  angle  VXbWended  b\  WhiV  baVe  aW  Whe  WUiangXlaWion  poinW.  In  oXU  e[peUimenWV  Vo  faU,  Ze  haYe 
 meaVXUed  Whe  pUeciVion  Ze  coXld  obWain  b\  WUiangXlaWion,  bXW  in  oUdeU  Wo  meaVXUe  Whe  UelaWiYe  UangeV  of 
 WZo objecWV accXUaWel\, Ze mXVW calibUaWe oXU WZo SCAMV and Whe plaWe Xpon Zhich Ze moXnW Whem. 

 We  Zill  conVWUXcW  oXU  VWeUeoVcopic  CPMS  cameUa  b\  moXnWing  WZo  SCAMV  on  a  VWiff  alXminXm  plaWe.  We 
 oUienW  Whe  SCAMS  Vo  WhaW  WheiU  fieldV  of  YieZ  inWeUVecW  ZheUe  Ze  e[pecW  Wo  place  oXU  componenWV.  In  Whe 
 caVe  of  Whe  fXll-Vi]ed  CPMS,  Ze  eVWimaWe  WhaW  WhiV  Uange  Zill  be  appUo[imaWel\  1.2  m.  We  moXnW  Whe 
 SCAMV  Whe  Vame  Za\  Ze  moXnW  BCAMV  [3].  The  SCAM  Zill  look,  fUom  Whe  oXWVide,  mXch  like  a  BCAM. 
 UndeUneaWh  iW  haV  a  cone,  VloW,  and  flaW  deVigned  Wo  ViW  on  WhUee  VWeel  ballV  each  one  TXaUWeU  of  an  inch  in 
 diameWeU.  The  WhUee  ballV  define  a  moXnW  cooUdinaWe  V\VWem  foU  each  SCAM.  On  Whe  fUonW  face,  Whe 
 SCAM  pUeVenWV  a  lenV  and  infUaUed-onl\  filWeU.  On  Whe  back  iW  pUeVenWV  a  VockeW  foU  a  cable  WhaW  pUoYideV 
 poZeU, conWUol, and UeadoXW. The plaWe Zill pUoYide Whe WZo VeWV of moXnWing ballV foU iWV WZo SCAMV. 
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 FLJXUH 12:  The N-BCAM UVed in Whe ATLAS End-Cap MXon  AlignmenW S\VWem. LefW: LenV and laVeU 
 openingV YiVible. RighW: Cone, VloW, and flaW kinemaWic moXnWing depUeVVionV. The SCAM Zill look mXch 

 Whe Vame, bXW ZiWhoXW Whe laVeUV. 

 We  haYe  e[peUience  calibUaWing  meWUolog\  deYiceV  [8,  9,  10].  We  pUopoVe  Wo  calibUaWe  oXU  CPMS  ZiWh  Whe 
 help  of  a  cooUdinaWe  meaVXUemenW  aUm.  We  pUoYide  Whe  cameUa  moXnWing  plaWe  ZiWh  WhUee  addiWional 
 ballV  WhaW  define  a  CPMS  cooUdinaWe  V\VWem.  We  moXnW  Whe  CPMS  on  an  opWical  Wable  along  ZiWh  a 
 cooUdinaWe  meaVXUing  aUm  and  a  VelecWion  of  UefeUence  objecWV  VXch  aV  VpheUeV,  poVWV,  and  cXbeV.  We 
 place  oXU  backlighW  behind  Whe  objecWV.  We  Wake  VilhoXeWWe  imageV  of  all  Whe  objecWV.  We  model  Whe 
 SCAMV  aV  pinhole  cameUaV,  jXVW  aV  Ze  model  BCAMV  aV  pinhole  cameUaV.  Each  cameUa  ma\  be 
 defined  b\  VeYen  paUameWeUV,  Vo  long  aV  Ze  peUmiW  oXUVelYeV  Wo  aVVXme  WhaW  Whe  image  VenVoU  iV 
 peUpendicXlaU  Wo  Whe  cameUa  a[iV.  TheVe  paUameWeUV  aUe:  Whe  WhUee-dimenVional  poViWion  of  Whe  lenV 
 cenWeU,  Whe  WhUee-dimenVional  poViWion  of  Whe  image  VenVoU  cenWeU,  and  Whe  UoWaWion  of  Whe  image  VenVoU 
 aboXW  Whe  cameUa  a[iV.  TogeWheU,  WheVe  VeYen  YalXeV  aUe  Whe  calibUaWion  conVWanWV  of  an  SCAM.  We 
 aVVXme  nominal  YalXeV  foU  Whe  calibUaWion  conVWanWV  and  pUoceed  Wo  adjXVW  Whem  ZiWh  a  minimi]aWion 
 algoUiWhm  XnWil  Whe  diVagUeemenW  beWZeen  oXU  UefeUence  objecW  VilhoXeWWe  imageV  iV  minimi]ed.  WiWh  WhiV 
 abVolXWe  calibUaWion,  Ze  e[pecW  oXU  CPMS  Wo  pUoYide  abVolXWe  meaVXUemenWV  of  poViWion  ZiWh  accXUac\ 
 50  �m  UmV  aW  UangeV  80  cm  Wo  180  cm.  In  oUdeU  Wo  VXppoUW  oXU  calibUaWion  of  CPMS  cameUaV,  Ze  Zill 
 pXUchaVe a CMM aUm dXUing oXU PhaVe II ZoUk. 

 FXll-Si]e PUoWoW\SeV 

 In  Whe  fiUVW  \eaU  of  oXU  PhaVe  II  ZoUk,  Ze  Zill  bXild  WZo  idenWical  VeUVion-One  (V1)  pUoWoW\pe  CPMSV.  The 
 V1  Zill  be  deVigned  foU  XVe  in  SRF  caYiW\  aVVembl\.  We  Zill  ZoUk  ZiWh  oXU  collaboUaWoUV  aW  FNL  Wo  dUafW 
 Whe  VpecificaWion  of  Whe  V1  befoUe  Ze  bXild  iW.  The  V1  Zill  be  eTXipped  ZiWh  a  Vi[-a[iV  manXal  VWage  Wo 
 maneXYeU  one  of  WZo  componenWV,  and  VeUYed  b\  a  XVeU  inWeUface  WhaW  inVWUXcWV  Whe  opeUaWoU  on  hoZ  Wo 
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 manipXlaWe  Whe  VWageV  Vo  aV  Wo  moYe  Whe  WZo  componenWV  inWo  alignmenW.  We  Zill  Vhip  Whe  fiUVW  V1  Wo 
 FNL,  ZheUe  oXU  collaboUaWoUV  aW  WhaW  inVWiWXWion  Zill  VeW  Xp  Whe  CPMS  in  WheiU  SRF  caYiW\  aVVembl\  faciliW\. 
 The\  Zill  e[eUciVe  Whe  CPMS  ZiWh  Ueal  SRF  caYiW\  componenWV.  The  Vecond  V1  pUoWoW\pe  Ze  Zill  keep  aW 
 oXU  oZn  faciliW\,  ZheUe  Ze  Zill  XVe  iW  Wo  dXplicaWe  Whe  pUoblemV  diVcoYeUed  b\  Whe  gUoXp  aW  FNL.  AfWeU 
 VeYeUal ZeekV of WeVWing, Ze Zill ZoUk ZiWh Whe FNL gUoXp on Whe deVign of Whe ne[W pUoWoW\pe. 

 In  Whe  Vecond  \eaU  of  oXU  PhaVe  II  ZoUk,  Ze  Zill  conVWUXcW  a  paiU  of  V2  pUoWoW\peV.  The  V2  pUoWoW\pe  Zill 
 be  fXll\-calibUaWed  b\  oXU  cooUdinaWe  meaVXUing  machine  Vo  WhaW  iW  pUoYideV  Whe  abVolXWe  poViWion  of 
 componenWV  in  Whe  cooUdinaWe  V\VWem  defined  b\  iWV  UefeUence  plaWe.  The  V2  Zill  be  eTXipped  ZiWh  a 
 Vi[-a[iV  moWoUi]ed  VWage  Wo  moYe  one  of  WZo  componenWV  inWo  poViWion  aXWomaWicall\  XndeU  conWUol  of  oXU 
 CPMS  VofWZaUe.  We  Zill  Vhip  Whe  fiUVW  V2  Wo  FNL,  keep  Whe  oWheU  one  oXUVelYeV,  and  ZoUk  ZiWh  FNL  foU 
 VeYeUal  ZeekV  Wo  e[eUciVe  Whe  V2.  We  Zill  deem  Whe  V2  VXcceVVfXl  if  iW  iV  capable  of  aligning  bolW-holeV 
 on  WZo  flangeV  Ze  place  in  Uandom  VWaUWing  poViWionV.  The  VXcceVV  of  Whe  V2  pUoWoW\pe  in  aligning 
 flangeV Zill be Whe moVW impoUWanW mileVWone of oXU PhaVe II ZoUk. 

 FXVion ASSlicaWion 

 PUiYaWe  inYeVWoUV  and  Whe  DepaUWmenW  of  EneUg\  aUe  Waking  a  keen  inWeUeVW  in  Whe  deYelopmenW  of  fXVion 
 poZeU.  FXVion  UeacWoUV  ma\  oU  ma\  noW  VWaUW  conWUibXWing  Wo  elecWUiciW\  geneUaWion  in  Whe  ne[W  Wen  \eaUV,  a 
 gUoZing  nXmbeU  of  pUoWoW\pe  fXVion  UeacWoUV  aUe  being  bXilW.  TheVe  pUoWoW\peV  VXVWain  fXVion  UeacWionV, 
 eYen  if  Whe\  aUe  noW  \eW  capable  of  deliYeUing  moUe  poZeU  Whan  Whe\  conVXme.  NXcleaU  fXVion  pUodXceV 
 high-eneUg\  neXWUonV.  The  deXWeUiXm-WUiWiXm  UeacWion,  foU  e[ample,  pUodXceV  14-MeV  neXWUonV.  TheVe 
 neXWUonV  leaYe  Whe  plaVma  immediaWel\.  The\  paVV  ZiWhoXW  hindUance  WhUoXgh  Whe  conWaining  magneWic 
 field  and  VWUike  Whe  ZallV  of  Whe  UeacWoU,  ZheUe  Whe\  geneUaWe  heaW.  The  heaW  iV  Zelcome,  bXW  Whe  oWheU 
 effecWV  of  Whe  neXWUonV  aUe  noW.  High-eneUg\  neXWUonV  VhaWWeU  Whe  cU\VWalline  VWUXcWXUe  of  meWalV, 
 eYenWXall\  leading  Wo  embUiWWlemenW  and  loVV  of  VWUengWh.  AV  a  UeVXlW,  fXVion  UeacWoU  componenWV  UeTXiUe 
 fUeTXenW mainWenance and UeplacemenW. 

 An\  componenW  WhaW  UeTXiUeV  mainWenance  dXe  Wo  embUiWWlemenW  Zill  be  UadioacWiYe.  NeXWUonV  conYeUW 
 iUon-56  inWo  iUon-55  and  cobalW-59  inWo  cobalW-60.  The  foUmeU  emiWV  [-Ua\V  and  Whe  laWWeU  gamma-Ua\V. 
 The  neighboUhood  of  Whe  UeacWoU  iV  paUWicXlaUl\  dangeUoXV,  Vo  componenWV  WhaW  can  be  UemoYed  aUe 
 WUanVpoUWed b\ UoboW Wo chambeUV ZheUe Whe onl\ VoXUce of UadiaWion iV Whe componenW iWVelf. 

 In  a  VWXd\  of  Whe  DEMO  fXVion  UeacWoU  [5],  Whe  ioni]ing  doVe  UaWe  oXWVide  Whe  UadiaWion  Vhield  dXUing 
 VhXW-doZn  ZaV  aW  leaVW  0.01  G\/hU.  If  Vo,  Whe  doVe  UaWe  aW  Whe  VXUface  of  an  embUiWWled  componenW  ZoXld 
 alVo  be  0.01  G\/hU  oU  gUeaWeU.  GiYen  WhaW  Whe  ma[imXm  annXal  doVe  peUmiWWed  foU  a  hXman  opeUaWoU  peU 
 \eaU  in  Whe  US  iV  0.05  G\  [15],  Ze  Vee  WhaW  hXman  opeUaWoUV  ma\  be  peUmiWWed  onl\  fiYe  hoXUV  peU  \eaU 
 handling  VXch  objecWV,  oU  a  feZ  minXWeV  peU  da\.  EYeU\one  Ze  Vpoke  Wo  in  Whe  fXVion  UeacWoU  field  agUeed 
 WhaW  UoboWic  UepaiU  and  mainWenance  ZaV  a  high  pUioUiW\  foU  Whem.  BXW  Zhen  iW  comeV  Wo  gXiding  UoboWV  Wo 
 align  paUWV  dXUing  UepaiU,  Whe\  face  Whe  Vame  pUoblem  aV  SRF  caYiW\  conVWUXcWion.  MoVW  of  WheiU 
 componenWV aUe made of Vhin\ VWainleVV VWeel. 

 Once  a  damaged  componenW  haV  been  Waken  Wo  a  mainWenance  chambeU,  iW  iV  in  an  ideal  locaWion  foU 
 applicaWion  of  a  CPMS  foU  UemoWe  UepaiU.  We  coXld  eTXip  one  enWiUe  Zall  of  a  mainWenance  chambeU  ZiWh 
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 a  backlighW,  and  Whe  oppoViWe  Zall  ZiWh  half  a  do]en  SCAMV,  and  Vo  pUoYide  Whe  abVolXWe  poViWion  of 
 flangeV  and  oWheU  pUoWUXding  feaWXUeV  aV  Zell  aV  Whe  poViWion  of  bolWV  and  fi[WXUeV  held  in  Whe  jaZV  of  a 
 UoboW.  ThiV  CPMS  ZoXld  be  mXch  laUgeU  Whan  Whe  oneV  Ze  plan  foU  SRF  caYiW\  aVVembl\.  DXUing  PhaVe  II 
 Ze  Zill  aWWempW  Wo  foUm  a  collaboUaWion  ZiWh  a  fXVion  UeacWoU  gUoXp  ZiWh  Whe  objecWiYe  of  deVigning  a 
 UemoWe UepaiU V\VWem foU fXVion UeacWoU mainWenance. 

 MileVWoneV 

 DXUing  PhaVe  II  Ze  aim  Wo  meeW  Whe  folloZing  mileVWoneV.  FoU  each  mileVWone,  Ze  Vpecif\  ZheWheU  Open 
 SoXUce  InVWUXmenWV  (OSI)  oU  FeUmi  NaWional  LaboUaWoU\  (FNL)  haV  pUimaU\  UeVponVibiliW\  foU 
 accompliVhing Whe WaVk. 

 MLOHVWRQH ZHUR, BHJLQQLQJ RI MRQWK ZHUR:  ReceiYe fXnding  foU SBIR PhaVe II. (OSI) 

 MLOHVWRQH OQH, EQG RI MRQWK TZR:  CompleWe deVign of  V1 CPMS pUoWoW\pe. (OSI) 

 MLOHVWRQH TZR, EQG RI MRQWK ELJKW:  Ship V1 CPMS pUoWoW\pe  Wo FNL. (OSI) 

 MLOHVWRQH  TKUHH,  EQG  RI  MRQWK  THQ:  SeW  Xp  a  WZo-meWeU  calibUaWion  VWand  eTXipped  ZiWh  a  cooUdinaWe 
 meaVXUing aUm. (OSI) 

 MLOHVWRQH  FRXU,  EQG  RI  MRQWK  EOHYHQ:  CompleWe  WeVWing  of  V1  CPMS,  pUepaUe  UepoUW  on  peUfoUmance 
 of Whe V1 CPMS, make UecommendaWionV foU Whe deVign of Whe V2 CPMS. (FNL) 

 MLOHVWRQH  FLYH  EQG  RI  MRQWK  EOHYHQ:  SXcceVVfXl  bolW-hole  alignmenW  ZiWh  manXal  VWageV  XVing  V1 
 CPMS. (OSI) 

 MLOHVWRQH  SL[,  EQG  RI  MRQWK  TZHOYH:  AbVolXWe  calibUaWion  of  CPMS  Wo  50-�m  accXUac\  fUom  UangeV  90 
 cm Wo 180 cm. (OSI) 

 MLOHVWRQH SHYHQ, EQG RI MRQWK FRXUWHHQ:  FoUm a collaboUaWion  ZiWh a fXVion UeacWoU gUoXp. (OSI) 

 MLOHVWRQH ELJKW, EQG RI MRQWK SL[WHHQ:  CompleWe deVign  of V2 CPMS pUoWoW\pe. (OSI) 

 MLOHVWRQH NLQH, EQG RI MRQWK TZHQW\:  Ship V2 pUoWoW\pe  Wo FNL. (OSI) 

 MLOHVWRQH  THQ,  EQG  RI  MRQWK  TZHQW\-TKUHH:  CompleWe  WeVWing  of  V2  CPMS.  RepoUW  on  VXcceVV  oU 
 failXUe of Whe V2 in aligning flangeV ZiWh bolW-holeV. (FNL) 

 MLOHVWRQH  EOHYHQ,  EQG  RI  MRQWK  TZHQW\-TKUHH:  SXcceVVfXl  bolW-hole  alignmenW  ZiWh  moWoUi]ed  VWageV 
 XVing V2 CPMS. (OSI) 
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 MLOHVWRQH  TZHOYH,  EQG  RI  MRQWK  TZHQW\-FRXU:  CompleWe  deVign  of  V3  CPMS  foU  XVe  in  fXVion  UeacWoU 
 UemoWe UepaiU. (OSI) 

 SXbconWUacWoU 

 We Zill be hiUing one VXbconWUacWoU: FeUmi NaWional LaboUaWoU\ (FNL). TheiU mailing addUeVV iV: 

 FeUmilab 
 PO Bo[ 500 
 BaWaYia IL 60510-5011 
 Phone: 630-840-3000 

 We  Zill  be  diUecWing  appUo[imaWel\  $200k  of  oXU  PhaVe  II  fXnding  Wo  FNL  Wo  compenVaWe  Whem  foU  WhUee 
 monWhV  engineeUing  and  Wechnician  Wime  in  Whe  fiUVW  \eaU,  and  anoWheU  WhUee  monWhV  engineeUing  and 
 Wechnician  Wime  in  Whe  Vecond  \eaU.  TheiU  job  Zill  be  Wo  WeVW  oXU  pUoWoW\peV  and  Uecommend 
 impUoYemenWV Wo Whe deVign. 

 Be\ond PhaVe II 

 AW  Whe  end  of  PhaVe  II,  oXU  V2  CPMS  Zill  be  a  ZoUking  pUoWoW\pe  UemoWe  aVVembl\  V\VWem  foU  XVe  ZiWh 
 SRF  caYiW\  componenWV.  We  Zill  need  no  fXUWheU  fXnding  Wo  help  XV  deYelop  oU  maUkeW  Whe  CPMS  Wo  SRF 
 caYiW\  aVVembl\  gUoXpV.  If,  aW  Whe  end  of  PhaVe  II,  Ze  aUe  collaboUaWing  ZiWh  a  fXVion  UeacWoU  gUoXp  on  Whe 
 deVign  of  a  UemoWe-UepaiU  V\VWem  foU  fXVion  UeacWoU  componenWV,  Ze  Zill  aVVeVV  ZheWheU  oU  noW  Ze  can 
 pUoceed  ZiWh  WhiV  ZoUk  XVing  oXU  oZn  UeVeaUch  and  deYelopmenW  bXdgeW,  oU  ZheWheU  Ze  Zill  need 
 addiWional  fXnding.  AW  WhaW  Wime,  Ze  Zill  conVXlW  ZiWh  oXU  DepaUWmenW  of  EneUg\  pUogUam  officeU  Wo  aVk 
 WheiU adYice on hoZ Wo pUoceed. 

 FaciliWieV and ETXiSmenW 

 Open  SoXUce  InVWUXmenWV  haV  iWV  neZ  laboUaWoU\  and  manXfacWXUing  faciliW\  aW  135  BeaYeU  SWUeeW,  SXiWe 
 207,  WalWham,  MA.  OXU  2,900  VTXaUe  fooW,  UenWed  Vpace  haV  an  open  flooU  plan.  IW  iV  Zell  liW  ZiWh  naWXUal 
 and aUWificial lighW. TheUe aUe 11 diVWincW ZoUk VWaWionV in Whe Vpace, Zhich aUe compUiVed of a ZoUk-bench 
 VXUface,  VeaWing,  magnifieU  lighWV,  compXWeUV,  and  Vpeciali]ed  eTXipmenW.  Open  SoXUce  InVWUXmenWV  haV 
 eTXipmenW neceVVaU\ foU elecWUonic deVign and aVVembl\. IWemV inclXde: 

 ThUee opWical bUeadboaUdV, one moXnWed on a YibUaWion-abVoUbing fUame 
 Ten VoldeUing iUonV aW elecWUonic aVVembl\ VWaWionV 
 ThUee compleWe WelemeWU\ V\VWemV foU WeVWing and pUogUamming WelemeWU\ deYiceV 
 Walk-in FaUada\ canop\ foU WeVWing WelemeWU\ V\VWemV 
 OpWical fibeU VWUeWcheU Wo heaW and WapeU opWical fibeUV 
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 OVcilloVcopeV and digiWal YolWmeWeUV 
 CXVWom-made Vilicone cXUing VWaWion foU Vilicone coaWingV 
 Cleaning VWaWion ZiWh hoW ZaWeU, bUXVheV, and compUeVVed aiU 
 VacXXm chambeU foU epo[\ encapVXlaWion of WelemeWU\ VenVoUV 
 MoWoUi]ed UoWaWoUV foU encapVXlaWion cXUing 
 FUeTXenc\ V\nWheVi]eUV and fXncWion geneUaWoUV 
 PhoWodeWecWoUV, fibeU lighW injecWoUV, and cameUaV 
 SXUface moXnW UefloZ oYen and manXal paVWe pUinWeU 
 AcceleUaWed aging oYen 
 InVpecWion opWicV 

 The  faciliW\  iV  laUge  enoXgh  Wo  inclXde  Vpace  foU  VWoUing  iWemV  UelaWed  Wo  manXfacWXUing,  VXch  aV 
 elecWUonic  componenWV,  pUinWed  ciUcXiW  boaUdV,  epo[\,  manXfacWXUed  paUWV  Uead\  foU  Vale,  FaUada\ 
 encloVXUeV,  and  packing  maWeUialV.  TheUe  aUe  VhelYeV  foU  diVpoVable  iWemV  like  mi[ing  WipV,  papeU 
 conWaineUV,  and  ZipeV.  The  neZ  Vpace  iV  laUge  enoXgh  Wo  abVoUb  gUoZWh  in  boWh  pUojecWV  and  people. 
 The  Open  SoXUce  InVWUXmenWV  billing  and  coUUeVpondence  addUeVV  iV  Whe  Vame  aV  oXU  laboUaWoU\  and 
 manXfacWXUing  faciliW\.  AccoXnWing,  inYoicing,  and  bill-pa\menW  all  Wake  place  aW  135  BeaYeU  SWUeeW, 
 WalWham. 

 RefeUenceV 

 [1] CPMS DeYelopmenW Log,  hWWpV://ZZZ.openVoXUceinVWUXmenWV.com/CPMS/DeYelopmenW.hWml 
 [2] CPMS InWeUim RepoUW,  hWWpV://ZZZ.openVoXUceinVWUXmenWV.com/CPMS/RepoUWV/InWeUim_12APR23.pdf 
 [3] BCAM UVeU ManXal,  hWWp://ZZZ.bndhep.neW/DeYiceV/BCAM/UVeU_ManXal.hWml 
 [4] BCAM InVWUXmenW,  hWWp://ZZZ.bndhep.neW/ElecWUonicV/LWDAQ/ManXal.hWml#BCAM 
 [5] ShXWdoZn doVe-UaWe aVVeVVmenW dXUing Whe UeplacemenW of in-YeVVel componenWV foU a fXVion DEMO 
 UeacWoU, Some\a eW al,  hWWpV://doi.oUg/10.1016/j.fXVengdeV.2017.02.108 
 [6] RaVnik Anal\ViV,  hWWp://ZZZ.bndhep.neW/DeYiceV/RASNIK/Anal\ViV.hWml#InWUodXcWion 
 [7] The WPS InVWUXmenW,  hWWp://ZZZ.bndhep.neW/ElecWUonicV/LWDAQ/ManXal.hWml#WPS 
 [8] BCAM CalibUaWion, hWWp://ZZZ.bndhep.neW/DeYiceV/BCAM/CalibUaWion.pdf. 
 [9] WPS CalibUaWion, hWWp://ZZZ.openVoXUceinVWUXmenWV.com/WPS/WPS1/CalibUaWion.hWml. 
 [10] BCAM CameUa and SoXUce CalibUaWion on a GUaniWe Beam, 
 hWWp://ZZZ.openVoXUceinVWUXmenWV.com/GMS/BCAM_CalibUaWion/RepoUW.hWml. 
 [11] The OpWical AlignmenW S\VWem of Whe ATLAS MXon SpecWUomeWeU EndcapV, AmelXng eW al., 
 hWWp://ZZZ.bndhep.neW/ATLAS/ECA.pdf 
 [12] CompXWeU ViVion VolXWionV foU RoboW-aVViVWed Wechnolog\ in SRF aVVembl\ aW FeUmilab, ZoU]eWWi eW 
 al,  hWWpV://ZZZ.openVoXUceinVWUXmenWV.com/CPMS/RepoUWV/TTC_SRFaXWomaWion_SZ.pdf 
 [13] LWDAQ HaUdZaUe,  hWWp://ZZZ.bndhep.neW/ElecWUonicV/LWDAQ/LWDAQ.hWml 
 [14] LWDAQ SofWZaUe,  hWWp://ZZZ.bndhep.neW/ElecWUonicV/LWDAQ/ManXal.hWml 
 [15] U.S.NRC LimiWV,  hWWpV://ZZZ.nUc.goY/Ueading-Um/doc-collecWionV/cfU/paUW020/paUW020-1201.hWml 
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https://www.opensourceinstruments.com/CPMS/Development.html
https://www.opensourceinstruments.com/CPMS/Reports/Interim_12APR23.pdf
http://www.bndhep.net/Devices/BCAM/User_Manual.html
http://www.bndhep.net/Electronics/LWDAQ/Manual.html%23BCAM
https://doi.org/10.1016/j.fusengdes.2017.02.108
http://www.bndhep.net/Devices/RASNIK/Analysis.html%23Introduction
http://www.bndhep.net/Electronics/LWDAQ/Manual.html%23WPS
https://www.opensourceinstruments.com/CPMS/Reports/TTC_SRFautomation_SZ.pdf
http://www.bndhep.net/Electronics/LWDAQ/LWDAQ.html
http://www.bndhep.net/Electronics/LWDAQ/Manual.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1201.html
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