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A FRONT END DESIGN FOR THE ADVANCED PHOTON SOURCE 

P. J .  Viccaro 

O S r i  1 .  INTRODUCTION 

X-ray sou rces  on next  gene ra t ion  low emi t t ance lh igh  b r i l l i a n c e  

synchro t rons  such  as t h e  7-GeV Advanced Photon Source (APS) ( have unique 

p r o p e r t i e s  which d i r e c t l y  affect  t h e  design of t h e  f r o n t  end of t h e  beam 

l i n e .  The most s t r i k i n g  of these are t h e  l a r g e  peak photon power d e n s i t i e s  

expected f o r  t he  i n s e r t i o n  device  ( I D )  x-ray sources .  Undulators ,  f o r  

example, can have h ighly  peaked photon power d i s t r i b u t i o n s  with c e n t r a l  

d e n s i t i e s  approaching 300 kW/mrad -. Large power d i s t r i b u t i o n s  can a l s o  be 

expected f o r  some of the h igh  c r i t i ca l  energy wigglers. F ron t  end components 
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which i n t e r c e p t  t h e  photon beam produced by I D S  must be able t o  absorb  and 

safety d i s s i p a t e  the heat loads a s s o c i a t e d  wi th  the i r  power d i s t r i b u t i o n s .  

I n  a d d i t i o n ,  d e t e c t i o n  of  t h e  p o s i t i o n  o f  t h e  photon beam i n  some cases 

r e q u i r e s  a p r e c i s i o n  i n  t h e  range  of a few microns. The informat ion  from such  

photon beam moni tors  is used p r i m a r i l y  i n  t h e  p a r t i c l e  beam c o n t r o l  l oop  i n  

o r d e r  t o  main ta in  t h e  p o s i t i o n  and take-off a n g l e  of t h e  p a r t i c l e  beam w i t h i n  

some f r a c t i o n  of the beam s i z e  and angular  divergence dictated by t h e  

emi t t ance  of  t h e  l a t t i ce .  

f u n c t i o n  i n  t h e  high f l u x  environment of t h e  x-ray beam. 

I n  most cases, t h e s e  photon beam d e t e c t o r s  must 

The conceptua l  des ign  of t h e  f r o n t  ends f o r  t h e  undu la to r ,  wiggler ,  and 

bending magnet (BM) s o u r c e s  on t h e  APS take  these unique characterist ics i n t o  

account .  I n  a d d i t i o n ,  t hey  perform f o u r  basic f u n c t i o n s  which are related t o  

the i r  role a s  t h e  i n t e r f a c e  between t h e  x-ray source  on t h e  s t o r a g e  r i n g  and 

the downstream components on t h e  exper imenta l  f l o o r .  These f u n c t i o n s  are: 

A 



9 tc? t r i g g e r  p r o t e c t i v e  measures a g a i n s t  vacuum f a i l u r e s  which could  
: \  ’ 

propagate  a l o n g  the  f r o n t  end t o  t h e  s t o r a g e  r i n g .  
I ”  

c t  1 

t o  provide  t h e  proper  c o l l i m a t i o n  which l i m i t s  t h e  maximum angu la r  
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excurs ions  o f  the x-ray beam i n  o r d e r  t o  prevent  i t  from s t r i k i n g  any 

s u r f a c e  a l o n g  t h e  beam l i n e  which is not  cooled even i n  the even t  of  a 

s t e e r i n g  error of  t h e  p a r t i c l e  beam. 

t o  provide  s h u t t e r s  and s t o p s  capab le  o f  absorb ing  t h e  f u l l  i n t e n s i t y  

of t h e  x-ray beam from an  I D  or bending magnet and/or  Bremsstrahlung 

r a d i a t i o n  o r i g i n a t i n g  from s c a t t e r i n g  of  the 7-GeV p a r t i c l e  beam 
- 

, 

dur ing  i n j e c t i o n  or vacuum f a i l u r e .  

t o  monitor t he  p o s i t i o n  and ave rage  take-off  a n g l e  of t h e  photon beam 

w i t h  t h e  p r e c i s i o n  necessary  t o  c o n t r o l  t he  phase-space parameters  of 

t h e  p a r t i c l e  beam as well as d e v i c e s  downstream i n  the  use r s ’  

exper imenta l  s t a t i o n .  

2. CHARACTERISTICS OF APS X-RAY SOURCES 

The photon beam power d i s t r i b u t i o n  of an  I D  o r  BM d i r e c t l y  de te rmines  the 

s e v e r a l  des ign  f e a t u r e s  of the f r o n t  end. The r e l e v a n t  characteristics of the 

BM and t y p i c a l  APS wigglers and undu la to r s  are g iven  i n  Tab le  1 for t h e  APS 

o p e r a t i n g  a t  7-GeV. Details of the power d i s t r i b u t i o n s  for  s p e c i f i c  cases 

have been determined u s i n g  s i n g l e  p a r t i c l e  r e l a t i o n  de r ived  in2 ,  3 .  Calcu- 

I 
t , . -  

l a t i o n s  which i n c l u d e  emi t tance  are i n  p rogres s .  

The unique f e a t u r e  o f  t he  h igh  b r i l l i a n c e  sou rce  is t h e  ve ry  large peak 

power d e n s i t i e s  expec ted  f o r  t h e  I D S  i n  s e v e r a l  cases. (The t o t a l  powers for 
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t h e  dev ices  considered up u n t i l  now are similar t o  those a t  e x i s t i n g  

synchrotrons.)  For  example, for the undu la to r s  shown, the power is contained 

wi th in  an angu la r  area of approximately 150 prad  v e r t i c a l  by 110 prad  

h o r i z o n t a l  (8) fo r  K<1 and 150 prad v e r t i c a l  by 300 prad h o r i z o n t a l  f o r  the  

case where K > 1 .  T h i s  wiggler powers are contained w i t h i n  150 prad  v e r t i c a l  

and K*l50 prad  h o r i z o n t a l .  The i n t e n s e  concen t r a t ion  of power r e q u i r e s  

careful s t a t e  of the  ar t  eng inee r ing  of f r o n t  end components from the  

s t andpo in t  of heat removal and thermal stresses. The p r e s e n t  des ign  u t i l i z e s  

grazing inc idence  geometry t o  sp read  the power load  over  t h e  absorbing surface 

and water c o o l i n g  t o  remove t h e  heat. 

3. FRONT END COMPONENTS 

A t y p i c a l  f r o n t  end f o r  both the IDS and bending magnet c o n s i s t s  of 

s e v e r a l  basic components which are described below i n  t h e  o r d e r  they appear 

a long  t h e  beam l i n e  beginning a t  t h e  upstream p o i n t  c l o s e s t  t o  t h e  sou rce  

po in t .  The conceptual  design of a t y p i c a l  l a y o u t  f o r  an  undu la to r  f r o n t  end 

is shown i n  F ig .  1. 

Fixed Mask Assembly. Th i s  is the  f i r s t  component which i n t e r a c t s  w i th  

the photon beam. T h i s  mask, a long  with a second mask downstream, d e f i n e s  t h e  

maximum v e r t i c a l  and h o r i z o n t a l  angular  excur s ions  of the beam from some pre- 

de f ined  c e n t e r  l i n e .  The m a s k s  are water cooled copper metal p l a t e s  and are 

arranged s o  t h a t  downstream non-cooled components never i n t e r c e p t  any p a r t  of 

the photon beam. I n  t h e  p r e s e n t  design,  which is similar t o  t h e  NSLS X-17 

f i x e d  mask assembly (4,5), t h e  h o r i z o n t a l  mask c o n s i s t s  of two water cooled 

copper bars i n  an open 'lvrl arrangement (see Fig.  2).  The v e r t i c a l  mask is 

made up of two set of bars i n  a c losed  lrvIr arrangements above and below the 

beam. I n  both cases, t h e  a b s o r b e r s  are a t  h o r i z o n t a l  g r a z i n g  inc idence  t o  t h e  
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photon beam. The second set  of cooled f i x e d  masks downstream i n  t h e  f r o n t  end 

is similar t o  des ign  t o  the first set. I n  t h e  case of  t h e  APS, t h e  masks are 

designed t o  c o n t a i n  the beam rather than  d e f i n e  it and must be able t o  absorb  

large power d e n s i t i e s  from p a r t  of a l l  of t h e  photon beam. 

Photon Beam P o s i t i o n  Monitor. The photon beam p o s i t i o n  monitor measures 

the average p o s i t i o n  of the x-ray beam. It c o n s i s t s  of i d e n t i c a l  t ungs t en  

blade monitors  on each s ide of t h e  beam. The design is similar t o  tha t  for 

the one used on the PEP beam l i n e s ( 6 )  (see Fig .  3).  The p h o t o e l e c t r i c  c u r r e n t  

produced i n  each blade is processed and compared t o  g i v e  t h e  beam pos i t i on .  

For wiggler and bending magnet beam l i n e s ,  a s e t  of two photon beam p o s i t i o n  

monitors  is  used t o  measure t h e  v e r t i c a l  p o s i t i o n  o f  the x-ray beam a t  two 

p laces .  The first monitor is located j u s t  after the f i x e d  mask assembly, and 

- 

the second monitor approximately 10 t o  15 m downstream. For undula tor  beam 

l i n e s ,  both t h e  h o r i z o n t a l  and v e r t i c a l  p o s i t i o n s  are measured and two sets of 

monitors  are requ i r ed .  

If t h e  p o s i t i o n  of  t he  photon beam is known a t  two p l a c e s  a long  the  beam 

l i n e ,  t hen  t h e  average p o s i t i o n  and ang le  of  the p a r t i c l e  beam i n  t h e  x-ray 

source  can be determined. As is shown i n  Appendix A ,  a p r e c i s i o n  of f l  pm i n  

photon beam p o s i t i o n  monitors  l o c a t e d  i n  18 and 28 m from source  po in t  r e s u l t s  

i n  k3.3 pm p r e c i s i o n  i n  t h e  p a r t i c l e  beam p o s i t i o n  de te rmina t ion  and 50.14 

prad  i n  t h e  angle .  

Photon S h u t t e r  or Movable Mask. The purpose of t h i s  component is t o  

completely i n t e r c e p t  t h e  x-ray photon beam i n  the closed p o s i t i o n .  I t  must  be 

able t o  absorb the  f u l l  power of the photon beam so as t o  isolate downstream 

component from t h e  x-ray source .  The time necessary  t o  close t h i s  s h u t t e r  i s  

on the  order o f  seconds.  
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Personnel  S a f e t y  Shu t t e r .  The purpose of the  s a f e t y  s h u t t e r  is t o  absorb  

Bremsstrahlung r a d i a t i o n  from s c a t t e r i n g  of 7-GeV p a r t i c l e  beam which could 

occur  during i n j e c t i o n  of  t he  par t ic le  beam i n t o  the  storage r i n g .  The 

absorber  c o n s i s t s  of either 20 em of steel  clad lead o r  a tungsten-based 

a l l o y .  The r a d i a t i o n  pa th  l e n g t h  through the  absorber  is long  enough t o  

absorb s t r a y  r a d i a t i o n  i n  the  beam l i n e  path.  The s h u t t e r  is n o t  cooled and 

cannot handle  the photon beam power loading .  Therefore, the upstream photon 

s h u t t e r  must be c losed  be fo re  the s a f e t y  s h u t t e r  can be c losed .  A fail-safe 

system and i n t e r l o c k s  are necessary  i n  order t o  i n s u r e  the correct sequence 

during a f i l l  of the s t o r a g e  r i n g  and when either shut te r  is a c t i v a t e d .  - 

Col l imators .  These components are requ i r ed  t o  d e f i n e  the l i n e  o f  s i g h t  

t o  the source  po in t .  They absorb  both  scattered x-rays and Bremsstrahlung 

r a d i a t i o n  which are outside the predetermined cone around t h e  forward 

d i r e c t i o n  a long  t h e  beam l i n e .  

I s o l a t i o n  Vacuum Valves. These are remotely actuated UHV metal seal gate 

va lves  which isolate t h e  upstream s t o r a g e  r i n g  vacuum from t he  downstream 

one. They r e q u i r e  seconds i n  o rde r  t o  completely c lose .  They cannot accep t  

t h e  heat load  from the x-ray beam and are in t e r locked  t o  c l o s e  on ly  when no 

beam is p resen t  or when the  photon s h u t t e r  is closed.  

F a s t  Closing Vacuum Valve. T h i s  va lve  occurs immediately domst ream from - 
t h e  i s o l a t i o n  va lve  and has t h e  f u n c t i o n  o f  p r o t e c t i n g  t h e  r i n g  vacuum from 

the i n i t i a l  shock wave of gas  r e s u l t i n g  from a vacuum f a i l u r e  downstream from 

it.  I t  r e q u i r e s  approximately 10 m s  t o  c l o s e .  The va lve  seal is not  vacuum 

t i g h t  but  does d e l a y  t h e  l e a k  propagat ion  long  enough for the i s o l a t i o n  va lve  

to  close. The fast va lve  cannot accep t  the heat load  from t h e  x-ray beam and 

is i n t e r l o c k e d  t o  the  photon shut te r  du r ing  normal ope ra t ion .  I n  t he  event  of 

a vacuum f a i l u r e ,  t he  s t o r e d  par t ic le  beam must be  dumped be fo re  the fast  
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va lve  can be closed since a c t i v a t i o n  time f o r  t h e  photon s h u t t e r  is too slow 

t o  s h u t  off the photon beam. The time requ i r ed  f o r  a beam dump is less than  

10 us. 

Vacuum Delay Tank. The de lay  tank  c o n t a i n s  a baffle arrangement t o  

f u r t h e r  de l ay  t h e  shock wave propagat ing  toward t h e  s t o r a g e  r i n g  from a vacuum 

f a i l u r e  downstream. I t  is estimated tha t  the shock wave from a vacuum f a i l u r e  

occur r ing  a t  30 m downstream from the source  po in t  takes approximately 20 m s  

to reach the fas t  valve.  The de lay  tank  can be cons idered  as an  o p t i o n a l  

s a f e t y  measure t o  fur ther  i n c r e a s e  t h e  propagat ion  time. 

Photon Power Absorber. T h i s  component c o n s i s t s  of a set of p y r o l y t i c  
- 

g r a p h i t e  abso rbe r s  which absorb t h e  unwanted power from t h e  low energy 

component of t he  x-ray beam. Th i s  reduces the hea t  l oad  on downstream o p t i c a l  

components and vacuum windows. 

-- Beryllium Window. This  window is t h e  las t  component i n  the present  

des ign  of  the f r o n t  end. Its purpose is t o  isolate  the f r o n t  end l s to rage  r i n g  

vacuum from the  downstream vacuum. The assembly is composed of  two 0.01 i n .  

water cooled bery l l ium windows. The m a j o r i t y  of t h e  power is absorbed by the  

first window. Consequently,  t h e  space between the  windows is f i l l e d  with d r y  

helium gas  i n  order t o  minimize s u r f a c e  contaminat ion and induced chemical 

r e a c t i o n s  which could  cause weakening of t h e  window. The e n t i r e  assembly is 

pos i t i oned  o u t s i d e  t h e  main sh ie ld  wall i n  o r d e r  t o  fac i l i t a te  maintenance and 

in spec t ion .  

I 

4. POWER HANDLING CONSIDERATIONS 

The approximate l o c a t i o n  of the f i rs t  mask i n  both  t h e  BM and I D  beam 

l i n e s  is 15 m from the source  po in t .  The peak normal power d e n s i t y  a t  t h e  

d i s t a n c e  i s  given i n  Table  1 .  A s  is the  case of previous  des igns  of f r o n t  
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ends for high power x-ray sources ( 3 7 4 7 5 ) ,  metal s u r f a c e s  w i l l  need t o  

i n t e r c e p t  t h e  photon beam at  near  g raz ing  inc idence  and m u s t  be e f f i c i e n t l y  

cooled i n  o rde r  t o  wi ths tand  the  unprecedented peak power loads expected f o r  

APS sources .  

F i n i t e  element modeling of the  photon f l u x  thermal load ing  is c u r r e n t l y  

underway f o r  s p e c i f i c  f r o n t  end elements ,  d i scussed  f u r t h e r  on. I n  a d d i t i o n ,  

stress a n a l y s i s  and thermal c y c l i n g  effects a r e  a l s o  be ing  i n v e s t i g a t e d .  

However, i t  is  i n s t r u c t i v e  t o  compare t h e  present 7-GeV A P S  des ign  with o t h e r  

high power s o u r c e s  such as the proposed superconduct ing wiggler  for the  X-77 

beam l i d 4 )  a t  NSLS - Brookhaven Nat iona l  Laboratory and t h e  X-IV beam l i n e  

54-pole wiggler (3)  a t  SSRL. 

of the power load ing  has been done f o r  t h e  f r o n t  end components and t h e  

results s e r v e  as a pre l iminary  guide  f o r  similar A P S  f r o n t  end components. 

The normal peak power d e n s i t y  for the  superconduct ing  wiggler  a t  10 m 

I n  both  cases, e x t e n s i v e  f i n i t e  element a n a l y s i s  

from the source  at 3.88 kW/cm2. 

acceptance  a n g l e  is approximately 35 kW. 

d e n s i t y  is 20.5 kW/cm2 a t  6.5 m and the t o t a l  power is 6.85 kW. 

ends of both IDS use  g raz ing  incidence-water cooled masks  i n  which the power 

d e n s i t y  on the metal surface is reduced by spreading  the beam i n  t h e  

h o r i z o n t a l  d i r e c t i o n  (see Fig ,  2). The a c t u a l  peak power d e n s i t y  at a 

d i s t a n c e  D(m) from t h e  source  p o i n t  is given approximately by the r e l a t i o n ,  

The total  power emitted w i t h i n  the  h o r i z o n t a l  

For the  54 p o l e  wiggler ,  the peak 

The f r o n t  

pN = PK*sin O / D ~  

where 8 is t h e  ang le  of inc idence  of t h e  photon beam measured from s u r f a c e  of 

the absorber .  
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As is obvious,  ve ry  d i f f e r e n t  peak angular  power d e n s i t i e s  from d i f f e r e n t  

x-ray sources  can have similar peak power d e n s i t i e s  on a g iven  surface 

depending on the  r e l a t i v e  d i s t a n c e s  from the source  p o i n t  and the  inc idence  

angle .  O f  course ,  the t o t a l  power depos i ted  could be very d i f f e r e n t .  

For t h e  NSLS superconduct ing wiggler ,  t h e  first mask assembly uses  hollow 

OFHC copper s t o c k  bus condui t  ( 4 J  5, which i n t e r c e p t s  t h e  beam h o r i z o n t a l l y  (see 

Fig.  2). The v e r t i c a l  mask c o n s i s t s  of an upper and lower set of two bars i n  

a *'v" conf igu ra t ion  i n t e r c e p t i n g  the beam at  an  a n g l e  of 6".  

mask c o n s i s t s  of two bars i n  an open r l ~ ' r  c o n f i g u r a t i o n  a t  6 O  t o  the  beam. I n  

a d d i t i o n ,  the  mask assembly c o n t a i n s  a set of beam s p l i t t e r s  which i n t e r c e p t  

t h e  photon beam v e r t i c a l l y  a t  an a n g l e  o f  2 O .  The peak power load ings  on t h e  

copper bus bars are 4 W/mm2 f o r  the 6" se t  and approximately 11.6 W/mm2 for  

the 2 O  beam s p l i t t e r .  The l a t t e r  case r e q u i r e s  a s l i g h t  overpressure  o f  

coo l ing  water i n  order t o  avoid  t h e  p o s s i b i l i t y  of b o i l i n g  of t h e  cool ing  

water. 

The h o r i z o n t a l  

- 

The SSRL 54 p o l e  wiggler uses  a g raz ing  inc idence  mask w i t h  h o r i z o n t a l  

walls a t  an ang le  of  1 . 6 5 O  t o  t he  photon beam. The movable s h u t t e r  o r  mask is 

a t  3.28O t o  the beam. I n  t h e  first case, the peak power d e n s i t y  is 

approximately 5.7 W/mmz. 

W/mm2.  

For a movable mask, t h e  power d e n s i t y  of 11.7 . 

The t o t a l  power conta ined  i n  t he  beam i s  approximately 6.9 kW. 

The maximum peak h e s t  l oads  f o r  bo th  X-17 and beam l i n e  V I  are similar 

(1  1.7 W/mm2). 

d e s ign  of  APS f r o n t  end components. I n  a d d i t i o n  t o  the peak power d e n s i t y ,  

t h e  to ta l  power conta ined  i n  t h e  photon beam must be cons idered  i n  o rde r  t o  

completely s p e c i f y  the des ign  of a given component,. As mentioned, f i n i t e  

element a n a l y s i s  which inc ludes  both t h e  t o t a l  power and its d i s t r i b u t i o n  from 

an x-ray source  are underway for  the c r i t i ca l  components of t he  APS beam l i n e s .  

T h i s  va lue  was taken  as the largest a l lowab le  load i n  t h e  
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A pre l imina ry  a n a l y s i s  of  the  f irst  f i x e d  mask i n  t h e  wiggler f r o n t  end 

shows t h a t  a conceptual  des ign  similar t o  that used for  the X-17 super- 

conducting wiggler is adequate  i f  t he  h o r i z o n t a l  inc idence  a n g l e  of t h e  photon 

beam is 6". 

temperatures  on the surface of the copper bus and o f  t h e  c o o l i n g  water are 

below 100°C a t  f u l l  power load from the I D .  The to ta l  l e n g t h  of t h e  mask u n i t  

is approximately 1.6 m. 

F i n i t e  element a n a l y s i s  of t he  heat load  shows t h a t  t h e  

The r e s u l t s  f o r  Undulator A at the  smallest gap and maximum power load 

show tha t  t h e  largest ang le  f o r  which b o i l i n g  of the coo l ing  water occurs  is 

approximately 1". If overpressure  of the  coo l ing  water is t o  be avoided, t hen  

a more e f f i c i e n t  des ign  of t he  abso rbe r s  i n t e r c e p t i n g  the photon beam is 

necessary.  I n s t e a d  of using a v a i l a b l e  copper bus condu i t ,  wi th  a s t anda rd  

- 

cool ing channel ,  other more e f f i c i e n t  shapes  of abso rbe r s  made of aluminum and 

copper are be ing  inves t iga t ed .  If adopted, t h e s e  abso rbe r s  would r e q u i r e  

custom e x t r u s i o n s  which i n  p r i n c i p l e  should no t  p r e s e n t  t e c h n i c a l  d i f f i c u l -  

ties. I n  a d d i t i o n ,  other geometries for i n t e r c e p t i n g  t h e  photon beam are 

being s tud ied .  It  is estimated tha t  a factor of two t o  three reduc t ion  i n  the 

peak power load would be adequate  for safe  o p e r a t i o n  of  t h e  mask (and movable 

s h u t t e r )  without  the need t o  p r e s s u r i z e  t he  coo l ing  water. 

For t h e  bery l l ium window at  approximately 30 m from t h e  source  po in t ,  t h e  

worst  case power load ing  is aga in  from t h e  undula tors  a t  closed gap. I n  t h i s  

case, t h e  first window absorbs approximately 2% of the  i n c i d e n t  power. The 

ma jo r i ty  of t h e  heat load  is from photons w i t h  e n e r g i e s  less t h a n  4 keV. 

peak power load is approximately 5 times that  estimated f o r  t h e  54 p o l e  

wiggler. These pre l iminary  r e s u l t s  i n d i c a t e  t ha t  i t  may be necessary  t o  

i n s e r t  t h e  v i t r e o u s  carbon f o i l  abso rbe r s  from undula tors  working i n  the 

The .." 



11 

c losed  gap conf igu ra t ion .  Fu r the r  estimates of  t he  bery l l ium window power 

load ing  are underway. 
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PHOTON POSITION MONITOR 

Fig. 2 Cross section view perpendicular to  the 
particle beam direction o f  a typical 
tungsten blade photon posi t l o n  monitor. 
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APPENDIX A 

Part ic le  Beam P o s i t i o n  Determined from Photon Beam P o s i t i o n  Monitors 

The d e v i a t i o n  i n  a given d i r e c t i o n  of the  p a r t i c l e  beam's p o s i t i o n  and 

t r a j e c t o r y  a n g l e  from the  golden o r b i t  of t h e  s t o r a g e  r i n g  can be determined 

by measuring the p o s i t i o n  of the photon beam from an x-ray source  us ing  

photoe lec t r ic -based  monitors  a t  two p o s i t i o n s  a long  the beam l i n e .  The 

p r e c i s i o n  w i t h  which the p a r t i c l e  beam parameters  can be estimated depends on 

t h e  p r e c i s i o n  of the photon beam p o s i t i o n  measurement. 

For example, l e t  yo be the v e r t i c a l  displacement of the p a r t i c l e  beam and 

a, t h e  angular  d e v i a t i o n  from t h e  golden o rb i t .  As is shown i n  Fig.  1 ,  t h e  

r e s u l t a n t  v e r t i c a l  displacements  of the photon beam, y1 and y2, measured a t  

t h e  p o s i t i o n s  x1 and x2 a long  the beam l i n e  are given by: 

Y O  



I f  the  p r e c i s i o n  associated w i t h  t h e  photon measurement is 6 f o r  both 

photon beam p o s i t i o n  monitors and there is no error assumed i n  the p o s i t i o n s  

xl and x2, t hen  it can be shown t h a t  t he  p r e c i s i o n  associated w i t h  a and yo is 

given by: 

As an  example, i f  t he  photon beam p o s i t i o n  monitors are located a t  18 and 

28 m from the  x-ray source  p o i n t ,  and have p r e c i s i o n  o f  k1 pm, t h e n  the  
- 

a s s o c i a t e d  p a r t i c l e  beam parameters have the  p rec i s ions :  

6yo = 50.14 prad 
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