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ABSTRACT 

A n  e f f i c i e n t ,  h i g h - r e s o l u t i o n ,  v e r t i c a l - f o c u s i n g ,  Rragg c r y s t a l  x - ray  
spec t romete r  has been s p e c i f i c a l l y  des igned and c o n s t r u c t e d  f o r  use i n  
measurements o f  x rays  produced i n  c o l l i s i o n s  of e n e r g e t i c  heavy ions. 
I n  t h i s  r e p o r t  t h e  des ign  and r e s u l t i n g  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  
t h e  f i n a l  i n s t r u m e n t  a re  f u l l y  descr ibed.  A wide v a r i e t y  of sample 
d a t a  i s  a l s o  i n c l u d e d  t o  i l l u s t r a t e  t h e  u t i l i t y  o f  t h i s  d e v i c e  i n  
seve ra l  areas o f  research. 

I .  INTRODUCTION 

The Nuclear  Science A p p l i c a t i o n s  group a t  t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y  

i s  s t u d y i n g  t h e  e f f e c t s  o f  chemical  environment on t h e  emiss ion o f  x- rays 

induced by heavy i o n  impact.1 C o l l i s i o n s  i n v o l v i n g  h i g h l y  e n e r g e t i c  heavy i o n s  

( 2 1  MeV/n) p redon i i nan t l y  produce m u l t i p l e  i n n e r - s h e l l  i o n i z a t i o n .  R e s u l t i n g  K, 

x - ray  s p e c t r a  a r e  composed o f  a complex s e r i e s  o f  i n tense ,  c h e m i c a l l y  s e n s i t i v e  

s a t e l l i t e  l inec j ,  w i t h  s inal l  energy d i f f e r e n c e s  between a d j a c e n t  peaks (- 1 7  eV 

for  s u l f u r ) .  The s a t e l l i t e s  may extend t o  hundreds o f  e l e c t r o n  v o l t s  above t h e  

c h a r a c t e r i s t i c  x - ray  l i n e  energy. I n  a d d i t i o n ,  t hese  peaks c o n t a i n  pronounced 

-- 1 eV f i n e  s t r u c t u r e .  P rev ious  measurements ( c a r r i e d  ou t  here a t  OKNL and 

e l  sewhere) have usual  l y  employed comrrierci a1 Sragg s i  n g l  e - c r y s t a l  spec t romete rs  

h a v i n g  t y p i c a l  energy r e s o l u t i o n s  o f  6-7 eV i n  t h e  2.5 keV x - r a y  energy regime. 

A much h i g h e r  r e s o l u t i o n  c r y s t a l  x - ray  spect rometer  w i t h  h i g h  c o l l e c t i o n  e f f i -  

c i e n c y  i s  needed t o  s tudy  t h e  s p e c t r a  o f  K and L x - rays  f rom compounds and 

a l l o y s  o f  i n t e r e s t  t o  us c o n t a i n i n g  elements froin f l u o r i n e  t o  mercury.  

Unavoidable energy broadening f rom a number o f  inechani sms i n h e r e n t  i n  heavy- ion 

c o l l i s i o n  e x c i t a t i o n  amounts t o  - 1 eV. Therefore,  t h e  energy range o f  i n t e r e s t  

i s  1-10 keV, 

keV and 5 eV 

d a t a  over  a 

t i n e n t  sate1 

ponents,  and 

w i t h  a d e s i r e d  t o t a l  energy r e s o l u t i o n  on t h e  o r d e r  o f  1 eV a t  2.5 

a t  10 keV. A d d i t i o n a l l y ,  i t  i s  d e s i r a b l e  t o  s i m u l t a n e o u s l y  c o l l e c t  

arge enough energy bandwidth ( A E / E  > 10%) t o  f u l l y  cover  t h e  pe r -  

i t e  s t r u c t i i r e s  w i t h  each p o s i t i o n i n g  o f  t h e  spec t romete r  com- 

cover  about 1 t o  2 keV by r e p o s i t i o n i n g  a s i n g l e  c r y s t a l .  



2 

I n  o r d e r  t o  o b t a i n  b o t h  h i g h  r e s o l u t i o n  and i n c r e a s e d  e f f i c i e n c y ,  a curved 

c r y s t a l  " v e r t i c a l - f o c u s i n g "  Bragg spec t rometer  vias examined i n  d e t a i l .  F i r s t  

proposed by Gouy,2 and developed by von ti&nos,3 t h i s  des ign  o f f e r s  a g a i n  i n  

i n t e n s i t y  o f  one t o  two o r d e r s  o f  magni tude over  c o n v e n t i o n a l  f l a t  c r y s t a l  

Spect rometers:  t h e  g a i n  i s  on t h e  o r d e r  o f  t h e  r a t i o  of t h e  c r y s t a l  r a d i u s  o f  

c u r v a t u r e  t o  t h e  source h e i g h t  . 4 , 5 ~ 6  

f r o m  t h e  " h o r i z o n t a l  - f o c u s i n g "  c u r v e d - c r y s t a l  geometr ies o f  Johann l  and 

Johannson,S b o t h  o f  which employ a c r y s t a l  and d e t e c t o r  p o s i t i o n e d  a l o n g  a 

Rowland c i r c l e .  H o r i z o n t a l  - f o c u s i n g  spec t rometers  c o n c e n t r a t e  x- rays i n  t h e  

d i s p e r s i v e  p l a n e  and f o r  a s i n g l e  p o i n t  source t h e y  most e f f e c t i v e l y  focus  

x - rays  o f  a s i n g l e  energy. They r e q u i r e  scanning o f  t h e  c r y s t a l  and d e t e c t o r  i n  

o r d e r  t o  e f f i c i e n t l y  c o l l e c t  da ta  over  a s u b s t a n t i a l  range of energ ies .  The 

v e t - t i c a l - f o c u s i n g  types ,  on t h e  o t h e r  hand, focus  i n  t h e  n o n - d i s p e r s i v e  p lane,  

and p e r m i t ,  a t  one p o s i t i o n i n g  o f  components, e f f e c t i v e  d a t a  c o l l e c t i o n  o v e r  an 

energy bandwidth l i m i t e d  p r i m a r i l y  by t h e  c r y s t a l  l e n g t h  and d e t e c t o r  s i z e .  The 

imaging p r o p e r t i e s  o f  t h e  v e r t i c a l - f o c u s i n g  spec t rometer  were examined i n  o r d e r  

t o  de termine t h e  a b e r r a t i o n s  a f f e c t i n g  s p e c t r a  t a k e n  by such a dev ice .  These 

p r o p e r t i e s  have been i n v e s t i g a t e d  p r e v i o u s l y  i n  r e f s .  5 and 6 f o r  one s p e c i f i c  

d e s i g n  geometry; a more genera l  s tudy  a l lowed d i f f e r e n t  geometr ies t o  be 

e v a l u a t e d  on t h e  b a s i s  o f  imaging q u ? l i t y .  Rased on t h i s  s t u d y  and o t h e r  

c o n s i d e r a t i o n s  d iscussed i n  Chapter 11, a v e r s a t i l e  spec t rometer  has been 

des igned and c o n s t r u c t e d .  A d e s c r i p t i o n  o f  t h e  i n s t r u m e n t ,  i t s  o p e r a t i o n ,  and 

r e s u l t s  o f  i n i t i a l  per formance t e s t s  a re  p resented  i n  Chapters  I1  and 111. 

This  spec t rometer  t y p e  d i f f e r s  g r e a t l y  
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I I .  DESIGN AND CONSTRUCTION 

1I .A .  General Design Cons ide ra t i ons .  

A schematic drawing o f  a v e r t i c a l - f o c u s i n g  spect rometer ,  a long  w i t h  t h e  

c o o r d i n a t e  system used i n  t h e  f o l l o w i n g  d i s c u s s i o n s ,  i s  shown i n  f i g .  1. The 

spec t romete r  i s  composed o f  t h r e e  coiiiponents; an x - ray  source, u s u a l l y  d e f i n e d  

by a r e c t a n g u l a r  a p e r t u r e ,  a c y l i n d r i c a l l y - c u r v e d  c r y s t a l ,  and d p o s i t i a n -  

s e n s i t i v e  x - ray  d e t e c t o r .  

i n c i d e n t  x- ray l o c a t i o n  on t h e  d e t e c t o r  corresponds t o  a p a r t i c u l a r  Bragg angle,  

and hence t o  a p a r t i c u l a r  x - ray  energy th rough  t h e  Rragg r e l a t i o n  x = 2d s i n  et3 

A t  a f i x e d  p o s i t i o n i n g  o f  t h e  components, an 

( i n  1 s t  o r d e r ) ,  or 

E(keV) = 12.398/[2d(!A) s i n  OB] . 
An extended c r y s t a l  d i f f r a c t s  x- rays hav ing  a range o f  energ es. A q u a r t z  

c r y s t a l  ( l O i 1 )  (2d = 6.6878) o f  l e n g t h  10 cm, f o r  example, a lows a l a r g e  p o r -  

t i o n  o f  ou r  d e s i r e d  energy range t o  be reached; a one-dimensional  p o s i t i o n -  

s e n s i t i v e  p r o p o r t i o n a l  coun te r  ( P S P C )  p e r m i t s  the  r e f l e c t e d  x- rays t o  be 

ORNL-DWG 85-7000R 

Y 

F i g .  1. Coord ina te  system employed i n  t h e  s tudy  o f  imaging processes 
f o r  v e r t i c a l  f o c u s i n g  c r y s t a l  spect rometers.  The c r y s t a l  i s  cu rved  i n  
t h e  y -z  p lane,  The f i g u r e  i s  n o t  t o  sca le .  
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d e t e c t e d  w i t h  good s p a t i a l  r e s o l u t i o n .  The PSPC i s  advantageous f o r  our  s t u d i e s  

because o f  i t s  h i g h  e f f i c i e n c y ,  r e a l - t i m e  readout ,  and o n - l i n e  adjustment  capa- 

b i l i t y .  The source o f  x - rays  i s  t y p i c a l l y  a s o l i d  t a r g e t ,  impacted by a 

c o l  1 imated  heavy i o n  beam. Atomic systems wh i ch exper ience i nner-she1 1 e x c i  t a -  

t i o n  by f a s t  heavy- ions r a d i a t i v e l y  decay w i t h  observed x- ray t o t a l  l i n e  w id ths  

near  - 1 eV. The broadening i s  due p r i m a r i l y  t o  t h e  o r d i n a r y  n a t u r a l  l i n e  w i d t h  

(e.g., 0.6 eV f o r  s u l f u r  K,) combined w i t h  t h e  e f f e c t s  o f  r e c o i l  Doppler 

s p r e a d i n g  and d i s t r i b u t e d  unreso lved s h i f t s  f rom m u l t i p l e  i o n i z a t i o n  of o u t e r  

e l e c t r o n  s h e l l s .  Unless s t u d i e s  o f  i n t r i n s i c  l i n e  shapes are  a n t i c i p a t e d ,  

i n s t r u m e n t a l  r e s o l u t i o n  s i g n i f i c a n t l y  b e t t e r  t h a n  6 E / E  - 1/2500 i s  unnecessary 

f o r  most o f  these ion-atom c o l l  i s i o n  x - ray  measurements. 

The i n s t r u m e n t a l  energy r e s o l u t i o n  o f  a s i n g l e - c r y s t a l  spect rometer  such as 

t h e  one cons idered here  i s  l i m i t e d  by t h e  compontlnts which c o n t r i b u t e  t o  t h e  

smear ing of Bragg ang les  i n  t h e  x- ray p r o d u c t i o n ,  d i f f r a c t i o n  and focus ing,  and 

d e t e c t i o n  processes. X-ray source w i d t h s  ( a y )  narrower  than a few hundred pm 

a r e  d i f f i c u l t  t o  ach ieve  w i t h  e n e r g e t i c  heavy- ion e x c i t a t i o n  w i t h o u t  s u b s t a n t i a l  

l o s s  of beam i n t e n s i t y .  T h i s  extended source s i z e  produces a major  component of 

t h e  spec t rometer  r e s o l u t i o n  l o s s .  V a r i a t i o n  i n  spac ing  and o r i e n t a t i o n  of t h e  

l a t t i c e  p lanes  i n  t h e  c y l i n d r i c a l l y - b e n t  c r y s t a l  i s  another  source of r e s o l u t i o n  

l o s s ,  t y p i c a l l y  c h a r a c t e r i z e d  by t h e  c r y s t a l ' s  r o c k i n g  curve  and r e s o l v i n g  

power. The f i n i t e  d e t e c t o r  s p a t i a l  r e s o l u t i o n  a l s o  c o n t r i b u t e s  t o  t h e  system 

energy  r e s o l u t i o n .  The losses  due t o  t h e  c r y s t a l  and d e t e c t o r  depend on t h e  

s p e c i f i c  components employed; t h e  l o s s  due t o  a f i n i t e  source s i z e  a l s o  depends 

on t h e  imaging p r o p e r t i e s  o f  t h e  dev ice ;  t h e  l o s s  due t o  imaging a b e r r a t i o n s  i s  

r e l a t e d  t o  t h e  f i n i t e  source s i z e  and can be approx imated i n  t h e  f o l l o w i n g  

manner. The d i f f e r e n t i a l  o f  eq. (1) w i t h  respec t  t o  OB i s  
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One Can see from f i g .  2 t h a t  t h e  f i n i t e  Source w i d t h  Ay a l l o w s  x - rays  i n  an 

energy i n  a range E - dE/2 t o  E + dE/2 t o  s t r i k e  the Same pQSitio7-1 on t h e  detec-  

t o r .  O p t i c a l  a b e r r a t i o n s  f rom f o c u s i n g  by t h e  cllrrved c r y s t a l  r e s u l t  i n  dis -  

t o r t e d  imaging o f  t h e  extent led source such t h a t  de tec ted  l i n e  shapes w i l l  be 

broadened and p o s s i b l y  skewed. 

t i o n s  i n  the spec t romete r  a r e  d e s c r i b e d  by a f a c t o r  F, such t h a t  t h e  image w i d t h  

o f  a source s l i t  o f  w i d t h  Ay and h e i g h t  Am i n  our system i s  equal t o  t h e  image 

w i d t h  o f  a s l i t  o f  w i d t h  F hy i n  a p e r f e c t l y  i t l iaging system. 

t h a t  the r a t i o  F i s  a reasonable measure of t h e  maximum loss i n  s p a t i a l  reso lu -  

t i o n  due t o  o p t i c a l  a b e r r a t i o n s  and approximate our system by t h e  p e r f e c t l y  

imaging system ( f i g .  2 )  t o  g e t  the angu la r  r e s o l u t i o n  

To e v a l u a t e  dE, we assume t h a t  a l l  the aberra-  

We assume here 

dog = F dy coseg s inog/2p , 

tY GE 

( 3 )  

F ig .  2. Geometry 1 schernatic and example rays  f o r  e v a l u a t i o n  o f  
r e s o l u t i o n  loss due t o  a f i n i t e  source width Ay: x-rays w i th  a range of 
Bragg angles  de^ can s t r i k e  t h e  same p o s i t i o n  on t h e  p o s i t i o n  s e n s i t i v e  
d e t e c t o r .  The f i g u r e  i s  not  t o  scale. 
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where p i s  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  c r y s t a l .  From ( 2 )  and ( 3 )  we conc lude 

The c r y s t a l  r a d i u s  p s e t s  t h e  s c a l e  f o r  t h e  p h y s i c a l  s i z e  o f  t h e  f i n a l  

Assuming no o t h e r  broadening mechanisms, t h e  n e c e s s a r i l y  extended i n s t r u m e n t .  

source  leads  t o  a lower  l i m  t f o r  t h e  d i s t a n c e  p f o r  a g iven r e q u i r e d  energy 

r e s o l u t i o n .  For  example, id t h  F = 1, ny = 0.2 mm, E := 2.3 keV, dE G 1 eV, and 2d 

= 6.5878, eq. ( 4 )  g i v e s  p 2 14 cm. I n c r e a s i n g  p leads  t o  p r o p o r t i o n a l  improve-  

ment i n  r e s o l u t i o n .  On t h e  o t h e r  hand, f o r  a g i v e n  Bragg ang le  and c r y s t a l  s i z e  

( a r e a  = A) t h e  t o t a l  s o l i d  ang le  i n t e r c e p t e d  by t h e  c r y s t a l  decreases as - A/p2; 

so  t h a t  t h e  needed h i g h  c o l l e c t i o n  e f f i c i e n c y  r e q u i r e s  e i t h e r  v e r y  l a r g e  

c r y s t a l s  o r  compact systems ( s m a l l  p ) .  Other  c o n s i d e r a t i o n s  such as t h e  s i z e  o f  

t h e  c o n t a i n i n g  vacuum chamber and l i m i t e d  a v a i l a b i l i t y  o f  extended space i n  most 

exper imenta l  areas a l s o  l i m i t  t h e  p h y s i c a l  s i z e  o f  t h e  F i n a l  des ign.  

I t  i s  thus  necessary t o  de termine F ,  i n  terms o f  s e l e c t e d  system parameters 

and t h e  x - ray  energy i n  o r d e r  t o  e v a l u a t e  t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  energy 

r e s o l u t i o n .  T h i s  i s  done i n  t h e  f o l l o w i n g  s e c t i o n s  by s t u d y i n g  t h e  genera l  

imag ing  p r o p e r t i e s  o f  t h e  curved c r y s t a l  spec t rometer  i n  severa l  p o s s i b l e  

o p e r a t i n g  c o n f i g u r a t i o n s ,  l a b e l l e d  geometr ies 1, 2, and 3. 

A n t i c i p a t i n g  t,hat F can be h e l d  t o  numer ica l  va lues  l e s s  t h a n  2 o r  3, we 

s e l e c t  as " s t a n d a r d "  systeln parameters t h e  f o l l  owing va lues  : c r y s t a l  r a d i u s  o f  

c u r v a t u r e  ( p )  = 25.4 ciii; c r y s t a l  h e i g h t  (h,) = 10.0 cm; c r y s t a l  l e n g t h  ( a c )  = 10.0 

cm; source h a l f - h e i g h t  i n  z - d i r e c t i o n  := 0.5 cm; source w i d t h  i n  y - d i r e c t i o n  

(Ay) = 0.03 cm; d e t e c t o r  a c t i v e  l e n g t h  ( k ~ )  = 10.0 cm; maximum Bt-agg ang le  range 

( 3 8 )  = 3 O o - 7 Q 0 ;  c r y s t a l  = q u a r t z  (1011) w i t h  2d = 6.6878. 
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a 

1I.B. 

II.B.1. 

C o n t r i b u t i o n s  o f  Imaging P r o p e r t i e s  t o  System Energy R e s o l u t i o n .  

Imaging of X-ray Sources i n  t h e  y = 0 Plane (Geometry 1) 

Focusing by t h e  curved c r y s t a l  i s  o p t i m i z e d  when the d e t e c t o r  i s  p laced  i n  

t h e  y = 0 p lane  c o n t a i n i n g  t h e  a x i s  o f  t h e  c y l i n d r i c a l  c r y s t a l  ( x - a x i s ) .  We 

w i l l  denote t h i s  c o n f i g u r a t i o n  Geometry 1 (see f i g .  2). F i l m  emuls ion and s o l i d  

s t a t e  d e t e c t o r s  may be used i n  t h i s  c o n f i g u r a t i o n .  However, t h e  s p a t i a l  r e s o l u -  

t i o n  of a p o s i t i o n - s e n s i t i v e  p r o p o r t i o n a l  c o u n t e r  is  s e r i o u s l y  degraded by a 

c o n v e r s i o n - d e p t h / p a r a l l  ax e f f e c t  when x- rays e n t e r  the d e t e c t o r  ob1 i q u e l y  and 

a r e  conver ted  a t  v a r i o u s  depths i n  t h e  working  gas. Thus PSPCs may not be used 

e f f e c t i v e l y  i n  Geometry 1. 

employed i n  t h e  a n a l y s i s  o f  des igns  which can accommodate PSPCs. 

w i t h  Geometry 1 has been b u i l t  by Yaakobi e t  a1.6 and used f o r  f u s i o n  plasma 

d i  agnos t i cs .  

A s tudy  o f  t h i s  geometry nonetheless develops methods 

A spect rameter  

We wish t o  de te rm ine  t h e  image on a d e t e c t o r  i n  t h e  y = 0 p l a n e  o f  a 

monoenerget ic  x - ray  source, r e s t r i c t e d  t o  l i e  i n  t h e  x = 0 plane. As shown i n  

f i g .  3, we c o n s i d e r  an a r b i t r a r y  p o i n t  source S = (0, ys, 2s) i n  t h e  source 

p lane .  

dence R($) -- ( X R ,  -p cos+, p s i n $ )  on t h e  c r y s t a l ;  t h e  r e f l e c t e d  r a y  s t r i k e s  t h e  

y = 0 p lane  a t  t h e  image p o i n t  P($) = (xp,  0, zp) .  

va lues  f rom -q0 t o  $o, where 

A r a y  f rom S t o  t h e  c r y s t a l  w i t h  a Rragg ang le  O B  has a p o i n t  o f  i n c i -  

Fo r  any B B ,  $ can t a k e  on 

and hc i s  t h e  c r y s t a l  h e i g h t .  F i g u r e s  4a-c show t h e  p o i n t s  A, B, S, R, S ' ,  and R '  

used i n  t h e  c a l c u l a t i o n  o f  t h e  image p o i n t  P. F i r s t ,  t h e  x - c o o r d i n a t e  o f  R i s  

c a l c u l a t e d  i n  Appendix A t o  be 



8 

O R N L - D W G  85-7004 
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Y 

F i g .  3. The l o c a t i o n  o f  an a r b i t r a r y  p o i n t  source S i n  t h e  x = 0 
p lane,  and t h e  p o i n t  o f  i n c i d e n c e  R on t h e  c r y s t a l  o f  h e i g h t  hc. 

where, f o r  $ f 0 ,  

ZB = ( z s  tan+ - yS) / ( tanJ i  + cot$)  , 

and I BR I = ( ( p  cos$ - ZR + ( Z B  - p s i n q 1 ) ~ ) 1 / 2  . 

For t h e  p o i n t  source on t h e  a x i s  of r e v o l u t i o n  So = (0,  0, 0) ,  we have XR = 

Thus a p r o j e c t i o n  i n  t h e  y = 0 p l a n e  o f  t h e  l o c u s  p c o t e g  f o r  a l l  va lues  o f  +. 
o f  p o i n t s  o f  i n c i d e n c e  R ( Q ) ,  f o r  a g i v e n  135, i s  a l i n e  p a r a l l e l  t o  the  z - a x i s  

w i t h  x - c o o r d i n a t e  XR. For  an o f f - a x i s  p o i n t  source, however, X R  depends on I$, 

and t h e  p r o j e c t i o n  o f  t h e  l o c u s  R ( + )  i n t o  t h e  y = 0 p lane i s  a curve  opening 

away f rom t h e  source plane ( f i g .  5a). The shape of t h i s  l o c u s  de termines  t h e  

image shape i n  t h e  y = 0 p lane ( f i g .  5b). Appendix A g i v e s  t h e  c o o r d i n a t e s  o f  

P = (xp, 0, z p )  t o  be 
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Fig .  4. Location of points and planes used t o  determine the 
coordinates o f  the image p o i n t  P = (xp, yp, z p ) .  

a. S is  the p o i n t  source; R i s  the p o i n t  o f  incidence on the 
c rys t a l ;  A i s  the projection of S i n t o  the plane x = X R ;  

0 '  = ( X R ,  0, 0) ;  R O '  i s  the normal t o  the crystal  a t  p o i n t  
R; B i s  the projection o f  A o n t o  KO'; R '  i s  i n  the x = 0 
plane such t h a t  R ' R  i s  paral le l  t o  SB; SR i s  the incident 
x-ray; RP i s  the ref lected x-ray;  S'  i s  i n  the x = 0 p l a n e  
such t h a t  S '  i s  co l l inear  with R and P. The plane S R O '  
contains the incident and ref lected x-rays. 

b. Location o f  A, B,  R ,  and 0' i n  the plane x = X R .  

c. Location o f  S, R ' ,  and S '  in the source plane x = 0. 

........ ............. . ._ ................................. ........................ .................... ............... .................. 



WECTAMG g; L AR 

Fig .  5. L o c i  o f  p o i n t s  o f  i n c i d e n c e  R ( + )  and image p o i n t s  P ( + )  i n  t h e  
y = 0 p lane  (Geometry 1) f o r  a f i x e d  Bragg angle.  Image s i z e s  are  exaggerated.  

a .  I?(+) f o r  an o f f - a x i s  p o i n t  source and a f i x e d  Bragg angle.  

b. Q u a l i t a t i v e  image o f  t h r e e  p o i n t  sources i n  t h e  y = 0 p lane .  
A r e f l e c t i o n  i n  t h e  z - c o o r d i n a t e  o f  t h e  source corresponds t o  
a r e f l e c t i o n  i n  the  z - c o o r d i n a t e  o f  t h e  image. 

c. Q u a l i t a t i v e  image o f  a l i n e  source p a r a l l e l  t o  t h e  z - a x i s  
i n  t h e  source plane. 

d. Q u a l i t a t i v e  image of a r e c t a n g u l a r  s l i t  source i n  the source 
p lane.  
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For  t h e  p o i n t  Source So, t h e  image p o i n t  i s  Po = ( 2  p cotOB, 0, 0)  f o r  a l l  

+: t h i s  i s  t h e  o n l y  p o i n t  i n  t h e  source p lane which images t o  a s i n g l e  p o i n t ,  

and t h u s  has a p e r f e c t  focus  on t h e  d e t e c t o r .  For ar o f f - a x i s  p o i n t  source,  t h e  

e n t i r e  image o f  S i s  t h e  l o c u s  P ( $ ) $  where 11 i s  vd f  . xi f rom -q0 t o  $o. 

curved shape o f  R ( $ )  on t h e  c r y s t a l  corresponds t o  a curved shape o f  P ($ )  i n  

t h e  d e t e c t o r  plane. By making t h e  c o o r d i n a t e  t r a n s f o r t n a t i o n  t o  t h e  d e t e c t o r  

c e n t e r  

The 

where OBC i s  t h e  Bragg a n g l e  from So t o  t h e  c r y s t a l  c e n t e r  C = (xc ,  -p, 0), we 

have t h a t  So images t o  (5, y, z )  = (0, 0, 0) when OB = 8p,c. A p l o t  o f  5 vs. z 

t h e n  g i v e s  a p r o j e c t i o n  o f  t h e  image on t h e  d e t e c t o r .  

t i v e l y  i l l u s t r a t e  t h e  t r a n s i t i o n  o f  t h e  irriage shape as one proceeds f rom p o i n t  

sources t o  a l i n e  source  and f i n a l l y  t o  a r e c t a n g u l a r  source. 

F i g u r e s  5b-d q u a l i t a -  

F i g u r e  6a g i v e s  t h e  image o f  an o f f - a x i s  p o i n t  source generated by a com- 

p u t e r  program, where $ i s  v a r i e d  f rom -$o t o  $o i n  twenty-one equal increments.  

Expansion o f  t h e  < - s c a l e  i n  t h i s  and t h e  f o l l o w i n g  f i g u r e s  enables t h e  a b e r r a -  

t i o n s  t o  be seen more c l e a r l y .  

Symmetry r e q u i r e s  t h a t  o f f - a x i s  p o i n t  sources S1 = (0, ys, zs) and S2 = (0, 

ys, -zs) have images which a r e  r e f l e c t i o n s  t h r o u g h  t h e  6-ax is ;  t h i s  i s  i n  

agreement w i t h  t h e  image s o l u t i o n s  i n  eq. (8). However, symirietry c o n s i d e r a t i o n s  

a l s o  r e q u i r e  t h a t  t h e  image o f  S4 = (0, -ys, zs)  shou ld  n o t  be a r e f l e c t i o n  

t h r o u g h  t h e  < - a x i s  of t h e  image o f  S1: t h e  c o n t r a r y  i s  r e p o r t e d  i n  r e f s .  5 and 
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Fig .  6. l o c i  o f  p o i n t s  o f  i n c i d e n c e  R ( + )  and image p o i n t s  P ( $ )  i n  
t h e  y = 0 p lane (Geometry 1) f o r  a f i x e d  Rragg angle. 

P ( $ )  f o r  an o f f - a x i s  p o i n t  source and a f i x e d  Bragg 
angle. The p o i n t  source has c o o r d i n a t e s  (0,  0.013 ciii, 
-0.5 cm), and 8~ = 30"; o t h e r  parameters have the 
'I s tandard  I' va 1 ue . 
Image o f  a l i n e  source o f  x- rays,  w i t h  0g = 30.0°, 
ys = 0.013 cm, and "s tandard"  parameter values. 

a. 

b. 
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6. Rather,  eq. (5) shows t h a t  b o t h  images e x h i b i t  s i r i i i l a r  concave shapes 

opening away f rom t h e  source p lane,  b u t  t h e  image of S4 has a g r e a t e r  c u r v a t u r e  

t h a n  t h e  image of S1. 

The image of a monoenerget ic  x - ray  l i n e  source o r i e n t e d  p a r a l l e l  t o  t h e  

z - a x i s  i s  found by c a l c u l a t i n g  P ( + )  as 9 and zs  a r e  v a r i e d  and ys and O B  are h e l d  

c o n s t a n t .  

energy 3.7 keV ( O B  = 30") w i t h  t h e  "s tandard "  parameter values and qo = 12O. 

F i g u r e  6b shows t h e  image i n  t h e  y = 0 p lane  o f  a l i n e  source of 

The image o f  a r e c t a n g u l a r  s l i t  source i s  found by computing P ( q )  as ~ l ,  ys, 

and zs a r e  v a r i e d  f o r  c o n s t a n t  Bg. 

and ana lyze  t h e s e  images a r e  found i n  Appendix E. 

L i s t i n g s  Of t h e  programs used t o  generate 

Image q u a l i t y  can he assessed by d e t e r m i n i n g  t h e  maximum E-extension A <  of 

t h e  image: a p e r f e c t l y  imaging system w i l l  produce A E  = Ay f o r  a s l i t  of w i d t h  

by and a f i x e d  Bragg ang le  OB. 

f u l l  w i d t h  a b e r r a t i o n  f a c t o r  F i n  eqs. ( 3 )  and (4) .  I n  Geometry 1, t y p i c a l  

Ffw v a l u e s  a r e  between 1 and 3; t h e  parameters used t o  generate t h e  l i n e  source 

image i n  f i g .  6b produce Ffw = 2.2 f o r  Ay = 0.03 cm. A d d i t i o n a l l y ,  i t  i s  found 

t h a t  a y - a x i s  t r a n s l a t i o n  of  t h e  source s i g n i f i c a n t l y  increases t h e  5-extens ion 

o f  t h e  image, w h i l e  a z - a x i s  t r a n s l a t i o n  of t h e  source p r i m a r i l y  r e s u l t s  i n  a z- 

a x i s  t r a n s l a t i o n  of t h e  image i n  t h e  o p p o s i t e  d i r e c t i o n ,  w i t h  l i t t l e  broadening. 

T h i s  suggests  t h a t  a l i gnmen t  o f  t h e  source, w h i l e  n o t  very  c r u c i a l  i n  t h e  z- 

d i r e c t i o n ,  must be r e l a t i v e l y  p r e c i s e  i n  t h e  y - d i  r e c t i o n .  

between y - a x i s  t r a n s l a t i o n  and inc reased  a b e r r a t i o n s  a l s o  holds i n  t h e  spec t ro -  

me te r  des igns s t u d i e d  i n  Sec t i ons  II.R.3 and II.B.5. 

D e f i n i n g  Ffw = AS/Ay,  we see t h a t  t h i s  i s  t h e  

The correspondence 

II.B.2. Imaging i n  a T i l t e d - D e t e c t o r  Geometry (Geometry 2) 

F i g u r e  7a shows a spect rometer  c o n f i g u r a t i o n ,  denoted Geometry 2, which i s  

s u i t a b l e  f o r  a PSPC. Spectrometers i n  t h i s  c o n f i g u r a t i o n ,  bu t  w i t h  r e l a t i v e l y  

l i m i t e d  bandwidths, have been b u i l t  by Tay lo r ,  e t  a l e 9  and K z l l n e  and K'dllneg 

and employed q u i t e  s u c c e s s f u l l y  f o r  f u s i o n  plasma d i a g n o s t i c s .  As i n  
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GEOMETRY 2 

SOU 

Fig .  7. a. Geometry 2, s u i t a b l e  f o r  p o s i t i o n - s e n s i t i v e  p r o p o r t i o n a l  
counters .  Each p o s i t i o n  on t h e  d e t e c t o r  i d e a l l y  
corresponds t o  a un ique energy. 

The ( 5 ,  n ,  z )  c o o r d i n a t e  system a t t a c h e d  t o  the  d e t e c t o r  
i n  Geometry 2. 5 i s  t h e  p o s i t i o n  s e n s i t i v e  c o o r d i n a t e ;  
n o t e  t h a t  p o s i t i v e  5 w i l l  i n  genera l  be toward n e g a t i v e  

b. 

X. 

Geometry 1, t h e  c r y s t a l  c e n t e r  i n  Geometry 2 i s  e q u i d i s t a n t  from t h e  d e t e c t o r  

c e n t e r  and t h e  source. 

t h e  d e t e c t o r  c e n t e r  has D = ( X D ,  0, O ) ,  where 

The c r y s t a l  c e n t e r  has c o o r d i n a t e s  C = ( x c ,  - p ,  0)  and 

and XD = 2 p CQtegC . 
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h 

Y 

The d e t e c t o r ,  however, makes an ang le  O B C  w i t h  t h e  y - a x i s  t o  a l l o w  x- rays from 

So = (0, 0, 0) t o  have normal i n c i d e n c e  a t  t h e  c e n t e r  o f  t h e  d e t e c t o r .  The 

image o f  an a r b i t r a r y  p o i n t  source S = (0, ys, zs) i s  found i n  t h e  same manner 

as i n  Sect. 2, employ ing t h e  f o l l o w i n g  e q u a t i o n  o f  t h e  d e t e c t o r  p lane :  

D e t a i l s  o f  the c a l c u l a t i o n  a r e  found i n  Appendix 8, w i t h  t h e  r e s u l t  

and zp = xp ( p  s i n $  - 21 BR 1 s i n 9  - Z S ) / X R  t zs + 2 )  BR 1 s i n 9  , 

where I AB 1 
p r o j e c t e d  on t h e  d e t e c t o r  may be found by t r a n s f o r m i n g  t o  t h e  < , n  system, shown 

i n  f i g .  7b :  

I BR I and zp, a re  g i v e n  by eq. ( 7 j .  The two-d imensional  image 

x + 5 = ( X  - 2 P c o t o g ~ ) / ( - s i n e ~ ~ )  , 

y + n = O ,  

and z -+ z . 

Note t h a t  images d i s p l a y e d  i n  terms of 5 and 

i n  x and y because o f  t h e  c h o i c e  o f  d i r e c t i o n  f o r  p o s i t i v e  5 .  

t h e  image o f  a p o i n t  source i n  Geometry 2, and f i g s .  8b-d g i v e  l i n e  source ima- 

ges f o r  d i f f e r e n t  Bragg angles.  We expect  a b e r r a t i o n s  t o  be i nc reased  i n  

Geometry 2 because p o i n t  sources have f o c i  on or near t h e  p lane  y = 0: t h e  

g r e a t e r  t h e  d e t e c t o r  t i l t ,  t h e  l a r g e r  t h e  d i s t a n c e  of t h e  ends o f  t h e  d e t e c t o r  

f r o m  t h e  y = 0 p lane  and hence f rom t h e  f o c a l  p lane, A b e r r a t i o n s  a r e  m in im ized  

when eB i s  near eBC, because t h e  image i s  near  t h e  d e t e c t o r  c e n t e r  i n  t h e  y = 0 

appear i n v e r t e d  compared t o  p l o t s  

F i g u r e  8a g i v e s  
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F ig .  8. Images i n  Geometry 2 of p o i n t  and l i n e  sources. "S tandard"  
parameter Val ues. 

a. P o i n t  source image, S = (0,  0.015 cm, 0.05 cm), w i t h  

b. 

x c  = 40.0 cm, eB = Q5c = 32.42'. 

L i n e  source image, w i t h  ys = 0.013 cin and eBC = 8B = 32.42". 
These x - - rays  a re  r e f l e c t e d  from t h e  c e n t e r  o f  t h e  
c r y s t a l ,  and t h e  image i s  very  s i m i l a r  t o  5c. 

L i n e  source image, w i t h  ys 0.013 cm, ep, = 30.0",  and 
O B C  = 32.42". These rays  do n o t  s t r i k e  the c r y s t a l  a t  
t h e  c e n t e r ,  and s u b s t a n t i a l  a b e r r a t i o n s  occur.  

c. 

d. L i n e  source image, w i t h  ys = 0.013 cin, O B  = 34.8", and 
O B C  = 32.42'. These rays  s t r i k e  t h e  o p p o s i t e  s i d e  o f  
t h e  c r y s t d l  f rom those  i n  8c. 

p lane  and hence near  t h e  focus. 

towards  t h e  end of t h e  d e t e c t o r  and hence f u r t h e r  from t h e  focus. 

t a t i o n  i s  v e r i f i e d  by t h e  s o l u t i o n s  g i ven  i n  eq. ( 1 2 )  fur  Geometry 7, As an 

example, w i t h  t h e  s tandard  pdrameter va lues  and w i t h  OBC = 56.2", t h e  f d c t o r  

F f w  has a va lue  1.97 f o r  1 G B  - 8BC I = 3.2', and a va lue  o f  2,95 f o r  1 OB - e B C  

But f o r  Qg d i f f e r i n g  from egc, t h e  image moves 

r h i r  m p e c  
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= 8.0'; t h e  t o t d l  energy range i s  2.05 t o  2.46 keV. Figure 9 g i v e s  a p l o t  o f  

F fw vs. 0g i n  Geometry 2 employ ing t h e  above parameter  va lues  Over t h e  f u l l  

a n g u l a r  acceptance o f  a 10 cm l o n g  c r y s t a l .  The a n g u l a r  acceptance w i d t h  o f  a 10 

cm l o n g  d e t e c t o r  i s  s m a l l e r  and i s  a l s o  shown i n  F i g u r e  9. 

The f o l l o w i n g  c o n c l u s i o n s  can be made from ana lyses  o f  images i n  Geometry 2. 

F i r s t ,  t y p i c a l  F fw v a l u e s  over  t h e  d e t e c t o r  a n g u l a r  acceptance range f rom 1 t o  

3, i n d i c a t i n g  thd t  o p t i c a l  b roaden ing  i n  Geometry 2 i s  n o t  s i g n i f i c a n t l y  g r e a t e r  

t h a n  i n  Geometry 1. S ince t h i s  r e s o l u t i o n  l o s s  due t o  a b e r r a t i o n s  i n  Geometry 2 

ORNL- BWG Ea5 -70 16R 
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6 5  
1.0 4.5 2 .o 2.5 3.0 3.5 

Fig .  9. A p l o t  o f  Ffw vs. O B  f o r  Geometry 2, w i t h  s tandard  parameter  
v a l u e s  and by = 0.03 cm, a c r y s t a l  l e n g t h  o f  10.16 cm w i t h  2d = 6.687 A ,  
a n  enerqy range o f  2.05 t o  2.45 keV, and an a n g u l a r  range o f  49.0 t o  
64.8 degrees w i th  O B C  = 56.2'. 
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i s  s u b s t a n t i a l l y  srnal l e r  t h a n  t h e  expected broaden ing  f rom t h e  c o n v e r s i o n  

d e p t h / p a r a l l a x  e f f e c t  i n  PSPCs i n  Geometry 1, Geometry 2 i s  p r e f e r r e d  for p r o -  

p o r t i o n a l  coi.inters. Second, t h e  r e s o l u t i o n  l o s s  due t o  a b e r r a t i o n s  may be 

reduced by l i m i t i n g  t h e  d e t e c t e d  z h e i g h t  as i s  e v i d e n t  i n  f i g .  8: t h i s  i s  

f e a s i b l e  because t h e  l o s s  i n  i n t e n s i t y  i s  more t h a n  coiiipensa-ted by t h e  f o c u s i n g  

e f f e c t  o f  t h e  von Hamos geometry. 

A d d i t i o n a l l y ,  t h e  ends o f  t h e  c r y s t a l  ( o r  d e t e c t o r )  may be masked, r e d u c i n g  t h e  

bandwidth,  so t h a t  o n l y  Bragg angles near egC a r e  r e f l e c t e d  and de tec ted .  A t  t h e s e  

ang les ,  F i s  m in imized and r e s o l u t i o n  i s  op t im ized.  These two procedures a l l o w  a 

p o r t i o n  o f  t h e  x - ray  spectrum t o  be c o l l e c t e d  a t  t h e  h i g h e s t  p o s s i b l e  r e s o l u t i o n .  

Geometry 2 i s  thus  a very  f l e x i b l e  des ign  which i s  w e l l  s u i t e d  t o  our  spec t rosco-  

p i c  needs. Wi th p roper  cho ice  o f  c r y s t a l  and d e t e c t o r ,  i t  can c o l l e c t  a l a r g e  

p o r t i o n  o f  t h e  x - ray  spectrum ( A E / E - l O % )  a t  each p o s i t i o n  o f  t h e  components w i t h  

much h i g h e r  e f f i c i e n c y  than a f l a t  c r y s t a l  spec t rometer  and o n l y  moderate 

a b e r r a t i o n s ;  and when necessary, a s m a l l e r  p o r t i o n  o f  t h e  spect rum can be 

c o l  1 e c t e d  a t  maxiinum r e s o l  u t i  on. 

The bandwidth o f  x - ray  e n e r g i e s  d e t e c t e d  i s  determined by t h e  s m a l l e r  o f  t h e  

Bragg ang le  ranges t h a t  t h e  c r y s t a l  o r  d e t e c t o r  subtends f rom t h e  source. I n  

o r d e r  t o  s tudy  an energy i n t e r v a l  l a r g e r  than a few hundred eV, even w i t h  a l o n g  

(- 10 crn) d e t e c t o r ,  t h e  c e n t r a l  Sragg ang le  range must be v a r i e d .  I n  Geometry 2, 

t h i s  i s  bes t  achieved by a t r a n s l a t i o n  o f  t h e  c r y s t a l  and a t r a n s l a t i o n  and r o t a -  

t i o n  o f  t h e  d e t e c t o r  ( f i g .  10). The i n t e n s i t y  o f  x - rays  a t  t h e  d e t e c t o r  i s  p r o -  

p o r t i o n a l  t o  t h e  number o f  x- rays r e f l e c t e d  by t h e  c r y s t a l ,  which i n  t u r n  i s  

p r o p o r t i o n a l  t o  t h e  s o l i d  ang le  R subtended by t h e  c r y s t a l  w i t h  respect. t o  t h e  

source. By moving t h e  c r y s t a l  away f rom t h e  source t o  reach s m a l l e r  Bragg ang les  

and h i g h e r  x - ray  energ ies ,  R decreases r a p i d l y .  A t  s m a l l e r  Bragg angles,  and 

hence h i g h e r  energ ies ,  t h e  e f f i c i e n c y  f o r  a g i v e n  c r y s t a l  i n  Geometry 2 des ign  

f a 1  1 s s i  g n i  f i c a n t  1 y. 
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Fig.  10. Geometry 2 - c r y s t a l  t r a n s l a t i o n  a d j u s t s  t h e  Bragg a n g l e  
range. 

11.8.3. Imaging i n  a R o t a t e d - C r y s t a l  , T i l t e d - D e t e c t o r  Geometry (Geometry 3 )  

An a l t e r n a t i v e  spec t rometer  des ign  denoted Geometry 3, was s t u d i e d  i n  an 

a t t e m p t  t o  p a r t i a l l y  a l l e v i a t e  t h e  e f f i c i e n c y  v a r i a t i o n  problem ( f i g .  l l a ) .  T h i s  

d e s i g n  u t i l i z e s  c r y s t a l  r o t a t i o n  t o  v a r y  t h e  Bragg ang le  range:  t h e  c r y s t a l  

c e n t e r  C = (xc,  - p ,  0) i s  f i x e d ,  and t h e  r o t a t i o n  i s  about  an a x i s  t h r o u g h  C i n  

t h e  z - d i r e c t i o n .  S ince xc i s  c o n s t a n t ,  AQ v a r i e s  as t h e  f i r s t  power o f  s inegc.  

A focus  o f  t h e  p o i n t  source Q = (0, yso, O),  t h e  s l i t  c e n t e r ,  i s  found by p l a c i n g  

t h e  d e t e c t o r  c e n t e r  a t  t h e  i n t e r s e c t i o n  of t h e  r e f l e c t e d  r a y  and t h e  r a y  f rom Q 

t h r o u g h  t h e  c r y s t a l  normal a d i s t a n c e  p above t h e  c r y s t a l  ( f i g .  l l b ) .  T h i s  

geometry i s  a l s o  w i t a b l e  f o r  PSPCs because of near-normal i n c i d e n c e  o f  t h e  x- rays 

w i t h  t h e  d e t e c t o r  o p t i m a l l y  o r i e n t e d .  

The advantage o f  more n e a r l y  c o n s t a n t  c o l l e c t i o n  e f f i c i e n c y  i n  Geometry 3 i s  

accompanied by a s u b s t a n t i a l  i n c r e a s e  i n  image d i s t o r t i o n .  Two q u a l i t a t i v e  

reasons f o r  t h i s  can i m m e d i a t e l y  be g iven.  F i r s t ,  r e c a l l  t h a t  y - a x i s  t r a n s l a -  

t i o n  o f  a l i n e  source causes a b e r r a t i o n s  i n  b o t h  Geometries 1 and 2. Yet i t  i s  

c l e a r  f rom f i g s .  12a and 12b t h a t  a l i n e  source i n  t h e  x-0 source p l a n e  bears 

t h e  same r e l a t i o n s h i p  t o  a r o t a t e d  c r y s t a l ,  as a t r a n s l a t e d  l i n e  source daes t o  

a n o n - r o t a t e d  c r y s t a l .  T h i s  e f f e c t i v e  t r a n s l a t i o n  o f  t h e  source induces  t h e  
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Fig .  11. a. Geometry 3 - c r y s t a l  r o t a t i o n  a d j u s t s  t h e  Bragg ang le  

b. The l o c a t i o n  o f  t h e  d e t e c t o r  i n  & o m t r y  3. Q i s  t h e  

range. The c r y s t a l  c e n t e r  i s  f i x e d  a t  C = (xc,  - p ,  0).  

s l i t  c e n t e r ;  C i s  t h e  c r y s t a l  cen ter ;  D i s  t h e  d e t e c t o r  
c e n t e r ;  N i s  a d i s t a n c e  p above C on t h e  noma1 t o  t h e  
c r y s t a l  a t  C; 0: i s  t h e  ang le  of r o t a t i o n  o f  t h e  c r y s t a l .  

g r e a t e r  d i s t o r t i o n .  

s i m p l e  c o o r d i n a t e  t r a n s f o r m a t i o n  because t h e  d e t e c t o r  has d i f f e r e n t  o r i e n t a t i o n s  

i n  t h e  two designs. Yet i t  does suggest a method, descr ibed below, of d e a l i n g  

w i t h  t h e  c o m p l e x i t i e s  o f  a r o t a t e d  c r y s t a l  c o n f i g u r a t i o n .  

Geoiiietry 3 cannot, however, be reduced t o  Georiretry 2 by a 
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x 

A c 

Fig.  12. The c o o r d i n a t e  t r a n s f o r m a t i o n  i n  Geometry 3. A r o t a t e d -  
c r y s t a l  geometry ( a )  is reduced t o  a n o n - r o t a t e d  C o n f i g u r a t i o n ,  ( b ) .  
Most r e f l e c t e d  rays are no t  focused on the d e t e c t o r  i n  Geometry 3 as 
shown i n  ( c ) :  F i n a l l y ,  (d )  shows 
t h e  coo rd ina te  system a t tached  t o  t h e  d e t e c t o r  i n  Geometry 3, a f t e r  t h e  
c o o r d i n a t e  t r a n s f o r m a t i o n  shown -in (b). 

t h i s  leads t o  i nc reased  a b e r r a t i o n s .  
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The second q u a l i t a t i v e  argument f o r  i n c r e a s e d  a b e r r a t i o n s  i n  Geometry 3 

i n v o l v e s  t h e  d e t e c t o r  placement. 

one i n c i d e n t  a t  C = ( x c ,  - p ,  0)  and t h e  o t h e r  a t  t h e  edge of t h e  c r y s t a l  

( f i g .  12c). The d e t e c t o r  i s  p laced so t h a t  t h e  r a y  i n c i d e n t  a t  C has a focus a t  

t h e  d e t e c t o r  c e n t e r ,  g i v e n  by t h e  Lensmaker's Law f o r  c y l i n d r i c a l  m i r r o r s  

Consider  t.wo x - rays  f rom t h e  s l i t  c e n t e r  Q ,  

where i and o a r e  t h e  l e n g t h s  o f  l i n e  segments D I  and SO shown i n  f i g .  12c. 

However, t h e  rays  i n c i d e n t  a t  t h e  c r y s t a l  edge w i l l  n o t  have a focus  on t h e  

d e t e c t o r .  Rather ,  t h e  degree o f  a b e r r a t i o n  i n  t h e  focus worsens as t h e  normal 

d i s t a n c e  f rom t h e  focus t o  t h e  d e t e c t o r  inc reases .  A d d i t i o n a l l y ,  f o r  smal l  

Bragg angles, t h i s  focus  has a m a g n i f i c a t i o n  g r e a t e r  than 1: t h u s  even a p e r f e c t  

focus  o f  t h e  source would r e s u l t  i n  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  e - e x t e n s i o n  o f  

t h e  image. 

The i n p u t  parameters necessary t o  f i n d  images i n  Geometry 3 a r e  t h e  r a d i u s  

o f  c u r v a t u r e  p ,  t h e  x - c o o r d i n a t e  o f  t h e  c r y s t a l  c e n t e r  xc, t h e  p o i n t  source 

c o o r d i n a t e s  y s  and zs ,  t h e  Bragg ang le  e g ,  and two new para ineters :  t h e  y- 

c o o r d i n a t e  o f  t h e  c e n t e r  o f  t h e  s l i t  yso, measur ing misa l ignment ;  and a d e s i r e d  

Bragg ang le  range ( e l , e 2 )  t o  be c o l l e c t e d  by t h e  spec t rometer .  We t h e n  s e t  

where a i s  t h e  c l o c k w i s e  r o t a t i o n  ang le  o f  t h e  c r y s t a l  f rom h o r i z o n t a l  

( f i g .  l l b ) .  

a n g u l a r  (energy)  range t o  be reached. The d e t e c t o r  p o s i t i o n  i s  found i n  

Appendix C (eq. C5) w i t h  t h e  r e s u l t  t h a t  t h e  c e n t e r  D = (XD, YD, 0)  i s  g i v e n  by 

T h i s  cho ice  o f  cx and 8BC a l l o w s  t h e  maximum p o r t i o n  o f  t h e  d e s i r e d  



23  

YSO +- P + xc  tany  
I_ X D  = ~ - - - -  

t a n y  t (yso - p cosu + p)/(xc + p sins) 

YD = (XD - X C )  tanY - P , 

' 

and Y = o B C - O r .  
z 

A c o o r d i n a t e  t r a n s f o r m a t i o n  i s  now made t o  a system i n  which t h e  x - a x i s  i s  t h e  

c r y s t a l ' s  a x i s  o f  r e v o l u t i o n  and t h e  source s l i t  i s  r o t a t e d  and t r a n s l a t e d  

( f i g .  12b). The method o f  Sect. 11.3 i s  now employed t o  f l n d  t h e  image p o i n t s  

P($) on t h e  d e t e c t o r  p lane.  F i n a l l y ,  a t r a n s f o r m a t i o n  is  made t o  a c o o r d i n a t e  

r 

system a t t a c h e d  t o  t h e  d e t e c t o r  ( f i g .  12d): 

e B c )  9 x + 5 = ( x  - x D R ) / ( - s i n  

y + r l = o y  

and z + z e 

where XDR i s  t h e  x - c o o r d i n a t  o f  0 i n  t h e  n 
.+ 

s o l u t i o n s  a r e  found i n  Appendix 0 t o  be 

XDR - YSK f 2 I BR I COS$ + XDR 

w coordl in 

co togc  

t e  system. The imag 

w i t h  ( c ,  r l ,  z )  g i v e n  by eq. ( 1 8 ) ,  and XDR, YDR, Y S R ~  XR, and I BR I g i v e n  bY 

(D3), ( M ) ,  and (D6) i n  Appendix D. 

! 

eqs. 

F i g u r e s  13a-d show images o f  l i n e  sources i n  Geometry 3. Note t h a t  y - a x i s  

t r a n s l a t i o n  and t h e  s h i f t  o f  08 f rom f 3 ~ ~  r e s u l t s  i n  s u b s t a n t i a l  i n c r e a s e  i n  t h e  

<-ex tens ion  o f  t h e  image. The t h i r d ,  and dominat ing ,  f a c t o r  c a u s i n g  a b e r r a t i o n s  

i s  t h e  ang le  o f  c r y s t a l  r o t a t i o n  a. Even a smal l  a n g l e  o f  r o t a t i o n  can g r e a t l y  

d i s t o r t  t h e  image a t  any Bragg angle,  even t h o s e  equal  t o  o r  d e v i a t i n g  o n l y  

s l i g h t l y  f rom egc. F i g u r e  14 shows p l o t s  o f  Ffw vs, Bg f o r  Geometry 3, ana lo -  

gous t o  f i g .  9 for  Geometry 2. Here Xc = 30.0 cm and n = 15.23' t o  ach ieve  
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F i g .  13. Images of l i n e  sources i n  Georrietry 3 w i t h  s tandard  para-  
meter  va lues  yso = 0, xc = 40.0 cm. 

a. ys = 0.015 ctn, e g  = e B C  = 32,42", s i m i l a r  t o  f i g .  Sb. 
a = 0.0": t h e r e  i s  no c r y s t a l  r o t a t i o n .  

b .  ys  = 0.015 cm, B B  = 30-0" ,  eBC = 32.42", n = o.o", as 
i n  f i g .  8c. 

c. y s  = 0.0 cm, eB = 35.0', BgC = 35.0', a = -2.58'. 
Small r o t a t i o n  o f  c r y s t a l  causes l a r g e  a b e r r a t i o n s .  

d. ys = 0.0 cm, Og = 32.0", f3BC = 35.0', a = -2.58". Both 
t h e  e f f e c t  o f  c r y s t a l  r o t a t i o n  and o f  a s h i f t  o f  O B  
f r o m  e B C  a r e  e v i d e n t  i n  l a r g e  a b e r r a t i o n s .  

OBC = 55.92' which f o r  q u a r t z ( l 0 i l )  g i v e s  a c e n t r a l - r a y  Bragg energy o f  2.24 keV. 

The Ffw a r e  2 t o  5 t i m e s  t h o s e  found f o r  Geometry 2 (see f i g .  9 ) .  As another  

example t o  show t h e  s t r o n g  a dependence, a c r y s t a l  r o t a t i o n  o f  2.43" g i v e s  Ffw 

va lues  f rom 1.99 t o  4.79 depending on OB, w i t h  xc = 40 crn, p = 25.4 cm, ~y = 

0.03 cm, and an energy range o f  2.12-2.40 keV. I f  a i s  i n c r e a s e d  t o  10.65" t o  

reach 4.5-5.5 keV, Ffw d r a m a t i c a l l y  i n c r e a s e s  t o  a range o f  15.35 t o  18.29. 
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Fig .  14. 
parameter  va lues  and w i t h  Ay = 0.03 cm, xc = 30.0 cm, CL = 15.23", 
o ~ c  = 55.92'. 
t h e  s i t u a t i o n  shown i n  F i g .  9 f o r  Geometry 2. The r o t a t i o n  o f  
t h e  c r y s t a l  has caused Ffw t o  have va lues  as h i g h  as 5.17. 

A p l o t  o f  F fw  vs. e 5  f o r  Geoirietry 3, w i t 1  s t a n d a r d  

The energy range i s  2.09 t o  2.43 keV, s i m i l a r  t o  

Thus w i t h  t h e  above s e t  o f  parameter  va lues,  t h e  f u l l  width E-ex tens ion  o f  the  

image i s  15 t i m e s  t h e  source w i d t h  ( t h e  fwhrn < - e x t e n s i o n  i s  a p p r o x i m a t e l y  10 

t i m e s  l a r g e r  t h a n  t h e  source  width. )  

x 

/ I '  

II.R.4. Comparison o f  Image Q u a l i t y  i n  t h e  Three,/Geometries. 

The va lues  o f  t h e  a b e r r a t i o n  f a c t o r  Ffw ( F i g s .  9 and 14) c l e a r l y  show t h e  

imag ing  s u p e r i o r i t y  o f  Geometry 2 over  Geometry 3. Another  comparison o f  image 

q u a l i t y  can be made by examin ing t h e  s i g n a l s  generated by t h e  PSPC i n  t h e  two 
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geometr ies.  The p r o p o r t i o n a l  counters  s u i t a b l e  f o r  use i n  Georrietries 2 o r  3 may 

be p o s i t i o n - s e n s i t i v e  i n  e i t h e r  one o r  two dimensions. One d imensional  c o u n t e r s  

a r e  u s e f u l  t o  our  s t u d i e s  when t h e y  a r e  a l i g n e d  a l o n g  t h e  5 - d i r e c t i o n ,  

i n t e g r a t i n g  s i g n a l s  i n  t h e  z - d i r e c t i o n :  a l l  s i g n a l s  w i t h  a < - c o o r d i n a t e  i n  a 

p a r t i c u l a r  i n t e r v a l  a r e  counted i n  t h e  same d a t a  channel. T h i s  i n t e g r a t i o n  can 

be s i m u l a t e d  by employ ing t h e  5 vs. z image p l o t s ,  as l o n g  as two assumptions 

a r e  made. F i r s t ,  we assume t h a t  a r e c t a n g u l a r  source s l i t  i s  u n i f o r m l y  i l l u r n i -  

nated. T h i s  a l l o w s  t h e  source t o  be approx imated by an a r r a y  of p o i n t  sources 

e v e n l y  spaced i n  t h e  y- and z - d i r e c t i o n s ,  each i s o t r o p i c a l l y  e m i t t i n g  x - rays  

w i t h  t h e  same i n t e n s i t y .  Secondly, assume p >> zs f o r  a l l  p o i n t  sources S 

a p p r o x i m a t i n g  t h e  s l i t .  Then each u n i t  o f  s u r f a c e  area A A  on t h e  c r y s t a l  sub- 

tends  t h e  same s o l i d  ang le  f o r  any angle $ w i t h  respec t  any source p o i n t  S. Now 

i t  can be seen t h a t  each x - ray  f rom S t o  R ( $ )  r e f l e c t e d  t o  P ( $ ) ,  f o r  a l l  S and 

a l l  q 9  r e p r e s e n t s  an equal amount o f  i n t e n s i t y  when $, ys, and zs a r e  e v e n l y  

incremented.  T h i s  f o l l o w s  f rom t h e  above assumpt ions:  f o r  any one S, i n c r e -  

ment ing  $ marks o f f  equal areas o f  t h e  c r y s t a l  A A ,  which subtend equal s o l i d  

ang les  AR w i t h  respec t  t o  S as shown above. The number o f  x - rays  s t r i k i n g  A A  i s  

p r o p o r t i o n a l  t o  AR,  and t h i s  i s  equal t o  t h e  number o f  x- rays r e f l e c t e d  from A A  

t o  t h e  neighborhood o f  P ( $ ) .  S ince a l l  p o i n t  sources S emi t  s i m i l a r l y ,  each 

image p o i n t  r e p r e s e n t s  t h e  same amount o f  i n t e n s i t y .  So by i n t e g r a t i n g  t h e  

image p o i n t s  i n  t h e  z - d i r e c t i o n  and p l o t t i n g  a g a i n s t  t h e  < - c o o r d i n a t e ,  we simu- 

l a t e  t h e  i n t e g r a t i o n  p h y s i c a l l y  per formed by t h e  one-d imensional  PSPC and 

genera te  a p l o t  o f  c o u n t i n g  i n t e n s i t y  vs. 5 .  F i g u r e s  15 and 16 g i v e  sample 

p l o t s  of r e l a t i v e  i n t e n s i t y  vs. 5 f o r  Geometries 2 and 3, r e s p e c t i v e l y ,  g i v e n  a 

source  h e i g h t  Ay = 0.03 cm, s tandard  parameter  va lues,  and v a r i o u s  Bragg angles 

and s l i t  a l ignments .  Once again,  t h e  imaging q u a l i t y  o f  Geometry 2 i s  seen t o  

be s u p e r i o r  t o  Geometry 3: t h e  fwhm o f  t h e  i n t e n s i t y  p l o t s  a re  g r e a t l y  

i n c r e a s e d  by any r o t a t i o n  o f  t h e  c r y s t a l ,  

To summarize, we have s t u d i e d  t h e  imaging p r o p e r t i e s  o f  the von Harrios-type 

c u r v e d - c r y s t a l  x - r a y  spec t rometer  f o r  t h r e e  d i f f e r e n t  tiesi gn geometr ies.  The 
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F i g .  15. Plots  o f  i n t e n s i t y  vs.  p o s i t i o n  on d e t e c t o r  ( 5 )  i n  Geometry 

The Bragg ang le  eg  = 3 2 . 4 2 O ,  and these rays  t h u s  s t r i k e  
t h e  c r y s t a l  c e n t e r .  The i n t e n s i t y  p a t t e r n  has a w i d t h  
s l i g h t l y  l a r g e r  t h a n  t h e  s l i t  w i d t h  (Ffw = 1). 

b .  A t r a n s l a t i o n  of t h e  source s l i t  a l o n g  t h e  y - a x i s  by an 
amount 0.015 cm, w i t h  t h e  same parameters and w i t h  
O B  = 32.42". The p a t t e r n  i s  s h i f t e d  a l o n g  t h e  d e t e c -  
t o r ,  b u t  i s  n o t  broadened. 

2 f u r  i n p u t  paraineters i d e n t i c a l  t o  t h o s e  i n  f i g .  8. 

a. 

c. Changing t h e  Bragg a n g l e  t o  O B  = 29.94" leads  t o  a coma 
e f f e c t ;  t h e s e  rays s t r i k e  t h e  edge o f  t h e  c r y s t a l .  F fw  
i n c r e a s e s  t o  a p p r o x i m a t e l y  4. (Ffwhm 2 1.7) 
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F i g .  16. 
t e r s  as i n  f i g .  15 and xc = 40.0 cm. 

a. 

P l o t s  o f  i n t e n s i t y  vs. 6 f o r  Geometry 3 w i t h  i n p u t  parame- 

O B  : 32.42", a = 0.0'. 
(no  c r y s t a l  r o t a t i o n ) .  

b. Og = 35.O0, a = -2.58". 

This i s  i d e n t i c a l  t o  f i g .  155 

Here F f w  = 2.5, and t h e  
i n t e n s i t y  C '  p a t t e r n  i s  t h a t  o f  t h e  image shown i n  
119 .  13c. N o t i c e  t h e  low energy t a i l  i n  t h e  p a t t e r n .  
rhese rays  do s t r i k e  t h e  c e n t e r  o f  the  c r y s t a l .  

c. es - .10.0', a = -2.58". 
c r y s t a l  r o t a t i o n  and s h i f t  o f  3 ~ .  
approx i ina te ly  5. 

T h i s  has b o t h  e f f e c t s  o f  
Ffw has grown t o  



f i r s t  des ign  i n v o l v e s  p l a c i n g  a d e t e c t o r  a long  t h e  c r y s t a l ' s  a x i s  o f  r e v o l u t i o n :  

t h i s  des ign,  i d e a l  f o r  s o l i d  s t a t e  o r  f i l m  enlu s i o n  d e t e c t o r s ,  o f f e r s  s u p e r i o r  

image q u a l i t y .  A second des ign  i n v o l v e s  t i l t i  g t h e  d e t e c t o r  towards t h e  

c r y s t a l  t o  a l l o w  near-normal x - r s y  i nc idence .  The c r y s t a l  and t h e  d e t e c t o r  a re  

t r a n s l a t e d  t o  va ry  t h e  Bragg ang le  range. Th is  des ign  i s  i d e a l  f o r  p o s i t i o n -  

sens i  t i v e  p r o p o r t i o n a l  coun te rs ,  and has o n l y  s l i g h t l y  g r e a t e r  a b e r r a t i o n s  than  

t h e  f i r s t  c o n f i g u r a t i o n .  

t h e y  s u f f e r  f rom s t r o n g  c o l l e c t i o n  e f f i c i e n c y  v a r i a t i o n  w i t h  c e n t r a l  Rragg angle 

f o r  a g i ven  c r y s t a l .  A t h i r d  des ign  i n v o l v e s  f i x i n g  t h e  s o u r c e - t o - c r y s t a l  

d i s t a n c e  and r o t d t i n g  t h e  c r y s t a l  about i t s  c e n t e r  t o  v a r y  t h e  Rragg angle range. 

Th is  des ign  o f f e r s  g r e a t e r  c o l l e c t i o n  e f f i c i e n c y  over  t h e  d e t e c t e d  bandwidth,  

e s p e c i a l l y  a t  h i g h  energ ies,  t h a n  t h e  p r e v i o u s  des igns.  However, a severe 

i n c r e a s e  i n  image d i s t o r t i o n ,  even a t  smal l  c r y s t a l  r o t a t i o n s ,  makes t h i s  des ign  

u n s u i t a b l e  f o r  most h i g h  r e s o l u t i o n  needs. 

The main d isadvantage f o r  bo th  o f  t hese  des igns i s  t h a t  

A1 1 t h r e e  des igns o f f e r  advantages over  f l a t - c r y s t a l  and c u r v e d - c r y s t a l  

h o r i z o n t a l  - f o c u s i n g  spect rometers.  F i  r s t  , t h e  von liamos geometry g i  ves a 1 arge 

g a i n  i n  i n t e n s i t y  o f  x - rays  a t  t h e  d e t e c t o r  over  f l a t - c r y s t a l  t ypes :  t h e  t i l t e d -  

d e t e c t o r  des ign  does t h i s  w i t h  o n l y  moderate a b e r r a t i o n s .  

t i o n  o f  t h e  x - ray  spectrum may be c o l l e c t e d  a t  each p o s i t i o n i n g  o f  t h e  c r y s t a l  

and d e t e c t o r :  h o r i z o n t a l - f o c u s i n g  spec t romete rs  u s i n g  p o i n t  o r  s l i t  sources 

r e q u i r e  scanning o f  t h e  c r y s t a l  and d e t e c t o r  t o  c o l l e c t  a s i z e a b l e  energy range. 

W i th  a moderate-s ize c r y s t a l ,  t h e  t i l t e d - d e t e c t o r  des ign  can c o l l e c t  A E / E  r 10% 

w i t h o u t  scanning, and by masking t h e  ends of t h e  c r y s t a l ,  a s m a l l e r  range can be 

c o l l e c t e d  w i t h  t h e  h i g h e s t  energy r e s o l u t i o n  p o s s i b l e  i n  t h e  von Hamos geometry. 

Second, a l a r g e  po r -  

I I .C. Cons t ruc t  i on De ta i  1 s . 
Rased on t h e  above c o n s i d e r a t i o n s  and on t h e  a v a i l a b i l i t y  of commercial 

components, we dec ided t o  c o n s t r u c t  a Geometry 2 t y p e  von Hamos spec t romete r  

(as  d i s p l a y e d  s c h e m a t i c a l l y  i n  f i y . 1 7 )  acco rd ing  t o  t h e  f o l l o w i n g  system para-  
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F ig .  17. Schematic o f  von Hamos spect rometer  as cons t ruc ted .  View 
i s  of p lane  c o n t a i n i n g  t h e  i o n  beam and t h e  c r y s t a l  axes. 
c o n t r o l l e d  ad jus tment  mo t ions  o f  c r y s t a l  an3 d e t e c t o r  a r e  i n d i c a t e d  by 
arrows. 

Remotely 
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n 

P 

mete rs :  ( 1 )  The c r y s t a l  r a d i u s  i s  s e t  a t  p < 25.4 cm. As noted p r e v i o u s l y ,  a 

r e q u i r e d  energy r e s o l u t i o n  o f  6 E / E  6 1/2500 t o g e t h e r  w i t h  r e a l i s t i c  source 

w i d t h  o f  w s  > 0.2 iixn 

cm. 

be achieved. For measurements n o t  r e q u i r i n g  such h i g h  r e s o l u t i o n ,  use o f  

c r y s t a l s  w i t h  s m a l l e r  p i s  a l s o  p o s s i b l e .  ( 2 )  The adjustment  o f  c r y s t a l  and 

d e t e c t o r  r e l a t i v e  p o s i t i o n s  a l l o w s  t h e  c e n t r a l  Bragg angle (one) t o  be v a r i e d  

f rom 30 t o  70 degrees which g i v e s  f u l l  coverage o f  x - ray  energ ies  f rom 1 t o  10 

keV u s i n g  o n l y  a few d i f f e r e n t  c r y s t a l s .  T h i s  angu la r  range t o g e t h e r  w i t h  p = 

25.4 cm determines t h e  s c a l e  f o r  t h e  s i z e  o f  t h e  i n s t r u m e n t  (and t h e  c o n t a j n i n g  

vacuum v e s s e l )  t o  app rox ima te l y  60 x 120 x 15 cm3. 

t o r  l e n g t h s  a re  s e t  a t  10 cm t o  achieve a d e t e c t e d  energy bandwidth A E I E  > 10%. 

C o n s u l t a t i o n  w i t h  v a r i o u s  c r y s t a l  p r e p a r a t i o n  exper t s10  l e d  us t o  10 x 10 crn2 

as t h e  maxiilium c r y s t a l  s i z e  ( f o r  p = 25.4 cm). The t h i n  c r y s t a l s  a r e  p e r -  

manent ly  g lued i n  p l a c e  on aluniinuin b l o c k s  machined t o  a p r e c i s e  concave 

c y l i n d r i c a l  su r face .  We have o rde red  and r e c e i v e d  two c r y s t a l s  ( I n t e r a c t i v e  

R a d i a t i o n ,  Inc.; Nor thva le ,  NJ), 

p a r t i c u l a r l y  s u i t e d  f o r  s tudy  o f  s u l f u r  K, s a t e l l i t e s ;  The o t h e r  i s  ADP(IO1) 

w i t h  2d spacing of 10.648 8.  

e s s e n t i a l l y  d i c t a t e s  t h a t  t h e  c r y s t a l  r a d i u s  be p 3 F-14 

With F h e l d  t o  6 2, p = 25.4 cm p e r m i t s  t h e  r e q u i r e d  energy r e s o l u t i o n  t o  

( 3 )  The c r y s t a l  and de tec -  

One i s  q u a r t z ( l O i 1 )  w i t h  2d spac ing  o f  6.687 A 

The d e t e c t o r  i s  a commercial (TEC, K n o x v i l l e ,  Model 210F) p o s i t i o n -  

s e n s i t i v e  p r o p o r t i o n a l  counter .  I t  i s  a g a s - f l o w  t y p e  w i t h  a t h i n ( l 2  pm) a l u m i -  

n i z e d  m y l a r  window a l l o w i n g  o p t i r r l i z a t i o n  o f  e f f i c i e n c y  and s p a t i a l  r e s o l u t i o n  

f o r  x- rays o f  v a r i o u s  e n e r g i e s  by a p p r o p r i a t e  cho ices  o f  working-gas, pressure,  

and b i a s .  

p ressu re  o f  1 atmosphere. 

o f  f rom t h e  two ends o f  t h e  q u a r t z - f i b e r  anode.11 

p o s i t i o n  r e s o l u t i o n  i s  measured t o  be 150 um a t  a b i a s  o f  4-1385 v o l t s .  The 

d e t e c t i o n  e f f i c i e n c y  a t  8 keV i s  > 80%. 

who1 l y  w i t h i n  t h e  vacuum chamber, 

I n i t i a l l y ,  a t  2.3 keV, we a re  u s i n g  P10 gas(90% A r ,  10% CH4) a t  a 

P o s i t i o n  o f  d e t e c t e d  x- rays i s  deter l i i ined by t i m i n g  

The full-width-half-maxinium 

The d e t e c t o r  and p r e a m p l i f i e r s  ope ra te  
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The x- ray  source c o n s i s t s  o f  a s p a t i a l l y  w e l l - d e f i n e d ,  i o n  (o r  e l e c t r o n ) -  

t a r g e t  i n t e r a c t i o n  reg ion .  

genera te  x- rays i n  the t a r g e t  c e l l  shown i n  f i g .  18. The i o n  beam i s  c o l l i m a t e d  

by two s e t s  o f  4 - j a w  s l i t s  s i t u a t e d  200 and 60 cm upstream o f  t h e  t a r g e t .  

skimmer mounted immedia te ly  i n  f r o n t  o f  t h e  t a r g e t  on t h e  t a r g e t  c e l l  o u t e r  

C o l l i s i o n s  o f  e i t h e r  e l e c t r o n s  o r  h igh-energy  i o n s  

4 beam 

CYbl B 

ET 

Fig.  18. Target  c e l l  x - ray  source assembly. Target  x - rays  are  
genera ted  by e i t h e r  e l e c t r o n  o r  i o n  impact .  Source s i z e  i s  determined 
by ( 1 )  i o n  spot  s i z e  o r  ( 2 )  x - ray  l i m i t i n g  s l i t s  mounted on t h e  i n n e r  
cy1  i nder .  
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4. 

cy1 i nder  reduces t h e  extended spray of s l  i t - s c a t t e r e d  i o n s  and guarantees t h a t  

t h e  i o n  beam p o s i t i o n  on t h e  t a r g e t  i s  s t a b l y  l oca ted ,  Typ ica l  beam-on-target 

w id ths ,  measured f rom beam spots  observed a f t e r  l e n g t h y  bombardments 

,.- 0.3 mm. For  s o l i d s ,  t h e  t a r g e t s  a r e  mounted on an e l e c t r i c a l l y  i s o l a t e d  

l a d d e r  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  f i g .  18. The t a r g e t  l a d d e r  p o s i -  

t i o n  i s  r i g i d l y  ma in ta ined  by a gu ide  t r a c k  f i x e d  w i t h i n  t h e  t a r g e t  c e l l ,  so 

t h a t  exac t  r e p o s i t i o n i n g  o f  t h e  x - ray  source r e g i o n  may be achieved when 

t a r g e t s  a re  changed. Th is  i s  an i m p o r t a n t  f e a t u r e  which i s  d i scussed  i n  more 

d e t a i l  i n  Chapter 111. The two c y l i n d e r s  shown s u r r o u n d i n g  t h e  t a r g e t  a re  a l s o  

e l e c t r i c a l l y  i s o l a t e d  so t h a t ,  w i t h  a p p r o p r i a t e  b i a s i n g ,  beant c u r r e n t  may be taken  

f rom t h i c k  t a r g e t s  f o r  n o r m a l i z a t i o n  and/or beam m o n i t o r i n g .  

c o n t a i n s  t h e  x - ray  d e f i n i n g  s l i t s  which may be e x t e r n a l l y  r o t a t e d  w i t h  respec t  t o  

t h e  c y l i n d e r  a x i s .  The f i x e d  o u t e r  c y l i n d e r  i s  an x-ray s h i e l d  used t o  reduce 

d e t e c t e d  background by l i m i t i n g  d e p a r t i n g  x- rays t o  t hose  t h a t  f a l l  on t h e  c r y s t a l  

d i r e c t l y .  A t ungs ten  f i l a m e n t  f o r  e l e c t r o n  impact x - ray  p r o d u c t i o n  i s  a l s o  

mounted on t h i s  c y l i n d e r ,  as i n d i c a t e d .  

amount t o  

The i n n e r  c y l i n d e r  

The c r y s t a l  d e t e c t o r  and t a r g e t  c e l l  a re  a l l  c o n t a i n e d  i n  a s t a i n l e s s  s t e e l  

vacuum chamber as shown i n  f i g .  19. 

p ressu re  by a 350 & /s  cryopurnp. 

s i d e  p e r m i t  access f o r  c r y s t a l  and d e t e c t o r  adjustrrient and replacement,  The 

c r y s t a l  and d e t e c t o r  a re  mounted on c a r r i a g e s  suppor ted by d o v e - t a i l  t r a c k s  w i t h  

p r e c i s i o n  l ead  screw d r i v e s  which a r e  c o n t r o l  l e d  and mon i to red  e x t e r n a l l y .  

S i m i l a r l y ,  t h e  r o t a t i o n a l  o r i e n t a t i o n  of t h e  d e t e c t o r  w i t h  respec t  t o  t h e  c r y s t a l  

a x i s  i s  e x t e r n a l l y  a d j u s t a b l e .  The c r y s t a l  and d e t e c t o r  mount ing t r a c k s  a r e  

a l i g n e d  p a r a l l e l  by u s i n g  a l a s e r  beam r e f l e c t e d  from a m i r r o r e d  t a r g e t  t o  the 

c r y s t a l  and o n t o  t h e  d e t e c t o r  c e n t e r  a t  a l l  p o s i t i o n s  a long  i t s  t r a c k .  Once 

a l i g n e d ,  t h e  t r a c k s  a r e  l o c k e d  i n  place. 

The chamber i s  pumped t o  - l x l O - 7  t o r r  s t a t i c  

Two l a r g e  r e c t a n g u l a r  p o r t s  on t h e  chairher 

The t h i n  my la r  d e t e c t o r  window p e r m i t s  a smal l  l e a k  r a t e  o f  d e t e c t i n g  gas i n t o  

t h e  vacuum chamber so t h a t  t h e  spect rometer  o p e r a t i n g  p ressu re  i s  t y p i c a l l y  - 10-6 



34 

Fig .  19. Drawing o f  spect ro ineter  vacuum chamber showing mechanica l  
assembly o f  c r y s t a l  and d e t e c t o r ,  t h e i r  mount ing t r a c k s ,  and mot ion  
c o n t r o l s .  

t o r r .  A t  t h e  Hol i f i e l d  Heavy I o n  Research Faci  1 i t y  (HHIRF) tandem accel  e r a t o r  , 

beaml ine pressures  a r e  - 10-8 t o r r .  To accommodate t h e  l a r g e  pressure  d i f f e r e n -  

t i a l ,  a l i q u i d  n i t r o g e n  t r a p p e d  vacuum i s o l a t o r  i s  p laced a t  t h e  e n t r a n c e  t o  t h e  

spect rometer .  

The Spectrometer  chamber i s  mounted v e r t i c a l l y  on a m o b i l e  s tand which has 

j a c k i n g  screws f o r  l e v e l i n g  and h e i g h t  ad just i i ient .  

f i g u r a t i o n  f o r  t h e  e n t i r e  ins t ru rnent  a t t a c h e d  Lo a HHIRF tandern beaml ine i s  shown 

i n  f i g .  20. 

A t y p i c a l  o p e r a t i n g  con- 
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I 

Fig.  20. Photograph of spectrometer as attached t o  the  HHIRF tandem 
acce lera tor  beam l i n e .  Ion beam enters from t h e  l e f t .  
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111. OPERATIONAL CHARACTERISTICS 

I1I.A. C a l c u l a t e d  and Measured Performance. 

The s e l e c t e d  30"- 70" ang le  range and t h e  Bragg r e l a t i o n  [eq. ( l ) ]  de te rm ine  

t h e  energ ies  a c c e s s i b l e  t o  a s i n g l e  c r y s t a l .  

and d e t e c t o r ,  t h e  d e t e c t e d  energy bandwidth AE i s  l i m i t e d  by t h e  component which 

subtends t h e  s m a l l e r  opening ang le  A 9  t h r o u g h  eq. ( 2 ) ,  r e w r i t t e n  he re  as 

A t  a g i v e n  p o s i t i o n i n g  o f  c r y s t a l  

c 

For ou r  des ign  parameters o f  p = 25.4 cm, d e t e c t o r  l e n g t h  ( e o )  = 10 cm, and 

c r y s t a l  l e n g t h  ( k c )  = 10 cm, t h e  d e t e c t o r  i s  t h e  l i m i t i n g  component and ~0 i s  

g i v e n  by 

A e  = t a n - ' [ a ~ / ( 2 p * s i n o g c ) ]  . (20)  

F i g u r e  21 d i s p l a y s  t h e  energ ies  d i f f r a c t e d  by f o u r  example c r y s t a l s  which span 

t h e  1.25 t o  10 keV energy reg ion .  The d e t e c t o r - l i m i t e d  bandwidth is a l s o  shown 

the re .  

To a ve ry  c l o s e  approx ima t ion ,  

The x - ray  energy s c a l i n g  w i t h i n  a d e t e c t e d  bandwidth i s  weakly n o n - l i n e a r .  

E (n )  = Eo + A*(n-no)  + B* (n -no )2  , ( 2 1 )  

where Eo i s  t h e  x - ray  energy a t  d a t a  channel no near  d e t e c t o r  c e n t e r ,  A i s  t h e  

d i s p e r s i o n  i n  eV per  data channel a t  channel  no, and 

POS 

The 

t i o n s  nl and n2 o f  two l i n e s  o f  known energ ies  €1 and E2, r e s p e c t i v e  

energy pe r  channel i s  g i v e n  by (E2-E l ) / (n2 -n1 )  and t o  a f i r s t  approx 

I n  normal o p e r a t i o n  , an energy c a l  i b r a t  i o n  is accompl i shed by measur ing channel 

Y =  

mat i on, 
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Fig .  21. C e n t r a l  Bragg angle t3BC versus  d e t e c t e d  x - r a y  energy f o r  
f o u r  10 crn l o n g  c r y s t a l s ,  Shaded r e g i o n  i n d i c a t e s  d e t e c t o r - l i m i t e d  
bandwidth a t  d g i v e n  c e n t r a l  angle,  Spectrorr ieter a1 lows 30°<8BC<700 
rdnge o f  o p e r a t i o n .  

The c l o s e r  ( i n  energy and channel number) E l  and Ea are ,  the more a c c u r a t e  t h e  

a p p r o x i m a t i o n  f o r  no, h u t  t h e  l e s s  p r e c l s e  t h e  d e t e r m i n a t i o n  o f  A, A b e t t e r  

F i g u r e  22 shows measured ( p o i n t s )  and calculated ( c u r v e )  energy vs. channel number 

d a t a  f o r  e l e c t r o n - i m p a c t  genera ted  Z r  L ~ 1 1 ~ 2 ,  81,  ~h, !+ ,  ~ 3 ,  a2,15 l i n e s  u s i n g  

and 81 f o r  E l ,  n l  and E 2 ,  n2 d e t e r m i n a t i o n s .  The energy d isp lacements  of 

8 3  and p2,15, f rom t h e  c a l i b r a t i o n  curve  amount t o  l e s s  t,han one p a r t  i n  1000. 
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Fig .  22. Detec ted  p o s i t i o n  versus x - r a y  energy i n  t h e  2.3 t o  2 - 5  keV 
energy r e g i o n  u s i n g  a q u a r t z  (lOTl), 2d = 6.6878 c r y s t a l  w i t h  r a d i u s  o f  
25.4 cm. P o i n t s  are 4 keV e l e c t r o n - e x c i t e d  z i r c o n i u m  L,,B x- ray  l i n e  
p o s i t i o n s  measured from the  d i s p l a y e d  spectrum. The s o l i d  c u r v e  con- 
n e c t i n g  t h e  p o i n t s  i s  g i v e n  by eq. 21 as e x p l a i n e d  i n  t h e  t e x t  u s i n g  

and L B I  as c a l i b r a t i o n  p o i n t s .  
,2 

The t o t a l  energy r e s o l u t i o n  w i t h i n  a bandwidth v a r i e s  w i t h  energy because o f  

two e f f e c t s .  It was shown i n  Sect. I I .B .2  t h a t  imaging d i s t o r t i o n s  maximize f o r  

x - rays  d e t e c t e d  f a r  froiri t h e  c e n t r a l  Bragg ang le  8BC. These d i s t o r t i o n s  r e s u l t  i n  

i n c r e a s e d  1 i n e w i d t h  b roaden ing  by about 10% o f  t h e  w i d t h  f o r  optimum r e s o l u t i o n .  

A d d i t i o n a l l y ,  s p a t i a l  b roaden ing  occurs  f o r  t h e s e  o f f - n o r m a l  rays  due t o  conver-  

s i o n  o f  x - rays  a t  v a r i o u s  depths w i t h i n  t h e  work ing  gas o f  t h e  d e t e c t o r .  To s t u d y  

t h i s  e f f e c t  d i r e c t l y ,  a narrow l i n e  (Molybdenum LBl) e x c i t e d  by e l e c t r o n  impact 

was l o c a t e d  a t  t h e  c e n t e r  o f  t h e  d e t e c t o r  and observed as a f u n c t i o n  o f  d e t e c t o r  
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o r i e n t a t i o n ,  The measured f u l l - w i d t h - h a l f - m a x i m u n  i s  p l o t t e d  i n  f i g .  23 versus 

t h e  ang le  o f  i nc idence .  As shown t h e r e ,  d e v i a t i o n s  f rom 90" g r e a t e r  t han  about 

f i v e  degrees produce s i g n i f i c a n t  l i n e  broadening. 

r e s o l u t i o n  t h e  t o t a l  opening ang le  must be l i m i t e d  t o  -.. i 5'. A t  = 51" t h e  

angu la r  acceptance w i d t h  of t h e  10 cm l o n g  d e t e c t o r  i s  l e s s  than  If; 5" as shown 

i n  f i g .  23. However, a t  O,BC = 70' t h e  d e t e c t o r  acceptance maximizes a t  !C 5.3" 

and t h e r e  i s  n o t i c e a b l e  (15%)  r e s o l u t i o n  broadening a t  t h e  ends o f  t h e  d e t e c t e d  

bandwidth. These measurement5 were made w i t h  P10 d e t e c t i n g  gas a t  1 atmosphere 

There fo re ,  f o r  o p t i m i z e d  

F i g .  
P'O 

x- rays.  
perpend 
shown. 

----T-------T- I I I 

75 80 85 90 95 100 4105 
ANGLE OF INCIDENCE (deg) 

23. Measured l i n e  w i d t h  o f  e l e c t r o n - e x c i t e d  molybdenum 
t e d  versus d e t e c t o r  o r i e n t a t i o n  w i t h  respec t  t o  d e t e c t e d  

When t h e  d e t e c t o r  i s  cen te red  on t h e  l i n e  and o r i e n t e d  
c u l a r  t o  t h e  incoming x- rays,  i t  has t h e  angu la r  acceptance 
C r y s t a l  used was q u a r t z  (1011) and a ~ c  = 51". 
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pressure .  I - l igher p ressures  and/or h e a v i e r  d e t e c t i o n  gases a l l o w  l a r g e r  ang les  

and t h e r e f o r e  w ider  bandwidths. For  example, Xe a t  1 atmosphere shou ld  p e r m i t  

ang les  d e v i a t i n g  f rom normal i n c i d e n c e  t h a t  a re  - 5 t i m e s  l a r g e r  f o r  2 , 5  keV 

x- rays .  

I n  p r a c t i c e  t o t a l  energy r e s o l u t i o n  depends on a v a r i e t y  o f  f a c t o r s .  An 

example i s  g i v e n  below f o r  A1 Ka1,2 x - rays  a t  1.49 keV e x c i t e d  by 5 keV 

e l e c t r o n s .  The c r y s t a l  used was ADP(101), 2d = 10.648A w i t h  a 25.4 cm r a d i u s  o f  

c u r v a t u w .  C o n t r i b u t i o n s  t o  r e s o l u t i o n  l o s s  i n c l u d e :  

( a )  f i n i t e  source w i d t h  ( w s  = 250 urn) and imaging d i s t o r t i o n  ( F > 1 )  e f f e c t s  

( b )  f i n i t e  d e t e c t o r  s p a t i a l  r e s o l u t i o n  (AXD - 1 5 0 ~ ~ 1 )  

Ecosog 

2 P  
6 E D  Y -I_.- A X D  = 0.27 eV . 

( c )  C r y s t a l  r e s o l v i n g  power (Rc - 8000) 

6 E c  = (E/Rc) = 0.19 eV . 
( d )  N a t u r a l  ( L o r e n t i m i a n  shaped) a tomic  l i n e  w i d t h s  (0.43 eV) and 

KaL,a2 s e p a r a t i o n  (0.43 eV) 6E,4 2 0.75 eV . 

One o f  t h e  rriost d i s t i n c t i v e  f e a t u r e s  o f  t h i s  i n s t r u m e n t  i s  i t s  h i g h  c o l l e c -  

t i o n  e f f i c i e n c y .  Whi le  t h e  "speed" o f  a c r y s t a l  spec t rometer  can be expressed 

i n  severa l  d i f f e r e n t  ways, f o r  e s t i m a t e s  o f  count  r a t e s  i n  a s i n g l e  l i n e ,  t h e  

t o t a l  e f f i c i e n c y  f o r  d e t e c t i o n  o f  x- rays w i t h i n  a r e s o l u t i o n  w i d t h  i s  p r o b a b l y  

most u s e f u l .  T h i s  can be d e f i n e d  as t h e  r a t i o  o f  t h e  number o f  x - rays  d e t e c t e d  

w i t h i n  a r e s o l u t i o n  w i d t h  ( I d )  t o  t h e  t o t a l  number e m i t t e d  ( I t o t ) .  Assuming 

i s o t r o p i c  emiss ion  t h i s  r a t i o  i s  g i v e n  by 
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I n  eq. ( 2 5 ) ,  Rav i s  t h e  c r y s t a l  r e f l e c t i v i t y  averaged over  t h e  c r y s t a l  r o c k i n g  

angle,  AQ i s  t h e  p r o d u c t  o f  t h e  c r y s t a l  h e i g h t  ( i n  r a d i a n s  froiii t h e  source)  and 

t h e  opening a n g l e  c o r r e s p o n d i n g  t o  t h e  a n g u l a r  t o t a l  system r e s o l u t i o n  which can 

be approx imated as 

Here, ws i s  t h e  w i d t h  o f  t h e  source and wd i s  t h e  d e t e c t o r  s p a t i a l  r e s o l u t i o n  

w id th .  I n  our i n s t r u i n e n t ,  t h e  c r y s t a l  r o c k i n g  ang le  w c  i s  u s u a l l y  i n s i g n i f i -  

can t ,  De f f  i s  t h e  d e t e c t o r  e f f i c i e n c y  i n c l u d i n g  window absorp t ion .  For  a 10 cin 

h i g h  q u a r t z ( l 0 i l )  c r y s t a l  , 250 urn wide source, 150 urn d e t e c t o r  r e s o l u t i o n ,  arid 

a t  2.3 keV, where t h e  d e t e c t i o n  e f f i c i e n c y  i s  e s t i m a t e d  t o  be 3576, t h e  c a l c u -  

l a t e d  e f f i c i e n c y  per  r e s o l u t i o n  w i d t h  i s  about 2 x 1W6. The 10 cm l o n g  PSPC 

k s i m u l t a n e o u s l y  i n t e r c e p t s  over  300 r e s o l u t i o n  w id ths .  

The spec t rometer  e f f i c i e n c y  can vary  s i g n i f i c a n t l y  (even w i t h i n  a handwid th)  

* i f  t h e  c r y s t a l  r e f l e c t i v i t y  o r  d e t e c t o r  e f f i c i e n c y  changes w i t h  p o s i t i o n  due t o  

i m p e r f e c t i o n s .  W i t h  o u r  i n s t r u m e n t ,  t h e  p o r t i o n s  o f  t h e  c r y s t a l  and d e t e c t o r  

b e i n g  used t o  d e t e c t  a p a r t i c u l a r  energy x - ray  can be v a r i e d  i n  a c o n t r o l l e d  

way, so t h a t  t h e  r e l a t i v e  i n s t r u i n e n t a l  e f f i c i e n c y  as a f u n c t i o n  o f  x - r a y  energy 

can be measured d i r e c t l y  as d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

111. B, Spec ia l  O p e r a t i o n a l  C o n s i d e r a t i o n s  

I I I . B . l .  C o r r e c t i o n s  f o r  C r y s t a l  and D e t e c t o r  E f f i c i e n c y  V a r i a t i o n s .  

There a r e  s e v e r a l  s u b t l e  e f f e c t s  i n  t h e  o p e r a t i o n  o f  a von Hamos geometry 

spec t rometer  which can s i g n i f i c a n t l y  a f f e c t  t h e  a c q u i r e d  spec t ra .  As w i t h  a l l  

wavelengt-h d i s p e r s i v e  i n s t r u m e n t s ,  s p e c t r a l  d a t a  iriust be i n t e r p r e t e d  c a u t i o u s l y  

i n  r e g i o n s  near  s t r o n g  r e f l e c t i v i t y  changes, e.g., near a b s o r p t i o n  edges espe- 

c i a l l y  t h o s e  o f  t h e  e lements composing t h e  c r y s t a l .  I n  p r a c t i c e ,  c a r e  i s  t a k e n  

t o  a v o i d  known r e g i o n s  of r a p i d  r e f l e c t i v i t y  v a r i a t i o n ,  and d a t a  a r e  c o r r e c t e d  



by  d i v i d i n g  t h e  raw s p e c t r a  by measured or  c a l c u l a t e d  c r y s t a l  i n t e g r a t e d  r e f l e c -  

t i v i t y  as a f u n c t i o n  o f  Bragg angle.  D e t e c t o r  e f f i c i e n c y  may a l s o  vary  substan- 

t i a l l y  w i t h  energy near a b s o r p t i o n  edges. As an example, c a l c u l a t e d  d e t e c t i o n  

e f f i c i e n c y  as a f u n c t i o n  o f  x - ray  energy i s  shown i n  f i g .  29a f o r  a 1 cm deep 

PSPC u s i n g  P10 gas a t  1, 2, and 3 atmospheres pressure .  The window i s  0.5 m i l  

i i iy lar .  The d r a s t i c  jump i n  e f f i c i e n c y  i s  due t o  t h e  A r  K edge a t  3.203 keV. A 

s i m i l a r  p l o t  f o r  90% Xe, 10% CHL, i s  shown i n  f i g .  24b. 

I n  t h e  p o s i t i o n - s e n s i t i v e  von Mamos geometry, d i  F f e r e n t  x - ray  energ ies  a re  

d i f f r a c t e d  and focused a t  d i f f e r e n t  p o i n t s  a long  t h e  c r y s t a l  and de tec ted  a t  

d i f f e r e n t  p o i n t s  a long  t h e  PSPC ax i s .  L o c a l i z e d  anomal ies i n  e i t h e r  t h e  c r y s t a l  

o r  d e t e c t o r  can t h e r e f o r e  have severe e f f e c t s  on t h e  observed da ta .  V a r i a t i o n s  

i n  c r y s t a l  r e f l e c t i v i t y  a long  i t s  l e n g t h  r e s u l t  i n  d i s t o r t i o n s  i n  measured 

s p e c t r a l  i n t e n s i t y .  V a r i a t i o n s  i n  d e t e c t o r  c o u n t i n g  e f f i c i e n c y  a long  i t s  a c t i v e  

l e n g t h  r e s u l t  i n  i n t e n s i t y  d i s t o r t i o n s  as well. Focus ing  e f f e c t s  can a l s o  p ro -  

duce a modulat- ion i n  t h e  c o l l e c t e d  x - ray  f r a c t i o n  as a f u n c t i o n  o f  Brayg ang le  

and hence energy. Both s p e c t r a l  p o s i t i o n  and i n t e n s i t y  can be d i s t o r t e d  by 

these  e f f e c t s .  

An important, consequence o f  c r y s t a l  and/or  d e t e c t o r  v a r i a t i o n s  i s  t h e  s t r o n g  

e f f e c t  t h a t  source p o s i t i o n  i n s t a b i l i t y  can have on s g e c t r a l  d a t a  v a r i a t i o n s .  

One m igh t  expec t  a s h i f t  i n  source p o s i t i o n  t o  l e a d  t o  a s imp le  s h i f t  i n  

s p e c t r a l  p o s i t i o n  w i t h o u t  i n t e n s i t y  d i s t o r t i o n .  However, s i n c e  t h e  p o s i t i o n  of 

t h e  x - ray  source de termines  which s p e c i f i c  p o r t i o n s  o f  t h e  c r y s t a l  and d e t e c t o r  

w i l l  be used i n  d i f f r a c t i n g ,  f ocus ing ,  and d e t e c t i n g  t h e  x - rays ,  m a 1 1  changes 

i n  t h e  source p o s i t i o n  can have s i g n i f i c a n t  impact on t h e  measured s p e c t r a l  

i n t e n s i t y  p r o f i l e s  when t h e  c r y s t a l  o r  d e t e c t o r  have s t r o n g  l o c a l i z e d  imper fec -  

t i o n s .  
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- 
I o  c h a r a c t e r i z e  t h e  d i s t o r t i n g  p r o p e r t i e s  of  de fec ts  i n  t h e  c r y s t a l  and 

d e t e c t o r ,  we have s t u d i e d  t h e i r  independent e f f e c t s  on a nar row x- ray  l i n e  as a 

f u n c t i o n  o f  p o s i t i o n  i n  t h e  wavelength d i s p e r s i n g  plane. The c h a r a c t e r i z a t i o n  

procedure f o r  t h e  d e t e c t o r  i s  s t r a i g h t f o r w a r d .  Us ing  an x - ray  peak such as A1 

produced by e l e c t r o n  impact on a m e t a l l i c  t a r g e t  a5 t h e  source, t h e  de tec-  K,* ,2 

t o r  i s  scanned u n i f o r i n l y  a long  i t s  mount ing t r a c k ,  i.e., a long  t h e  a x i s  o f  t h e  

f i x e d ,  curved c r y s t a l .  X-rays a r e  counted i n  equal  t i m e  i n t e r v a l s  as t h e  de tec-  

t o r  i s  t r a n s l a t e d .  A spectrum o f  x - ray  counts versu5 d e t e c t o r  p o s i t i o n  i s  

o b t a i n e d  wb ic l i  d e p i c t s  t h e  r e l a t i v e  e f f i c i e n c y  f o r  c o l l e c t i n g  t h i s  energy x - ray  

as a f u n c t i o n  o f  d e t e c t e d  p o s i t i o n  (wh ich  can be used f o r  subsequent c o r r e c t i o n  

o f  da ta ) .  F i g u r e  25 d i s p l a y s  A1 KcA1,2 x - ray  PSPC counts  versus d e t e c t e d  p o s i -  

DE -I- E. c IO R 

1000 2000 3000 
CHANNEL NUMBER 

Fig .  2 5 .  Measured A1 K,, count  r a t e  versus d e t e c t o r  p o s i t i o n  f o r  
5 keV e l e c t r o n s  on aluminum f ie ta l .  C r y s t a l  used was ADP(101) ,  
2d = 10.6488. 



C h a r a c t e r i z a t i o n  o f  t h e  c r y s t a l  proceeds i n  t h e  same genera l  f ash ion .  A 

na r row l i n e  o r  peak i s  s e t  t o  be counted near t h e  c e n t e r  o f  t h e  d e t e c t o r .  

E l e c t r o n i c  upper-  and l o w e r - l e v e l  d i s c r i m i n a t o r s  a re  s e t  a t  t h e  FWHM p o i n t s  on t h e  

d e t e c t e d  peak. The c r y s t a l  is t hen  u n i f o r m l y  scanned a long  i t s  mount ing t r a c k ,  

i.e., p a r a l l e l  t o  i t s  c y l i n d r i c a l  a x i s ,  and x - rays  a r e  s t o r e d  i n  m u l t i - c h a n n e l -  

s c a l i n g  mode as t h e  c r y s t a l  i s  t r a n s l a t e d .  The r e s u l t i n g  c u r v e  c o n t a i n s  e f f e c t s  

o f  bo th  changing c o l l e c t i o n / f o c u s i n y  e f f i c i e n c y  a long  t h e  c r y s t a l  and d i s t o r t i o n  

a l o n g  t h e  c r y s t a ?  s t r a i g h t  edge d i r e c t i o n  which r e s u l t s  i n  t r a n s l a t i o n  o f  t h e  

d i f f r a c t e d  x - ray  peak on t h e  d e t e c t o r .  

i n  e x a c t l y  t h e  same manner except  w i t h  much w ide r  d i s c r i m i n a t o r  s e t t i n g s .  

d a t a  exh i  b i t  o n l y  t h e  f o c u s i n g  and gross r e f l e c t i v i t y  v a r i a t i o n s  a1 ong t h e  c r y s t a l  

a x i s .  D i f f e r e n c e s  i n  these  two curves r e p r e s e n t  t h e  non-p lanar  d i s t o r t i o n s  i n  t h e  

c r y s t a l  which r e s u l t  i n  energy-dependent l i n e  s h i f t i n g  and t h e r e f o r e  l i m i t  t h e  

con f idence  w i t h  which measured energ ies  can be made. F i g u r e s  26 and 27 show 

c h a r a c t e r i z a t i o n  da ta  c o l l e c t e d  f o r  t h r e e  t y p i c a l  coinmercial c r y s t d l s ,  two ADP 

(one o f  good and one o f  poor  q u a l i t y )  and one q u a r t z  c r y s t a l .  

A second c r y s t a l  t r a n s l a t i o n  scan i s  t aken  

These 

III.B.2. Doppler  E f f e c t s  f o r  x- rays Emi t ted  f rom Fast  P r o j e c t i l e s .  

I n t e n s i t i e s  and e n e r g i e s  of x - rays  a r i s i n g  f rom f e w - e l e c t r o n  heavy i o n s  a re  

of  fundamental i n t e r e s t .  P r e p a r a t i o n  of these  ions n o r m a l l y  i n v o l v e s  a c c e l e r a -  

t i o n  t o  h i g h  energ ies  and subsequent s t r i p p i n g  i n  t h i n  t a r g e t s  t o  ach ieve  t h e  

r e q u i r e d  h i g h  charge s t a t e s .  Observa t i on  in t h e  l a b o r a t o r y  of x-rays e m i t t e d  

from t h e  moving i o n s  r e s u l t s  i n  uf ldvo idahle Doppler  s h i f t i n g  and broadening.  

Measurements a re  o f t e n  made on x - rays  e m i t t e d  in a d i r e c t i o n  normal t o  t h e  beam 

v c l o c i t y  to min im ize  t h e  s h i f t < ,  The spect rometer  d e s c r i b 4  here s a c r i f i c e s  

a b s o l u t e  energy d e t e r i n i n a t i o n  soinwhat l iu% ach icves  low Uqyler- b r o a d m j n g  and 

h i g h  e f f i c i e n c y  by c o l l e c t i n g  p r o j e c t i l e  x- rays w i t h  l a r g e  b u t  n e a r l y  c o n s t a n t  

Dopp le r  s h i f t s .  

( e D  and og) i n  the lab frame i s  shown i n  f i g .  28. When t h e  c y l i n d r i c a l  c r y s t a l  

The geomet r i c  r e l a t i o n s h i p  between t h e  Doppler  and Bragg angles 
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CRYSTRL POSITION RESPONSE 

g. 26. Measured ADP(101) c r y s t a l  r e l a t i v e  e f f i c i e n c y  v r r s u s  p o s i -  
f o r  e l e c t r o n - e x c i t e d  aluminum K, x-rays.  
t h e  same manufacturer  a r e  shown. The c r y s t a l  c h a r a c t e r i z e d  by t h e  

* cu rve  showed s i g n s  o f  s e p a r a t i n g  froii i  i t s  mount ing %lock .  

Data for  two c r y s t a l s  

a x i s  i s  o r i e n t e d  e x a c t l y  normal t o  the i o n  beam v e l o c i t y  v e c t o r  8c ( c  i s  t h e  

v e l o c i t y  of 1 i g h t )  

( 2 7 )  cos OD = s i n  Bg cos q, . 
The r e l a t i v i s t i c  Dopp ler  r e l a t i o n 1 2  between p r o j e c t i l e  and l a b o r a t o r y  frame 

x - r a y  e n e r g i e s  (Ep and  EL^ r e s p e c t i v e l y )  can be expressed as 
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F i g .  27. Measured q u a r t z  ( l 0 i l )  c r y s t a l  r e l a t i v e  e f f i c i e n c y  versus 

p o s i t i o n  f o r  e l e c t r o n - e x c i  t e d  molybdenum La x-rays.  

where y = I/-. 

t h e  l a b  frame x - ray  energy i s  g i v e n  by 

When combined w i t h  eqs. (27)  and (1) ( t h e  Bragg r e l a t i o n ) ,  

The s i g n  o f  t h e  second te rm depends on t h e  d i r e c t i o n  o f  8 ,  b e i n g  n e g a t i v e  f o r  

t h e  case shown i n  f i g .  28 where 6 i s  d i r e c t e d  away f rom t h e  c r y s t a l .  

crn h i g h  c r y s t a l  J, v a r i e s  f rom 0" a t  t h e  c e n t e r  t o  $max = 11' a t  t h e  c r y s t a l  

edge. 

Doppler  induced w i d t h  & E D  and c e n t r o i d  energy <EL> observed i n  t h e  l a b  frame a re  

g i v e n  by 

For a 10 

Th is  l eads  t o  a broadening and s h i f t i n g  o f  l i n e  ene rg ies  such t h a t  the 

 ED = CB B (1 - COS $max) 3 (30) 

and < E L >  = (Ep/y )  2 [CB 9 ( 1  - COS $max)/2] 0 (31) 



x 

F i g .  28. 
l a b o r a t o r y  fralne Dopplpr a n g 1 ~  O n  and the Brag9 ang le  O B .  The v c l o c i t y  
v e c t o r  o f  t h e  ~ ~ O J P C + : ~ P  15  A. [he m g l e  j. v a r i e s  f rom 0" ( a t  t h o  
c r y s t d l  c r q i e :  t o  '#,,,ax = 11.3" f o r  a 10 cm h i y i i  L r y s t a l  o r  r a d i u s  
35.4 cin. 

Schematic showing geometr ic  r e l a t i o n s h i p  between t h e  
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The measured energy and r e s o l u t i o n  a re  o n l y  weakly dependent on $max and t h e  

broadening i s  t h e r e f o r e  r e l a t i v e l y  smal l  even f o r  l a r g e  area ( i .e.9 f a s t )  

c r y s t d l s .  As an example, a spectrum of s i l i c o n  X-rays e m i t t e d  f rom 2.6 MeW/u S i  

i o n s  pass ing  th rough  a 5 ug/cm2 carbon f o i l  i s  shown i n  f i g ,  29. S i l i c o n  Lyman 

and a2 separa ted  by 1.8 eV a r e  c l e a r l y  r e s o l v e d  (see expanded f i g .  30). 
1 

Spvera l  1 i nes f rom doub ly -exc i  t e d  lie-1 i ke S i  a r e  a1 so i d e n t  i f i  ed t h e r e  acco rd ing  

t o  t a b u l a t e d  energies.13 By l i m i t i n g  t h e  c r y s t a l  h e i g h t  t o  7 cm ($max = 7.8"), 

t h e  o v e r a l l  energy r e s o l u t i o n  i n c l u d i n g  Ooppler broadening (- 1 eV) has been 

h e l d  t o  < 1.5 e\/ a t  2.14 keV w h i l e  t h e  h i g h  e f f i c i e n c y  o f  t h e  system has been 

r e t a i n e d .  

c o l l e c t  X-rays emitted about a nortrial t o  t h e  beam, t h e  r e s u l t i n g  Doppler  spread 

would amount t o  > 40 eV. 

I f  t h e  same h e i g h t  c r y s t a l  were o r i e n t e d  i n  a c o n f i g u r a t i o n  t o  

111. C. Sample Data 

Our p r i n c i p l e  goal  i n  development o f  t h i s  spect rometer  was t o  produce an 

i n s t r u m e n t  w i t h  s u f f i c i e n t  r e s o l u t i o n  and bandwidth t o  p e r m i t  us t o  e f f i c i e n t l y  

measure chemical  l y  dependent s p e c t r a l  v a r i a t i o n s  i n  heavy- ion induced sate1 1 i t e  

x-rays.  

spect rometer  i n  s t u d y i n g  t h e s e  chemical  e f f e c t s ,  as w e l l  as i n  a v a r i e t y  o f  

o t h e r  areas. D e s c r i p t i o n s  o f  t h e  d a t a  d i s p l a y e d  (see F igs .  29-38) a long  w i t h  

t h e  r e l e v a n t  spect rometer  o p e r a t i n g  c o n d i t i o n s  a re  g i v e n  i n  t h e  co r respond ing  

f i g u r e  cap t ions .  

I n  t h i s  s e c t i o n  we p resen t  da ta  e x e i i i p l i f y i n g  t h e  u t i l i t y  o f  t h i s  

3 
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ORNL DWG 86-17793 

2.30 2.34 2.38 2.42 2.44 2.150 

2.10 2.18 2.22 2.26 

F i g .  29. X-ray s p e c t r a  f r o m  2.6 MeV/u Siq.' i ons  e x c i t e d  i n  p a s s i n g  
t h r o u g h  a 5pg/cra2 t h i c k  carbon f o i l .  A q u a r t z  (lOi1) c r y s t a l  was used 
w i t h  t h e  spec t rometer  mounted such t h a t  t h e  S i  p r o j e c t i l e s  moved toward 
t h e  c r y s t a l ,  i.e., 1- s i g n  i n  eqs. ( 2 9 )  and ( 3 1 ) .  The o u t e r  2.5 cm on 
each s i d e  o f  t h e  c r y s t a l  was masked so t h a t  +max was l i m i t e d  t o  t7.8". 
Energy s c a l e  shown i s  f o r  the l a b o r a t o r y  frame. 
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F i g .  3Q. Expanded 2.11 t o  2.14 keV portion of f i g .  29. Labeled 
t r a n s i t i o n s  a re  f rom h y d r o g e n - l i k e  and helium-like S i  1 2 9 1 3 +  i o n s  
generated i n  the carbon f o i l .  
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F i g .  31. Comparison o f  Aluminum K X rays  generated by 5 keV 
e-  impact  f o r  aluminum meta l  and dluminum o x i d e  ' ta rge ts .  

a~+. 
frorri c o n v o l u t i o n  of known a1 and a2 l i n e  w i d t h s  and i n t e n s i t i e s  w i t h  an 
assurrled Gaussian i n s t r u m e n t  f u n c t i o n  o f  v a r i a b l e  width.  
r e q u i r e d  t o  accumulate t h e s e  s p e c t r a  were 500 and 1000 seconds, respec- 
t i v e l y .  

Note t h e  
d i f f e r e n c e  i n  t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  a3 l i n e  w i t h  r, 05 p -  e c t  t o  

The i n s t r u m e n t a l  energy r e s o l u t i o n  here  i s  0.8 eV as determined 

The t i m e s  

The c r y s t a l  used was ADP(101)  i n  f i r s t  o rder .  
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F i g .  32. S u l f u r  K x-ray spectra generated by 36 Me\/ C16{-  ions 
incident on f i v e  di f fe ren t  sulfur  compounds e 

i n  about 1 hour per  spectrum using SO "A, incident ion current. 
crystal  used was q u a r t z ( l 0 i l )  i n  f i r s t  order. Vertical scales are  
zera-offset  and l inear .  

These d a t a  were acqui red 
The 
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F i g .  33. Aluminum K X rays  e x c i t e d  by 84 MeV S i 1 2 +  i o n s  i l l u s t r a t i n g  
t h e  impor tance o f  broad bandwidth f o r  s t u d y  o f  heavy i o n  generated 
X rays. 
i n c l u d e s :  low energy s t r u c t u r e s  ( l a b e l e d  R A E / R E R ) ,  K,Ln s a t e l l i t e s ,  t h e  
K a b s o r p t i o n  edge, Ka2Ln Thi s 
spect rum was made by j o i n i n g  two separa te  s p e c t r a  a t  t h e  A1 K edge. 
c u r r e n t  was 20 nAe and t o t a l  t i m e  r e q u i r e d  t o  accumulate t h e  d a t a  was 
2000 SEC. C r y s t a l  used was ADP(101) i n  f i r s t  o rder .  

The d i s p l a y e d  spectrum extends f rom 1380 eW t o  1750 eV and 

h y p e r s a t e l  1 i t e s ,  and K6Ln s a t e l  1 i t e s .  
I o n  
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Fig .  34. H i g h e r  e n e r g i e s  can be reached u s i n g  d i f f r a c t i o n  o r d e r s  
g r e a t e r  t h a n  one. C r y s t a l  r e f l e c t i v i t y  is  reduced, bu t  f o r  r e l a t i v e l y  
i n t e n s e  emiss ion  t h e  p r e s e n t  i n s t r u m e n t ' s  good c o l l e c t i o n  e f f i c i e n c y  
a l l o w s  measurement i n  reasonab le  t imes,  D i s p l a y e d  here  are t i t a n i u m  
K s a t e l  l i t e  and h y p e r s a t e l  1 i t e  X rdys  generated by 84 K e V  S i  12+ i o n s  on 
a t h i c k  t i t a n i u m  inetal tat-get. I o n  c u r r e n t  was 25 nAe and t h e  t i m e  
r e q u i r e d  t o  accumulate spect rum was 2400 sec. C r y s t a l  used was 
q u a r t z (  lOT1) i n  second order .  
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I 

Fig .  35. Even h i g h e r  e n e r g i e s  may be reached u s i n g  inc reased 
d i f f r a c t i o n  orders .  
84 MeV S i 1 2 +  i o n s  on a t h i c k  manganese meta l  t a r g e t .  
l i n e s  a1 and a2 occur  a t  5.9 keV. 
r e q u i r e d  t o  accumulate t h i s  spectrum was 800 sec. 
ADP(101)  i n  f o u r t h  o rder .  

Shown here  a r e  manganese KaLn X rays  generated by 
The c h a r a c t e r i s t i c  

I o n  c u r r e n t  was 8 nAe and t i m e  
C r y s t a l  used was 
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1 

F i g .  36. lvlolybdenuin L sa te1  1 i t e  spectrum from a rnolybdenum-tit,aniuni 
a l l o y  e x c i t e d  by 84 M e V  S i 1 2 f  i ons ,  The t ime r e q u i r e d  f a r  a c q u i s i t i o n  
o f  t h i s  d a t a  u s i n g  20 nAAe o f  S i 1 2 t  i o n s  on a t h i c k  t a r g e t  was about 2800 
seconds. The c r y s t a l  used was quar-t~(I.Oi1) i n  f i r s t  order,  The bottom 
spec t rum i s  Mo I. X rays genera ted  by 5 keV e -  impact .  I t  was used f o r  
energy c a l i b r a t i o n .  
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F i g .  37. F l a t  c r y s t a l s  can a l s o  be used, b u t  a t  a great c o s t  i n  

e f f i c i e n c y .  The t i m e  r e q u i r e d  t o  a c q u i r e  d a t a  f o r  weak s p e c t r a l  
f e a t u r e s  becomes excess ive .  D i s p l a y e d  he re  a r e  i r o n  K,Ln , Ka2Ln, and 
K R 1  X r a y s  yencrated by 176 MeV C U I +  i o n s  on a t h i c k  i r o n  t a r g e t .  
c u r r e n t  was 120 nAe and the t i m e  r e q u i r e d  t o  accumula te  t h i s  spec t rum 
was 24,000 sec. C r y s t a l  used was a f l a t  5 i ( 1 0 0 )  i n  f o u r t h  o r d e r .  

Ion 
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F i g .  38. The highest energy X rays studied t o  date wi%h th i s  i n s t r u -  
inent are a t  7.5 keV. Displayed here are n i c k e l  K,Ln X rays generated by 
126 MeV C u l t  ions on a t h i c k  r i i c k e l  target.  
7.460 and 7.477 key, respectively. Ion current was h.IO riAe and the t i m e  
required t o  accumulate th i s  spectrum was 2400 sec. Crystal  used was a 
f l a t  Si(100)  in fourth order. 

The K u and aL occur a t  
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Appendix A. Ca lcu la t . ion  o f  Images i n  Geometry 1 

F i g u r e  3 shows t h e  p o i n t  source  S = (0,  ys, z s ) ,  t h e  p o i n t  o f  i n c i d e n c e  

R = (XR,  YR, L R )  , and the  c o o r d i  n a t e  axes. 

i n  t h e  p lane  d e f i n e d  by S, R, and 0 '  5ince t h e  ray  RO' i s  norinal t o  t h e  c r y s t a l  

a t  R ( f i g .  4a). D e f i n e  A t o  be t h e  p r o j e c t i o n  o f  S i n t o  t h e  p l a n e  x = XR, and 

The r e f l e c t e d  r a y  from R t o  P l i e s  

t h e  l i n e  RO'; t h e s e  p o i n t s  have c o o r d i n a t e s  

( f - ig .  

1 i n e s  

RP w i  

R, a1 

B t o  be the p r o j e c t i o n  o f  A o n t o  

A = (XR, YS, Z S )  3 

and B ( X R ,  YB, ZB) 

Since  SA i s  p a r a l l e l  t o  the x-ax 

x = XR; hence SA i s  n o r m 1  t o  AB 

4 a ) .  C o n s t r u c t  RR' i n  t h e  

s, the plane SA6 i s  normal t o  t h e  p l a n e  

SB i s  norrnal t o  BR, and AB i s  normal t o  BK 

p l a n e  SRO' so t h a t  SB i s  p a r a l l e l  t o  RR' and R '  

i n  t h e  x = 0 p lane,  and d e f i n e  S '  2 ( x s ' ,  ys l ,  2 s ' )  as t h e  i n t e r s e c t i o n  o f  

h t h e  p l a n e  x = 0. The procedure  i s  t o  f i n d  t h e  c o o r d i n a t e s  o f  A, B ,  and 

owing  t h e  c o o r d i n a t e s  o f  S '  t o  be found,  Then t h e  image p o i n t  P = 

( xp ,  yp, z p )  can be found u s i n g  t h e  r e l a t i o n 4  

By f i g .  4b, whenever $ f 0, YB and zg s a t i s f y  

and yp, = z[3 t a n $  + ys  - zs t a n $  , 

which  f o l l o w  fr'orn t h e  e q u a t i o n s  o f  l i n e  R O '  and t h e  norii ial t o  RO' t h r o u g h  A. 

By s o l v i n g  t h i s  system, we have 
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For  $ = 0, we c l e a r l y  have 

ZB = 0 , and YB = Y s  . 

Equat ions (A6) combine t o  g i v e  

as t h e  x - c o o r d i n a t e  o f  t h e  p o i n t  o f  incidence. By f i g s .  4a-c we have 

w h i c h  g i v e s  us 
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The coo rd ina tes  of R and S '  a r e ,  sunmar iz ing ( A 7 )  and (A9) ,  

Employing (42), t h e  image p o i n t  P = (xp,  yp, z p )  i n  t h e  y = 0 p lane  has 

c o o r d i n a t e s  

. 

S u b s t i t u t i n g  i n  (A10) we have 

where from (A4) and (A6) f o r  Q f 0, 

ZB = ( z s  t a n $  - y S ) / ( t a n $  t c o t + )  , 
I AB 1 = ( ( y s  t ZB Cot+)'  + (Ls - ZB) 2 ) 1 /2  , 

and I BR I = ( ( p  cos+ - ZR c o t $ ) 2  + ( z e  - p s i n + ) 2 ) 1 / 2  . 
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Vector  a n a l y s i s  may a l s o  be employed14 t o  o b t a i n  t h e  c o o r d i n a t e s  o f  t h e  image 
+ + 

p o i n t  P. L e t  S denote t h e  v e c t o r  t o  t h e  source p o i n t ,  R t h e  p o i n t  o f  

i n c i d e n c e  on t h e  c r y s t a l ,  N t h e  u n i t  norinal t o  t h e  c r y s t a l  a t  R, Q t h e  r e f l e c t e d  

ray, and P t h e  image p o i n t .  

Rragg ang le  i s  g i v e n  by 

+ + +  

-+ + +  + +  
The u n i t  i n c i d e n t  r a y  i s  R-S/  1 R -S  1 , and the 

The u n i t  r e f l e c t e d  r a y  i s  g i v e n  by 

and thus  t h e  image p o i n t  can be expressed as 

( A 1 5 )  

+ 
where 6 i s  a parameter  chosen t o  a l l o w  P t o  l i e  i n  t h e  d e s i r e d  d e t e c t o r  p lane.  

Employ ing 

+ 
R = ( X R ,  -p cos$, p s i n + )  , 

+ 
and id = (0, cos+, - s i n + )  , 

+ +  
and u s i n g  (A14) t o  s o l v e  f o r  XR and I R-S 1 : 

XR = ( ( ( 2 s  s in+  - ys cos+ - p ) / s i n o B ) 2  

2 t zs2 t 2p (ys cos$ - zs s i n + ) ) )  11 2 , 
-(P2 + YS 

+ +  
and I R-s 1 = ( Z S  s i n +  - ys cos+ - p ) / s i n o B  . 
I t  follows f rom ( A 1 5 )  and ( A H )  t h a t  
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F i n a l l y ,  (A16)  g i v e s  us 

( A 1 9 )  

t +  
Choosing B = p cos$ / (2  s i n e B  cos+ - ( p  cos+ + y s ) /  1 R - S  1 ) )  g i v e s  us y p  2 0, and 

+ 
hence P l i e s  i n  t h e  d e t e c t o r  plane. .The r e s u l t  ( A Z O )  can be shown t o  agree 

n u m e r i c a l l y  w i t h  t h e  p rev ious  s o l u t i o n  ( A 1 2 ) .  
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Appendix B. C a l c u l a t i o n  o f  Images i n  Geometry 2 

e 

Using  t h e  method found i n  Appendix A, we may c a l c u l a t e  t h e  image p o i n t  P = 

(xp,  yp, zp) f rom t h e  so i i rce S = (0, ys, zs)  by f i n d i n g  t h e  i n t e r s e c t i o n  of t h e  r a y  

S I R  w i t h  t h e  d e t e c t o r  p lane d e f i n e d  by eq. (11). 

R and S '  a r e  g i v e n  by ( N O ) ,  and t h e  r a y  S ' K  d e f i n e d  by ( A 2 ) .  S o l v i n g  t h i s  

system 

Once aga in  the c o o r d i n a t e s  o f  

g i v e s  the  r e s u l t  

S u b s t i t u t i n g  i n  (AlO), t h i s  becomes 

yp = -xP coteBC + 2 

zp = xp ( p  s i n $  - 2 1 BR 1 s i n $  - Z S ) / X R  + zs t 2 1 BR 1 s i n $  . 
cot%Rc , 

and 
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Appendix C. Detector L o c a t i o n  i n  Geometry 3 

F i g u r e  l l b  g i v e s  t h e  p o i n t  and angles necessary t o  c a l c u l a t e  t h e  d e t e c t o r  

l o c a t i o n  i n  Geometry 3 by t h e  method d e s c r i b e d  i n  S e c t i o n  11.4: t h e  Lensmaker's 

Law shows t h a t  a p a r t i a l  focus o f  t h e  source p o i n t  Q = (0,  yso, 0 ) ,  t h e  c e n t e r  

o f  t h e  s l i t ,  occurs  a t  t h e  i n t e r s e c t i o n  o f  rays  R3 and R4. The ang les  8gC and 

u a r e  g i v e n  by eq. ( I s ) ,  and N = (XN,  Y N ~  0)  has c o o r d i n a t e s  

The ang le  6 i s  g i v e n  by 

and t h e  p o i n t  S '  = (0, y s ' ,  2s ' )  i n  t h e  source p lane has c o o r d i n a t e s  

Y S '  = xc t a n  (a - egC) - , 
and 2 s '  0 , 

f o r  t h e  case when J) = 0. Rays R3 and R4 t h u s  have equat ions  

R3 : y = ( X  - XC) tany  - P 

and R4 : y = -x t a n 8  t yso . 
The i n t e r s e c t i o n  g i v e s  us t h e  c o o r d i n a t e s  o f  D = (XD,  YD, 0 ) :  

and 
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When the  s l i t  i s  correct ly  aligned, yso i s  equal t o  zero and ( C 5 )  reduces t o  

T h i s  i s  t h e  location of t h e  detector center, d e p e n d e n t  upon  yso, OBI:, P ,  and 

xc .  The orientat ion is  nor ina l  t o  ray R3. 

c 
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Appendix D. C a l c u l a t i o n  o f  Iiiiages i n  Geometry 3 

The c o o r d i n a t e  t r a n s f o r m a t i o n  d e s c r i b e d  i n  Sect. 11.4 i s  shown i n  

f i g .  12a-b. We w i l l  examine t h e  t r a n s f o r m a t i o n  o f  f o u r  p o i n t s :  t h e  source 

p o i n t  S = (0,  ys, Z S ) ;  t h e  s l i t  c e n t e r  Q = (0, yso,  0) ;  and t h e  d e t e c t o r  

c e n t e r  D = ( X D ,  YD, 0 ) ;  and t h e  c r y s t a l  c e n t e r  C = (xc ,  -p, 0) .  

t r a n s l a t e  t o  a c o o r d i n a t e  system w i t h  o r i g i n  a t  C, and t h e n  per fo r i i i  d 

c l o c k w i s e  r o t a t i o n  th rough t h e  ang le  a g i v e n  by eq. (12) .  The p o i n t s  have new 

c o o r d i n a t e s  

We f i r s t  

S = ( - x c  cosct - ( y s  + p )  sinct, -xc S i n a  + ( y s  + p )  cosa, zs )  , (D1) 

Q = ( - x c  cos* - ( y s  + p )  s i n a ,  -xc S i n a  f ( y s o  + p )  cosa, 0)  

D = ( ( X D  - xc)  cosa - (YD + p )  s i n a  , 
( X D  - xc)  sinct + (YD + p )  cosct, I)) 

and C = (0, 0,  0) . 
T r a n s l a t i n g  t o  a c o o r d i n a t e  system i n  which S has an x-component equal t o  zero 

(and i s  thus  i n  t h e  "source p l a n e " ) ,  we have 
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Vow t h e  x - a x i s  i s  t h e  a x i s  of r e v o l u t i o n  o f  t h e  c r y s t a l ,  t h e  p o i n t  source  S l i e s  

i n  t h e  x = 0 p lane,  and t h e  s l i t  c e n t e r  Q i s  o f f  o f  t h e  source p lane,  We have 

t r a n s f o r m e d  t h e  c o o r d i n a t e s  so t h a t  t h e  source  and c r y s t a l  a r e  i n  t h e  con- 

f i g u r a t i o n  o f  Geometry 2, and t h e  new d e t e c t o r  p l a n e  i s  g i v e n  by 

The c o o r d i n a t e s  o f  R and S '  a r e  found by r e p l a c i n g  y s  by YSK i n  ( A 4 ) ,  ( A 6 ) ,  and 

(A10)  t o  g e t  

and f o r  J)  = 0 
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The ray  S ' R  i s  aga in  g i v e n  by ( A Z ) .  The i n t e r s e c t i o n  o f  t h i s  r a y  w i t h  t h e  

p l a n e  o f  t h e  d e t e c t o r  g i v e s  t h e  system 

which has t h e  s o l u t i o n  

I n s e r t i n g  (D5) we get  
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Appendix E. Computer Programs for Image C a l c u l a t i o n s  and A n a l y s i s  

L 

r 

L i s t i n g s  o f  t h e  f o l l o w i n g  prcigrams a re  g iven,  a long w i t h  sample ou tpu t .  The 

prograins a re  w r i t t e n  i n  FORTRAN VIID on a Perk in-Elmer system. 

1. MOSY.FTN: c a l c u l a t e s  images o f  t h e  l i n e  sources on t h e  d e t e c t o r  

i n  Geometry 2. 

2. I n p u t  (en te red  i n t e r a c t i v e l y ) :  

xmin = 0.00 crn 

xmax = 0.005 cm 

zrclin = -0.75 ciii 

zlnax = 0.75 cm 

p = 25.4 crn 

O R  = 32.42" 

$0 = 12.0" 

ti = 0.5 cm 

ys = 0.0 mn 

x c  = 40.0 cm 

The ou tpu t  con ta ins  l i s t i n g  o f  a l l  (441) image p o i n t s  P($) i f  "LIST" i s  e n t e r e d  

a t  line 2, i n  a d d i - t i o n  t o  t h e  f i g u r e  shown. 

2. ROTO.FTN: c a l c u l a t e s  images o f  l i n e  sources on t h e  d e t e c t o r  i n  

Geometry 3, 

I n p u t :  

xniin = -0.01 cm 

xmax = 0.03 cm 

zmin = -1.25 crn 

zmax = 1.25 cm 
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p = 25.4 cm 

xc  = 40.9 crii 

CL (c rys ta1  l e n g t h )  = 10.16 crn 

$0 = 12.Q0 

yrnin,yrnax ( t o p  and bo t tom o f  r e c t a n g u l a r  s l i t )  = -0.915 crrl, 

9.915 cm 

ys = 0.0 cm 

emin,ernax ( d e s i r e d  Bragg ang le  range) = 30.0°, 40.0' 

OB = 35.0" 

The o u t p u t  i s  aga in  an o p t i o n a l  image p o i n t  l i s t i n g  and t h e  f i g u r e  shown 

( i d e n t i c a l  t o  f i g .  16c).  

3. EFFIGY.FTN: graphs A S  vs  8 B  and Ffw v s  OB f o r  a r e c t a n g u l a r  s l i t  

Source i n  Geometry 2, f o r  a Bragg ang le  range AOp, 

s t r i k i n g  t h e  c r y s t a l .  

I n p u t :  

p = 25.4 cm 

$0 = 12.O0 

H = 0.5 cm 

2d = 6.6878 

CL 10.16 Gill 

DL ( d e t e c t o r  l e n g t h )  = 10.9 crn 

ymin,ymax = -0.015 cm, 0.015 crn 

Eel, E 0 2  ( d e s i r e d  energy range) = 2.0, 2.5 keV 

1-he o u t p u t  l i s t s  t h e  a c t u a l  Rragg ang le  and energy range reach ing  t h e  c r y s t a l ,  a 
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l i s t i n g  of 11 va lues  o f  O B ,  115, and Ffw, and p l o t s  o f  ng vs  O B  and Ffw vs O B .  

4. REFUGEE.FTN: graphs A <  vs O B  and Ffw vs O B  f o r  a r e c t a n g u l a r  s l i t  

source  i n  Geometry 3, f o r  a Bragg  a n g l e  range a08 

s t r i k i n g  t h e  c r y s t a l .  

I n p u t :  

p = 25.4 cm 

xc  = 30.0 CIII 

$0 = 12.0° 

H = 0.5 cm 

2d = 6.6878 

CL = 10.16 cm 

DL = 10.0 cm 

ymin,ymax = -0.015, 0.015 crn 

E 0 1 , E o z  = 2.0, 2.5 keV 

The o u t p u t  i s  s i m i l a r  t o  t h a t  o f  EFFIGY.FTN. 

5. FISHY.FTN: graphs i n t e n s i t y  vs 5 i n  Geometry 2 for a r e c t a n g u l a r  s l i t  

source  i n  Geometry 2 f o r  one Br iyg  ang le  0 8  s t r i k i n g  t h e  

c r y s t a l .  

I n p u t :  

p = 25.4 crn 

$0 = 12.0" 

H = 0.5 cm 

2d = 6.6878 

CL = 10.16 cm 
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ymin,yrnax = -0.015, 0.015 cm 

e l ,  e 2  ( d e s i r e d  Bragg angle range) = 29.0° ,  35.0' 

3~ (Brayg  ang le  t o  be cons idered)  = 29.4' 

The o u t p u t  g i v e s  t h e  a c t u a l  9ragg ang le  and energy range r e a c h i n g  t h e  c r y s t a l ,  a 

l i s t  o f  number o f  image p o i n t s  N ( I )  v s  p o s i t i o n  on c r y s t a l  X B ( I ) ,  and a p l o t  o f  

N(1) vs  XB(1 ) .  

6. FISHROT.FTN: graphs i n t e n s i t y  vs 5 f o r  a r e c t a n g u l a r  s l i t  source i n  

Geometry 3, for  one Bragg ang le  06 s t r i k i n g  t h e  

c r y s t a l  

I n p u t  : 

p = 25.4 cm 

x c  = 40.0 crn 

$0 = 12.0' 

H = 0.5 cm 

2d = 6.6878 

CI- = 10.16 crn 

ymin,ymax = -0.015, 0.015 cm 

e l ,  8% = 30.0', 40.0' 

8 B  I- 35.0' 

'The o u t p u t  i s  s i m i l a r  t o  FYSHY.FTN. 

L i s t i n g s  and sample o u t p u t  f o r  t h e  above s i x  programs fol low.  
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1 
2 
3 
4 
5 
6 
7 
8 
3 

1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 3  
1 3  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
26 
2 7  
2 8  
2 9  
3 0  
31  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
33 
3 9  
46 
4 1  
4 2  
4 3  
4 4  
L 5  
4 0  
47 
& a  
49 
5 0  
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 3  
5 3  
6 0  
4 1  
6 2  
6 3  
6 4  
6 5  
4 6  
5 7  
6 0  
0 9  
7 0  
71  
7 2  
7 3  
7 4  

C 
C 
C 
C 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 
C 
C 
C 
C 
C 
C 

C 

C 

C 
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7 5  
7 6  
7 7  
7 8  
7 9  
8 0  

8 2  
3 3  
9 4  

a i  

a 5  
3 6  
8 7  
8 a  
8 9  
9 0  
9 1  
9 2  
9 3  
9 4  
0 5  
9 6  

9 7  
9 9  
9 9  

I 3 0  
I 0 1  
102 
' 0 3  
I 3 4  
1 C5 
1 0 6  
1 0 7  

1 0 3  
1 1 0  
1 1 1  
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 9  
1 1 9  
1 2 9  
1 2 1  
1 2 2  
1 2 3  
1 2 4  
1 2 5  

1 2 7  
1 2 8  
1 2 9  
1 3 0  
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 5  
1 3 6  
1 3 7  
1 3 8  
1 3 9  
1 4 0  
1 4 1  
1 4 2  
1 4 3  

i 3 a  

1 2 6  



1 4 4  SUBRCUTINE P P L O T ( S C h L E X e S C A L E 2 )  
1 4 5  c 
1 4 6  CCWflCN/XXX/ x x  ( 2 1 8 2 1  ) r Z Z  ( 2 1 8 2 1  ) 
1 4 7  C 
1 4 8  I N T E C E R t 4  I U D  ( 2 5  11 00 )  
1 4 9  c 
1 5 0  C I M E h r S I O N  S C  ALEX ( 2 )  I SCALE2 ( 2 )  
1 5 1  C 

1 5 3  D O  I C  I = l r 2 5  
1 5 4  I C D ( I I J ) = C H  
1 5 9  1 0  CONTINUE 
1 5 6  20 CCNTINUE 
1 5 7  c 
1 5 8  E X = P $ . O / ( S C A L E X ( Z ) - S C A L € X C 1 ) )  
1 5 9  f Z = 9 Q . C / ( S C A L E Z ( 2 ) - S C L L E Z ( 1 ) )  
1 6 0  C 
1 61g A X = l . C - B X * S C I L E X ( l )  
1 6 2  A Z = l . O - a Z * S C A L E Z ( l )  
1 6 3  C 

1 5 2  c c  2c ~ = i ~ i o s  

1 6 4  D O  i c o  ~ = 1 ~ 2 1  
1 6 5  c c  e c  I = I~Z I  
1 6 6  C 
1 6 7  I C = A Z + B Z * Z Z ( I I J ) * O . S  
1 6 8  J L = A X + E X * X X ( I , J ) + C . S  
1 6 9  C 
1 7 0  I F ( I C . L T . 1 )  I C = l  
1 7 1  I F  ( I C . G T .  1 0 0 )  IC-1 03 
1 7 2  I F ( J L . L T . 1 )  J L = l  
1 7 3  I F ( J L . S T . l L 0 )  J L = l O O  
1 7 4  c 
1 7 5  CALL  I S a Y T E ( Y ' Z A ' r I W D ( l r J L ) r I t - l )  
1 7 6  C 
1 7 7  9 C  C C N r I N U E  
1 7 9  1OC CCNTINUE 
1 7 9  c 
1 s o  h R I T E ( 6 r l l C )  
1 8 1  1 1 C  F C Q f l P T ( l h 1 )  
1 e 2  \ i f i ~ ~ i  ( t r r i  2 0 )  
1 5 3  1 2 5  F C R M P T ( 1 h  # l X , 2 5 ( ' - - - - '  1 )  
1 3 4  c 
1 3 5  C C  1 4 0  J = f r l C C  
1 3 6  
1 3 7  1 3 0  F C ? P l P T ( l H  , ' ! ' , 2 5 A 4 , ' ! ' )  
1 P 3  1 6 0  C C V T I N U E  
1 5 3  c 
1 9 0  L R i T E  ( b r l 2 P )  
1 0 1  ~ R I T E ( ~ ~ ~ ~ C ) S C A L E X I S C A L E Z  
1 3 2  150 F C R Y Q T  ( 1  H , ' X - F I h r  X - ' A X I  Z - Y I  NI ? - F A  X ( C  '14 F 1 0 . 4 )  
1 9 3  EETLJEh,  
1 5 4  E ii D 

L R I T E  ( 6 8 1  30) ( I k D ( 1 ,  J ) r  1 - 1  I 2 5 )  
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x =  
40.1155 
rl.55Ba 
4 3 . 2 6 6 7  
4 4 . 1 2 3 6  
4 5 . E 2 5 5  
46.S671 
ic7.5364 
4 8 . C 7 5 U  
4 8 . C 5 9 7  
49.2443 
4 0 . 2 4 4 3  
6 3 . 9 5 9 7  
4s.s537 
4E .I C 5 7  
47.5Jc4 
4 6 . C C 7 1  
4 5 . E 2 3 5  
44.9745 
43.2657 

3 9 . e 5 0 9  
Q2.l;sl 

z =  
4952.9573 
bF57.4192 
4351 . 9 F C ?  
4 7 6  5.6 c 2 3  
4 9 7 1 , 3 5 2 5  
k Q 7 6 . 1 5 5 2  
4;.73.;52!2 
4 3 5 5 . F 2 2 3  
b C 9 0 . 3 4 L 3  
4995.E329 
52CiO.e200 
5 r C 5 .  cocci 
5 51 0 . 7 9 7 5  

5Ci9.7230 
5 C 2 5 . 5 5 5 2  
5335.4413 
5935.1900 
5 0 3 Q . 9 3 0 0  
5344.5660 
5C49.11?13 

51315.7663 

X-T,AL S L I D I U S  O F  C U 2 V a T U R i  = 2 5 , 4 3  C Y .  3QAGC; P h G L c  = 32.42 D E G R E E S  

X =  
35.5912 
36.4351 
37.5737 
3 9 . 2 e l c .  
40.1355 
40.CE95 
(11.274 1 
42. t 3 7 4  
42.6374 
42.41 27 
S?.C820 
4 2  .CP 7 4  
4i. t ? 7 4  
4 2 . 4 1 2 7  
41.5599 
& c l . Q S P j  
3 3 .  E503 
3 3 . c 9 a 9  
3 6 . 1 L 3 2  
3 6 . 7 i O O  
? 5  .Cll? 



c 
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F I L E  : R C T 0 . F T k  1 1 : 3 0  20  W A R  a s  
--------------------_^_______I_^________----------- 

1 c  
2 c  Q O T O .  F T Y  
3 c  
4 c  t * * * l ~ * * * * l * t * t * t * * * * . * * * * + * * * * * * * * * * * * * + * . 4 * ~ * ~ ~ * ~ 4 ~ ~ * * * . . * * *  

5 c  T H I S  P R O G R A M  C A L C U L A T E S  I M A G E S  I N  T H E  P L A N K  O F  T H E  D E T E C T O R  
o c  I h  G E O M E T R Y  3 :  P C T A T I O N  O F  T H E  C R Y S T A L  I S  E M P L O Y E D  T O  A L T E R  
7 c  T H E  E R A G C  R ' l G L E  F n N G E .  
a c  * * * * * * * * * * * * * * * * + * ~ * * * * * * * . * * * * * * * * * * * * * * * * ~ * ~ ~ * * * * * * * * * * * * . 4 *  

9 c  
10 c 
11 C I Y E h S I O h  X ( 2 l ) r Z ( 2 l I r S C A L E X ( 2 ) , S C A L E Z ( 2 )  
1 2  c 
1 3  C O M M C N / X X X /  X X  ( 2 1  r 2  l),ZZ ( 2 l r 2 1 )  
1 4  c 
1 5  F I = Z . O * A S I N ( l  . O )  
1 6  C 
1 7  2 h R I T E ( j , + ) ' T Y P E  " L I S T "  F C R  F U L L  L I S T I N G  - O T H E R W I S E ,  R E T U R N '  

1 9  5 F C R M P T ( A 4 )  
20 I F ( I F L O F . E Q . ' E Y D  ' )  C A L L  E X I T ( @ )  
2 1  c 
2 2  L R I T E ( 5 r * ) ' E N T E R  X - K I ~ , X - r A X , Z - M I ~ r Z - M 4 X  ( C M )  F O R  P L C T Y I N C '  
2 3  R E A D  ( 3 r * )  S C A L E X I  C C A L E Z  
2 4  c 
2 5  h R I T E ( 5 r * ) ' E N T E S  R H 3  ( R A D I U S  O F  C l r 2 V A T U R E  O F  C Q Y S T A L  I N  CP'.)' 
26  R E A 3 ( S r * ) R H O  

2 5  h R I T E ( S , * ) ' E \ T F Q  X C  ( C O O R D I Y A T E  C F  C R Y S T A L  C E N T E Q )  I h  CM. '  
2 9  R E A D ( S r * )  X C  

3 1  h R I T E ( 5 , * ) ' E N T E Q  C L  ( C R Y S T A L  L E N S T H )  I N  C P . '  
3 2  E E A D ( ? r * ) C L  
33 c 
34.  I R I T E ( 5 r ' ) ' E Y T E R  P S I Y A X  ( H A L F - S E C T O R  A Y G L E )  I N  D E G . '  
3 5  R E A D ~ 3 ~ * ) F S I V A X 1  
3 6  F S I Y P X = P S I ~ A X l + P I / l S C . C  
3 7  c 
3 3  L R I T E ( 5 r * ) ' E Y T E R  Y M I Y I Y - Y A K ( C C ~ R D .  O F  S L 1 T ) I N  CM. '  
39 R E A D ( 3 r * ) Y ' " I N , Y M A X  

4 1  6 W R I T E ( 5 r * ) ' E C T E R  Y - A X I S  T R A N S L A T I C N  O F  S L I T  I N  C P . '  
4 2  R E A D ( 3 r * ) Y S  
4 3  c 
4 4  I F ( ( Y S . G E . Y " I h ) . b N 3 . ( Y S . L E . Y Y A X ) )  G O  T O  3 
4 5  C R I T E ( 5 t * ) ' Y - 4 X I S  T R P N S L P T I O Y  I N C O V P A T I B L E  W I T H  Y M I N r Y Y A X '  
4 6  C C  T C  6 
4 7  c 
4 8  8 L R I T E ( S r * ) ' E h l E R  D E S I R E D  S R A G G  A N G L E  R 4 N G E  I Y  D E G . '  
4 9  S E A D ( 3 r * ) T H E T e ~ I V l , T ~ ~ T A ~ A X l  
5 0  T C E T P ~ I ~ = T H E T A M I ~ l + ? I / l ~ C . ~  
5 1  T h E T P K A X = T H E T A Y A Y 1 * P I / l ~ C . ~  
5 2  C 
5 3  T H E T a e C = ( T H E T A U A r + T H F T A q I ~ ) / 2 . ~  
5 4  T H E T P a C l = T q E T A U C = 1 9 S . C / P I  
5 5  c 
5 6  
5 7  C * *  V S C :  = : E h T C R  C F  S L I T  P L O h G  Y - A X I S  * *  

5 9  A L P H ~ = A T P ~ (  ( C ~ ~ + Y S C ) / X C ) - T H E T A S C  
63  C * *  b L D H A = & Y G L E  C F  R C T P T ! O Y  C F  C R Y S T A L  * *  
6 1  C 
6 2  C * *  X C R = X - C O C R D I Y A T E  C F  C R Y S T A L  I N  N O N - R C T A T E D  F R A Y E  * *  
6 3  X C R = X C * C C S ( A L F H A ) + ( R b O * Y S ) * S I N ( A L F H A )  
6 4  C 
65 Y S R = ( Y S t 9 H O ) * C C S ( A * P ~ A ) - X C * S I N ( A L P H A ) - Q H O  
66 Y S O R = ( Y S C + P H O ) * C C S ( A L P ~ A ) ~ X C ~ S I N ( A L P H A ) - Q H O  
67 C 
6 8  k S O R = ( Y S - Y S O ) * S I ~ ( P L P H A )  
6 9  C 
7 0  l H E l I l = A T A Y ( ( R H O * Y S R ) / ( X C R - 0 . 5 * C L ) )  
7 1  7 h E T A 2 = A T P N ( ( ~ Y O + Y S R ) I o )  
7 2  C 
7 3  c 

1 8  R E A D ( 3 , S ) I P L O F  

2 7  C 

30 C 

40 C 

Y S O =  ( Y N I N + Y Y A X )  / 2 .  C 

s a  c 



t 

c 

7 4  
7 5  
76  C 
7 7  c 
7 8  9 
7 9  
50 
8 1  C 
8 2  
83  
8 4  
8 5  c 
0 6  C 
87 c 
8 8  C 
89 C 
9 0  C 
91  C 
9 2  C 
9 3  c 
94  c * *  
75 c * *  

h R I T E ( S r * ) ' E N T E R  H A L F - S L I T  LENGTH H I N  C f l . '  
f i E A D ( S r * ) H  

L R I T E ( S r * ) ' E N T E R  THETAR (BRAGG 4 h t L E )  I N  DEG.' 
R E A D ( 3 r + ) T H E T A B I  
T H E T C B = T H E T A ~ l * P I / 1 8 C . @  

I F ( ( T k E T A S . G E . T H E T 9 2 ) . A N D . ( T H E T A @ . L E . T H E T A ~ ) )  G O  T O  10 
L R I T f ( S r * ) ' B R l G G  ANGLE UNACCEPTAPLE W I T H  C L j X C r A N D  RWC' 
CC T C  9 

96 C 
97 10 C H = A T A ~ ( ( Y S O a + Q H C ) / ( X C P - X S O R ) )  
9 8  C 
9 9  c 

1 0 0  C * *  DETECTCS L C C A T I C N  I N  S T T P T E D  AND 
191 c 
1 0 2  E A F N P - T H E T A a C - A L P H A  
1 0 3  C E N = ( ( Y S C + R H C - 9 H C * C O S ( 4 L F ~ ~ ) ) I  
1 0 4  c 
1 0 5  X D = ( Y S O + R H ~ + X C * T A N ( ; A M c A ) ) / D ~ h  
1 0 6  Y D = T I N ( G A ~ ~ A ) * ( X D - X C ) - R H C  
107 C 
1 9 8  X D R = X D * C C S ( A L P H A ) + ( Y S ' Y D ) * S I N (  

N C h - R C T 4 T E D  FRAMES * *  

X C t R H C + S I N ( A I P H A ) ) ) + T P N ( G A ~ ~ A )  

L P H A )  
1 0 9  
110 c 
111 c 
1 1 2  c 
1 1 3  c 
1 1 4  c 
1 1 5  c 
1 1 6  C 
117 C 
11s c 
1 1 9  c 
1 2 0  c 
1 2 1  c 
1 2 2  c 
1 2 3  
1 2 4  
1 2 5  
1 2 6  C 
1 2 7  
1 2 8  
1 2 9  
1 3 0  
131 
1 3 2  C 
1 3 3  
1 3 4  
1 3 5  
1 3 6  
1 3 7  
1 3 8  
1 3 9  
1 4 3  
1 4 1  
1 4 2  
1 4 3  
1 4 4  c 
1 4 5  
1 4 6  C 
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1 7 0  
1 7 1  

1 7 2  c 
1 7 3  
1 7 4  c 
1 7 5  
1 7 6  C 
1 7 7  
1 7 8  c 
1 7 9  
1 3 0  : 
1 9 1  
1 3 2  
1 3 3  
1 e 4  
1 9 5  
1 8 6  
1 3 7  c 
1 9 8  C 
1 8 9  
1 9 0  
1 9 1  
1 9 2  C 
1 7 3  c 
1 9 4  
1 9 5  c 
1 9 6  
1 9 7  
1 9 1  
1 9 9  
2 0 0  
2 0 1  c 
2 0 2  
2 0 3  
2 0 4  C 
2 0 5  
2 0 6  
2 0 7  
2 0 8  C 
2 0 9  
2 1 0  
2 1 1  c 
2 1  2 
2 1  3 
2 1 4  c 
2 1  5 
2 1 6  C 
2 1  7 
2 1  8 
2 1  9 

E C  T C  2 
E hD 

X ( I ) = ( Y D R - X I Y T j / 5 1  
z (I ) =  i I k T  

C C  T C  3 0  

3 0  CC~TINUE 
f i E T U F N  
'E Fi D 
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c 

2 2 0  S U S R C U T I N E  P P L O T ( S C A L E X , S C A L E Z )  
2 2 1  c 
2 2 2  C G M f i C i l / X X X /  X x ( 2 1 , 2 1 ) r z Z ( 2 1 # 2 1 )  
2 2 3  c 
2 2 4  I P I T E C E * * 4  I U D ( 2 5 r l C 3 )  
2 2 5  C 
2 2 6  C I Y E h S I O N  S C n L E X ( 2 )  r S C  a L E Z  ( 2 )  
2 2 7  c 
2 2 9  D O  2C J = l r 1 0 0  
2 2 9  c c  li I = l r 2 5  
2 3 0  I ~ D ( I I J ) = ~ H  
2 3 1  1 0  C C k T I N U i  
2 3 2  20 C O N T I F t U E  
2 3 3  C 
2 3 6  E X = ) S . O / ( S C A L E X ( 2 ) - S C A L € X ( l ) )  
2 3 5  eZ:95.O/(SCALEZ(Z)-SCALEZ(7)) 
2 3 6  C 
2 3 7  PX.1 . C - B Y * S C A C E X ( l )  
2 38 P Z = l . C - 3 Z + S C I L E Z ( l )  
2 3 3  C 
2 4 0  C C  1 C O  J = l r 2 1  
2 4 1  c o  8C I = l r 2 1  
2 4 2  c 
2 4 3  I C = A 2 + 5 Z * Z Z ( I r J ) * C . S  
2 4 4  J L = A N + g X * X X ( I , J ) + C . S  
2 4 5  c 
2 4 6  I F ( I C . L T . 1 )  I C = l  
2 4 7  I F ( I C . G T . 1 O S )  I C = 1 3 3  
2 b 8  I F  ( J L . L T .  1)  J L - 1  
2 4 9  I F  ( J L . GT. 100 1 J L = l o 3  
2 5 0  C 

2 5 2  C 
2 5 3  80 CCNTIEUUE 
2 5 4  100 C C N T I h U E  
2 5 5  C 
2 5 6  k R I T E  ( 6 r l l O )  
2 5 7  1 1 0  F C R M A T ( l H 1 )  
2 5 3  L R I T E ( b r l 2 3 )  

2 5 1  CAL-L I S a Y T E ( Y ' 2 ~ ' r I J D ( l r J L ) r I C - 1 )  

2 5 9  1 2 9  FORl r lAT(1H t l X , 2 5 ( ' - - - - '  ) )  
2 6 3  C 
2 6 1  C O  1 4 0  J = l , l C C  
2 6 2  L R I T E ( ~ ~ ~ ~ ~ ) ( I W D ( I I J ) ~ I = ~ ~ ~ ~ )  
2 6 3  1 3 0  F C R M A T ( 1 W  , ' ! ' , 2 5 A 4 / ' ! ' )  
2 6 4  1 4 3  C C N T I h U E  
2 5 5  C 
2 5 5  k R  I T €  ( 6 r 1 2 C )  
2 47 L R I T E ( 6 r l S O ) S C A L E X r S C A L E Z  
2 5 8  1 5': 
2 5 9  E E T J E h  
2 7 0  END 

FC PNA T ( 1 H I ' X - M I  4 I X-PA X I  2 - V I  Q 0  2 - F A X  ( C M )  = ' I 4 F 10 .4  1 



k =  c . 5 o c c  c v  

Y - A X I S  T R A Y S L A T I O N  O F  S L I T  I Y  C M =  ? . o o c  

X =  
- 6 3 .  C 4 3 9  
- 5 9 . C 5 8 t  
- 5 3 . 7 3 7 5  
- 4 7 . 3 5 3 1  
- 3 6 . 9 4 0 2  
- 2 9 . 7 9  5 2  
- 1  9. C b b l  

- 7 . 7 1 4 5  
5 . 5 9 6 b  

1 9 . $ 5 2 ?  
3 5 . 1 1 5 6  
5". E 1 1 5  
6 R . l C 3 4  
3 6 . 4 5 9 4  

1 0 5 . C 8 1 6  

1 6 6 . 4 5 3 7  
1 6 5 . 2 C 4 0  
1 8 6 . 2 2 0 3  
2 3 7 . 5 0 2 5  
2 2 9 . C 5 0 9  

1 2 6 . 7 6 7 1 ,  

7 -  L -  

4 ! 9 1 . 7 3 3 3  
4 3 8 5 . 5 7 0 3  
4 3 8 5 . 6 4 5 2  
+ 3 8 3 . 1 2 5 3  
4 3 3 1 . 1  1 3 5  
4 3 7 9 . 7 1 7 5  
4 3 7 Q . C 3 2 0  
4 5 7 9 . 3 4 0 3  
*3 dQ. 5 5 7 3  
4 3 8 2 . 9 4 1  5 
4 3 8 6 . 5 5 5 0  
4 3 9 1 . 4 8 2 0  
4 3 9 7 . 9 9 8 0  
4 4 C 5 .  e 7 9 0  
4 4  1 5 . 5  3 9 0  
4 4 2 6 . 7 4 5 J  
4 4 c 0 . 2 9 9 0  
4 4 5 5 . 5 0 8 0  
4 4 7 2 . 3 3 9 5  
4 4 9 2 . 3 4 3 0  
4 5 1  ? .  9 9 6 0  

X - T A L  D 4 C I U S  O F  C L Q V A T U R E  ~ 2 5 . 4 0  C Y .  2 i a A S G  A N G L E  = 3 5 . 0 C  D E G Q E E S  

H =  c . 5 0 3 3  cn 

Y - A X I S  T F A N S L A T I C N  O F  S L I T  I K  C Y =  ?J.ooc 

X =  
- 5 4 . C C 5 9  
- 5 1  . C 7 7 6  
- 4 7 . 6  1 0  2 
- 4 2 . E 3 0 7  
- 3 6 . 1 7 9 9  
- 2 e  . L e 5 1  
- 1  9 .  4 L 0 1  

- 3 . c 4 5 0  
1 . ! 5 2 2  

1 4 . ? 6 5 6  
2 a . 1 9 9 1  
4 2 . 5 t 4 7  
5 - 9 . 2 6 0 3  
7 5 . C 2 3 2  
9 ! . E 4 4 1  

1 1 0 . 6  6 Q13 
1 2 9 . 5 5 6 1  
1 4 5  . 4 4 4 1  
1 6 5 . 6 6 2 3  
1 8 8 . C 1 4 5  
2,2 P . e : 2 7 

z =  
3 0 5  4 .  c a  4 3  
3 Q 5 1 . 4 7 1 0  
3 9 4 9 . 9 5 3 5  
3 7 4 6 . 5 5 5 0  
3 9 4 6 . 7 2 9 3  
3 a 4 3 . 2 3 2 0  
3 9 6 2 .  L 6 3 3  
3 C 4  2 . 3 Q 3  3 
3 9 4 5 . 1 6 5 5  
3 9 4 4 . 9 3 7 5  
3 9 4  7 . 7 S L 0  
3 9 ' , 1 . 3 9 2 3  
SF57.27CG 
3 " 4 .  1OQu 
3 9 7 2 . 4 5 1 0  
3 ' 5 2 . 5 3 7 0  
3 0 9 4 . ? 1 1 0  
* r?27.35=7: :  
4 ' 3 2 3 . 4 5 4 0  
4 C 4 1  .C7CJ 
G 2 c c .'? 7 2 J 
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1 c  
2 c  
3 c  
4 c  
5 c  
o c  
7 c  
8 C  
3 c  

1 6  c 
11 c 
1 2  c 
1 3  c 
1 4  c 
1 5  c 
1 6  
1 7  
1 8  c 
1 9  
23 
21  c 
2 2  c 
2 3  c 
2 4  
2 5  

2 7  C 
2 3  
2 9  c 
3 0  C 
3 1  

2 b  

3 2  
3 3  c 
3 4  
3 5  
7 6  
3 7  c 
3 8  
3 Q  
4 0  c 
4 1  
4 2  
L' c 
4 4  
L: 
L 5  c 
4 7  
4 s  
4 9  c 
50 
5 1  
5 2  c 
5 3  
5 4  
5 5  c 
5 6  c 
5 7  c 
5 5  C 
5 9  C 
5 2  c 
6 1  C 
5 2  t 
6 3  C 
54 c 
b 5  C 
6 6  C 
5 7  c 
6 8  C 
6 9  C 
7 0  C 
7 1  C 
7 2  C 
7 3  c 
7 4  c 
7 5  
76  
7 7  

E F F I G Y .  FTh  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P R C G P A r  T C  C A L C U L A T E  S P E C T C C V E T E Q  P E R F 3 R Y A Y C F  
E Y  F I N D I h G  T H E  H E I S T F  9 F  T H E  I V A G E  3F A 
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3 F C Q Y A T ( 1 W  t ' 4 C T I I A L  E 4 E R G Y  R 4 N G E  = ' , F 8 . 4 r '  T O  ' r F 8 . 4 , '  KEV'IJ 

C 
C * * * * I h I T I A L I Z i  T Y E  A R R P Y  T H E T A B * * * *  
C 

c c  5 L - l r l l  
T H E T P E ( U ) = O . C  

5 C O N T l h U E  
C 
C * * * * F I R S T  3 U T P U T  P H 4 S E * * * *  
C 

L R I T E  ( 6 r  1 C )  Q H C  
1 C  F C ~ M b T ( 1 h l r ' C P Y S T A C  R A D I L S  O F  C U G V 4 T U R E :  = ' r F 6 . , ? , 2 Y , ' C M ' I )  

C 
k R I T E  ( 6 , 1 5 1  XC 

1 5  F G G Y O T ( 1 H  r ' C C O R D I U 4 T E  O F  C R Y S T A L  C E Y T F R  = ' , F 6 . 2 , 2 X , ' C M ' / )  
C 

L P I T E ( 6 ~ 2 0 ) P S I M A X 1  
2 3  F C R M A T ( 1 H  r ' H A L F - S E C T C R  P N G L E  OF C R Y S T P C  ' r F 6 . 2 r Z X t ' D E t ' l )  

C 
C R X T E ( 6 , 2 5 ) h  

2 5  F C R Y P T ( 1 b  # ' H A L F - S L I T  L E h G T H  ' 8  F 6 . 2 1 2 X t ' C Y ' I )  
C 

L R I T E  ( 6 ' 3 0 )  T W O D  
30  F C R Y a T ( l h  I ' Z * L A T T I C E  S P A C I N G  = ' r F 8 , 4 r 2 X , ' A A N G S T R G ~ S ' I )  

C 
L R I T E ( 6 r 3 5 ) C L  

3 5  F O R Y f i T ( 1 H  , ' C Q V S T 4 C  L E N G T H  = ' r F 9 . 2 , 2 X , ' C r ' / )  
C 

L R I T E ( 6 , 4 C ) Y ' I Y t Y f ' P X  
4 0  F C R Y P T ( 1 H  , ' S L I T  C C O Q D I N A T F S  A L O N G  Y - A X I S  = ' r F 3 . 4 , ' C M t  ' 1  

3, F 8 . 4 r ' C " ' I )  
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c 

2 1  2 
2 1  3 
2 l L  
2 1  5 
2 1 5  
2 1  7 
2 1 8  
2 1  9 
2 2 0  
2 2 1  
2 2 2  
2 2 3  
2 2 4  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
2 3 0  
2 3 1  
2 3  2 
2 3 3  
2 3 4  
2 3 5  
2 3 6  
2 3 7  
2 3 8  
2 3 9  
2 4 C  
2 4 1  
2 4 2  
i b 3  
2 4 4  
2 4 5  
2 4 6  
2 4 7  
2 4 8  
2 4 9  
2 5 0  
2 5  1 
2 5 2  
2 5 3  
2 5 4  
2 5 5  
2 5 6  
2 5 7  
2 5 8  
2 57 
250 
2 6 1  
2 6 2  
2 6 3  
2 6 4  
2 5 5  
2 6 6  
2 5 7  
2 6 8  
2 6 9  

2 7 1  
2 7 2  
2 7 3  
2 7 4  
2 7 5  
2 7 5  
2 7 7  
2 7 1  
293 
2 8 0  
2 8 1  
2 9  2 

2 7 0  

C 
C R I T E  ( 5 r l l O ) X P I N , X ~ A V  

110 FORMPT(1H r ' I Y P S E  9 A h ' t E  L \ Q  DETECTCQ I S  'rF'?.4,2X1' CF' T O ' ,  

c * * ~ * t * * * . * * * * * * * * f * * * * * * * * * t * * t * * * * * * * * * * * * * * * * * * * * * * *  

C I r A G E  I S  OFF C F  T h i  CETECTCQ U H E E  XPlIN I S  BELOU D E T E C T O R  * 
C ECTTCP O K  X11'4X I S  P b C V E  D E T E C T C Q  TOP. 
c * * * * L * * * * * * * * * * * * * * t * * * * * * * * * * * * * * b * * * * * * * * * ~ * * * * * * * * * ~ * * * * * * * *  

C 

a F !! . 4  I 2 XI ' C Y  ' I ) 

I F ( ( r P I N . G E . ( - D L * C . 5 ) ) . A h D . ( X C 4 X . L E . ( D L * ~ ~ 5 ~ ~ )  G O  TO 1 2 0  
k R I T E ( 6 / 1 1 5 )  

1 1 5  F C R Y P T ( 1 h  r ' I V A G E  I S  CFF D E T E C T 3 P ' I )  

1 2 3  L R I T E ( 6 r l 2 5 ) C E L X ( U )  
1 2 5  F C Q M P T ( 1 H  r ' E F F E C T I V F  SOURCE H E I S T H  = ' r F 8 . b ~ '  C Y ' / )  

C 

C 
C R I T E ( h r l 3 C ) 3 A T I O ( U )  

1 3 0  FCF(YtbT(1Y r ' E F F E C T I V 5  SOURCE H F I G T W  R A T I O  = * t F 8 . 4 / / )  
C 
C 
C 
C 

C * * t * E h D  C F  T H E  N P I Y  C C  L C C ~ * * * +  
C 

5 0 0  C C N T I Y U E  

C C  5 c c )  I = l r l C C  
N C D ( I ) = l H -  
N C H ( I ) = l H  

6 0 0  C C N T I N I J E  
c 
C * * * *CALL F L O T l I N C  S U S 9 0 u T I f q E * * * +  
C 

C 

C 

CALL S S A R ( D E L X , R A T I O i h C D , T U E T A 3 1 )  

c c  T C  1 

2 8 3  EhD 
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3 3 9  j L 3 R C b T I h E  3 3 A Q ( D E L X r R A T I C t h C D , T b E T A B l )  
3 4 0  C 
3 4 1  C * * * * T b I S  I S  T H E  P L O T T I N G  S U B R C L ! T I \ E * * * *  
3 4 2  C 
3 4 3  c 
3 4 4  C I M E h S I O h  C E L X ~ 1 1 ~ ~ Q A T I O ~ l l ~ ~ h C D ~ l 0 O ~ ~ N C H ~ l O ~ ~ ~ T ~ E T A @ l ~ l l ~  
3 4 5  C I K i h S I 3 h  N C E ( l D 0 )  
5 4 0  I N T E C E Q ' 4  U 
3 4 7  c 
3 4 8  c 
3 4 9  c c  2 1 = l , l O r J  
3 5 0  I C E ( I  ) = l H  
3 5 1  2 C C ' k T I 4 U E  
3 5 2  c 
3 5 3  c c  4 1=1,1c 
3 5 4  J = I * l G  
3 5 5  h C E ( J ) = l P !  
3 5 b  4 C C N T I t U E  
3 5 7  c 
3 5 a  * K I T E  ( 5 , s )  
3 5 9  5 F C R W ~ T ( l h l r 3 c X ~ ' F F F i C T I V ~  S 3 U R C E  L ( F I S T H  O N  D E T E C T O R ' ! )  
3 5 0  c 
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3 6 1  
3 6 2  
3 6 3  
3 5 4  
3 6 5  
3 6 6  
3 6 7  
3 6 0  
3 5 9  
3 7 0  
3 7 1  
3 7 2  
3 7 3  
3 7 4  
3 7 5  
3 7 6  
3 7 7  
3 7 8  
3 7 9  

3 8 1  

3 8 3  
3 8 4  
3 8 5  

3 8 7  

3 8 0  

3 8 2  

3 8 6  

3 5 8  
3 8 9  
3 9 0  
3 9 1  
3 9 2  
3 9 3  
3 3 4  
3 9 5  
3 9 6  
3 9 7  
3 9 0  
3 9 9  
4 0 5  
4 0 1  
4 0 2  
4 0 3  
4 0 4  
4 0 5  
4 0 5  
4 0 7  

4 0 9  
4 1  0 
4 1  1 
41 2 
4 1 3  
4 1  4 
4 1 5  
4 1  6 
4 1  7 
4 1 8  
4 1 9  
4 2 0  
4 2 1  
4 2 2  
4 2 3  
4 2 4  
4 2 5  
4 2 6  
4 2 7  
4 2 8  
4 2 9  
4 3 0  
4 3 1  
4 3 2  
4 3 3  
4 3 4  
4 3 5  
4 3 6  
4 3 7  
4 3 8  

4 o a  

c 

C 
D C  1CC U = l ~ l l  

CG 5 c  1 = 1 t l @ ?  
k C l 4 ( 1 ) = 4 +  

5 C  CCNTINUE 
c 

C 

6 0  
C 

6 2  

1 G O  
C 

C 

1 1 0  
C 

C 
L R I T E  ( 6 r l C G ) h C D  

160 F O R ? l I P T ( l 4  r l T X * l C O I l / )  
C 

C 
c c  2 c c  u = l # l l  

D C  i e c  ~ = i , i ~ ;  
hCH (I ) = 4 H  

1EC C C ' I T I ' U U E  
t 

C A L = I F I X ( ( ~ A T I O ( L ) - l . C ~ ) ~ l ~ . ~ / D E L )  
c 

I F ( C P L . G T . C . C )  !iC T C  1 0 5  

h C H ( l ) = C h *  
E C  T C  1 8 7  

C 
1 6 5  J = C 4 L  

h C H  ( J  1 = 6 H *  

c 
C 

END 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

1 5  
1 1  
1 2  
1 3  
1 4  
1 5  
l o  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
24 
2 5  
2 6  
2 7  
2 3  
2 3  
3 0  
3 1  
3 2  
33  
3 4  
3 5  
36  
3 7  
3 3  
3 9  
40 
41 
4 2  
4 3  
41, 
4 5  
4 6  
4 7  
4 6  
4 9  
5 0 
5 1  
' 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 3  
5 9  
6 3  
6 1  
5 2  
b 3  
6 4  
6 5  
6 6  
6 7  

0 9  
7 0  
7 1  
7 2  

6 a  

C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
c 
C 

C 

c 

F I C 4 Y .  F 1.4 

r + + + t + + r * * 4 t * + + + - * + r * * * ~ * 4 * * * 4 * * * * * 4 * 4 * * + * ~ * 4 * * . 4 * 4 4 4 4 4 4 ~ 4 b ~ ~ * ~ 4 + ~  

F R C G F M "  T: CALCULATE S ? E C T R 3 ? ' E T E F  PERF0R"AVCE 
E Y  F I h D i ? G  :ME I h r T E U S I T Y  C F  T H E  I f ' A G E  O F  A 

PLOhC T H F  D E T ' C T C R .  T H E  P X C G Q A "  L T I L I L E S  C E O V E T R Y  2 :  
' R P N Z L A T I C Y  C F  T H E  C c Y S T b L  I S  E Y P L O Y E O  T C  V A R Y  T H E  B R A G G  
bhGLE Q A h G E .  

FIN ITE E X T F ' . ~ D E ~  S L I T  A S  P F U ~ ~ C T I C ~  S F  ~ C S I T I C N  

~ " * . * 4 * * . * * * * * * * 4 * 4 * 4 4 * * 4 * * 4 * * 4 4 . 4 * * 4 ~ 4 * * 4 ~ * * * * ~ ~ ~ 4 * 4 4 * * 4 4 4 4 4 4 4 4 ~  

E 2 = 1  2 . 3 9 e l  ( T W C D * S I \ ( T Y E T b Z )  1 
D E L E h = E i - E l  
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7: 
7 4  
7 5  
76 
7 7  
7 8  
7 9  
8 0  
31 
3 2  
3 3  
3 4  
5 5  
3 6  
8 7  

89 
30 
9 1  
9 2  
9 3  
9 4  
5 5  
96 
9 7  
9 8  
9 9  

1 0 0  
101  
102 
103  
1 0 4  
1 g 5  
1 9 6  
1 3 7  
1 C 3  
1 3 9  
110 
111 
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 6  
1 1 7  
1 1 8  
1 1 s  
1 2 G  
1 2 1  
1 2 2  
1 2 3  
1 2 4  
1 2 5  
1 2 6  
1 2 7  
1 2 8  
1 2 7  
1 3 5  
1 3 1  
1 3 2  
1 3 3  
1 3 4  
1 3 5  
1 3 6  
1 3 7  

1 3 9  
1 4 0  
1 4 1  

$ 8  

i 3 a  

C 
C 

3 k R I T E ( S r * ) ' E Y T E R  T H E 1 4 9  ( E Q A G G  A l r G L E )  I N  Z E G . '  
S E A D ( ? r * ) T H E T A R l  
l H E T A ~ = T H E T A ~ l * P I / 1 3 C . O  

I F ( ( T h E T 4 5 . G E . T ~ E T A 2 ) . A N ~ ~ ( T ~ ~ T A ~ . L E . T H E T A ~ ) )  G O  T O  4 
C E I T E ( S I * ) ' @ ~ A G G  A h G L E  U h 4 C C E P T A f L E '  
6 C  T C  3 

C 

c 
C * * + * F I R S T  O U T P U T  P H A S E * * * *  
C 

4 h R I T E ( 5 , 5 ) k H 7  
5 F C " U I P T ( l t (  , ' C R Y S T A L  E A D I L S  O F  C U R V A T U R E  = ' r F 6 . 2 1 2 X , ' C V ' l )  

C 
L R I T E ( 5 r t ) T Y E T P Q l  

6 F C R M P T ( 1 M  r ' ? Q A G C  A Y Z L E  ' r F 6 . 2 r Z Y , ' D E G ' / )  
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111 

2 1 3  c 
2 1 4  
' 1 5  c 
1 1 6  
2 1 7  c 
2 1 3  c 
2 1 9  c 
2 2 0  
2 2 1  c 
2 2 2  
2 2 3  t 
2 2 4  
2 2 5  C 
2 2 6  
2 2 7  C 
2 2 3  
2 2 9  C 
23C 
2 3 1  
2 3 2  C 
2 3 3  

c c  0; I = l . C  

D C  ?,C Y = l r 2 1  

t9 C C N T I 4 U E  
2 3 4  C 
2 3 5  7C CChT!\UE 
236 C 
2 3 7  

2 7 4  C I " E h S I 0 N  Y S ( 9 ) r X ( ; r 2 l r 2 1 )  

2 7 6  C C  S C  K = l r ? l  
2 7 5  C 

2 7 7  C 
2 7 8  F S I V P R = ? S I Y A X * ~ l . C - 2 . ~ + ~ F L ~ 4 T ~ ~ - l ~ ~ / ~ O . ~ ~  
2 7 9  C 
2 a o  c c  4 t  L l l r 2 1  
2 3 1  C 
2 8 2  Z S : 2 . " t Y * F L O A T ( L - l ) / i C . O - k  
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2 0  3 
2 1 4  
2 3 5  
2 9 6  
2 0 7  
2 9 3  
2 9 9  
2 9 3  
2 9 1  
2 3 2  
2 9 3  
2 3 4  
2 0 5  
236 
2 3 7  
2 0 3  
2 0 9  
3cIc 
3 2 1  
3 3 2  
3 3 3  
3 5 4  
3 5 5  
3 3 6  
3 0 7  
39 3 
3 3 3  
3 1  0 
3 1  1 
3 1  2 
3 1  3 
3 1  4 
3 1  5 
3 1  6 
3 1  7 
3 1 6  
3 1  P 
3 2 3  
3 2 1  
3 2 2  
3 2 3  
3 2 4  
3 2 5  
3 2 5  
3 2 7  
3 2 3  
3 2 9  
3 3 0  
3 3 1  
3 3 2  
3 3 3  
3 3 4  
3 3 5  
3 3 6  
3 3 7  

3 3 9  
3LO 
3 4 1  
3 4 2  
3 4 3  
3 4 4  
3 4 5  
3 4 6  
3 4 7  

3 4 9  

3 3 8  

:&a 

3 50  
3 5 1  
3 5 2  
3 5 3  
3 5 4  

C 

C 

C 

C 
C 

C 

C 

c 

C 

C 

E 4 3  
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X 9 ( I )  

- 5 . 3 9 9 4  

- 5 . c 3 5 5  

-5 .5716 

- 5 . 3 5 7 7  

- 5 . 5 4 3 d  

- 5 . C i C P  

-5.5163 

- 5 . c o 2 1  

- 4 . 0 9 * 2  

- L . P 7 4 4  

- 4 . 3 b c 5  

- 4 . 9 4 6 3  

- 4 . 9 3 2 7  

- 4 . S 1 P 5  

- 4  .FJ49 

- 4 .  ? C  1 5  

- 4 . 5 7 7 1  

- c .  !?*?L 

- 4 . 5 4 9 3  

- 4 . 0 3 5 1  

- 4 . C 2 l j  

N ( 1 )  

C 

C 

5 

u 

C 

L 

1 ! e  

b C 4  

9 T 1  

5 1 2  

4 7 2  

c c c  

3 5 2  

2 3 t  

1 i 2 

1 2  
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1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
19 
1 9  
2d 
2 1  
2 2  
2 3  
2 6  
2 5  
26  
2 7  
2 8  
7 7  
3 5  
31  
3 2  
3 3  
3 6  
3 5  
7 6  
3 7  
3 9  
! 3  
$ 5  
4 1  
ii 
6 3  
4 4  
4 5  
; e  
4 7  
L 3  
L7 
5 5  
5 1  
5 2  
5 3  
5 4  
5 5  
5 3  
5 7  
5 3  
5 5  
6 5  
6 1  
6 2  
0 3  
6 4  
6 5  
6 C  

6 7  
6 B  
6 3  
7 3  
71 
7 2  
73 
7 L  

C 
c 
c 
c 
c 
i 
C 
c 
c 
C 
C 

C 

C 
C 

P A C I U S  O F  C L P V 4 T ' J R E )  I t  C M . '  

E C F  C s Y S T A L  C E N T E R 1  I h  C l i l . '  
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7 6  
7 7  
7 8  
7 9  
P O  
3 1  
8 2  
3 3  
$ 4  
3 5  
!?6 
3 7  
5 8  
89 
$0 
9 1  
? 2  
3 3  
3 4  
9 5  
90 
3 7  
9 2  
9 9  

1 c)3 
1 0 1  
1 3 2  
1 3 7  
1 ? 4  
1 3 5  
1 S I .  
1 3 7  
1 r Q  
1 3 0  
1 1 2  
111 
1 1 2  
1 1 3  
1 1 4  
1 1 5  
1 1 5  
1 1 7  
119, 
1 1 9  
1 ': 
1 2 1  
1 2 2  
1 ? J  
1 7 4  
1 2 5  
1 2 4  
1 2 7  
1 2 a  
1 ?Q 
1 3 0  
1 3 1  
1 3 2  
1 3 3  

1 3 5  
1 3 6  
1 3 7  
1 3 3  
1 3 Q  
1 LO 
1 4 1  
1 4 2  
1 4 3  
1 4 6  
165 
1 4 5  
1 4 7  
1 4 3  
1 4 9  
1 5 c  

1 3 4  

c 

i 

C 4 * * * E h ?  C F  I 4 P C T  F H h S E ;  START F I ? S T  C L T P U T  P H A S E * * * *  

C 

c s  i i  I = l , G  

c 3  2 5  L = l r 2 l  

2 5  C 3 N T I h U E  

2 7  CChtT IhUE 

* * * * * * * . * * * * t * f t . * * * * . . " * * * * * t * * ~ * * . ~ * * * ~ ~ * ~ * ~ ~ t * ~ * * * * * * + * ~ * *  

P A I N  D C  L 3 3 p  C F  p R 3 G G 4 K .  T ' i E  F I k I T E  RECTANGULAQ S L I T  I S  
* C I V I C E D  I h T 2  9 EVEYLY SPACED L I R E  S L I T  S?UQCES P b Q P L L E L  4 

T C  T C E  Z - A X I S .  T H E  Y - C O t R 3 1 V A T C S  Y S  ARE CALCULATED P N D  4 

* S T O R E D  I h  AN i 2 9 3 Y ;  TCE F C S I T I O h S  C F  ThE OETECTOQ P N D  
CPYSTAL CENTEK A P E  T k E Y  F C U U 3 ,  A S  WELL A S  T H E  4CTUPL 
E R A G G  A Y G L E  Q A k G E  A h S  E h E D S Y  RANGE, A F T i Q  T H E  C 3 0 A D I h A T E *  
1 2 4 h S C C 2 Y G T I C h  1 5  P E G F C R V E D .  S U S Q C U T I N E  : " 3 S T R 9  I S  T h E Y  
CALLED, C h D  T n C  X - C 3 t 2 C I h A i i S  C F  T H E  1"AGE P 3 I Y T S  A R E  

* C A L C L L P T E D  F 2 P  T r E  L:NE : L I T  S3UDCE; TYESE VALUES A R E  
S T C R E D  14 T H E  O ~ D A Y  Y .  

t * * t * t * * ~ f . * t t t t * t . * * ~ * . . . . * * ~ ~ * * . ~ * * * * * * ~ ~ * * ~ * * * ~ ~ ~ . ~ * ~ ~ ~ * . ~  
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L 

1 5 1  
1 5 2  
1 5 3  
1 5 4  
1 5 5  
1 5 6  
1 5 7  
1 5 5  
1 5 9  
1 5 0  
101 
1 4 2  
163 
1 6 4  
1 5 5  
155 
1 5 7  
158 
1 6 9  
1 7 0  
171 
1 7 2  
1 7 3  
1 7 4  
1 7 5  
1 7 3  
1 7 7  
1 7 3  
1 7 9  
12; 
1 3 1  
1%; 
193 
1 ? 4  
1 9 5  

1 2 7  
1 3 9  
1 * 9  
1 9 0  
1 9 1  
1 9 2  
113 
1 9 4  
1 9 5  
1 9 6  
1 9 7  
1 9 5  
1 0 9  
2 0 0  

1 a6 

2 0 1  
2 02 
203  
2 0 6  
2 9 5  

2'37 
2 0 8  
235 
2 1 i) 
2 1  1 
2 1  2 
2 1  3 
2 1 4  
2 1  5 
2 1 6  
2 1  7 
2 1  e 
2 1 9  
2 2 0  
2 2 1  
2 2 2  
2 2 3  
2 2 4  
2 2 5  

2 0 b  
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2 2 6  C 
2 2 7  c c  5 c  r = 1 , 2 3  
2 ? F  C 
2 2 9  h ( v ) = C  
2313 c 
2 7 1  5 c  C C Y T I h U E  
2 3 2  C 
2 3 3  C 
2 3 4  C 
2 3 5  c c  c: I . l t O  
2 3 5  C 
2 3 7  c c  S C  < = l , i l  
2 3 ?  c 
239 c c  7' L.1 ,21  
2 4 2  c 
2 4 1  C C  6C w = 1 r 2 3  
2 4 2  c 
2 4 3  I F ( ( X ( I , ~ , L ) . L T . X f ( V ) ) . 3 C . ( X ( I , ~ , L ) . ; T . X 3 ( ~ + 1 ) ) )  5 3  T O  6? 
2 4 4  c 
2 4 5  k ( q ) = \ ( v ) + l  
2 4 5  E C  T C  7 C  
2 4 7  c 
2 4 8  o c  CCYTILUE 
2 4 9  C 
253  7 ?  CCYTIXUE 
2 5 1  c 
2 5 2  
2 5 3  C 
2 5 4  
2 5 5  C 
2 5 6  C 
2 5 7  c 
2 5 9  
2 5 9  
2 6 3  C 
2 5 1  c 
2 6 2  
2 5 3  
2 5 4  
2 5 5  C 
2 b b  
2 6 7  
2 9 5  
2 5 )  C 
2 7 0  C 
2 7 1  
2 7 2  
2 7 3  
2 7 4  
2 7 5  C 
2 7 6  C 
2 7 7  C 

9: CCYTI'<UE 

9 0  C C Y T I N U E  

? 9 3  E C  T C  1 
2 3 1  c 
2!2 E h 3  
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3:1 
3 3 2  
'33 
3 9 4  
3 3 5  
3 3 5  
397 
3 9 3  
3 3 Q  
3 1 0  
3 1  1 
3 1  2 
3 1  3 
3 1  4 
3 1 5  
3 1  6 
3 1  7 
3 1 9  
3 1  9 
3 2 0  
3 2 1  
3 2 2  
3 2 3  
3 2 4  
3 2 5  
3 2 6  
3 2 7  
3 2 3  
3 2 9  
3 3 0  
3 3 1  
3 3 2  
3 3 3  
3 ? 4  
3 3 5  
3 3 6  
3 3 7  
3 3 3  
5 3 9  
3 4 0  
3 4 1  
3 4  2 
3 4 3  
36  4 
3 4 5  
3 4 5  
3 4 7  
3 L 3  
3 4 9  
3 5 0  
3 5 1  
3 5 2  
3 5 3  
3 5 4  
3 5 5  
3 5 m  
3 5 7  
3 5 8  
3 5 3  
35; 
3 6 1  
3 6 2  
3 0 3  
3 6 4  
3 5 5  
3 5 5  
367 
5 5 :  
3 6 3  
3712 
3 ? 1  
3 7 2  
7 7 3  

C 
40 C C N T I k U E  

59 t C N T I l v U t  
C 

E 4D 
Z U J E C U T I N E  3 4 R ( h r X ? r h C D )  

C 
C * * * * T H I S  I S  T h E  P L ~ T T I V ;  S U 3 Q C C T I h E * * * *  

c 
l j ?  CCIUT1: rUE 

c 
€25, 
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X J ( 1 )  

- c  . C S Q P  

- c  . c 5 3 7  

- C . C 4 7 6  

- C . O 4 1 5  

- C  .1?3C4 

- C  A 2 9 3  

- i . 3 2 3 1  

- C  . 3 1 7 G  

- c .  5 1  C ?  

-i . ' 3 0 4 3  

C . ? Q l 4  

i . s o 7 5  

C . 0 1 7 6  

C . C l C 7  

C . C Z 5 Q  

c .;1321 

c .c ,35 1 

C.CLL' 

c . : ? S i 4  

r:::t5 

C . c ? s i -  

d 

G 

" 
" 
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Appendix F. Computer Program f o r  Spectrometer Opera t i on  

VHHELP.FOR . an i n t e r a c t i v e  program f o r  c a l c u l a t i o n  o f  optimum o p e r a t i n g  

c o n d i t i o n s  o f  von iiamos spect rometer ,  energy sca l  i ng , and expected r e s o l  u t i  on 

and c o l l e c t i o n  P f f i c i e n c y .  The proyram i s  w r i t t e n  i n  FORTRAN on a V A X  11/785 

system. A sample o u t p u t  f i  e i s  a l s o  appended where s tandard  source  and 

d e t e c t o r  parameters a r e  d e f  ned i n  t h e  program and t h e  f o l l o w i n g  parameters 

a r e  i n p u t :  

X-ray r e g i o n  o f  i n t e r e s t  = 2.089 t o  2.325 keV. 

P r o j e c t i l e  energylamu = 2.6 MeV/u. 

C r y s t a l  h a l f - h e i g h t  i n  degrees = 7.8". 

C r y s t a l  and 2d(W) = Q u a r t z ( l O i l ) ,  2d = 6.687A. 

S p e c i f i c  l i n e  energy and channel number 2.1387 keV @ channel 1180 

requested  channel number ene rg ies  = 1180, 1156, and 2820. 

Energy s c a l i n g  u s i n g  two known energ ies  = 2.1369 keV (3 channel 1156 and 

2.1387 keV f! channel 1180. 

Requested channel number ene rg ies  = 828, 874, 910, 978, 1099, 1156, and 1180. 

Est.  e f f i c i e n c y  a t  l a b  energ ies  2.1368 and 2.1164 keV. 

Expected coun'i r a t e s  f o r  50 nA, S i l l t  on 5 pg/cm2 o f  t a r g e t  w i t h  x - ray  p ro -  

d u c t i o n  c r o s s - s e c t i o n  o f  1 X cm2. 

The r e s u l t s  a r e  p e r t i n e n t  t o  d a t a  o f  f i g s .  29 and 30. 
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C 
c_' 

C 

C 

C 

C 
C * 

C 
c 
C 
e 

C 

C 

C 
C 

VHHELP- VON HAMOS SPECTROMETER HELP PGM. 
PROGRAM FOR CALCULATION OF OPERATING PARAMETERS OF VON 
HAMOS SPECTROMETER. 

Negative energy input means rest-Erame energy, i . e .  source 
moving with beam velocity wrt detection system. 
DIMENSION E~(3),Er(3),tl~eta(3),Fn(~),~wod(5),axtl(lO),E(2)~~cal(2), 
1Re so Ip  ( 5 ) , Re f I- ( 5 ) 
DOUBLE PRECISION YN, axtl 

S t a nda r d ope r a t i ng pa r anie t e r 1 i s t 
crystal parameters 
Itag=O 
twod(l)=10.648 
twod(2)=6.687 
twod( 3)=4.027 
twod( 4)-2.7.l5 
twod( 5)=9999. 
resolving powers and integrated reflectivities 
Resolp(l)=8200. 
ResoZp(2)=7700. 
Resolp(31=27000. 
Resolp(4)-99999999. 
Resolp(5)-99999999. 

Refl(l)-9.0&-5 
Ref1(2)-1,23E-4 
RefI.(3)=1.5E-4 
Refl(4)=O.O 
Refl( 5 ) = 0 . 0  

crystal names 
dxtl(l)='ADP' 
axtl(2)=r(101)f 
ax tl ( 3 ) = ' QTZ ' 
axtl(4)='(1011)' 
a x t l - (  5)-'LiFr 
axt1(6)='(200)' 
axtl(7)='Sif 
axt1(8)='(100)' 
axtl(9)-'NONEr 
axtl(lO)='(----)' 
special notes f o r  the v a r i o u s  available crystals. 

geomteric and mechanical parameters 
wresS:O.010 
1 x = 4 . 0  
hx-4.0 
rhox=l0. 0 
xoffset.=-76.24 
detector parameters 
f ld-4.26 

dro€fst=100.0 
drfae=19.1 
det dispersion i n  inches per  channe l .  measured f o r  det 5/1/86 
ddisp=0.0014672 
det "A" had a disp. of 0.001386 in/chnl, measured 3/16/85. 
det "B"  measured electronic (pulser) r e s o l .  of 4.5 chnls*ddisp. 

dxoffst=-125.6 



1 2 4  

C 

300  

1. 0 
C 

C 
C 

1 0 0  

101 

C 
C 

1 0 1 1  

1.012 

c 

SO13 
C 
C 

1 0 2  

105 

I. 1 0 

111 

112 

1 1 4  

113 

wres-0.0066 
det"B"signal midpt-1 ow chnl-t-hi chnl/2 chnls a r e  where cts starttistop 
idxo-1874 
idstrt=400 
idstp-3300 

format(' OUTPU'I' WRITTEN ON PILE -- FOKOgl.DAT;#, in this SUBDIR.') 
type 300 

continue 

INPUT OF X-RAY REGION O F  INTEREST AND PROJECTILE ENERGY. 
TYPE 1 0 0  
FORMA'Y(' Enter rest-frame x-ray energies and projectile energy/u.') 
accept 101 Erl E r h ,  Epro 
format( 3 f )  
Erl=abs(Erl) 
Erh=abs ( E r h  ) 
branch to "specific dial settings calcs" if E r L = O .  0 
If Epro N.E. 0 . 0 ,  enter ps imax ,  height of crystal in degrees. 
fpsimax=O.O 
if(Epro.EQ.0.0) go to 1013 

format.( ' enter crystal acceptance half--height ( d e g r e e s )  ' 
accept 1012, fpsimax 
format ( 1.F 
d p s i ~iiipx= f ps i ma x 
rpsirnax=fpsimax/57.296 
if( fpsimax.LE.O.0) rpsimax=0.1972 
if ( fpsimax. LE - 0.0 ) dpsirnax-11. 3 
doppl-er factor calc--shift in line enrgy due t o  crystal. opening angle 
Dopfac=(l.O+cos(rpsimax))/2.0 
c o n  t i nu e 

type 1011 

1st calc. gamma, and beta 
garnma~l.O+abs(Epro/931.50) 
he 'i. a- ( sq r t: ( gamma * * 2 . 0- 1 . 0 ) ) /cja mm;d 

if(Erl.1,E.O.O) cjo to 105 
if(Epro.EQ.O.0) 40 to 1.02 
b e t a - b e t a * ( E p r o / ( a b s ( E p r o ) ) )  
continue 
~r(2)-(Erl+Erh)/2.0 
if(Itag.GT.0) cjo to 200 
continue 

format( Enter crystal 2d(anqs) hit "return" i f  unknown. '  ) 
accept: 111, twodx,norder 
format(lF,lI) 
f o rdbe s t- f loa t ( no rde r ) 
if(norder.LE.0) fordbest=l,O 
c twod- twodx 
if ( twodx"  LE. 0 . 0  ) go t o  120 
i bes  t-99 
do 112 I-1,5 
if(c~wod.EQ,twcd(I)) ibestz.1 
continue 
if(ihest.NE-99) go to 1 1 3  
type 114 
format( ' crystal n o t  found in stock l i s t - . '  ) 
go to 105 
i: o n t i nu e 

type 110 
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115 

120 
C 

C 
c 

C 

150 

b, 

155 

156 

200 
C 

500  

501 
c 

*I 

C 
C 

1111 

ixtl=2*ibest-l 
ixt2=ixtl+l 
type 115, axtl(ixtl),axtl(ixt2),ctwod 
format(' crystal chosen is r2A6r with 2d(A)- '1F7.4) 
ccb=fordbest*12.3981/ctwod 
ibest=l 
if(twodx .GT. 0.0) go to 200 
continue 
auto selection of  "best" crystal based on angle to reach Er(2). 
lstheta=0.4999 
branch for "specific dial settings calcs." where twodx must be set; 
if xray energies given in projectile frame, for example, 
if(Erl.tE.0.0) go to 105 
fordbest=l.O 
do 150 11=1,2 
forder=float(n) 
do 150 I=1,5 
cb=forder*12.398l/twod(I) 
E1(2)=(Er(2)/gamma)+beta*cb*Dopfac 
stheta=ob/E1(2) 
if(stheta.GT.Q.940) go to 150  
iE(stheta.LT.0.4999) go to 150 
if(stheta.GT.1stheta) ibest=I 
if(stheta.GT,lstheta) €ordbest=forder 
if the diff. order (norder) was input. explicitly, set it here. 
if(norder.GT. 0) fordbest-float(norder) 
1 sthe ta=sthe ta 
continue 
ccb-fordhest*12.3981/twod(ibest) 
ixtl=2*ibest-l 
ixt2=ixtl+l 
type 155, a x t l ( i x t l ) , a x t l ( i x t 2 ) , t w o d l i b e s t )  
format(' The best crystal for this energy region is '2A6' ,2d='F6.3) 
if(fordbest.GT.I.0) type 156,fordbest 
format(' Note that this requires order='lf2.0' diffraction.') 
ctwod=twod(ibest) 
continue 
SPECIFIC DIAL SETTINGS CALCS, ROUTINE 
if(Erl.GT.0.0) go t o  555 
type 500 
format(' Enter specific xtal and detector dial settings:Q/ 
1' xtal dial, detector linear dial, and detector rotational dial.') 
accept 501, cxctr, cdxctr, cdrctr 
format( 3F) 
calc of xo and dxo using these settings. 
xcntr=cxctr 
dxcntr=cdxctr 
drcntr=cdrctr 
xo=(xcntr-xoffst)/40. 
dxo=(dxcntr-dxoffst)/40. 
theta(2)=atan(rhox*2.O/dxo) 
E1(2)=ccb/(sin(theta(2))) 
Er(2)=gamma*(El(2)-(ccb*Dopfac*beta)) 
c k .  drcntr to make certain detector is reasonably perpendicular to 
central ray. 
pdrctr=droffst-drfac*theta(2) 
type 1111, pdrctr 
format(' best det. rot. dial setting is 'lf5.2) 
cdrthe=(droffst-drcntr)/drfac 
mxrctr-pdrctr+0.75 
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520 

C 

555 
C 

c 

560 
C 

C 
C 

3091 
C 

C 

310 

311 

312 

313 

315 

316 

317 
c 

mnrctr=pdrctr-0.75 
iE(drcntr.GT.mxrctr) type 520, pdrctr,drcntr 
if(drcntr.l'r.mnrctr) type 520, pdrctr, drcntr 
format(' Chosen rotational setting will not yield high resolut:ion.'/ 
1' At this det, linear position, the rotation dial should be set 
lto '1F8.3,/' Calcs. will proceed using dial setting '1F8.3) 
make 1st order correction f o r  off-normal det. rotation 
d e l d r - ( d r c n t r - p d r c t r ) / d r f a c  
ddisp=ddisp/(cos(deldr)~ 
go to 560 
cont i nue 
calc of nragg angle for mid ray. 
Ei(2)=(Er(2)/gamma) 3- beta*ccb*Dopfac 
t h e t a ( 2 ) = a s i n ( c c b / E l ( 2 ) )  
calc of xo" to place ~ l ( 2 )  at x ta l .  center. 
xo=rhox/( tan( theta( 2) ) ) 
dxo=2.0*~0 
xcntr=40.0*xo+xoffst 
d~cntr=40.O*dxocdxoffst 
d r c n  t r=drof fst-dr f ac * ( t h e t a  ( 2 ) ) 
continue 
calc energies intercepted by t h e  detector, assuming normal to mid ray. 
f~=sqrt(rhox**2. + (dxo/2.)**2.) 
delthe=at-an( fld/( 4. *PL) ) 
theminz(theta(2) - delthe) 
themax=(theta(2) i delthe) 
El( I)=ccb/(sin(themax)) 
El( 3)=ccb/( sin( themin) ) 
Er(l)=gamma*(El(l)-beta*ccb*Dopfac) 
Er(3)=gamma*(El(3)-beta*ccb*Dopfac) 
Resolution estimate assuming 10mil wide source s l i t  and 6mil d e t  res. 
Doppler width, due to psimax crystal. opening height, a l s o  included 
Dopwdth= 1000.*(1.0 - cos(rpsi~iax))*beta*ccb 
if(Epro.GT.O.0) type 3031,Dopwdth 
if(Epro.GT.O.0) write(91,3091) Dopwdth 
format(' Doppler line width e s t d  = '1E7.2' ev') 

wef f=syr t (wresS*"2 .0+wresD**2 .0 )  
resol=500.*weff*E1(2)*(~os(theta(2)))/rhox 
resol=sqrt(Dopwdth**2. + resol**2,) 
output wri-tten to for09l.dat 
w r i t e ( 9 1 I 3 1 0 ) 
format(//,' OUTPUT FROM VHHELP.@RV',//) 
if(Erl.GT.O.0) write(91,311) Er l - ,E rh  
format(' x-ray rest-frame region of interest is ' 1 P 7 . 4  
1' to ' 1 F 7 . 4 '  keV') 
if(Epro.EQ.0.0) go to 313 
write ( 91 312 ) Epro , gamma beta, dps  imax. 
format(' Emitting projectile energy is ' 1 F 4 . 1 '  MeV/u, gamma= 
1'1F6.4' , be ta -  'lf7.5,/' crystal psimax- 'lf5*2r degrees.') 
continue 
write(31,315) axtl(ixtl),axtl(ixt2),ctwod,fordbest 
format(/' Crystal of choice is ' 2 ~ 6 '  , 2 d ( ~ ) - ' l f 7 . 4 '  ,order-'lf2.0) 
write(91,316) El(l),E1(3) 
format(' Lab frame energy- range of det. = '1F7.4' t0~1F7.4' keV') 
if(Epro.EQ.O.0) write(91,317) Er(l),Er(3) 
format(' 'This corresponds to 'lF7.4' to' 1F7.4' keV at rest.') 
output positioning information for xtal and detector. 
if(Erl.GT.O.0) writt?(91,323) 
if( Erl. L E .  0 . 0 )  write ( 91 I 324) 
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323 
324 

325 
326 
327 
328 

0888 

C 
C 
C 

442 

440 

480 

C 

441 
450 
C 

455 

4 56 

C 
C 

format(//,' Calculated optimum operating conditions: ' 1  
format.(//,' You chose operating conditions: ' 1  
type 325,xcntr 
type 326,dxcntr 
type 327 ,drcntr 
type 328, E1(2), resol 
write(91,325) xcntr 
write(91,326) dxcntr 
write(91,327) drcntr 
write(91,328) E1(2),resol 
format(' crystal dial setting = '1F8.2) 
format(' detector linear dial setting = '1F8.2) 
format(' detector rotation dial setting = '1F8.3) 
format(/' Expected energy resolution at '1F7.4r keV is '1F5.2' ev.') 
write (91,8888) 

. . . . . . . . . . . . . . . . . . . . . . . .  
tabulat,ion of chnl #,lab energy,dispersion,rest energy, & wavelength 
using standard values for idxo, idstrt, etc. 
istep-200 
write(91,442) 
format(//,' Approx. calcs. done using default channel values. ' )  
write(91,440) 
format(' CHNL# LAB ENERGY(keV) DISP(eV/chnl) REST ENERGY(keV) 
lWAVELENGTH(angStrOmS)',/) 
continue 
do 450 k=idstrt,idstp,istep 
z=(float(k-idxo))*ddisp 
dtheta=-atan(z/(2,*fL)) 
ttheta=theta(2)+dtheta 
tEl=ccb/(sin(ttheta)) 
tEr=gamma*(tEl-beta*ccb*Dopfac) 
calc energy/chnl = dispersion using measured det. disp.-ddisp 
disfac=(ddisp*tEl**2.)/(ccb*2.O*fL) 
cosfac=(cos(ttheta) )*((cos(dtheta) )**2.) 
tdelE1=1000,*cosfac*disfac 
tlmbda=12.3981/tEr 
if(istep.EQ.1) type 440 
if(istep.EQ.1) type 441, k,tEl,tdelEl,tEr,tlmbda 
write(91,441) k,tEl,TdelEl,tEr,tlmbda 
format(l15,5x,1F9.4,5xrlF9.4,10x,lF9.4,5x,lF9.4) 
continue 
getting est. energy at specific chnl # .  
type 455 
format(//,' Enter chnl # for est. of energy there, return to s t o p . ' )  
accept 456, iun, Exkun 
format(l1,lF) 
if(iun.EQ.0)go t o  489 
correction approximation using a known energy line at c h n l  iun. 
if Exkun LT 0.0 it means that it was given in the proj. rest frame. 
if(Exkun.EQ.O.0) go to 460 
if(Exkun.LT.O.0) Exkun=((abs(Exkun))/gamma)+beta*ccb*Dopfac 
thekun=as in ( ccb/Exkun ) 
dthekun=theta(2)-thekun 
akun=2.0*fL*(tan(dthekun)) 
kidxo=iun-(int(zkun/ddisp)) 
idxo=kidxo 
if(Exkun.GT.O.0) type 459, Exkun,iun,idxo 
if(Exkun.GT.O.0) write(91'459) Exkun,iun,idxo 

format(/' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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459 

4 6 0  
C 

489 
C 

470 

471 

600 
C 
c 
C 
C 
C 
c 
C 
C 
C 

665 

566 

667 

C 

C 

670 

C 

C 

675 

f o r m a t ( / , '  * * *  Input: of '1F7.4' keV at chnlr 15, forces idxo- 'Is,/ 
1' Further calcs. are done using this value.') 
continue 
loop for specific chnl conversions to e n e r g y  
idstrt-iun 
ids tp- iuii 
i step-1. 
go to 488 
continue 
getting energies from scaling u s i n g  two known lines a s  input. 
type 4-70 
format( D o  you want e n e r g y  scaling u s i n g  known lines?(Y/N) ) 
accept 471, YPJ 
format(A4) 
if(YN.EQ.'y') go to 808 
if(YN.EQ,'Y') go to 808 
continue 
System efficiency estimates. S Y S E F F  related to Kallne lurrii.nosity 
h u t  n o t  exactly the same. SYSEFF-I/SG ie. detected/emitted r a t e .  
nssume ~ 1 0  gas @ 2 atmos. and 1 / 2  mil mylar window. 
s Y S E F F - I / I G - E f E d e t + ~ e f l a v g ( E x ) k d 0 m e g a ( E x ~ / 4 * ~ i .  
Detection efficiency approximation, assumes 1/2 mil mylar window, 
I atmos of P 1 0  g a s r  nearly c0nstan.t (let e f f  over limited energy 
regions. See pg. 87, von Hamos logbook I. 
For 2nd and 3rd o r d e r  diffraction; it is assunred t h a t  the efficiency 
decreases like (ordgr)k*-l,5 . 
Reflavg-Q.0 
type 8 9 8 8  
w r i t e ( 9 1 , 8 8 8 8 ) 
con t i nu e 
Exeff=O.O 
type 666 
format(' Enter x-ray enesgy to g e t  sys. efficiency estimate.') 
accept 667, Exeff 
Eo Irma t ( 1 E' ) 
if(Execf.EQ.O.0) go to 689 
Exlast=Exeff 
if(Exeff.L'T.G.0) E x e f E = ( a b s ( E x e f f ) ) / g s m m a  + beta*ccb*Dopfac 
theeff=asin(ccb/Exeff) 
these ests. are only good for P 1 0  
if(Exeff.GT.1.5) Effdet-0.25 
if(Exeff.GT.7.0) Effdet=0.15 
if(Exeff.L'T.1.5) Effdet-0.10 
crystal reflectivity avg'd over a resolution widkh. 
if(Refl(ibest).EQ.O.O) type 6 7 0  
if(Resolp(ihest).EQ.99999.) type 670 
format(' crystal parameters unknown.') 
Reflavg- ( R e f l ( i b e s t ) * R e s o l p ( i b e s t ) ) / ( 2 . 0 * t a n ( t h e e f f )  
if(Reflavg.LE.O.0) go to 689 
solid angle intercepked by crystal in one resolution width. 
fL-rhox/( sin( tlieeff) ) 
dthec- (tan(theeff))/(Hesolp(ibest)) 
dthesys= sqrt(dthec**2.0 +(wresS**2.0 + wresD"~2.0)/(4.*€l**2.0)) 
domega- dthesys*hx*(sin(theeff))/rhox 

S Y S E F F = E f f d e t * K e f l a v g * d ~ ~ e g ~ / ( ( ~ o r ~ b ~ ~ t * * l . ~ S ) ~ ~ 2 ~ ~ 6 )  
type 675, E x e f f ,  SYSEFF 
format(/,' estd system effic./resol width at 'F'7.4' keV = '1E9.3) 
write(91,675) Exeff, S Y S E F F  
90 to 665 
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689 

c 
C 

750 

7 53. 

C 

-154 

7 5 5  

789 
C 
c 

400 
599 
C 

'7 0 0 

701 

a08 

857 

C 
C 

828 

C 
c 

830 

829 
C 

con t i nu e 
if(Reflavg.LE,O.O) go to 789 
count rate estimates f o r  ions on solids 

t y p e  7 5 0 ,  Exlast. 
format(/' For c t .  rate estimate at 'F7.4' keV, enter: Qbeam,'/ 
1' Ibearn(nA),sigma(cm2),targ. thickness(ugm/crn2),& targ. mass(u).') 
accept 751, IQh,fIb,sigma,fNt,A2 
format(lIr1F,1E,2F) 
if(IQb.LE.0) go to 789 
count rate est. using SYSEFF. 
crconst=O. 376E28 
C R X = c r c o n s t * s i g m a * f 1 b " f N t * S Y S E F F / ( A 2 * f l o a t ( I Q b ) )  
type 755, CRX 
M r i t c ( 9 1 , 7 5 4 ) f I h , E p r a , I Q b , f N e , R 2 , E x L a s t  
€o rma t ( / '  FOE 'F7.2' nA of'F4.1' MeV/u,Q='I2' c on 'F7.2' ug/cm2'/ 
1' of target A -- 'lF6.2' amur at 'F7.4' k e V  the ' )  
wri. te ( 91,755 ) C R X  
f o r m a t ( '  expected et. rate intg. over resol. width = 'E9.2' / s e c t / )  
go to 689 
continue 

output note that crystal doesn't span t h e  region of interest. 
if(Erl.LE.O.0) go to 699 
if(Er(1)*GT.Er1) type 400 
if(Er(3).LTmErh) type 400 
if(Er(l).GT.Erl) write(91,400) 
if(Er(31,LT.Erh) write(91,400) 
w r i 1:. e ( 9 I 8 8 8 8 ) 
FORMAT(' NOTE: CHOSEN CRYSTAL DOES NOT SPAN REGION SPECIFIED,',//) 
continue 

TYPE '700 
FORMAT( ' DO YOU WANT ANOTHER ENERGY REGION, SAME CRYSTAL?( Y / N )  ' ) 
ACCEPT 701 I YN 
FORMAT ( A4 ) 
Itag-l 
IF(YN.EQ.'y') go t o  1 0  
IF(YN.EQ.'Y') GO TO 10 
GO TO 888 
CONTINUE 
write(91,8888) 
write(91,857) 
format(///,2x8' SPECIFIC CHANNEL CONVERSIONS USING 
1ENERGY SCALING BASED ON TWO KNOWN LINES : ' , / )  
ENERGY SCALING ROUTINE 

DO 830 I=1,2 
TYPE 828, I 
FORMAT(' ENTER KNOWN ENERGY(KEV) AND CIINL# FOR PEAK '112) 
read ( 5 * ) Eca I. ( I: ) , FN ( I ) 
if Ecal(1) LT.  0.0, it means energy was given in the proj. rest frame 
convert to lab frame. 
if(Ecal(T).LT.O.O) Ecal(I)-((abs(Ecal(I)))/g~mma)~~~~?ta*ccb*Dopf~c 
CONTINUE 
if(Ecal(l).LT.O.O) type 829 
if(Ecal(l).LT.O.O) Write(91,829) 
focmat(' neg # s  means energies given in the projectile frame.') 
write calibration l i n e  data to f o r 0 9 1  
write(91,858) EcaL(l),FN(l),Ecal(2),FN(2) 

E ( N ) - E O + A ( N - N O ) + B ( N - N 0 ) " * 2  



130 

C 

858 format(5~~1F7.4' k e V  a t  chl '1F6.1, h '1F7.4' keV at chl ,lF6.1,//) 

C CALCS OF EO, A ,  B, AND NOP 
w r i t e ( 9 1 , 4  4 0 ) 

C2=ccb**Z. 0 
Ea=(Ecal(l)+Ecal(2))/2.0 
A = ( E c a l ( 2 ) - E c a l ( l ) ) / ( F N ( 2 ) - F N ( 1 ) )  
BN=(A**2.0)*((2.O"(EO**2~) )-C2) 
BD=2,0"EO*((EO**2.0)-C2) 
B= BN/BD 
FNB=(FN(l)+FN(2))/2.0 

CORRECTION FOR A 
~NoP=FNR+(B/(4.*A))*((FN(2)-FN(1))**~.0) 

ECALl-EO+A*(FN(1)-FNO~)+B*~(FN(l).--~NOP)**~.) 
E C A L 2 ~ E O + A * ( F N ( 2 ) - F N o P ) + B * ( o - F N O P ) * * 2 . )  
DELER=(ECAL1-Ecal(l)+Eca1(2)-ECAL.2)/2. 
DELA=2.*DELER/(FN(z)-FN(1)) 
A=A+DE T, A 

C calculation of coeffs, aaa, bbb, akid ccc for quadratic scaling, 
aaa-EO-A*FNOP+B*(FNOP**2.0) 
bbb=A-l,*B*FNOP 
cCc=B 

aaa=1000.*aaa 
bbb=lOOO.*bbb 
ccc=1ooo.*ccc 

type 835, aaa,bbb,ccc 
write(91r835) aaa,bbb,ccc 

C change to eV units. 

C 

c n is chnl number, aaa,bbb,ccc are in terms of eV. 
835 format(' Energy scaling- E(n)(in eV)=a+bn+~n**2:a,b,c-~/,3F,/) 
C 
c E(N) AND DISPE(N) CALCS 
840 CONTINUE 

TYPE 848 
848 FORMAT(//' ENTER CHNL# TO GET ENERGIES AND DISPERSION.P) 

accept 8/19, iun 

un=float(iun) 
IF(UN . T , E .  0 . 0 )  GO TO 860 
E ~ c A L c - E o + A ~ ( u N - F N ~ P ) + B * ( ( u N - F N ~ P ) * * ~ . ~ )  
Ercalc=gamma*(Elcalc-beta*ccb*Dopfac) 
flmbda-12.3981/Ercalc 
dElcal=A+2,0*B*(UN-FNOP) 
dElcal=1000.*dElcal 
type 440 
type 441, iun,Elcalc,delcal,Ercalc~~lmbda 
write(91,461) iun,Elcalc,delcal,Ercalc,flmbda 
GO TO 840 

849 format(1I) 

860 type 861 
861 format(' DO you want t o  try another set o f  calibration lines?(Y/N)') 

accept 1 7 1 ,  YN 
if(YN.EQ.'y') go to 808 
if(YN.EQ.'Y') go to 808 
go to 600 

STOP 
END 

888 CONTINUE 
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