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SUMMARY 

The s u r f a c e  tempera ture  of  t h e  three-channel ,  gall ium-cooled Cor ne11 

s i l i c o n  c r y s t a l  is’ e v a l u a t e d  f o r  t h e  g i v e n  sys t em c o n f i g u r a t i o n  and 

s p e c i f i c a t i o n s .  The THTB thermal -hydraul ic  program i s  used f o r  t he  numerical 

s o l u t i o n  of t h e  problem, and t h e  r e s u l t s  are t o  be compared wi th  t h e  

r a d i o m e t r i c  measurements ob ta ined  a t  Corne l l .  

The Imframetrics I R  camera model 525 used i n  t h e  Corne l l  exper iments  is 

c r i t i c a l l y  t es ted  a t  Argonne and the necessa ry  c o r r e l a t i o n  cu rves  ( r e l a t i n g  

camera r e a d i n g s  t o  a c t u a l  tempera ture  of a n  i so the rma l  s i l i c o n  c rys ta l )  are 

ob ta ined .  I n  a d d i t i o n ,  t h e  blackbody c o r r e l a t i o n  cu rves  provided by 

I n f r a m e t r i c s  Corp. are reproduced and v e r i f i e d .  

The s u i t a b i l i t y  and r e l i a b i l i t y  of  I R  rad iometry  i n  t h e  c a s e  of  p a r t i a l l y  

t r a n s p a r e n t  bod ie s  ( such  as s i l i c o n  i n  the  I R  r e g i o n  or  t h e  spectrum) are 

d i s c u s s e d  and procedures f o r  data c o l l e c t i o n  and i n t e r p r e t a t i o n  are 

recommended. I t  is i n d i c a t e d  t h a t  t o  i r fe r  the  c r y s t a l  s u r f a c e  tempera ture  

a c c u r a t e l y ,  a number of  f a c t o r s  (most ly  re la ted t o  t he  p a r t i a l  t r anspa rency  of 

the c rys ta l )  must  be t a k e n  i n t o  account .  These are  o u t l i n e d  i n  some de t a i l .  

T h e o r e t i c a l  developments are deferred, s i n c e  t h e y  are complicated and s i n c e  w e  

s t i l l  f a v o r  the  c o a t i n g  method as the s imples t  and most re l iab le  s o l u t i o n  

approach. 
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1.0  I N T R O D U C T I O N  

I n  the  March 1 1 ,  1988, meet ing of t h e  APS Study Group o n  High Heat Loads 

i n  X-Ray O p t i c s ,  a p r i o r i t y  t a s k  i d e n t i f i e d  was the modeling and a n a l y s i s  of  

the  heat t r a n s f e r  a s p e c t s  of  the CORNELL three-channel  and the  ANL f i v e -  

channel s i l i c o n  c r y s t a l s .  These c r y s t a l s  are cooled by water o r  gal l ium. I n  

a d d i t i o n ,  the  I R  data obta ined  i n  t h e  CHESS experiments  a t  C o r n e l l  were t o  be 

examined and v e r i f i e d .  System s p e c i f i c a t i o n s  and i n p u t  parameters  were 

d i s c u s s e d  and f i n a l i z e d  d u r i n g  t h e  meeting. 

Our i n i t i a l  modeling of  t h e  CHESS c r y s t a l  y i e l d e d  tempera tures  o n  t h e  

surface of the  c r y s t a l  far  i n  excess  of those i n d i c a t e d  by t h e  C o r n e l l  I R  

measurements as p r e s e n t e d  a t  t he  meeting (F ig .  1) .  I n  f ac t ,  t he  computed 

maximum tempera ture  d i f f e r e n c e  o n  t h e  s u r f a c e  o f  the CHESS c r y s t a l  was found 

t o  be as much as three times the v a l u e s  p r e s e n t e d  a t  t h a t  meeting. We 

thoroughly  checked our  modeling, i n p u t  data,  and t h e  computations.  Nothing 

tha t  could e x p l a i n  t h i s  d i screpancy  was found. 

We t h e n  began t o  i n v e s t i g a t e  t h e  r e l i a b i l i t y  of  the s u p p l i e d  I R  

measurements. One of  the  a u t h o r s ,  G. F o r s t e r ,  noted the t r a n s p a r e n c y  of t h e  

s i l i c o n  c r y s t a l  t o  IR r a d i a t i o n .  Then, w e  surmised t h a t  t h e  exper imenta l  

t echnique  and t h e  data o b t a i n e d  might be suspec t .  Our s u s p i c i o n  was f u r t h e r  

r e i n f o r c e d  when w e  reviewed t h e  l i t e r a t u r e  on t h e  r a d i a t i v e  p r o p e r t i e s  of 

s i l i c o n  c r y s t a l s  i n  t he  i n f r a r e d  r e g i o n  of t h e  spectrurn (see Figures  2 and 

3) .  The s t e e p  v a r i a t i o n s  i n  these p r o p e r t i e s ,  p a r t i c u l a r l y  i n  t h e  i n f r a r e d  

r e g i o n ,  and the c o r r e c t i o n s  needed t o  account  f o r  t h e  t r a n s m i t t a n c e  and 

r e f l e c t a n c e  of s i l i c o n  seem t o  prec lude  unaided and direct  thermometric 

measurement of t h e  s i l i c o n  c r y s t a l .  Another a u t h o r ,  A .  Khounsary, suggested 

t h a t  t h e  s i l i c o n  c r y s t a l  be coa ted  wi th  a l a y e r  of a material opaque t o  

i nf r ar ed . 
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The I R  scanner  (Inframetrics model 525) used a t  Corne l l  is a n  "8-12" 

u n i t .  T h i s  means t h a t  i t  is most s e n s i t i v e  t o  and s u i t a b l e  f o r  (blackbody) 

tempera ture  measurements i n  t h e  20-100°C range. Unfo r tuna te ly ,  i t  is i n  t h i s  

very r ange  t h a t  a s i l i c o n  crystal  e x h i b i t s  s t e e p  v a r i a t i o n s  i n  its r a d i a t i v e  

p r o p e r t i e s .  The re fo re ,  if the  crystal  is not coa ted ,  t he  row data t a k e n  by 

t h e  i n f r a r e d  scanner  must  be processed and i n t e r p r e t e d  t o  infer the  a c t u a l  

t empera tu res ,  a l a b o r i o u s  (and unnecessary) t a s k  i n  view OF t h ?  s t r o n g  

fnequency dependence of the  r a d i a t i v e  p r o p e r t i e s  oP s i l i c o n  c r s y t a l s  i n  t h e  

s p e c t r a l  range of i n t e r e s t .  On t h e  basis  of these c o n s i d e r a t i o n s ,  i t  was t h e n  

decided t o  r u n  some tempera ture  measurement tes ts  a t  t h e  ANL/Bldg. 223 

l a b o r a t o r y .  Experimental  appa ra tus  c o n s i s t i n g  of a p i e c e  of s p a r e  s i l i c o n  

crystal  wi th  a P e l t i e r - e f f e c t  back was set up. A thermocouple was a l s o  

contact-mounted o n  the  f r o n t a l  surface of  the  crystal  t o  independent ly  measure 

the  s u r f a c e  t empera tu re  a t  tha t  l o c a t i o n .  

I n f r a m e t r i c s ,  Inc . ,  was con tac t ed  t o  seek a d v i c e  o n  p o s s i b l e  opaque 

c o a t i n g s .  They sugges ted  b lack  v i n y l  e l e c t r i c i a n ' s  tape, s p r a y  f o o t  powder, 

and dye p e n e t r a n t  developer powder; i n  a d d i t i o n ,  w e  a l s o  cons ide red  carbon 

b l a c k  and cand le  s o o t  as a c c e p t a b l e  cand ida te s .  These materials are a l l  

opaque t o  i n f r a r e d  r a d i a t i o n ,  have e m i s s i v i t i e s  i n  e x c e s s  of 0 .9  and are 

readi ly  a v a i l a b l e .  The b lack  e l e c t r i c a n ' s  t a p e  and t h e  dye p e n e t r a n t  

deve loper  powder ( i n  p a t c h e s )  were used  i n  our experiment.  Both were equa l ly  

p r a c t i c a l ,  bu t  t h e  t a p e  would l o s e  its adhes iveness  and p e e l  o f f  a t  higher 

o p e r a t i n g  t empera tu res .  The thermocouple i t s e l f  was a l s o  coa ted  so t h a t  i ts  

t empera tu re  would a l so  be monitored t o  a s s u r e  proper  s u r f a c e  c o n t a c t ,  and t h u s  

a c c u r a t e  r e a d i n g  o f  the surface tempera ture .  

Our p r e l i m i n a r y  exper imenta l  data i n d i c a t e d  a l i n e a r  c o r r e l a t i o n  between 

the  I R  scanner  readings and t h e  thermocouple measurements. 
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A a :  3 ul t 

of t h e  three-fold 

f these experiments ,  t h e r e f o r e ,  we , e l i e v e  t h a t  t he  s o u r c e  

d i f f e r e n c e  between our thermal-hydraul i c modeling r e s u l t s  

and the  C o r n e l l  I R  temperature  measurements are due t o  e r roneous  i n t e r -  

p r e t a t i o n  of 12 readings .  The a c t u a l  temperature  r i se  a l o n g  the  s u r f a c e  of 

the  three-channel  c r y s t a l  is about three times the v a l u e s  presented  a t  the 

March 1 1  meeting. T h u s ,  the  c o r r e c t  va lue  is i n  t h e  4 0 - 4 5 O C  range  (assuming 

tha t  t he  flow r a t e ,  channel  and f o o t p r i n t  dimensions,  power l e v e l ,  etc.  t h a t  

are provided are a c c u r a t e ) .  

Follow-up I R  c a l i b r a t i o n  s t u d i e s  i n  the l a b o r a t o r y  and accompanying 

a n a l y t i c a l  work v e r i f i e d  the above conclusions.  T h i s  follow-up work is 

de ta i led  below. 

2.0 SYSTEM S P E C I F I C A T I O N S  A N D  INPUT DATA - - - - - - - - . ~ -_- -^I------ ------ 
The d imens iom of t h e  c rys ta l  under s t u d y  and o t h e r  sys tems s p e c i -  

f i c a t i o n s  are inc luded  i n  F i g .  4.  The i n c i d e n t  beam i n  t h i s  p a r t i c u l a r  case 

makes a 14.3-degree a n g l e  w i t h  t h s  t o p  o f  t he  c r y s t a l .  I n  a p l a n e  

p e r p e n d i c u l a r  t o  the  d i r e c t i o n  of inc idence  and a t  the  c e n t e r  o f  t he  beam, 

or thogonal  c o o r d i n a t e s  x' and y' are chosen. The i n c i d e n t  beam has a s p a t i a l  

power d i s t r i b u t i o n  which is Gaussian a long  y ' - d i r e c t i o n  and p a r a b o l i c  a long  

x ' - d i r e c t i o n .  The power conta ined  i n  a n  eleinental  area dx'dy' is g i v e n  by 

V'* 

dY' 1 

where 
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dy' = s i n 0  dy ( n o t e  t h e  coord ina te  system xyz i n  F igu re  4 )  

8 = t h e  ang le  between t h e  d i r e c t i o n  of inc idence  and y-axis  

a = cu t -o f f  he igh t  of the beam's p a r a b o l i c  p r o f i l e  

(here,  a = 0.3; see Fig.  5 )  

A = c o n s t a n t  of p r o p o r t i o n a l i t y  ( t o  be de te rmined)  

2 x T O  = beam f o o t p r i n t  w id th  a long  x ' - ax i s  

5 = s t a n d a r d  d e v i a t i o n  of  the  beam's Gaussian p r o f i l e  ( t o  be de te rmined)  

The unknown q u a n t i t i e s  A and u are chosen such  t h a t  

( 1 )  t o t a l  i n c i d e n t  power = - 375 = 187.5 W ,  2 

(2 )  50% of the  source  power i s  conta ined  w i t h i n  y' = ( - 1 , l )  mm band around 

t h e  Gauss ian  peak i n  t h e  beam, and 

( 3 )  the  beam's c r o s s - s e c t i o n  has dimensions 2x; and 2y; (xh = 1 4  mm 3 0.5512 

i n  and y; = 1.5 mm 0.0591 i n ) .  

Thus, the spa t i a l  d i s t r i b u t i o n  o f  t h e  i n c i d e n t  beam i n  a p l a n e  

pe rpend icu la r  t o  the  d i r e c t i o n s  of inc idence  c a n  be w r i t t e n  as 

where 

2 Po = peak power = 6.84 W/m2 = 4 4 1 3  W/in 

u = 1 . 4 8  mm = 0.0583 i n  
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Note t h a t  s i n c e  y; = 1.5 mm and (J = I .48 mm, a lmost  a l l  t h e  energy  is 

concen t r a t ed  w i t h i n  one s t a n d a r d  d e v i a t i o n  around the  Gaussian peak. 

The power d i s t r i b u t i o n  is i n t e g r a t e d  over  a p p r o p r i a t e  limits ( i n  the 

x'-y' p l ane )  t o  e v a l u a t e  t h e  i n c i d e n t  power o n  v a r i o u s  f o o t p r i n t  nodes. 

2.1 Nodal D i s t r i b u t i o n  .-------- _-- 

The i n i t i a l l y  assumed nodal d i s t r i b u t i o n  i n  t he  c r y s t a l  is shown i n  

F ig .  6. The tempera ture  d i s t r i b u t i o n  o n  the  t o p  surface of  t he  c r y s t a l  when 

the i n c i d e n t  power is uniform is shown i n  F ig .  7. A maximum tempera ture  o f  

97.2"C is obta ined .  The gallium i n l e t  t e rnpera twe is 5OoC. 

The requi rement  for a more accurate temperature e v a l u a t i o n  of  the  upper 

l ayers  of t he  c rys ta l  is sa t i s f ied  by c o n s i d e r i n g  a thermally e q u i v a l e n t  

system shown i n  F i g .  8. T h i s  s i m u l a t i o n  allows f i n e r  nodes and y i e l d s  a more 

accurate s u r f a c e  tempera ture  d i s t r i b u t i o n .  The i n c i d e n t  Gaussian-parabol ic  

power d i s t r i b u t i o n  ( E q .  2) is  re so lved  i n t o  1 2  d i v i s i o n s  a long  its p a r a b o l i c  

p r o f i l e  and 5 d i v i s i o n s  a long  i t s  Gaussian p r o f i l e  (F ig .  8 ) .  

The THTB r e s u l t s  for  t h e  t o p  s u r f a c e  t empera tu re  of t h i s  c o n f i g u r a t i o n  

(F ig .  8)  are d i sp layed  i n  Fig.  9. A maximum tempera ture  of 1O?.LI0C o n  t h e  

s u r f a c e  c l o s e  t o  t he  c e n t e r  is obta ined .  The ga l l i um i n l e t  t empera tu re  i s  

a g a i n  5 O O C .  The temperature v a r i a t i o n  o n  t h e  s u r f a c e  of  t he  c r y s t a l  r a n g e s  

from a h igh  of 107.4 t o  a low of 50.1"C. The i n c i d e n t  beam's f o o t p r i n t  is 

a l s o  shown i n  F ig .  9. I t  must be noted t h a t  as a r e s u l t  of t h e  non-uniform 

i n c i d e n t  power d i s t r i b u t i o n  and t h e  f i n e r  nodes t a k e n  o n  the  c rys ta l  s u r f a c e ,  

more a c c u r a t e  and ( i n  t h i s  p a r t i c u l a r  case) higher sur-race tempera tures  are 

ob ta ined .  

The temperature d i s t r i b u t i o n  o b t a i n e d  is a c c u r a t e  t o  w i t h i n  s e v e r a l  

The l i m i t a t i o n  o n  accuracy is mainly a consequence of the  degrees. 
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r e s t r i c t i o n  o n  the  number of available nodes and t h e  s i m u l a t i o n  d iscussed  

above. 

parameters  is a long  t h e  l i n e s  d i s c u s s e d  i n  our  March memorandum [Kuzay and 

Khounsary, 19881. I n  p a r t i c u l a r ,  our computations show that  a r e d u c t i o n  of 

ga l l i um i n l e t  t empera ture  from 50°C t o  30°C would a f fec t  t h e  o v e r a l l  

t empera tu re  d i f f e r e n t i a l s  i n  t h e  s y s t e m  by o n l y  a couple  of degrees .  

The o v e r a l l  dependence of t h e  s u r f a c e  tempera ture  on  v a r i o u s  system 

3.0 I N F R A R E D  PYROMETRY - - - - - &- - -- - - - 
The I n f r a m e t r i c s  system model 525 used i n  t h e  APS experiments responds t o  

photons i n  t h e  3-13 vrn band, b u t  i t  is p a r t i c u l a r l y  s e n s i t i v e  t o  t h o s e  i n  t h e  

8-12~m range .  The system o u t p u t ,  i n  t h e  form of l i ne - scans  o r  i so the rms  

d i s p l a y e d  o n  the  v ideo  t e r m i n a l ,  is r e l a t e d  t o  t he  tempera ture  of the viewing 

o b j e c t  v i a  t h e  o b j e c t  * s e m i s s i v i t y  and through (a lmost  l i n e a r )  e m p i r i c a l  

c o r r e l a t i o n  c u r v e s  s u p p l i e d  by I nr rame t r i c s .  These cu rves  are r e p r o d u c i b l e  

and should be checked t o  ensu re  proper exper imenta l  s e t u p  and procedures .  The 

model 525 sys tem can d i s c r i m i n a t e  ( o n  the  video d i s p l a y )  temperature 

d i f f e r e n c e s  of as l i t t l e  as 0 . 5 O C  a c r o s s  t h e  f i e l d  o f  view ( f o r  b l ack  

bod ies ) .  

s u i t a b l e  r e f e r e n c e  source  is a v a i l a b l e .  

Absolute tempera tures  can be measured wi th  t h e  same accuracy  i f  a 

For a n  opaque body, such measurements are s imple ,  provided the e m i s s i v i t y  

of t h e  body is known. Complications,  however, arise i n  t h e  I R  t empera ture  

measurement of p a r t i a l l y  t r a n s p a r e n t  bodies  (PTB + s).  I n  such  cases the 

fo l lowing  p o i n t s  must be t a k e n  i n t o  account:  

(1)  The photons i n t e r c e p t e d  by the  d e t e c t o r  are no longe r  t h e  ones e m i t t e d  o n  

They come from throughout  t h e  medium and a l s o  the s u r f a c e  of t h e  o b j e c t .  

from the background ( F i g .  10). I n  a d d i t i o n ,  i f  the  medium is 
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nonisothermal  (as i n  t h e  p r e s e n t  case) t h e  non-uniform d i s t r i b u t i o n  of  

in t e rna l .  emiss ion  must be t a k e n  i n t o  account .  

(2 )  The s i l i c o n  c r y s t a l  under d i s c u s s i o n  h e r e  is n e i t h e r  isothermal mr 

opaque, and t h e r e f o r e  an e m i s s i v i t y  i n  t he  u s u a l  s e n s e  cannot be  

d e f i n e d .  However, we can  d e f i n e  a r a d i o m e t r i c  e m i t t a n c e  which measures 

t h e  r a t i o  of t h e  r a d i a n c e  of t h e  sample t o  t h a t  of a blackbody a t  the same 

tempera ture  and under t h e  same geometr ic  and viewing c o n d i t i o m .  

( 3 )  S i l i c o n  has a high (-3.5) index of  r e f r a c t i o n  (see F ig .  7 1 ) .  T h i s  means 

t h a t  i n  a d d i t i o n  t o  emiss ion  and t r a n s m i s s i o n ,  r e f l e c t i o n  and r e f r a c t i o n  

must also be t a k e n  i n t o  account .  I t  is a l s o  noted t h a t  t h e  emiss ion  r a t e  

i n  s i l i c o n  is n2 times tha t  of  a blackbody a t  the same tempera ture ,  n 

be ing  the  index  of r e f r a c t i o n .  

The t h e o r e t i c a l  development of a model f o r  t he  d e t e r m i n a t i o n  of 

r a d i a t i v e  i n t e n s i t y  e x i t i n g  t h e  s u r f a c e  o f  t he  s i l i c o n  c r y s t a l  is rather 

involved ,  e s p e c i a l l y  si nee o t h e r  factors ,  such as temperature dependence 

of t h e  r a d i a t i v e  p r o p e r t i e s ,  conduct ion and convec t ion  i n  the crystal ,  

non-uniform i n c i d e n t  r a d i a t i o n  beam, e tc . ,  are a l so  involved.  Therefore, 

i t  is advantageous t o  attempt a n  exper imenta l  s o l u t i o n  of  t h i s  problem. 

T h i s  is b r i e f l y  d i s c u s s e d  below. 

4.0 RADIOMETRIC CALIBRATION 

Understanding the  v a r i o u s  f a c t o r s  involved in t h e  transfer of r a d i a t i o n  

i n  s i l i c o n  crystals  as descr ibed above is impor tan t  i n  the development of a n  

a p p r o p r i a t e  exper imenta l  s e t u p  for system c a l i b r a t i o n .  With these f a c t o r s  i n  

mind, t h e  f o l l o w i n g  set of experiments  were conducted t o  re la te  the  s u r f a c e  

tempera ture  of a n  isothermal crystal  t o  camera r e a d i n g s .  
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4.1 C o r r e l a t i o n  Curves f o r  t he  S i l i c o n  C r y s t a l :  Experiments and R e s u l t s  - - - - - - - - - ~ . . - - -----I ----- _I__-_y -I--- 

Experiments were conducted a t  ANL,  Bldg .  223, t o  o b t a i n  c o r r e l a t i o n  

cu rves  r e l a t i n g  the  surface temperatures t o  camera system measurements. A 

f ive-channel  s i l i c o n  crystal  was used. Water from a c o n s t a n t  tempera ture  ba th  

was passed  through the  c r y s t a l  channels  t o  ma in ta in  a c o n s t a n t  tempera ture  i n  

t h e  crystal  f o r  each round of measurements. A "blackbody" was a l s o  in t roduced  

i n  series i n  t h i s  c losed  loop  as a r e f e r e n c e  source  (F ig .  1 2 ) .  

I n  t h e  f irst  experiment,  t h e  system I2 response  t o  t he  ?fblackbodyvl i n  t h e  

flow l o o p  a t  va r ious  tempera tures  was recorded .  These measurements are 

p l o t t e d  a g a i n s t  the true tempera ture  of t he  blackbody (F ig .  13, Data I ) .  An 

1 
5 .5  

almost l i n e a r  r e l a t i o n s h i p  ( w i t h  a s l o p e  of -1 matching t h e  c a l i b r a t i o n  

cu rves  provided  i n  t h e  Inframetrics manual is ob ta ined .  The re fo re ,  t h e  

s u r f a c e  t empera tu re  d i f f e r e n t i a l s  of a blackbody can  be ob ta ined  by 

m u l t i p l y i n g  t h e  camera readings ( o n  the 50 scale)  by a f a c t o r  of  5.5. For a n  

a b s o l u t e  temperature measurement, a r e f e r e n c e  s o u r c e  is needed. 

I n  t he  next experiment,  the  s i l i c o n  c rys ta l  was p a r t i a l l y  coa ted  on  the  

f r o n t  and back surfaces ( F i g .  1 4 ) .  

c r y s t a l  and a l s o  t h e  blackbody i n  the flow loop  were t a k e n  a t  v a r i o u s  

i so the rma l -ba th  tempera tures .  These are a l s o  p l o t t e d  i n  F igure  13. Note t h a t  

t h e  blackbody measurements ( d a t a  11) are a g a i n  o n  t h e  same l i n e  drawn through 

data I. S i n c e  the blackbody source  and t h e  s i l i c o n  c r y s t a l  are a t  t he  same 

temperature, i t  fo l lows  from t h e  f ron t - coa ted  s e c t i o n  measurements (Fig.  13) 

t h a t  t he  coa ted  segment of the  crystal  behaves e f f e c t i v e l y  as a blackbody 

surface. Also note that  f r o n t  c o a t i n g  y i e l d s  the  t r u e  surface tempera ture ,  

whether o r  not t h e  crystal  is i so thermal .  

Readings from the three s e c t i o n s  ------ of the  

The r a d i o m e t r i c  measurements from the  uncoated par t  of the  c r y s t a l  show 

appa ren t  t empera tu res  less t h a n  tha t  of t h e  blackbody source .  However, as 



* 
c 

1 0  

s e e n  i n  F ig .  13, there  s t i l l  exis ts  a n  a lmost  l inear  c o r r e l a t i o n  betMeen. 

r a d i o m e t r i c  r e a d i n g s  and t h e  actual surface tempera tures .  

l i n e  i n  t h i s  p a r t i c u l a r  ca se  is -. There fo re ,  temperature d i f f e r e n t i a l s  o n  

the  surface c a n  be estimated by m u l t i p l y i n g  t h e  camera r e a d i n g s  by a f a c t o r  of  

8.1; o the rwise ,  t h e y  are underestimated by t h i s  f a c t o r .  It  is very  impor tan t  

t o  r e a l i z e ,  however, t h a t  t h i s  c o r r e l a t i o n  curve can  be used t o  o b t a i n  t h e  

surface t empera tu re  of a s i l i c o n  c r y s t a l  --- o n l y  i f  t h e  c r y s t a l  i s  i so the rma l  - _ -  and 

has t h e  same c o n f i g u r a t i o n  __-_ as the  one used i n  t h i s  experiment.  Otherwise, 

a p p r o p r i a t e  c o r r e l a t i o n  c u r v e s  must  f i r s t  be ob ta ined .  

The s l o p e  of t h i s  

1 
8.1 - -- 

5.0 CONCLUSIONS ---_- 

The i n f r a r e d  camera used f o r  surface tempera ture  measurements a t  Corne l l  

can  provide  a c c u r a t e  r e s u l t s  provided t h e  r e q u i r e d  c o r r e l a t i o n  cu rves  as 

d i s c u s s e d  are ob ta ined .  Our numerical s o l u t i o n  of the problem, p re sen ted  i n  

t h i s  memorandum, is a c c u r a t e  t o  w i t h i n  s e v e r a l  percentage  p o i n t s  and can  be 

compared w i t h  t he  r a d i o m e t r i c  r e s u l t s  once t h e  l a t t e r  become a v a i l a b l e .  

I t  is impor tan t  t o  r ecogn ize  t h a t  r a d i o m e t r i c  c o r r e l a t i o n  c u r v e s  fo r  

uncoated c r y s t a l s  i n  g e n e r a l  depend o n  t h e  exper imenta l  s e t u p ,  background 

r a d i a t i o n ,  t h i c k n e s s  of the l a y e r ,  t empera ture  d i s t r i b u t i o n  w i t h i n  t he  c r y s t a l  

a long  the  l i n e - o f - s i g h t  of the camera, e tc .  Thus, i f  c o a t i n g  mus t  be avoided, 

we should  o b t a i n  c o r r e l a t i o n  c u r v e s  f o r  any c r y s t a l  specimen o f  I n t e r e s t  under 

c o n d i t i o n s  as c l o s e  as p o s s i b l e  t o  t h o s e  p r e v a i l i n g  i n  t h e  a c t u a l  experi-  

mental  s e t u p .  I t  is o n l y  t h e n  t h a t  t he  r a d i o m e t r i c  measurements can  be 

c o r r e c t l y  i n t e r p r e t e d .  Xe a l s o  t h i n k  that t o  es tabl ish t h e  accuracy  of such 

c o r r e l a t i o n s ,  i t  may be necessary  t o  o b t a i n  a p a r a l l e l  a n a l y t i c a l  s o l u t i o n  t o  

t h e  problem as well. 
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Fig. 1. 
(borrowed from Smither ,  1988) 

S i l i c o n  C r y s t a l  S u r f a c e  Temperature P r o f i l e  Data 
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i n c i d e n t  beam 

- n 

1" 

1 
\ J  

G a l l i u m  f l o w  i n l e t  
(1/3 gpm p e r  Channel) 

Fig- 4. 
power d i s t r i b u t i o n  of t h e  i n c i d e n t  beam (on t h e  f o o t p r i n t )  i s  a l s o  shown. 

A s k e t c h  of t h e  r i g h t  h a l f  of t h e  s i l i c o n  c r y s t a l .  The s p a t i a l  
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P(X',O) 
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-YA 0 Y6 Y t  

Pig. 5. The s p a t i a l  p a r a b o l i c  (a) and Gaussian (b )  profiles of the 
i n c i d e n t  beam along the x' and y'-axes, r e s p e c t i v e l y .  
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Fig. 6 .  Initial nodal distribution i n  t h e  3-channel silicon crystal. 
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Fig. 10. Photons a r r i v i n g  a t  t h e  d e t e c t o r  are t h o s e  (1) r e f l e c t e d  a t  the  
t o p  boundary, ( 2 )  emi t t ed  w i t h i n  t h e  medium, and ( 3 )  emi t ted  by t h e  
background. 
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n02. 

Fig -  11. 
(borrowed f rom Wolfe and Zissis, 1978) .  

Refractive index  of s i l i c o n  and other o p t i c a l  materials 
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Fig. 12. The experimental s e t u p  for radiometric calibration of the 
INFRAMETRICS camera. 
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Fig. 13.. C o r r e l a t i o n  cu rves  f o r  the 5-channel s i l i c o n  c r y s t a l  s u r f a c e  
t empera tu re .  
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uncoated f ron t - coa t  ed back-coat ed 

flow i n l e t  

Pig. 14. Silicon c r y s t a l  coatings 


