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SUMMARY 

An i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  u t i l i z i n g  an i n t e g r a t i n g  
s p h e r e  and a s i l i c o n  photodiode  s e n s o r  has  been developed f o r  
measur ing b o t h  continuous-wave and peak laser power o v e r  a 
s p e c t r a l  wavelength r ange  from 514 t o  1064 nm w i t h  an e s t i m a t e d  
ave rage  power range  from 100 p W  t o  50 W and peak power g r e a t e r  
t h a n  1 kW. T h i s  u n i v e r s a l  d e t e c t o r  s i m p l i f i e s  o p t i c a l  coup l ing ,  
improves t h e  peak-measurement accuracy  of p u l s e s  having 
rise-times >10 n s ,  and i n c r e a s e s  t h e  accuracy  and r e p e a t a b i l i t y  
of  some continuous-wave-measurement a p p l i c a t i o n s .  Its wide 
accep tance  a n g l e  of approximate ly  30 d e g r e e s  p r o v i d e s  a means of 
c o l l e c t i n g  a l l  of t h e  o u t p u t  from such  wide ly  d i v e r g i n g  s o u r c e s  
as  laser  d iodes .  

The c u b i c a l  o u t e r  form of  t h e  i n t e g r a t i n g  s p h e r e  s i m p l i f i e s  
mechanical  f i x t u r i n g ,  p r o v i d e s  a means f o r  mounting t h e  b i a s  
supp ly  nex t  t o  t h e  d e t e c t o r  t o  r educe  s i g n a l  d e t e r i o r a t i o n  and 
no ise -p ickup ,  and p e r m i t s  t h e  u s e  of s p a c e r s  between t h e  s p h e r e  
and t h e  d e t e c t o r  f o r  a v a r i a t i o n  i n  s e n s i t i v i t y .  The i n n e r  
i n t e g r a t i n g  s p h e r e  p r o v i d e s  a convenien t  means of  a t t e n u a t i n g  t h e  
i n p u t  laser power t o  a l e v e l  w i t h i n  t h e  o p e r a t i n g  l i m i t s  of t h e  
photod iode .  

A f t e r  an i n v e s t i g a t i o n  of c a l o r i m e t e r s ,  p y r o e l e c t r i c s ,  b i p l a n a r  
vacuum pho to tubes ,  and pho tod iodes ,  t h e  s i l i c o n  photodiode  w a s  
found t o  be t h e  b e s t  compromise w i t h  r e s p e c t  t o  l i n e a r i t y ,  
s t a b i l i t y ,  s e n s i t i v i t y ,  rise-time, and p u l s e  shape.  I t  p r o v i d e s  
a r a p i d  measurement of continuous-wave power. 

A c a l i b r a t i o n  method w a s  developed f o r  t h e  i n t e g r a t i n g  s p h e r e  
p h o t o d e t e c t o r  u s i n g  a H e N e  laser c a l i b r a t i o n  p o i n t  and mono- 
chromator  r a t i o  measurements t o  p r o v i d e  c a l i b r a t i o n  ove r  a s p e c t r a l  
wavelength range  from 514 t o  1064 nm. 

For  peak-power measurements, t h e  i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  
h a s  an accuracy  r ang ing  from 5 t o  1 0  p e r c e n t ,  depending upon t h e  
wavelength measured. The accuracy  is b e l i e v e d  t o  be  a t  l e a s t  
f i v e  t i m e s  b e t t e r  t h a n  t h a t  o b t a i n e d  w i t h  vacuum pho to tubes ,  and 
50 p e r c e n t  b e t t e r  t h a n  t h a t  o b t a i n e d  from d i r e c t  measurements 
made w i t h  photod iodes .  The response  is uniform o v e r  t h e  i npu t - sens ing  
area w i t h i n  1 p e r c e n t .  The main d i sadvan tages  of t h e  photo- 
d e t e c t o r  are i ts  1 0  n s  rise-time l i m i t a t i o n ,  a  s p e c t r a l  response  
t h a t  is  n o t  f l a t ,  and t h e  b u l k i n e s s  of t h e  u n i t .  

The i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  is now used a t  t h e  Bendix 
Kansas C i t y  D i v i s i o n  f o r  making t h e  f o l l o w i n g  measurements: peak 
power from l a s e r  d i o d e s  having o u t p u t s  r ang ing  from 1 t o  50 W; 



peak-power o u t p u t  of YAG l a s e r s ;  continuous-wave ou tpu t  of H e N e  
lasers ove r  a range  from 0 . 1  t o  1 0  mW; s t a b i l i t y  measurements of 
H e N e  l a s e r s ;  and s a f e t y  measurements acco rd ing  t o  A N S I  s t a n d a r d s  
adopted  by Bendix Kansas C i t y .  



DISCUSSION 

SCOPE AND PURPOSE 

The i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  ( F i g u r e  1) o r i g i n a l l y  w a s  
developed and c o n s t r u c t e d  i n  October ,  1973 a s  a system f o r  measuring 
t h e  peak-power o u t p u t  of l a s e r  d i o d e s  ( a t  a wavelength of 905 nm). 
The assembly prov ided  t h e  means of c o l l e c t i n g  a l l  of t h e  o u t p u t  
from t h e  l a s e r  d iode  and a c h i e v i n g  a d e s i r e d  accuracy  and r e p e a t -  
a b i l i t y  t h a t  are no t  found i n  commonly used  photo tubes .  T h i s  
a p p l i c a t i o n  w i l l  b e  d e s c r i b e d  i n  d e t a i l  i n  a f u t u r e  r e p o r t .  

The purpose of t h i s  r e p o r t  is  t o  d e s c r i b e  t h e  b e n e f i t s  t o  be  
r e a l i z e d  i n  t h e  u s e  of t h e  i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  f o r  
a p p l i c a t i o n s  i n  a d d i t i o n  t o  t h a t  of measur ing t h e  peak-power 
o u t p u t  of laser d iodes .  P o s s e s s i n g  t h e  combined c h a r a c t e r i s t i c s  
of a  wide accep tance  a n g l e ,  s p a t i a l  u n i f o r m i t y ,  an ex tended  power 
r a n g e ,  a wide s p e c t r a l  r a n g e ,  and a c a p a b i l i t y  f o r  making e i t h e r  
continuous-wave o r  peak-power measurements,  t h i s  d e v i c e  p r o v i d e s  
advan tages  t h a t  are no t  t o  be  found i n  any o t h e r  t y p e  of d e t e c t o r .  

ACTIVITY 

Background 

Laser-power measurements can be grouped i n  t h e  fo l lowing  t h r e e  
g e n e r a l  c a t e g o r i e s .  

0 Energy 

o Average power 

a Peak power 

The f i r s t  two t y p e s  a r e  u s u a l l y  made by t h e  u s e  of hea t - sens ing  
d e t e c t o r s  ( c a l o r i m e t e r s )  and are w e l l  e ~ t a b 1 i s h e d . l ' ~ ' ~ ' ~  
The main d i sadvan tages  i n  t h e  u s e  of most hea t - sens ing  d e t e c t o r s  
are t h e i r  s low re sponse  and t h e  amount of t i m e  r e q u i r e d  t o  
per form a measurement. Other  d e t e c t o r s ,  such as photodiodes ,  are 
much f a s t e r  t o  u s e ,  b u t  t h e y  are no t  a s  a c c u r a t e .  

Peak power is  much more d i f f i c u l t  t o  measure t han  e i t h e r  energy 
o r  ave rage  power. I n  a d d i t i o n ,  l i t t l e  in fo rma t ion  on t h e  s e l e c t i o n  
of  s a t i s f a c t o r y  s e n s o r s  f o r  meet ing peak-power-measurement 
r equ i r emen t s  i s  a v a i l a b l e .  

I d e a l l y ,  a s e n s o r  would have f a s t  r i s e - t i m e ,  s p a t i a l  u n i f o r m i t y ,  
wide l i n e a r i t y  r ange ,  f l a t  s p e c t r a l  r e s p o n s e ,  a c c u r a t e  r ep re -  
s e n t a t i o n  of p u l s e  s h a p e ,  a l a r g e  a p e r t u r e ,  h igh  s e n s i t i v i t y ,  and 



Figure 1. Integrating Sphere Photodetector 



a h i g h  power-rat i n g  . Of c o u r s e ,  such  a s e n s o r  does  no t  e x i s t .  
Unfo r tuna t e ly  however, and u n l i k e  energy and continuous-wave 
measurements,  peak-power measurements normal ly  r e q u i r e  a s e n s o r  
hav ing  a l l  of  t h e s e  c h a r a c t e r i s t i c s .  

P h o t o d e t e c t o r  I n v e s t i g a t i o n  

A t  t h e  beg inn ing  of t h e  p r o j e c t ,  t h e  fo l lowing  f o u r  t y p e s  of 
s e n s o r s  w e r e  i n v e s t i g a t e d  w i t h  t h e  thought  of d i r e c t i n g  t h e  i n p u t  
beam t o  t h e  s u r f a c e  of t h e  s e n s o r :  

a C a l o r i m e t e r s ;  

a P y r o e l e c t r i c s ;  

a B i p l a n a r  Vacuum Pho to tubes ;  and 

a Photodiodes .  

Ca lor imeter - type  s e n s o r s  d i d  no t  have adequa te  s e n s i t i v i t y  f o r  
measur ing t h e  low average  power of laser d iodes .  Another major 
problem w a s  t h e  measurement of t h e  half-power pulse-width  t o  
c a l c u l a t e  t h e  peak power. 

Of two commercial p y r o e l e c t r i c  s e n s o r s  t e s t e d ,  n e i t h e r  w a s  w i t h i n  
t h e  s p e c i f i c a t i o n s  c la imed by t h e  manufac tu re r ,  nor  d i d  t h e y  work 
s a t i s f a c t o r i l y .  The s e n s i t i v i t y  w a s  low, t h e  rise-time w a s  
i n a d e q u a t e ,  and t h e  o u t p u t  p u l s e  was a ve ry  poor r e p r e s e n t a t i o n  
of  t h e  o r i g i n a l  p u l s e .  

The photo tube  has  been e x t e n s i v e l y  u sed  f o r  peak-power measurements 
because  of  its f a s t  rise-time of 1 n s ,  o r  l e s s ,  and its a c c u r a t e  
r e p r e s e n t a t i o n  of p u l s e  shape.  Three  photo tubes  having an S-1 
r e sponse  t h a t  were t e s t e d  showed l a r g e  v a r i a t i o n s  i n  s u r f a c e  
s e n s i t i v i t y  s imilar  t o  t h o s e  d e s c r i b e d  by o t h e r  i n v e s t i g a t o r s .  7 

Poor r e p e a t a b i l i t y ,  a s  great as 100 p e r c e n t ,  a l s o  w a s  found t o  be  
a c h a r a c t e r i s t i c  of  t h e  photo tube .  From t h e  tes t  r e s u l t s ,  t h e  
u s e  of t h e  photo tube  f o r  making a b s o l u t e  power measurements w a s  
c o n s i d e r e d  ex t remely  d i f f i c u l t .  

The i n v e s t i g a t i o n  of a Scho t tky  b a r r i e r  and a p l a n a r  d i f f u s e d -  
s i l i c o n  photodiode  i n d i c a t e d  t h a t  bo th  had good s t a b i l i t y ,  uniform 
s u r f a c e  r e sponse ,  and good l i n e a r i t y .  T h e i r  d i s advan tages  c o n s i s t e d  
of  a low power-density r a t i n g  of approximate ly  3 . 3  mW/cm2, a 
rise-time of approximate ly  10 n s ,  and v a r i a t i o n s  i n  s p e c t r a l  
r e sponse .  

A s  a r e s u l t  of t h e  tes ts  performed on t h e  s e n s o r s ,  t h e  c h o i c e  w a s  
narrowed t o  t h e  photo tube  and t h e  photodiode.  Of t h e s e ,  t h e  
photod iode  was chosen because  of i ts  b e t t e r  s t a b i l i t y  and r e p e a t -  
a b i l i t y  c h a r a c t e r i s t i c s ,  and because t h e  rise-time-measurement 



r equ i r emen t s  a t  Bendix Kansas C i t y  were w i t h i n  t h e  rise-time 
l i m i t a t i o n s  of photod iodes  ( % l o  n s ) .  An i n t e g r a t i n g  s p h e r e  
p rov ided  t h e  means f o r  a t t e n u a t i n g  t h e  i n p u t  t o  a  l e v e l  w i t h i n  
t h e  l i n e a r  o p e r a t i n g  r e g i o n  of t h e  photodiode.  

D e s c r i p t i o n  of  Opera t ion  

A diagram of t h e  i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  is shown i n  
F i g u r e  2 .  During u s e ,  t h e  i n p u t  beam t o  be  measured is d i r e c t e d  
i n t o  t h e  e n t r a n c e  p o r t .  I n s i d e  t h e  s p h e r e ,  a  c o a t i n g  of w h i t e  
d i f f u s i n g  p a i n t  d i f f u s e s  t h e  i n p u t  un i formly  o v e r  t h e  i n s i d e  
s u r f a c e .  The p h o t o d e t e c t o r  d e t e c t s  a s m a l l  pe rcen tage  of t h e  
i n p u t  th rough  t h e  e x i t  p o r t .  Space r s  p r o v i d e  a means of changing 
s e n s i t i v i t i e s  th rough  t h e  s e l e c t i o n  of v a r i o u s  combinat ions  and 
e l i m i n a t e  t h e  need f o r  b a f f l e s  i n s i d e  t h e  s p h e r e .  The s p a c e r s  
are a v a i l a b l e  i n  t h i c k n e s s e s  of 0 .75 ,  0 . 5 ,  0 .25 ,  0 .125 ,  and 
0 .0625 i n c h  (19 .05 ,  1 2 . 7 ,  6 . 3 5 ,  3 .175,  and 1 .5875 mm). 

The p h o t o d e t e c t o r  normal ly  is  used  i n  t h e  photoconduct ive  mode 
w i t h  a  r e v e r s e  b i a s  of  45  V ( F i g u r e  3 ) ,  and it  sometimes is  used  
i n  t h e  p h o t o v o l t a i c  mode w i t h  z e r o  b i a s .  I n  t h e  r e v e r s e - b i a s  
mode, t h e  r e s i s t a n c e  of t h e  l o a d  r e s i s t o r  can be  i n c r e a s e d  t o  
i n c r e a s e  t h e  s e n s i t i v i t y .  The o u t p u t  is ve ry  c l o s e l y  approximated 
by t h e  produc t  of t h e  photod iode  c u r r e n t  and t h e  l o a d  r e s i s t a n c e .  

Fo r  continuous-wave measurements,  t h e  o u t p u t  of t h e  photodiode 
normal ly  is r e a d  from a d i g i t a l  v o l t m e t e r ;  f o r  peak-power measure- 
men t s ,  i t  normal ly  is  r e a d  from an o s c i l l o s c o p e .  The photod iode  
is used  i n  t h e  p h o t o v o l t a i c  mode when continuous-wave s t a b i l i t y  
measurements are performed t o  e l i m i n a t e  t h e  need f o r  s u b t r a c t i n g  
an o f f s e t - z e r o  r e a d i n g  as is neces sa ry  when o p e r a t i n g  i n  t h e  
r e v e r s e - b i a s  mode. 

Design and Cons t ruc t ion  

Because t h e  conven t iona l  i n t e g r a t i n g  s p h e r e  has  a  round o u t e r  
s u r f a c e ,  mounting t h e  b i a s  supp ly  nex t  t o  t h e  d e t e c t o r  ( t o  reduce  
s i g n a l  d e t e r i o r a t i o n  and no ise -p ickup)  and changing t h e  spac ing  
between t h e  s p h e r e  and t h e  d e t e c t o r  ( t o  va ry  t h e  s e n s i t i v i t y )  a r e  
d i f f i c u l t .  

The i n t e g r a t i n g  s p h e r e  f o r  t h e  p h o t o d e t e c t o r  was c o n s t r u c t e d  from 
two r e c t a n g u l a r  aluminum b l o c k s  w i t h  a hemisphere hollowed o u t  of 
each  b lock .  The two s e c t i o n s  t h e n  were b o l t e d  t o g e t h e r  t o  make 
t h e  s u r f a c e  of  t h e  i n n e r  c a v i t y  s imilar  t o  t h a t  of a conven t iona l  
i n t e g r a t i n g  sphe re .  The r e s u l t i n g  o u t e r  c u b i c a l  form p r o v i d e s  a 
convenien t  method f o r  mounting t h e  b i a s  supply  i n  d i r e c t  c o n t a c t  
w i t h  t h e  d e t e c t o r  and f o r  changing t h e  s p a c e r s  between t h e  s p h e r e  
and t h e  d e t e c t o r .  



F i g u r e  2. ~ i a g r ' a m  of I n t e g r a t i n g  Sphere  P h o t o d e t e c t o r  

The d i ame te r  of t h e  i n n e r  s p h e r i c a l  s u r f a c e  is approximately  
4 i n c h e s  (101.6 m m ) .  I t  is c o a t e d  w i t h  a w h i t e  d i f f u s i n g  p a i n t  
t h a t  was developed by Advanced I n s p e c t i o n  Engineer ing  a t  Bendix 
Kansas  C i t y .  The e n t r a n c e  p o r t  h a s  a d i ame te r  of 0.375 i n c h  
(9 .525  m m ) ,  and t h e  e x i t  p o r t ,  a d i ame te r  of 0.125 i n c h  (3.175 m m ) .  
The photod iode  is mounted 90 deg rees  w i t h  r e s p e c t  t o  t h e  i n p u t  
a x i s .  
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F i g u r e  3 .  C i r c u i t  Diagram of Photodiode i n  
Reverse-Bias Mode f o r  Peak-Power 
Measurements 

By e l i m i n a t i n g  t h e  need f o r  i n t e r n a l  b a f f l e s ,  t h e  u s e  of s p a c e r s  
s i m p l i f i e d  t h e  c o n s t r u c t i o n  of t h e  s p h e r e .  The s i d e s  of t h e  
s p a c e r s  abso rb  most of t h e  f i r s t - r e f l e c t i o n  component t h a t  p a s s e s  
th rough  t h e  e x i t  p o r t .  ( I d e a l l y ,  t h e  p h o t o d e t e c t o r  would no t  
encoun te r  any of t h e  f i r s t - r e f l e c t i o n  component.) A s p a c i n g  of 
0 .625  i n c h  (15.875 rnm) produces  an a t t e n u a t i o n  of approximately  
5 x 103 a t  a wavelength of 905 nm w i t h  an accep tance  a n g l e  of 
approximate ly  30 deg rees .  With less s p a c i n g ,  t h e  a t t e n u a t i o n  and 
t h e  accep tance  a n g l e  are dec reased .  

A Scho t tky  b a r r i e r  s i l i c o n  photodiode ,  which is a UDT p i n  1 0 ,  
w a s  chosen ove r  a p l a n a r  d i f f u s e d  photodiode  because  it has  a 
s h o r t e r  r e sponse  t i m e  and less v a r i a t i o n  i n  s p e c t r a l  r e sponse .  
I t  normal ly  is  o p e r a t e d  i n  t h e  r e v e r s e - b i a s  mode ( i n  t h e  c i r c u i t  
shown i n  F i g u r e  3 ) .  A 45-V mercury b a t t e r y  is  mounted on t o p  of 
t h e  i n t e g r a t i n g  s p h e r e  t o  improve t h e  r e sponse  t i m e  and e l i m i n a t e  
t h e  need f o r  a power-l ine s u p p l y ,  t h u s  r educ ing  ground-loop and 
noise-pickup problems. 

F i g u r e  4 shows t h e  i n t e g r a t i n g  s p h e r e  w i t h  t h e  v o l t a g e - b i a s  package 
and mechanical  s p a c e r s .  The b ias  package can be removed t o  
o p e r a t e  t h e  photodiode i n  t h e  p h o t o v o l t a i c  mode. 

C a l i b r a t i o n  

A new method f o r  c a l i b r a t i n g  t h e  i n t e r g r a t i n g  s p h e r e  p h o t o d e t e c t o r ,  
ba sed  upon an a b s o l u t e  c a l i b r a t i o n  a t  t h e  HeNe-laser wavelength 



Figure 4. Integrating Sphere With Bias Supply and 
Mechanical Spacers 



of  633 nm and r a t i o  measurements w i t h  a monochromator, w a s  
deve loped .  The e n t i r e  c a l i b r a t i o n  w a s  accomplished by t h e  
f o l l o w i n g  measurements: 

Dete rmina t ion  of a c a l i b r a t i n g  f a c t o r  a t  t h e  HeNe-laser 
wavelength of 633 nm; 

S p e c t r a l  measurements w i t h  a monochromator; 

L i n e a r i t y  check;  

R i s e - t i m e  check; and 

S p a t i a l  un i fo rmi ty .  

B r i e f l y  d e s c r i b e d  h e r e ,  each  of t h e s e  measurements w i l l  be f u l l y  
d i s c u s s e d  i n  a l a t e r  r e p o r t .  

A c a l i b r a t i o n  f a c t o r  w a s  e s t a b l i s h e d  a t  a wavelength of 633 nm 
by comparing t h e  p h o t o d e t e c t o r  assembly t o  a r e f e r e n c e  c a l o r i m e t e r  
u s i n g  a H e N e  l a s e r .  Unl ike  t h e  o p t i c a l - f i l t e r  method, t h e  v i s i b l e  
r e d  l i g h t  of t h e  H e N e  l a s e r  p rov ided  a s s u r a n c e  t h a t  a l l  of t h e  
beam w a s  d i r e c t e d  i n t o  t h e  e n t r a n c e  p o r t  a t  t h e  s p e c i f i c  wave- 
l e n g t h  of 633 nm. 

For  t h i s  c a l i b r a t i o n ,  t h e  o u t p u t  s e n s i t i v i t y  of t h e  combination 
of  t h e  s p h e r e  and photodiode  is determined a t  633 nm by a measure- 
ment of t h e  power i n p u t .  The u n c e r t a i n t y  of t h i s  measurement is  
e s t i m a t e d  t o  be  w i t h i n  2 3  p e r c e n t .  The lower l i m i t  f o r  1 -percen t  
r e s o l u t i o n  a t  t h e  H e N e  wavelength w a s  found t o  be  100 p W .  

C a l i b r a t i o n  f a c t o r s  a t  o t h e r  wavelengths  of i n t e r e s t ,  such  as 
514 nm f o r  argon l a s e r s ,  905 nrn f o r  l a s e r  d i o d e s ,  and 1064 nm f o r  
YAG l a s e r s ,  a r e  determined w i t h  t h e  H e N e  laser measurement and 
r a t i o  measurements w i t h  a monochromator and vacuum the rmop i l e .  
T h i s  method was chosen because lasers were no t  a v a i l a b l e  a t  
wavelengths  o t h e r  t h a n  633 nm; t h e  u s e  of t h e  a p p r o p r i a t e  l a s e r  
a t  t h e  o t h e r  wavelengths  would i n c r e a s e  t h e  accuracy  of t h e  
measurements. 

A f t e r  r e a d i n g s  are t aken  on t h e  monochromator f o r  t h e  o t h e r  
d e s i r e d  wavelengths  r e f e r e n c e d  t o  633 nm, t h e  photod iode  assembly 
is s u b s t i t u t e d  f o r  t h e  vacuum t h e r m o p i l e ,  and t h e  same sequence 
of measurements is r e p e a t e d .  From t h e s e  measurements,  r a t i o s  of 
t h e  o t h e r  d e s i r e d  wavelengths  t o  633 nm are determined.  Each 
r a t i o  is t h e n  m u l t i p l i e d  by t h e  H e N e  c a l i b r a t i o n  f a c t o r  t o  o b t a i n  
a c a l i b r a t i o n  f a c t o r  f o r  each  d e s i r e d  wavelength.  

The p rocedure  d e s c r i b e d  e l i m i n a t e s  t h e  need f o r  more t h a n  one 
laser ( t h e  HeNe), and it  a l s o  p r o v i d e s  a r e l i a b l e  method f o r  



e s t a b l i s h i n g  a c a l i b r a t i o n  f a c t o r  a t  a wavelength of 905 nm, f o r  
which no s a t i s f a c t o r y  continuous-wave energy s o u r c e  is a v a i l a b l e .  
The u n c e r t a i n t i e s  of t h e  r a t i o  measurements,  t o  a wavelength of 
633 nm, are e s t i m a t e d  t o  be w i t h i n  22 p e r c e n t  from 514 th rough  
905 nm (a rgon  laser t o  l a s e r - d i o d e  wave length) ,  and + 5  p e r c e n t  t o  
1064 nm (YAG wave length) .  

To a s s u r e  t h a t  t h e  c a l i b r a t i o n  w a s  v a l i d  w i t h  t h e  cont inuous-  
wave i n p u t  of t h e  H e N e  laser and monochromator f o r  bo th  p u l s e  
measurements and high-power measurements ( e s t i m a t e d  t o  be  50 W), 
measurements of l i n e a r i t y  and rise-times were made. The l i n e a r i t y  
w a s  checked by removing t h e  photodiode from t h e  i n t e g r a t i n g  
s p h e r e  and performing measurements s i m i l a r  t o  t h a t  d e s c r i b e d  by 
o t h e r  i n v e s t i g a t o r s .  The l i n e a r i t y  w a s  found t o  be  w i t h i n  
1 p e r c e n t  from a no - l i gh t  i n p u t  t o  a l i g h t  i n p u t  t h a t  produced a 
photodiode-cur ren t  o u t p u t  e q u a l  t o  10  mA. To t h e  s p h e r e  and 
photodiode  combinat ion,  t h i s  is  e q u i v a l e n t  t o  a power i n p u t  of 
approximate ly  200 W. 

The rise-time was checked by comparing an ITT 4000 vacuum photo tube  
w i t h  a p u l s e d  laser d iode .  With a rise-time of approximate ly  
20 n s ,  no rise-time o r  pulse-width  d i f f e r e n c e  cou ld  be d i s t i n g u i s h e d  
between t h e  photo tube  and t h e  photod iode .  

The c a l i b r a t i o n  a t  t h e  s p e c i f i c  wavelength of 905 nm by t h e  
p rocedure  d e s c r i b e d  w i l l  be  covered  i n  more d e t a i l  i n  a l a t e r  
r e p o r t .  

The s p a t i a l  u n i f o r m i t y  ove r  t h e  s ens ing -po r t  a r e a  of t h e  i n t e g r a t i n g  
s p h e r e  p h o t o d e t e c t o r  w a s  checked w i t h  a s t a b i l i z e d  H e N e  laser .  
The laser f i r s t  w a s  mounted on a s t a g e  t o  p r o v i d e  h o r i z o n t a l  and 
v e r t i c a l  movement a c r o s s  t h e  s e n s i n g  p o r t .  The laser a l s o  w a s  
swept ove r  a c o n i c a l  a r c  30 d e g r e e s  t o  t h e  o p t i c a l  a x i s  of t h e  
e n t r a n c e  p o r t .  

No v a r i a t i o n  g r e a t e r  t h a n  1 p e r c e n t  w a s  found i n  t h e  v e r t i c a l ,  
h o r i z o n t a l ,  o r  a n g u l a r  r e sponse .  The accuracy  of t h i s  measure- 
ment w a s  l i m i t e d  by t h e  s t a b i l i t y  of t h e  l a s e r ;  by u s i n g  a 
s t a b i l i t y - m o n i t o r i n g  d e t e c t o r  w i t h  t h e  laser,  t h e  u n i f o r m i t y  of  
t h e  i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  may be found t o  be  b e t t e r  
t h a n  1 p e r c e n t . .  

The v a r i a t i o n  i n  s e n s i t i v i t y  produced by changing t h e  spac ing  
between t h e  i n t e g r a t i n g  s p h e r e  and t h e  photod iode ,  u s i n g  a 1 . 4  mW 
H e N e  l a s e r ,  is shown i n  F i g u r e  5 .  Another method of v a r y i n g  t h e  
s e n s i t i v i t y  is t o  change t h e  d i ame te r  of t h e  e x i t  p o r t .  

The accuracy  of p u l s e d  measurements a t  wavelengths  from 514 t o  
905 nm is estimated t o  be  w i t h i n  +7 p e r c e n t ,  and w i t h i n  + I 0  p e r c e n t  
a t  1064 nm. Table  1 summarizes t h e  s p e c i f i c a t i o n s  f o r  t h e  
i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r .  
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Figure 5. Effect of Spacing on Sensitivity, Using a 1.4 mW HeNe Laser 



Tab le  1. Summary of In t eg ra t ing -Sphe re -Pho tode tec to r  
S p e c i f i c a t i o n s  

C h a r a c t e r i s t i c  Range o r  Es t imated  Value 

Wavelength Range 514 t o  1064 nm 

Es t ima ted  Accuracy* '5 p e r c e n t  a t  a wavelength of 633 nm; 
+7 p e r c e n t  a t  o t h e r  wavelengths  up t o  
905 nm; + l o  p e r c e n t  a t  1064 nm 

Power Range + I 0 0  p W  t o  +50 W continuous-wave; 
>1 kW peak 

S p a t i a l  Uniformity  1 p e r c e n t  

L inea r  i t  y 0 . 5  p e r c e n t  

S e n s i t i v i t y  Var ia t ion**  Up t o  1 5 : l  w i t h  0.0625-, 0.125-,  0.25-,  
0 .5 - ,  and 0.75-inch*** s p a c e r s  

* A l l  e s t i m a t e s ,  i n c l u d i n g  monochromator-rat io measurements and 
l i n e a r i t y  and s p a t i a l - u n i f o r m i t y  e s t i m a t e s  are b e l i e v e d  t o  be  
c o n s e r v a t i v e .  Greater accuracy  can be o b t a i n e d  by u s i n g  a 
laser s o u r c e  a t  o t h e r  d e s i r e d  wavelengths .  

**Greater v a r i a t i o n  i n  continuous-wave measurements can be  
accomplished by changing l o a d  r e s i s t o r s  o r  u s i n g  a smaller 
e x i t  p o r t .  

***I i n c h  = e x a c t l y  25.4 rnm. 

ACCOMPLISHMENTS 

A u n i v e r s a l  d e t e c t o r  h a s  been developed and b u i l t  f o r  making bo th  
continuous-wave and peak-power l a s e r  measurements ove r  a wavelength 
r ange  from 514 t o  1064 nm. The e s t i m a t e d  accuracy  is from t 5  p e r c e n t  
a t  633 nm t o  t 1 0  p e r c e n t  a t  1064 nm. 

Other  advantages  of t h e  d e t e c t o r  i n c l u d e  i ts accu racy ,  p a r t i c u l a r l y  
i n  making peak-power measurements w i t h  rise-times >10 n s ,  its 
wide accep tance-angle ,  s i m p l i f i e d  o p t i c a l - c o u p l i n g ,  s p a t i a l  
u n i f o r m i t y ,  and r e p e a t a b i l i t y .  

The i n t e g r a t i n g  s p h e r e  p h o t o d e t e c t o r  is now used  a t  t h e  Bendix 
Kansas C i t y  D i v i s i o n  f o r  making t h e  f o l l o w i n g  measurements: 

a Peak power from laser d i o d e s  having o u t p u t s  r ang ing  from 1 
t o  50 W ( F i g u r e  6 ) ;  

a Peak-power o u t p u t  of YAG l a s e r s ;  



Figure 6. Laser-Diode Calibration System 



Continuous-wave ou tpu t  of H e N e  lasers over  a range from 0.1 
t o  10 mW; 

S t a b i l i t y  measurements of H e N e  lasers (F igure  7) ;  and 

S a f e t y  measurements according t o  ANSI s t a n d a r d s  adopted by ' 

Bendix Kansas C i ty .  

FUTURE WORK 

Two a d d i t i o n a l  i n t e g r a t i n g  sphere  d e t e c t o r s  are planned f o r  
c o n s t r u c t i o n .  One w i l l  be  used as a backup f o r  t h e  p r e s e n t  
assembly, and t h e  o t h e r  w i l l  be used f o r  C02-laser-power 
measurements. 

The backup sphere  w i l l  d i f f e r  from t h e  p r e s e n t  sphere  i n  t h a t  
Eastman White Ref lec tance  P a i n t  (Catalog Number 6080) w i l l  be 
used t o  coat t h e  i n n e r  s p h e r i c a l  s u r f a c e .  Th i s  t y p e  of p a i n t  has  
a s p e c t r a l  range and a t o t a l  r e f l e c t a n c e  t h a t  are s u p e r i o r  t o  
t h o s e  of t h e  p a i n t  t h a t  w a s  used i n  t h e  p r e s e n t  assembly. 

The o t h e r  sphere  is being designed t o  measure high-power CO 
continuous-wave laser o u t p u t s  up t o  1500 1. The des ign  calys f o r  
t h e  c o n s t r u c t i o n  of a gold-p la ted  copper i n t e g r a t i n g  sphere  and 
t h e  u s e  of a p y r o e l e c t r i c  d e t e c t o r  as t h e  energy sensor .  

An i n t e g r a t o r  is being designed f o r  measuring t h e  energy p e r  
pu l se .  
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Figure 7. Setup for Measurement of HeNe-Laser Stability 
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