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QUANTUM BEAT DETECTION BY PHOTON 
STATISTICS TECHNIQUES 

M.A. Rebolledo and J.A. Martinez-Betorz 

D e p a r t a m e n t o  d e  F i s i c a  A p l i c a d a ,  F a c u l t a d  d e  C i e n c i a s ,  

U n i v e r s i d a d  d e  Z a r a g o z a ,  50009 Z a r a g o z a ,  S p a i n .  

ABSTRACT 

I n  t h i s  p a p e r  w e  s t u d y  t h e  u s e f u l n e s s  o f  p h o t o n  s ta t . i s -  

t i c s  t e c h n i q u e s  i n  quantum b e a t  s p e c t r o s c o p y  when t h e  i n t e n -  

s i t y  of t h e  d e t e c t e d  l i g h t  beam is v e r y  s m a l l .  It is c o n c l u -  

d e d  t h a t  a c c u r a t e  r e s u l t s  c a n  b e  o b t a i n e d  i f  t h e  F o u r i e r  

t r a n s f o r m  of t h e  t i m e - i n t e r v a l  p r o b a b i l i t y  is m e a s u r e d .  

INTRODUCTION 

Quantum b e a t  s p e c t r o s c o p y '  is a h i g h  r e s o l u t i o n  t e c h n i -  

q u e  w h e r e  t w o  v e r y  close e n e r g y  l e v e l s  are c o h e r e n t l y  e x c i t e d  

by  a p u l s e d  l a s e r .  I f  t h e  f l u o r e s c e n c e  from t h e  e x c i t e d  l e -  

v e l s  t o  a lower e n e r g y  l e v e l  is  d e t e c t e d  a b e a t i n g  i n t e n s i t y  

is o b t a i n e d  ( q u a n t u m  b e a t s )  whose b e a t i n g  f r e q u e n c y  p r o v i d e s  
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1242 REBOLLEDO AND MARTINEZ-BETORZ 

us t h e  d i f f e r e n c e  of t h e  e n e r g i e s  of t h e  t w o  e x c i t e d  l e v e l s .  

Quantum b e a t s  c a n  a l s o  b e  d e t e c t e d  b y  p h o s p h o r e s c e n c e 2 ) ,  s u -  

p e r f  l u o r e s c e n c e 3 )  or t r a n s m i s s i o n 4 )  phenomena.  

When h i g h  e x c i t e d  l e v e l s  a r e  m e a s u r e d  b y  quantum b e a t s  

a v e r y  s m a l l  i n t e n s i t y  c a n  b e  o b t a i n e d  t h a t  c a n  b e  masked by 

n o i s e .  B e a r i n g  i n  mind t h a t  v e r y  n o i s y  s i g n a l s  c a n  b e  a n a l y -  

z e d  s u c c e s f u l l y  by m e a s u r i n g  t h e i r  i n t e n s i t y  a u t o c o r r e l a t i o n  

f u n c t i o n s ’ )  w e  t h i n k  t h i s  t e c h n i q u e  c o u l d  b e  u s e f u l  i n  q u a n -  

tum b e a t  d e t e c t i o n .  On t h e  o t h e r  hand  s m a l l  i n t e n s i t y  p e r i o -  

d i c  s i g n a l s  c a n  b e  v e r y  a c c u r a t e l y  a n a l y z e d  6 - 9 )  by means o f  

t h e  F o u r i e r  t r a n s f o r m  o f  t h e  t i m e - i n t e r v a l  p r o b a b i l i t y ,  o b -  

t a i n e d  f rom a r e p e a t e d l y  measurement  o f  t h e  t i m e - i n t e r v a l  

b e t w e e n  two c o n s e c u t i v e  p h o t o p u l s e s  when u s i n g  a p h o t o n  c o u n -  

t i n g  s y s t e m  t o  d e t e c t  t h e  l i g h t  beam. T h e r e f o r e  t h i s  t e c h n i -  

q u e  c o u l d  also b e  u s e f u l  i n  quantum b e a t  s p e c t r o s c o p y .  

The a im of t h i s  p a p e r  is t o  s t u d y  t h e  u s e f u l n e s s  of 

t h e s e  t e c h n i q u e s  f o r  s m a l l  v a l u e s  o f  t h e  i n t e n s i t y .  

METHOD 

If a quantum b e a t  s i g n a l  i s  m e a s u r e d  w h c r e  o n l y  a d e c a y  

1 )  c o n s t a n t ,  r ,  a p p e a r s  t h e  d e t e c t e d  i n t e n s i t y  c a n  be e x p r c s s c d  

a s  

w o  b e i n g  t h e  quantum b e a t  f r e q u e n c y .  F o r  n o i s y  s i g n a l s  t h e  

c o h e r e n t  e x c i t a t i o n  o f  t h e  e n e r g y  l e v e l s  is p e r i o d i c a l  1 y rc- 
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PHOTON STATISTICS TECHNIQUES 1243 

p e a t e d  a n d  a p e r i o d i c  r e p e t i t i o n  of t h e  quantum b e a t  s i g n a l  

is o b t a i n e d .  If a s y n c h r o n o u s  a v e r a g e  p r o c e d u r e  is u s e d  n o i -  

se is r e d u c e d .  N e v e r t h e l e s s  a s  I. d e c r e a s e s  n o i s e  i n c r e a s e s  

a n d  a p o o r  n o i s e  r e d u c t i o n  is o b t a i n e d  by  t h i s  m e t h o d .  

I n  t h i s  p a p e r  w e  i n t e n d  t o  a n a l y z e  v e r y  n o i s y  q u a n t u m  

b e a t  s i g n a l s  b y  means o f  t h e  n o r m a l i z e d  i n t e n s i t y  a u t o c o r r e -  

l a t i o n  f u n c t i o n  or by means  of t h e  F o u r i e r  t r a n s f o r m  of t h e  

t i m e - i n t e r v a l  p r o b a b i l i t y .  

The n o r m a l i z e d  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  is d e -  

f i n e d ’ )  a s  

I f  t h e  t i m e - i n t e r v a l s ,  8, b e t w e e n  c o n s e c u t i v e  p h o t o p u l s e s  are  

r e p e a t e d l y  m e a s u r e d  t h e  F o u r i e r  t r a n s f o r m  of t h e  t i m e - i n t e r -  

V a l  p r o b a b i l i t y  is  d e f i n e d  a s  

w(e) b e i n g  t h e  t i m e - i n t e r v a l  p r o b a b i l i t y .  

In o r d e r  t o  know t h e  s h a p e  of g ( ’ ) ( ~ )  a n d  QF(v)  w e  u s e d  

a n  e x p e r i m e n t a l  s e t u p  t o  m e a s u r e  t h e s e  q u a n t i t i e s .  A s i g n a l  

g e n e r a t o r  was f e d  i n t o  a L E D  t o  p r o d u c e  a l i g h t  beam w i t h  a n  

i n t c n s i t y  g i v e n  by 
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1244 REBOLLEDO AND MARTINEZ-BETORZ 

I ( t )  = I. ( 1  +Vcos [ 2 n v o  ( t - n P ) +  6 1  l e x p [  - r ( t - n P )  1 

t h a t  is a p e r i o d i c  r e p e t i t i o n  o f  t h e  quantum b e a t  s i g n a l  (Eq. 

( 1 ) )  w i t h  a p e r i o d  P. A p h o t o n  c o u n t i n g  s y s t e m  c o n t r o l l e d  

by  a c o m p u t e r  was u s e d  t o  m e a s u r e  g ( ’ ) ( i )  and  Q F ( v ) .  

F i g .  1 shows t h e  r e s u l t s  o b t a i n e d  for g ( ’ ) ( i  ) when 

v o  = 36380 Hz, V = 0 . 3 ,  r = 12500 Hz a n d  P = 678 US. S i n c e  

g(’) ( T )  do n o t  c h a n g e s  when I. d o e s  (Eq.  ( 2 ) )  w e  u s e d  a h i g h  

v a l u e  f o r  t h e  mean number ,  iT of p h o t o p u l s e s  d e t e c t e d  i n  a 

p e r i o d  P (n = 1 0 0 )  t o  r e d u c e  n o i s e  i n  t h e  g r a p h  of g ( 2 ) ( i ) .  

I t  c a n  b e  o b s e r v e d  t h a t  g ( ’ ) ( ~ )  o s c i l l a t e s  w i t h  a f r e q u e n c y  

a p p r o x i m a t e l l y  e q u a l  t o  v 0 .  

P ’  

P 

F i g .  2 shows t h e  r e s u l t s  o b t a i n e d  f o r  Q ( v )  f o r  t h e  s a m e  

s i g n a l  u s e d  t o  m e a s u r e  g ( ’ ’ ( T ) .  S i n c e  Q ( v )  c h a n g e s  when I. 

d o e s  a n d  w e  want  t o  a p p l y  t h i s  t e c h n i q u e  €or s m a l l  i n t e n s i -  

t i e s  w e  a t t e n u a t e d  t h e  l i g h t  beam t o  o b t a i n  n = 1 .  I n  t h i s  

case t h e  v a l u e  of v o  w a s  v o  = 36930 Hz b e c a u s e  o f  t h c  s i g n a l  

g e n e r a t o r  i n s t a b i l i t i e s  d i d  n o t  a l l o w  u s  t o  ‘ u s e  t h e  same f r c -  

q u e n c y  u s e d  t o  m e a s u r e  g ( ’ ) ( T ) .  It c a n  b e  o b s e r v e d  t h a t  t h e  

maximum o f  t h e  t a l l e r  peak  o c c u r s  f o r  v z v 0 .  The t w o  o the r  

maxima o c c u r  f o r  v = v o  t I/P. 

F 

F 

P 

T a k i n g  t h e  a b o v e  o b s e r v a t i o n s  i n  mind w e  c a n  p r o p o s e  a 

v e r y  s i m p l e  method t o  o b t a i n  v o .  When m c a s u r i n g  g ( ’ ) ( i )  w e  

c a n  d e t e r m i n e  v o  by o b t a i n i n g  t h e  f r e q u e n c y  of i ts  o s c i l l a -  

t i o n s .  T h i s  c a n  b e  done  by  c o m p u t i n g  t h e  F o u r i e r  t r a n s € o r m  
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100 200 300 

Z()lS) 
Fig. 1 . -  Experimental values of g ( 2 ) ( ~ )  for v o  = 3 6 3 8 0  H z .  
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Fig. 2.- Experimental values of Q , ( v )  for v o  = 36930  Hz. 
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1246 REBOLLEDO AND MARTINEZ-BETORZ 

o f  g ( ’ ) ( i )  a n d  o b t a i n i n g  t h e  v a l u e  of v t h a t  c o r r e s p o n d s  t o  

i t s  maximum. When m e a s u r i n g  Q,(v)  w e  c a n  d e t e r m i n e  v, by ob-  

t a i n i n g  t h e  v a l u e  of v t h a t  c o r r e s p o n d s  t o  i ts  c e n t r a l  maxi -  

mum. 

S i n c e  t h e  s i g n a l s  o b t a i n e d  i n  o u r  e x p e r i m e n t a l  s e t u p  

w e r e  n o t  s t a b l e  b e c a u s e  of t h e  i n s t a b i l i t i e s  i n  t h e  f u n c t i o n  

g e n e r a t o r ,  w e  s t u d i e d  t h e  e r r o r s  i n v o l v e d  i n  t h e  d e t c r m i n a -  

t i o n  of t h e  b e a t  f r e q u e n c y ,  v , ,  by u s i n g  a c o m p u t e r  s i m u l a -  

t i o n  method t o  o b t a i n  v a l u e s  o f  g(’)( 1) and Q,( v ) .  This com- 

p u t e r  s i m u l a t i o n  method w a s  u s e d  a n d  e x p e r i m e n t a l l y  c h e c k e d  

i n  p r e v i o u s  p a p c r s  8 , 9 )  

R E S U L T S  AND C O N C L U S I O N S  

The errors  w e r e  s t u d i e d  f o r  t w o  v a l u e s  o f  t h e  number ,  

N o ,  o f  o s c i l . l a t i o n s  o f  t h e  quantum b e a t  s i g n a l  i n  a p e r i o d  

P. F o r  e a c h  o n e  of them t h r e e  v a l u e s  o f  t h e  mean number ,  

n o f  p h o t o p u l s e s  i n  a p e r i o d  w e r e  u s e d  t h a t  c o r r e s p o n d e d  

t o  t h r e e  s m a l l  v a l u e s  of t h e  mean number ,  n o ,  o f  p h o t o p u l s e s  

i n  a n  o s c i l l a t i o n .  The v a l u e s  o f  Go a n d  N r / N o  ( N r  = number 

0 
o f  o s c i l l a t i o n s  i n  a d e c a y  t i m e )  r e m a i n e d  u n c h a n g e d  when N 

w a s  v a r i e d .  With t h e s e  v a l u e s  of No, N r ,  n p ,  no a n d  t w o  va-  

l u e s  f o r  V w e  o b t a i n e d  1 2  cases  t h a t  are l i s t e d  i n  t a b l e  I. 

- 
P’ - 

- -  

F o r  a l l  c a s e s  t e n  ser ies  of s i m u l a t e d  v a l u e s  of g( ’ ’ (7)  

( f o r  101 v a l u e s  o f  i) a n d  Q , ( v )  ( f o r  101 v a l u e s  of v )  were 

o b t a i n e d  from l o 4  s i m u l a t e d  v a l u e s  o f  t h e  t i m e - i n t e r v a l  e .  

The v a l u e s  of v, were o b t a i n e d  as e x p l a i n e d  a b o v e .  From t h e  
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Table  I.- C a s e s  for which errors in v o  were o b t a i n e d  for 

V o  = 10 KHz and 6 = 0 (Eq. ( 4 ) ) .  

Case NO N r  n 
P 

V 

1 9 3 1.50 0.167 0.5 

2 9 3 1.50 0.167 0 . 3  

3 9 3 0.50 0.056 0.5 

4 9 3 0 .50  0 . 0 5 6  0 . 3  

5 9 3 0.15 0.017 0.5 

6 9 3 0.15 0.017 0 . 3  

7 24 8 4.00 0.167 0.5 

9 24 8 1.33 0.056 0.5 

24 8 0 . 4 0  0.017 0.5 

24 8 0 . 4 0  0.017 0.3 

24 8 4 . 0 0  0.167 0 . 3  8 

24 8 1 - 3 3  0.056 0 -  3 10 

1 1  

12 
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1248 REBOLLEDO AND MARTINEZ-BETORZ 

T a b l e  11.- V a l u e s  of t h e  s y s t e m a t i c  (e,) a n d  s t a t i s t i c s  (u) errors 

i n  v, f o r  t h e  cases i n  t a b l e  I .  

QF 

1 3.32 0.,466 1.83 0.256 

2 3.83 0.791 2.01 0 - 744 
3 2.82 0 * 959 1.52 0.133 

4 2.15 2.01 1.56 0.265 

5 2.71 1.03 1-45 0.018 

6 2.48 3.23 1.50 0.127 

7 0.98 

8 1.39 

9 1.01 

10 1.40 

1 1  1.30 

12 1.05 

0.177 

0.546 

0.326 

0.840 

4.63 

5-30 

0.736 0.227 

0-729 0.688 

0.458 0.058 

0-414 0.213 

0.400 0.029 

0.436 0.135 

m u s t  be improved  by o b t a i n i n g  a n a l y t i c a l  e x p r e s i o n s  € o r  

g(')(~) and Q , ( v )  arid sLudyi r ig  thorn. 

With r e s p e c t  t o  s t a t i s t i c s  e r r o r s  it c a n  b e  o b s c r v e d  

t h a t  whnn o b t a i n i n g  v g  f r o m  s ( ~ ) ( T )  t h c y  i n c r e a s e  a s  t h e  i n -  

t e n s i t y  o f  t h e  l i g h t  beam d e c r e a s e s .  I n s t e a d  when o b t a i n i n g  

v o  f rom Q , ( v )  t h e  e r r o r s  d e c r e a s e  a s  t h e  i n t e n s i t y  d o e s .  

T h e r c f o r e  it is  o b v i o u s  t h a t  t h e  measurement  of' Q , ( v )  is  a 

more a p p r o p r i a t e  t e c h n i q u e  t h a n  i n t e n s i t y  c o r r e l a t i o n  t e c h n i -  
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q u e  for v e r y  s m a l l  i n t e n s i t y  quantum b e a t  s i g n a l s .  From t h e  

a b o v e  r e s u l t s  wc: c a n  c o n c l u d e  t h a t  t h e  measurement  of Q ( v )  

c a n  b e  a n  a c c u r a t e  t e c h n i q u e  i n  v e r y  s m a l l  i n t e n s i t y  quantum 

b e a t  e x p e r i m e n t s ,  i f  a n a l y t i c a l  e x p r e s i o n s  €or QF(v)  a r e  o b -  

t a i n e d  i n  o r d e r  t o  a v o i d  s y s t e m a t i c  errors .  

F 
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