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PERSISTENT SPECTRAL HOLE BURNING APPLICATIONS I N  DISTRIBUTED 
DATA STORAGE AND PROCESSING 

KARL K.REBANE 
I n s t i t u t e  o f  Physics, Estonian Academy o f  Sciences, 
142 R i i a  Street,  EE2400 Tartu, Estonia 

Abstract B r i e f  review o f  zero-phonon l i n e s ,  pe rs i s ten t  spect ra l  
h o l e  burning (PSHB) and i t s  app l i ca t i ons  i s  given. The provided 
by PSHB add i t i ona l  dimension - the spect ra l  one i n  o p t i c a l  data 
s to ra  e al lows 'n p r i n c i p l e  t o  get  dens i t i es  up t o  1012 b i t  cm-2 

average only  100 impur i t y  molecules i s  invo lved t o  s to re  a b i t .  
I t  i s  a two small amount because o f  f l uc tua t i ons  i n  the d i s t r i b u -  
t i o n  o f  i m p u r i t i e s  over the c e l l s .  P a r a l l e l  processing and d i s t r i -  
buted data storage, rea l i zed  i n  PSHB holography and o p t i c a l  mo- 
d e l l i n g  o f  neural networks, are prospect ive t o  u t i l i z e  the 
capaci ty o f  PSHB storage and processing. 

o r  10 9 6 b i t  cm-3. I n  both cases an 10-16 cm-3 c e l l  comprising on 

f u l l  

1. INTRODUCTION 
Pers is tent  spect ra l  ho le burning (PSHB) was found independently 

by two groups ( a t  Tro i tsk ,  near Moscow and Tartu, Estonia) twenty 

Switzerland, September 1992), several hundreds o f  papers and 
monographs have been published [3,41. 

High reso lu t i on  PSHB mat r i x  i s o l a t i o n  spectroscopy o f  mo 
has been developed, i nc lud ing  studies o f  ch lorophyl ls  and i t s  
t i v e s  151, and even photosynthet ic u n i t s  163. A number o f  app 

years ago [1,2]. Fast growth o f  studies s t a r t e d  ten years ago when 
several we l l  equipped labo ra to r ies  of s o l i d  s t a t e  l a s e r  spectroscopy 
i n  USA, Germany, Switzerland, and France got a l so  Involved. A ser ies 
o f  i n t e r n a t i o n a l  conferences has s t a r t e d  (The t h i r d  one - Ascona, 

f i r s t  

ecules 
r e l a -  

i c a t i o n s  
have been proposed among them as one o f  the most a t t r a c t i v e  p o t e n t i a l  
appl icat ions - PSHB data storage and processing. 

2 .  ZERO-PHONON LINE 
Zero-phonon l i n e  (ZPL) - a c h a r a c t e r i s t i c  feature o f  the low 

temperature impur i t y  spectra o f  solids[7,4,3] - i s  the foundation, 
stone o f  h igh-resolut ion pe rs i s ten t  spect ra l  ho le burning. 

given by the l i f e t i m e  of the exc i ted  e l e c t r o n i c  s ta te  [7]. ZPL i s  
Theory t e l l s  us t h a t  the ZPL's l i new id th  a t  zero temperature i s  

[553]/13 
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14/[554] K.K. REBANE 

accompanied by a broad phonon sideband (PS). The Debye-Waller f a c t o r  
(DWF) shows how much o f  the bu lk  i n t e n s i t y  o f  a v ib ron ic  t r a n s i t i o n  
belongs t o  ZPL. When temperature increases, DWF decreases 
rap id ly ,  The increasing temperature broadens a l so  t o  some ex ten t  the 
ZPL. I n  most molecular systems there are no ZPLs a t  temperature above 

The temperatures used i n  PSHB studies are usua l l y  1.8-2 K and the 
t y p i c a l  spectral  cha rac te r i s t i cs  are roughly the fo l lowing:  1. ZPLs 
l inewidths are 10-3-10'4 cm-l; 2. The most important f o r  spect ra l  re -  
so lu t i on  parameter - r a t i o  o f  the t r a n s i t i o n  frequency t o  the l i n e -  
width i s  up t p  107-108; 3. Broadening o f  ZPL, caused by sca t te r i ng  of 
phonons a t  the exc i ted  impur i ty ,  i s  approximately the same as l i n e -  
width determined by the r a d i a t i v e  l i f e t i m e  o f  the exc i ted  e l e c t r o n i c  
s ta te;  4. Relat ion o f  the ZPLs peak i n t e n s i t y  t o  t h a t  o f  the PS i s  
about 10 -10 , (the absolute value o f  absorpt ion cross sect ion see 
Section 7). 

ra the r  

20-40 K. 

5 6  

3. INHOMOGENEOUS BROADENING. PERSISTENT SPECTRAL HOLE BURNING 

t h a t  the i r r e g u l a r i t i e s  o f  a r e a l  s o l i d  in f luence i t s  frequency very 
s t rongly  compared t o  the l inewidth.  A body o f  impur i t i es  has an inho- 
mogeneously broadened ZPL whose width may be from one cm" 
c rys ta l s )  up t o  a thousand cm'l (g lassy metr ices).  A low temperature 
impur i ty  spectrum comprises two pa r t s :  a r e a l l y  continuous PS and a 
pseudo-continuous body o f  sharp and intense ZPLs. The l a t t e r  p a r t  i s  
a c t u a l l y  a broad band o f  thousands o f  sharp resonences and provides a 
wonderful device t o  perform f i n e  physics. 

Under monochromatic l ase r  e x c i t a t i o n  these impur i t ies ,  whose ZPLs 
are i n  resonance w i t h  it, undergo exci  tat ion-deexci  t a t i o n  cycles w i t h  
h igh r e p e t i t i o n  r a t e  and chemical changes i n  them o r  i n  t h e i r  environ- 
ment may be created. ZPLs o f  the changed impur i t i es  are s h i f t e d  fa r  
away from t h e i r  i n i t i a l  pos i t i ons  and a hole (d ip)  i s  formed a t  t he  
l ase r  frequency. The changes are f i x e d  by rearrangements o f  the pos i -  
t i o n s  o f  the atoms and molecules and can have very long l i fe t imes.  

because the doses matter i n  the f i r s t  p lace) the o p t i c a l  
t i e s  - the absorption c o e f f i c i e n t  and r e l a t e d  t o  i t  

ZPL o f  a s ing le  molecule i s  so narrow and therefore sens i t i ve  

( s ing le  

PSHB i s  a t o o l  t o  con t ro l  by i l l u m i n a t i o n  ( o f  decent i n t e n s i t y ,  
proper- 

r e f r a c t i o n  
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PERSISTENT SPECTRAL HOLE BURNING [555]/15 

index. PSHB tu rns  inhomogeneous broadening o f  ZPLs i n t o  a use fu l  

feature.  

4. PSHB FILTER OF TRANSPARENCY. DATA STORAGE 

( 10-3-lC-4 cm-') wide-apperture spec t ra l  f i l t e r .  The spectrum 
transparency may be more compl icated - comprise two o r  more l i n e s  o r  
have var ious  cont inuous p r o f i l e s .  An i l l u m i n a t i o n  s u b j e c t  t o  be f i l -  
t e r e d  can burn f o r  i t s e l f  a p r o f i l e  o f  transparency, matching i t s  
spectrum o f  i n t e n s i t y .  

p r o f i l e .  lie can a t t a c h  t o  a d i f f r a c t i o n  l i m i t e d  cm2 s p a t i a l  spo t  
( t he  wavelength o f  l i g h t  be ing  cm) up t o  10 b i t s  o f  i n f o r m a t i o n  
d e f i n i n g  the  conten t  o f  a b i t  by absence o r  presence o f  a h o l e  a t  a 

The broad absorp t ion  band w i t h  a sharp ho le  i s  a nar row- l ine  
o f  

PSHB o p t i c a l  memory i s  a c t u a l l y  a t ransparency f i l t e r  o f  s p e c i f i c  

4 

c e r t a i n  frequency i n  t h e  absorp t ion  band. The t o t a l  d e n s i t y  becomes 
r e a l l y  h igh :  108x l o 4 =  1 0 l 2  b i t  and 101'x l o 4 =  10 l6  b i t  u, '~ f o r  
a poss ib le  fourdimensional  (x, y, z, v )  memory. A book le t  o f  t en  
10 cmx 10 cm memory sheets f o r  t he  threedimensional  case (x,  y, v )  

comprises 1015 b i t s .  To w r i t e  i n  and read such tremendous amounts o f  
i n fo rma t ion  i n  a b i t - b y - b i t  way becomes q u i t e  a t ime consuming task. 
To burn a ho le  u s u a l l y  takes seconds. The s h o r t e s t  t ime repo r ted  ( f o r  
a very shal low one) i s  about 30-100 nanoseconds [81 and even such a 
speed 1 eaves the  w r i  ti ng- i  n ti me unreasonably 1 ong . 
f i x  o r  de tec t  a ho le  w i t h  t h e  accuracy 6v i n  t h e  frequency domain we 

have t o  i l l u m i n a t e  a t  l e a s t  as l ong  as 6v-I .  

processing becomes a must. 

the  frequency domain we are n o t  making use o f  t h e  new q u a l i t y  o f  t h e  
new phys i ca l  dimension - t h e  frequency, We have t o  search f o r  and 
employ new ways f o r  data processing. Th is  i s  t he  pa th  o r  

t h a t  leads us t o  the  time-and-space domain holography. 
been 

rea l i zed :  holography ( s t a t i o n a r y  spec t ra l  holography [9] and time-and- 
space domain holography [ l o ] )  and models o f  neura l  networks [lll. I n  
both approaches p a r a l l e l  processing i s  accompanied by d i s t r i b u t e d  

There i s  a p r i n c i p a l  l i m i t  f o r  both - w r i t e - i n  and read-out: t o  

The message i s  t h a t  f o r  the  h i g h  capac i t y  PSHB memories p a r a l l e l  

Another p o i n t  i s  t h a t  s imply extending the  b i t - b y - b i t  memory t o  

t h i n k i n g  

Two ways o f  f u l l y  p a r a l l e l  processing based on PSHB have 
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16/[556] K.K. REBANE 

data storage. The l a t t e r  becomes a l so  a must when t h e  mentioned above 
storage d e n s i t i e s  are used. 

Focussing w i t h  the  d i f f r a c t i o n  l i m i t e d  accuracy means t h a t  t h e  
depth o f  t he  f o c a l  cannot be smal le r  than wavelength and t h e  volume o f  

18 a PSHB p i x e l  ( A X A X A ~ )  i s  1 0 - l ~  cm3. I m p u r i t y  concent ra t ion  o f  10 
i s  t h e  maximum value a t  which we can s t i l l  suppose t h a t  t h e r e  i s  

no i n t e r a c t i o n  between i m p u r i t i e s  des t roy ing  the  spec t ra l  s e l e c t i v i t y .  
It means t h a t  t he re  i s  on average on ly  100 i m p u r i t y  molecules t o  f i x  a 
b i t .  Th is  i s  t oo  small  amount t o  avo id  e r r o r s  i n  d i s t i n g u i s h i n g  b e t -  
ween the  changes caused by ho le  burn ing  and simply by  f l u c t u a t i o n s  of 
t he  i n i t i a l  d i s t r i b u t i o n  o f  i m p u r i t i e s ,  D i s t r i b u t e d  data storage used 
i n  holography and models o f  neura l  networks i s  much l e s s  s e n s i t i v e  t o  
e r r o r s  and probably a l lows b e t t e r  u t i l i z e  the  h i g h  capac i t y  of PSHB 
memori es . 
5. PERSISTENT SPECTRAL HOLE BURNING HOLOGRAPHY 

space-and-frequency domain [9], space-and-time domain [ l o ] ,  space-time- 
and-frequency domain [ll] holographies. These advanced approaches are 
based on very  h i g h  spec t ra l  r e s o l u t i o n  o f  PSHB m a t e r i a l s  and methods t o  
c o n t r o l  t h e i r  o p t i c a l  p r o p e r t i e s  by i l l u m i n a t i o n ,  a l s o  on d i s t r i b u t e d  
data storage and f u l l y  p a r a l l e l  coherent w r i t e - i n  and read-out proce- 
dures. Resul ts a re  impressive:  storage and playback o f  thousands of 
holograms w r i t t e n  a t  d i f f e r e n t  f requencies i n  a small  p iece  o f  PSHB 
mate r ia l  [9,'12], storage and playback o f  a l l  t h e  c l a s s i c a l  fea tures  o f  
a l i g h t  pu lse  (i.e. three-dimensional image i n  co lour ,  i n c l u d i n g  t h e  
p o l a r i z a t i o n  c h a r a c t e r i s t i c s )  and i t s  dependence on t ime ( "ho lograph ic  
movie o f  events")  [ lo ] ,  con jugat ion  o f  wavefronts [ l o ] ,  imaging through 
s c a t t e r i n g  media [13], shaping o f  l i g h t  pulses [14], assoc ia t i ve  r e c a l l  
o f  events [151. A l l  ho lograph ic  approaches a re  r a t h e r  i n s e n s i t i v e  t o  
e r r o r s  i n  storage and processing, Assoc ia t i ve  p r o p e r t i e s  o f  t he  
time-and-space domain holography i s  a f i n e  demonstrat ion o f  it: a 
f r a c t i o n  o f  t he  event can r e c a l l  the  whole one ( i n  space and t ime!)  

Powerful PSHB app l i ca t i ons  f o r  data storage and processing are  
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PERSISTENT SPECTRAL HOLE BURNING [557]/17 

6. ERROR-CORRECTIVE PSHB OPTICAL CIODELLING OF NEURAL 
m t  [WORKS 

C a p a b i l i t y  o f  PSHB t o  p r o v i d e  f r e q u e n c y  a s  a new dimen- 
t i m e s )  t h e  num- 5 s i o n  a n d  e n l a r g e  ( i n  p r i n c i p l e  up t o  1 0 4 - 1 0  

b e r  o f  p o s s i b l e  i n t e r c o n n e c t i o n s  h a s  b e e n  shown [lll . F o u r  
m o d e l s  and v a r i o u s  ways o f  P S H B  e x p e r i m e n t a l  r e a l i z a t i o n  
have  b e e n  c o n s i d e r e d .  E.g. i n  t h e  t h i r d  c a s e  q u a d r a t i c  
a u t o - a s s o c i a t i v e  memory i s  c o d e d  i n  t h r e e  d i m e n s i o n s  ( c o o r -  
d i n a t e s  x ,  y a n d  u )  and  m a t e r i a l i z e s  32 x 32 x 32 = 32768 
o p t i c a l  i n t e r c o n n e c t i o n s ;  t h e  p r o b e  v e c t o r  i s  t a k e n  as 
32 x 3 2  s p a t i a l  m a t r i x  ( c o o r d i n a t e s  x ,  y ) ;  t h e  o u t p u t  i s  
o n e - d e m e n s i o n a l ,  c o n s i s t s  o f  32 b i t s  a l o n g  t h e  f r e q u e n c y  
a x i s  v and  c o r r e c t s  4 e r r o n e o u s  b i t s .  E x p e r i m e n t a l  d e t a i l s  
a r e  d e s c r i b e d  i n  [lll. 

I n  t h e  f i r s t  t h r e e  e x p e r i m e n t s  t h e  r e a d - o u t  o f  t h e  
f r e q u e n c y - d o m a i n  b i t s  i s  a c c o m p l i s h e d  s e q u e n t i a l l y  b y  t u n i n g  
t h e  w a v e l e n g t h  o f  t h e  r e a d - o u t  l a s e r .  O b v i o u s l y  i t  makes 
t h e  p r o c e d u r e  l o n g  w i t h o u t  any  r e a l  r e a s o n  t o  b e  l o n g ,  

n o t  o n l y  f o r  t h e  s p a t i a l  l o c a t i o n s  b u t  a l s o  f o r  a l l  t h e  
f r e q u e n c y - d o m a i n  r e a d - o u t  b i t s  has  been  r e a l i z e d  e x p e r i m e n -  
t a l l y .  A l l  t h e  o u t p u t  i n f o r m a t i o n  i s  c o m p r i s e d  i n  t h e  o n l y  
one o u t p u t  p u l s e  a n d  c o d e d  i n  f r e q u e n c y ,  w h a t  s o u l d  be  c o n -  
v e n i e n t  t o  t r a n s f e r  i t  a l o n g  o p t i c a l  w a v e g u i d e s .  A c t u a l l y  
h e r e  t h e  p i c o s e c o n d  r e a d - o u t  p u l s e  a c c o m p l i s h e s  o p t i c a l l y  
p a r a l e l l  t e n s o r - m a t r i x  m u l t i p l i c a t i o n ,  t h e  l e n s  p e r f o r m i n g  
t h e  s u m m a t i o n  p a r t  o f  t h e  c a l c u l a t i o n .  

I n  t h e  f o u r t h  c a s e  t h e  s i m u l t a n e o u s  p a r a l l e l  r e a d - o u t  

7. SINGLE IMPURITY MOLECULE D E T E C T I O N  AND S P E C T R O S C O P Y .  
R t W  HORILONS I -OR D A T A  STORAGt? 

The p e a k  v a l u e  o f  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  o f  ZPL 
i n  a b s e n c e  o f  n o n - r a d i a t i v e  q u e n c h i n g  o f  e x c i t e d  e l e c t r o n i c  
e n e r g y  d i f f e r s  f r o m  t h e  u n i v e r s a l  v a l u e  f o r  a f r e e  a t o m  

Iat = x l ( 2 n )  b y  t w o  f a c t o r s :  2 
0 
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18/[558] K.K. REBANE 

I o (T )  = I:t(T) a (T) 6 (T) = h2/(2r) a (T) B (T), 

where u (T) stays f o r  the DWF and 6 (T) - f o r  the temperature 
broadening i n  the u n i t s  o f  ZPL's r a d i a t i v e  width. As an 
convenient estimate f o r  molecular i m p u r i t i e s  i n  organic mole- 
c u l a r  matrices a t  l i q u i d  helium temperatures we can take 
a(T) = 6(T)  = 0.5. The resonance e x c i t a t i o n  wavelength v i a  ZPL 
i s  h = 1000 d, where d i s  the geometrical s i ze  o f  the impur i t y  
molecule. So the ZPL's absorpt ion cross sect ion exceeds the 
geometrical s ize o f  an impur i t y  molecule by a f a c t o r  about 
10 . That i s  why ZPL i s  a l so  the foundation stone f o r  t he  
spectroscopy o f  a s i n g l e  impur i t y  molecule spectroscopy - a 
new prospect ive f i e l d  o f  m a t r i x  spectroscopy o f  molecules 

t161 
Does the p o s s i b i l i t y  t o  detect  a s ing le  molecule open 

new routes f o r  o p t i c a l  data storage and processing? A r e l i a b l e  
way t o  detect  a s ing le  molecule i s  m u l t i p l e  resonance ex- 
c i t a t i o n  and c o l l e c t i n g  a s u f f i c i e n t l y  l a rge  number o f  
fluorescence photons emi t ted by the impuri ty.  The advantage 
i s  t h a t  s t a t i s t i c a l  f l u c t u a t i o n s  involved i n  the measure- 
ment may be t rans fe r red  from the number o f  impur i t i es  per 
p i x e l  (A x A y A v ) t o  the number of photons counted and the 
l a t t e r  may be made large. I t  opens the p o s s i b i l i t y  t o  
c l e a r l y  d i s t i n g u i s h  between a p i x e l ,  i n  which i s  one o r  
more molecules (1 w r i t t e n  in), and a p i x e l ,  where none i s  
present (0 w r i t t e n  i n ) .  So i n  p r i n c i p l e  i t  i s  poss ib le  t o  
read a given in format ion stored w i th  a densi ty  about 
one b i t  per one molecule. Long time requi red t o  c o l l e c t  
a l a rge  number o f  photons emi t ted f rom a s ing le  molecule 
i s  c e r t a i n l y  a disadvantage, c rea t i ng  d i f f i c u l t i e s  f o r  
coherent processing and p a r a l l e l  read-out. The main task 
t o  be solved i s  how t o  w r i t e  i n  the  informat ion.  Who 

5 

and how could provide the  PSHB mater ia l  w i t h  very smooth 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
53

 1
8 

Fe
br

ua
ry

 2
01

3 



PERSISTENT SPECTRAL HOLE BURNING 

d i s t r i b u t i o n  o f  about N molecules over N p i x e l s ?  

[559]/ 19 

1. B.M.Kharlamov, R. I.Personov, L.A.Eykovskaja, Opt. Commun. - 12, 

2. A.A.Gorokhovskii, R.K.Kaarli, L.A.Rebane, JETP L e t t .  
191 (1974). 

20, 216 (1974); 16, 282 (19/6). 
lZA.Rebane, J .KKikas ,  Appl. Phys. 829, 
235 (1982). 

3. W.E.Moerner, ed., P e r s i s t e n t  Spec t ra l  Hole Burning; 
Science and App l i ca t i ons  (Springer-Verlag, B e r l i n ,  
Heidelberg, 1988). 

4. O.Sild, K.Haller, eds. Zero-Phonon Lines and Spec t ra l  Hole 
Burning i n  Spectroscopy and Photochemistry (Spr ingel-Ver lag,  
B e r l i n ,  Heidelberg,  1988). 

5 .  R.A.Avarmaa and K.K.Rebane, Spectrochimica - -  Acta, 41A, 
1365 (1985). 

6. Technical  D iges t  on P e r s i s t e n t  Spec t ra l  Hole-Burning : 
Science and App l ica t ions ,  Conference 26-28 Sept. 1991, 
Monterey, C a l i f o r n i a  (Op t i ca l  Soc ie ty  o f  America, 
Washington D.C., 1991, Vol. 16 ). 

7. Ka r l  K.Rebane, I m p u r i t y  Spectra o f  S o l i d s  (Plenum Press, 
New York, 1970). 

8. M.Romagnoli, W.E.Moerner, S.M.Schellenberg, M.D.Levenson, 
G.C.Bjorklund, J. Opt. SOC. An. B1, 341 (1904); 
A.Winnacker, R.M.Shelby, R .M.MacfaTane, Opt. L e t t .  0, 
350 (1985). 

9. A.Meixner, A.Renn, U.Wild, J. Chem. Phys. 91, 6728 
(1989). 

A.Rebane, R . K a h : S a h  A.Ani j a l g ,  K.Timpmann, 
:y;:saa;;yuni 47, 173 (198;). 

(1986). 

0.01 1 i k a i  nen and A. Rebane, i n  Op t i ca l  Memory and 
Neural Networks, SPIE,  1621, 351 (1991). 
O.Ollikainen, A.Rebane, K.Rebane, J. Op t i ca l  and 

12. A.Renn, A .J.Meixner and U.P.Wild, J. Chem. Phys. 92, 

10. T.W.Mossberg, 0 t L e t t  7 (1982). 

. K X a a r l i ,  and A.K.Rebane, - -  JOSA B3, 527 

11. A.Rebane and O.Ollikainen, Opt. Commun. 83, 246 
(1991). 

Quantum E lec t ron i cs ,  submitted. 

2748 (1990). 
A.Rebane, S.Bernet, A.Renn and U.P.Wild, Opt. Commun. 
- 86, 7 (1991). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
53

 1
8 

Fe
br

ua
ry

 2
01

3 



20/[560] K.K. REBANE 

13. A.Rebane, J.Feinberg, Nature, 351, 378 (1991). 
14. H.Sbnajalg, A . G o r o k h o m  m a a r l i ,  V.Palm, M.Ratsep, 

P.Saari, O~~iaaF~ynun, 71, 377 (1989). 
R. Kaarl i , H.S%ajalg, i n  /6/ p. 32. 

15. A.Rebane, 0 t Comnun 65, 175 (1988). 
16. W.E.Moerner h i o r , -  Phys. Rev. 

(1989) ; 
W.P.Ambrose and W.E.Moerner, Nature, 349, (1991); 
M.Orrit and J.Bernard, Phys. Rev. L e K  65, 2716 

Let t . ,  62, 2535 

(1990). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
53

 1
8 

Fe
br

ua
ry

 2
01

3 


