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THEORY OF ONE- NOTWO-STEP PULSED SPECTRAL HOLE BURNING 

INNA REBANE 
I n s t i t u t e  o f  Physics, Estonian Acad. Sci., Tartu, Estonia 

Abstract  A theory o f  spect ra l  hole burning (SHB) by l i g h t  
pulses o f  an a r b i t r a r y  shape and durat ion i s  proposed. One- and 
two-step (photon-gated) SHB processes induced by l a s e r  pulses i n  
two-, three- and four- leve l  systems are t h e o r e t i c a l l y  considered. 
I t  i s  shown t h a t  f o r  two-step SHB there e x i s t s  a p o s s i b i l i t y  o f  
obta in ing spect ra l  holes which are narrower than i n  the  one-step 
SHB w i t h  monochromatic l i g h t .  I n  case o f  one- and two-step SHB 
the dependence o f  the shape o f  the hole on the durat ion o f  the 
burning pulse i s  considered (on two-step SHB the second pulse i s  
s-pul se) . 

Spectral hole burning (SHB) has perspect ive appl icat ions i n  o p t i c a l  i n -  
formation storage. D i f f e r e n t  storage methods (frequency-and-time-domain) 
and SHB mechanisms (one- and two-step) l a y  emphasis on a general theore- 
t i c a l  consideration. 

f i r s t  order o f  the pe r tu rba t i on  theory. A t heo re t i ca l  cons iderat ion o f  
the one-step pulse SHB has shown t h a t  i f  the  d i s t r i b u t i o n  o f  frequencies 
and the t o t a l  i r r a d i a t i o n  doses are the same, the burning w i t h  a s ing le  
pulse and under s ta t i ona ry  condi t ions form i d e n t i c a l  holes.1 

Two-step SHB i n  three- and four- leve l  systems i s  considered from 
the viewpoint o f  the theory o f  the t r a n s i e n t  (time-dependent) spectra 
o f  secondary emission.' The holes bu rn t  i n  two-step processes d i f f e r  
e s s e n t i a l l y  i n  the cases o f  pulsed and s ta t i ona ry  SHB.='' 

One-step SHB process induced by l ase r  pulse i s  considered i n  the 

THE MINIMUM WIDTH OF SPECTRAL HOLES 

For one-step (0-1)  SHB a minimal width o f  the hole i n  the inhomogeneous 

d i s t r i b u t i o n  func t i on  (IDF) o f  the t r a n s i t i o n  frequency i s  obtained by 
photoburning w i t h  monochromatic 1 i g h t  and i s  determined by the homoge- 

the energy and phase re laxa t i on  (pure dephesing) times o f  the exc i ted  
l eve l ,  y, and rz are the energy and phase re laxa t i on  constants, respec- 

t i v e l y .  

neous l i n e w i d t h  oo = (ZrcT:)-' + (ncT,) * - 1  - - y1 + rl 5 , where T: and T: are 
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48/[588] I. REBANE 

For two-step SHB i n  three- level  systems ( O + l + 2 )  there e x i s t s  a 
p o s s i b i l i t y  o f  obta in ing spect ra l  holes which are narrower than uo. 

This p o s s i b i l i t y  i s  based on the i n t roduc t i on  o f  a t ime delay T between 
the se lec t i ve  ( f i r s t )  and f i x i n g  (second) pulses. I f  the s e l e c t i v e  
pulse i s  coherent and single-sided exponential then, i n  the case o f  an 
extremely shor t  f i x i n g  pulse (s-pulse), on the increase o f  the time 
delay T, a monotonic narrowing o f  the spect ra l  hole i n  the IDF o f  the 
frequency no, o f  t he  e lec t ron i c  t r a n s i t i o n  O - t l  takes place up t o  the 
l i m i t  w id th r, t Iy, - A 1  (where A i s  t he  FWHM spectral  width o f  the 
se lec t i ve  pulse)’ (see Figure 1). The minimal width o f  the hole i s  de- 
termined by the phase re laxa t i on  time o f  the f i r s t  exc i ted  l eve l .  Thus 
the energy re laxa t i on  constant y, o f  the f i r s t  exc i ted  l e v e l  i s  e l i m i -  
nated through compensation by the spect ra l  width o f  the se lec t i ve  pulse. 
Moreover, t h i s  spect ra l  ho le can be narrowed further,  i.e. the width, 
which i s  caused by phase re laxat ion,  may a l so  be e l iminated i f  the 
in ter ference o f  the se lec t i ve  pulse w i t h  an add i t i ona l  s-pulse a t  the 
f i r s t  burning step i s  introduced (see F igure 2). Then the spect ra l  hole 
narrows up t o  I y , t r , - A l  a t  ~ , + - m ,  o r  ~ y , - r , - A ~  a t  T , > O ,  and T-tm 
(where t, i s  the t ime delay between the  add i t i ona l  s-pulse and the se- 
l e c t i v e  pulse). Even i f  the  most s u i t a b l e  pulses are chosen the uncer- 
t a i n t y  p r i n c i p l e  l i m i t e d  width .\IT-’ remains. 

On two-step SHB i n  a four- leve l  system4 level  1 i s  s e l e c t i v e l y  ex- 
c i t e d  f i r s t  by the se lec t i ve  pulse ( t r a n s i t i o n  O + l ) ,  then the system 
relaxes t o  intermediate l e v e l  2. The f o l l o w i n g  absorpt ion o f  the second 
sho r t  l a s e r  pulse ( f i x i n g  pulse) i n  the  t r a n s i t i o n  2 + 3  introduces e f -  
f e c t i v e  photoburning o f  t he  spect ra l  hole. An analys is  o f  the formulae 
shows t h a t  the hole i n  IDF o f  the frequency nolis monotonical ly nar-  
rowed w i t h  the increas ing time delay T between the burning pulses. I f  

A<y, ,y ,  o r  y, <A,y2 (y, i s  the energy re laxa t i on  constant o f  l e v e l  2) ,  
the l i m i t i n g  holewidth u ~ r ,  t Iy, - d l  ( a t  T+-). This r e s u l t  coincides 
w i t h  the one obtained f o r  a three- level  system. Unfortunately,  i n  a l l  
the known cases of the two-step SHB, intermediate l e v e l  2 has a long 

l i f e t i m e ,  i.e. y,<<y,. The l i m i t  holewidth i n  the case o f  y,<h i s  
u = r, t y ,  t A - 2y,. I n  order  t h a t  the holewidth u be less  than o,, the 
condi t ion A < 2y, must be f u l f i l l e d .  However, because o f  the smallness 
of ya, the holewidth u d i f f e r s  l i t t l e  from uo and the  mani festat ion o f  
the width compensation e f f e c t  i s  weak. 
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THEORY OF ONE- AND TWO-STEP PULSED SPECTRAL HOLE BURNING [589]/49 

FIGURE 1 
(full curve) and one-step (broken curve) SHB. Parameters: r1=0.5y1, 
a=0.99y, ( o 0 =  1.5~~). w,, i s  the frequency o f  the maximum of the 
f i r s t  pulse. 

The hole i n  the IDF p(nol)  f o r  the  cases o f  two-step 
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-8 ' -4 I 0 4 8 

FIGURE 2 
(broken curve) and two-step (long broken curve) SHB by the selec- 
t i v e  pulse, and also two-step SHB by the sum of the se lect ive  
pulse and the addit ional s-pulse ( f u l l  curve). Parameters: r l  =4y1, 
A=4.5y1 ,  f 2 = y 1  ( a 0 = 5 y 1 ) .  

The hole i n  the IDF p(nol) i n  the cases o f  one-step 

-1  
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THEORY OF ONE- AND TWO-STEP PULSED SPECTRAL HOLE BURNING [591]/51 

THE SHAPE OF A SPECTRAL HOLE AND ITS TEMPORAL RESPONSE AT SHORT 

A number o f  pub l i ca t i ons  has considered one-step SHB by l i g h t  w i t h  
s ta t i ona ry  i n t e n s i t y  and one truncated frequency i n  the t ime i n t e r v a l  

(0,T) (see, e.g., ). Thereby, the SHB e f f i c i e n c y  P(n,,), determining 
through (1) (see Appendix) the shape o f  the spectral  ho le i n  the  IDF, 
i s  considered t o  be propor t ional  t o  the product o f  the homogeneous ab- 
sorpt ion spectrum (HAS) (under the usual assumption HAS i s  o f  Lorent- 
z ian shape) and the i r r a d i a t i o n  dose o f  the burning l i g h t  (P(n,,)= 
PL(no,)). It i s  ev ident  t h a t  such an approach does not  ho ld f o r  the 
durat ion o f  the burning, T, which i s  shor ter  than o r  comparable w i t h  
the re laxa t i on  time o f  the exc i ted  l eve l .  Here SHB e f f i c i e n c y  P(nol) = 

P,(nOl) i s  ca lcu lated i n  a model where the durat ion o f  burning, T, may 
be o f  any value' (see F igure 3). The HAS determines the spect ra l  d i s t -  

6 

I r=4 
08 

a4 

k. \ 

O - 2 0 2  

r=2 

T=5 

-2 0 2 

FIGURE 3 SHB e f f i c i e n c i e s :  --- PL(nol), - P,(no1), and -.- 
P,(nol) ( i n  case o f  two-step SHB i n  a three- level  system; here 
the  second pulse i s  &-pulse). rl = yl. Time T i s  g iven i n  y;'. 
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r i b u t i o n  o f  SHB e f f i c i e n c y  o n l y  when the  burning durat ion e s s e n t i a l l y  
exceeds the re laxa t i on  t ime o f  the exc i ted  l e v e l .  (On the o the r  hand, 
the shape o f  the spect ra l  hole coincides w i t h  the spectral  d i s t r i b u -  

t i o n  o f  SHB e f f i c i e n c y  on ly  a t  small i r r a d i a t i o n  doses,) 
I n  case o f  one-step SHB the dependence o f  the shape o f  the hole 

on the steepness o f  the f ron ts  o f  the burning pulse i s  a l so  considered.* 
Temporal responses o f  spect ra l  holes as spect ra l  f i l t e r s  t o  the 6-pul se 
o f  the l i g h t  have been found"'. 

APPEND I X 

Under c e r t a i n  assumption the IDF, p(n,,,t), which takes i n t o  account 
the inhomogeneous d i s t r i b u t i o n  o f  the frequency no, o f  the e l e c t r o n i c  
t r a n s i t i o n  0 + 1 i n  the impur i ty ,  changes exponent ia l ly  w i t h  time', 

Here po(no,)  i s  the i n i t i a l  IDF and P(no,,r) the SHB e f f i c i e n c y  a t  the 
moment K. A t  t > T  we ge t  the f i n a l  SHB e f f i c i ency ,  P(no,). 
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