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The genera t ion  o f  u l t r a s h o r t  l i g h t  pu lses i n  mode locked C.W. 

dye l a s e r  systems has made p o s s i b l e  a wide range o f  new experirnents i n  

which the i n t e r a c t i o n  o f  r a d i a t i o n  w i t h  mat te r  i s  s tud ied .  Accurate mea- 

surements ot' the  o p t i c a l  pu lse  w i d t h  a r e  e s s e n t i a l  f o r  a  q u a n t i t a t i v e  i n -  

t e r p r e t a t i o r i  o f  the  exper imenta l  r e s u l t s .  A d iscuss ion  o f u l t r a s h o r t  p u l -  

se generat i o n  and measurements i s presented, toge ther  wi t h  a sec t  i o n  on 

dynamic spectroscopy. 

A geração de pulsos luminosos u l  t r a c u r t o s  em Mode Locked C. W. 

dye Zasers tornou poss í v e l  uma nova variedade de experimentos onde se 

estuda a in te ração  de radiação com a m a t é r i a .  Para i n t e r p r e t a r  quan t i  t a -  

t ivamente os resu l tados  exper imenta is ,  torna- se necessár ia  uma medida 

p r e c i s a  da l a r g u r a  dos pulsos luminosos. A geração e técn icas  de medida 

de pulsos u l  t r a c u r t o s  são apresentadas, juntamente com uma s e c ç ã o  que 

t r a t a  de espectroscopia dinâmica. 

1. INTRODUCTION 

S c i e n t i f i c  developments a r e  almost always r e l a t e d  t o  advances 

i n  measurement techniques. The recent  developments i n  t ime measiirements, 

i n  the  p isoseco13 rangela,  w i l l  c e r t a i n l y  lead t o  a b e t t e r  understanding 

o f  non- equ i l i b r ium processes i n  Physics,  Chemistry and B io logy .  Th is  de- 

velopments tias been made p o s s i b l e  by the a v a i l a b i l i t y  o f  u l t r a s h o r t  p u l -  

ses o f  l i g h t  from mode locked lasers .  I t  i s  p o s s i b l e  now t o  i n v e s t i g a t e ,  

on the picosecond t ime scale,  the i n t e r a c t i o n  o f  l i g h t  pu lses w i t h  mole- 

cu les,  atoms and s o l i d s .  

f:rom an engineer ing p o i n t  o f  v i e w , u l t r a s h o r t  pu lses o f f e r  

p o s s i b i l i t i e s  f o r  pulse-code modulat ion a t  very h i g h  r a t e  and mu l t i chan-  



nel comnunication systems. Picosecond l i g h t  pulses can a l so  be converted 

i n t o  e l e c t r i c a l  pulses which are much shor ter  i n  dura t ion  ( t y p i c a l l y  20 

ps o f  durat ion) than those generated by conventional e lec t ron  i c  techni - 
ques . l b  

Phase dependent phenomena i n  the propagation o f  l i g h t  pulses 

through matter, such as coherent photon response, se1 f- i nduced transpar- 

ency and photon echoes can be a l s o  studied w i th  these pulses. More re- 

cent ly  p 

studies. 

ments us 

cosecond pulses have been used t o  monitor plasma compression 

For the quan t i t a t i ve  i n te rp re ta t i on  o f  the resu l t s  o f  exper i -  

ng u l t r a s h o r t  pulse techniques, an accurate measurement o f  the 

dura t ion  o f  the e x c i t i n g  pulse i s  essent ia l .  This paper w i l l  concentra- 

t e  on general p r i nc ip les  and simple physical  p ictures,  leaving thedeta i -  

led model and ca l cu la t i on  t o  be provided by the references. 

The paper i s  organized i n  the fo l lowing way: Section 2 d i s -  

cusses modes i n  o p t i c a l  resonators and mode locking o f  dye lasers.  Sec- 

t i o n  3 t r ea ts  pulse measurements techniques. Section 4 describes inde- 

t a i l  the experimental arrangement used. F i n a l l y ,  sect ion 5 presents ap- 

p l i c a t i o n s  t o  the various f i e l d s .  This paper i s  intended as a t u to r i a1  

and a review paper i n  u l t r a s h o r t  pulse generation i n  C.W. dye laser mea- 

surement techniques and app l ica t ions .  I t  i s  intended t o  be o f  use as an 

in t roduct ion  t o  the subject  f o r  the general reader as we l l  as an over- 

view f o r  the s p e c i a l i s t  i n  the f i e l d .  

2. MODE LOCKING 

A t yp i ca l  laser  consists o f  an o p t i c a l  resonator forrned by 

rnirrors, and some laser  gain medium w i t h i n  the resonator. The frequency 

band Av o f  the possib le laser  o s c i l l a t i o n  i s  determined by the gain rne- 

diurn, whi le the proper t ies  o f  the resonator def ine more prec ise ly  the 

laser frequency. Usually, there are many modes o f  the o p t i c a l  resonator 

which f a l l  w i t h i n  t h i s  o s c j l l a t i o n  band, and the laseq o u t p u t c o n s i s t s o f  

rad ia t i on  a t  a number o f  p e r i o d i c a l l y  spaced frequencies. The rnodes o f a n  

open resonator formed by a pai r o f  coaxia l  m i  r r o r s  may have d i f f e r e n t  

f i e l d  d i s t r i b u t i o n  normal t o  the resonator ax i s  (transverse rnodes) . For 



each o f  the,;e transverse modes there i s  an i n f i n i  t e  se t  o f  modes which 

have d i f f e r e n t  ax ia l  d i s t r i b u t i o n s  corresponding t o  d i f f e r e n t  numbers o f  

h a l f  waveleiigths o f  l i g h  along the resonator axis.These long i tud ina l  mo- 

des are spaced i n  frequency by c/2 L, where c i s  the v e l o c i t y  o f  l i g h t  

and L i s  the op t i ca l  path length between the m i r ro rs .  Usual ly  i t  i s  pos- 

s i b l e  t o  d iscr iminate  against  a11 transverse modes except the lowest o r -  

der, by aper tur i  ng down the resonator. 

For t h i s  lowest-order transverse mode, the energy d i s t r i b u t i -  

on i n  a plane transverse t o  the resonator axes ,  has a s i  mp 1 e Gaussian 

p ro f  i le .  For a long enough resonator (L >> C / ~ A V )  and no h igh l y  s e l e c t i -  

ve frequencv discr iminat ion,  a t yp i ca l  laser  output  spectrum i s i l l u s t r a -  

ted i n  Fig.  I c .  

IEach mode i s  la rge ly  uncorrelated w i t h  i ts neighbors and the 

thermal pat.tern presents the features o f  a random d i s t r i b u t  i on even 

though the average power remains r e l a t i v e l y  constant. 

I f ,  somehow the r e l a t i v e  phase an the amplitude o f these  modes 

i s  f i xed,  t h i s  un i fo rmi ty  i n  the energy d i s t r i b u t i o n  i s  destroyed and i t  

i s  possib le t o  concentrate the enerygy i n  shor t  pulses w i t h i n  the laser  

cavi t y .  Thi:; process i s  cal  l ed  mode locking,  and i t can produce an am- 

p l i t u d e  output  cons is t ing  o f  a regu la r l y  spaced t r a i n  o f  pulses2. I t  i s  

a l so  possib le t o  obta in  a constant amplitude frequency -modulated output  

s igna l .  This process i s  ca l l ed  mode locking,  because i n  the frequency 

domain i t  corresponds t o  co r re la t i ng  the spect ra l  amplitudes and phases. 

When the co r re la t i on  o f  the modes i s  complete, the energy i s  confined t o  

a s ing le  pulse w i t h  a bandwidth A t  which i s  approximately equal t o t h e  re- 

c ip roca l  o f  the t o t a l  mode locked bandwidth Av ( f  i g . l d ) .  

!;uch a mode locked laser  output i s  shown i n  Fig.1. Mode lock- 

ing i s  achieved experimental ly by placing,  ins ide  the laser  cav i ty ,  e i -  

ther  an ex te rna l l y  d r iven modulator o r  a passive device w h i c h  exh ib i t s  

saturable absorption. The mechanism o f  pulse generation depends on the 

dynamics o f  the p a r t i c u l a r  type o f  laser .  For the sol  i d  s ta te  laser  (Nd : 

glass and ruby, t yp i ca l  pulse width 2 10 ps) the growth o f  the l ase rpu l -  

se r e l i e s  on the discr i rn inat ion by the saturable absorber and the pulse 

width i s  es,;entially determined by the saturable absorber recovery time. 



-4 c L-- LONGITUDINAL 2L CAVITY MODES 
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LASER GAIN n 

(d) 
Fig.la. - Longitudinal modes of a laser resonator operating on a single 

transverse mode. lb .  Lascr gain versus frequency, for a region where the 

gain exceeds the cavi ty losses. lc. Laser output in the frequency domain 
Id.  - Temporal output o f  the mode locked laser .  

I n  dye lasers, however,ultrashort pulses are generated by the 

combined ac t i on  of ampl if i e r  and absorber sa tu ra t im3 .  l n  t h i s  system the 

pulse w id th  i s  no t  l i m i t e d  by the recovery t ime o f  thesaturableabsor-  

ber. An explanat ion o f  t h i s  factwaspresented i n  a recent paper i n  which 

the re iaxa t i on  times of both the a c t i v e  and passive dyes were included4. 

The shaperning o f  the leading edge occurs because the absorpt ion cross 
I 

sect ion  o f  the passive dye i s  la rger  than the emission cross sect ion o f  

the a c t i v e  dye. The pulse experiences non- l inear gain i n  the amp l i f i e r ,  



non- linear loss i n  the saturable absorber and l i nea r  cav i t y  losses,which 

resu l t s  i n  a net  gain region on lu  i n  a small pa r t  o f  the round t r i p  ca- 

v i  t y  time5. The compression o f  t r a i  l ing edge i s  due t o  the sa tura t ion  o f  

the gain medi um. 

A new scheme f o r  ob ta in ing  u l t r a s h o r t  pulses was recent ly  

proposed6. Assume tha t  the saturable absorber i s  a laser  dye. Due t o  i t s  

absorption a t  the las ing  frequency, there i s  a populat ion invers ion  a t  

the t r a i l i r i g  edge o f  the laser  pulse. The r e s u l t i n g  st imulated emission 

leads t o  the formation o f  a second pulse. This pulse causes a rap id  res- 

t o r a t i o n  of the losses fo r  the f i r s t  pulse, e f f e c t i v e l y  s h o r t e n i n g  the 

recovery I i f e t ime ,  r e s u l t i n g  i n  a much shor ter  primary pulse f o l  l'owed 

c lose ly  i n  time by an add i t i ona l  u l t r a s h o r t  pulse a t  a longerwavelength. 

This technique can be useful  i n  a v a r i e t y  o f  experiments. 

Another approach i s  mode locking dye lasers by s y n c h r o n o u s  

pumping, wtiich consists o f  pumping a dye laser wi t h  an a c t i v e l  y  mode 

locked argon laser  w i t h  matched cav i t y  lengths7. The advantage o f  t h i s  

scheme i s  t:hat the dye laser  can be tuned anywhere w i t h i n  i t s  wavelenght 

range, This a l lows generation o f  pulses a t  wavelengths where passively 

mode locked systems are not  ava i lab le .  

A disadvantage o f  t h i s  scheme i s  t h a t  the t yp i ca l  generated 

pulses are  10 t o  50 ps, much longer than those produced w i t h i n  saturable 

absorber mode locking . 

3. PULSE hiIEASUREMEM TECHNIQUES 

Before and picosecond pulse system can be used, the pulses 

must be characterized a accurately.  The s implest  method o f  recording the 

temporal i r i t ens i t y  p r o f i l e  o f  a l i g h t  pulse i s  provided by a combination 

o f  photodiode and osci l loscope. Photodiodes wi t h  r i s e  time o f  the order 

o f  100 ps are ava i lab le  commercially and the fas tes t  rea l  time o s c i l l o s -  

copes have band-widths o f  5 GHz. Thus d i r e c t  pulse measurement down t o  a 

reso lu t i on  o f  around 100 picosencond can be achieved. However a time re- 

so lu t i on  as short  as 1 picosencod i s  required f o r  a precise character iz-  

a t i o n  o f  the l i g h t  pulses. 



Recent developments i n u l t r a f a s t  s t reak  

b l e  the i n t e n s i  t y  ~ ( t )  t o  be recorded d i  r e c t l y  on 

le ,  wi t h  a t ime  r e s o l u t i o n  o f  - 5 picosecond8, wh 

some cases. 

camera technology ena- 

a p i  cosecond t ime sca- 

i ch may be adequate i n  

A common exper imenta l  rnethod f o r  s tudy ing  the  temporal s t r u c -  

t u r e  o f  picosecond pulses invo lves  the  record ing  o f  the  second-ordercor-  

r e l a t i o n  f u n c t i o n  o f  t h e  in tens  i t y  ~ ( t )  . The mos t comrnonly used methods 

f o r  o b t a i n i n g  such second-order c o r r e l a t i o n  f u n c t i o n s  a r e  second harmo- 

n i c  genera t ion  ( S H G )  i n  a non l i n e a r  c r y s t a l  and two photon f luorescence 

(TPF) i n  a m a t e r i a l  which i s  t ransparen t  t o  the  fundamental l a s e r  rad ia -  

t i o n  b u t  can absorb by the two-photon process and then f luo resce .  I n  t h e  

SHG method a Michelson i n t e r f e r o m e t e r ,  shown i n  F i g .  2, d i v i d e s  the  p u l -  

se i n t o  two beams which then t rave1  c o l i n e a r l y  i n  t h e  non l inear  c r y s t a l  

w i t h  a a d j u s t a b l e  t ime  delay between them. The second harrnonic o u t p u t  

i n t e n s i t y  prov ides i n f o r m a t i o n  about ~ ( t )  through t h e  second-order co r -  

r e l a t i o n  f u n c t i o n  

PU LS.E 
TRAIN 

12 SPECTROMETER 

STEPPING IRECORDERI 
MOTOR 

(VARIABLE DELAY) 
Fig. 2 - Experimental arrangement for  the measurement o f  pulse autocor- 

relat ion functions. 
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Resolution.5 o f  .1 picosecond a r e  achieved by t h i s  methodg. I n  a TPF mea- 

surement t l i e  l a s e r  pu lse  i s  d i v i d e d  i n t o  two components which t r a v e l  op- 

posi  t e  d i r e c t i o n s  through the  TPF medium. Fluorescence i s  observed and, 

genera l l y ,  photographed f rom the  s i d e  o f  the  medium. Because TPF i s  anon 

l i n e a r  prooess the  most in tense  f luo rescence  occurs f rom t h e r e g i o n  where 

the two pulses over lap .  The f luorescence, a long  t h e  d i r e c t i o n  o f  propaga- 

t i o n  i s  p r o p o r t i o n a l  t o  the  second o r d e r  c o r r e l a t i o n  f u n c t i o n .  

These a r e  the most common techniques f o r  pu lse  measurement 

however the re  i s  a  number o f  o t h e r s  which a r e  descr ibed  i n  d e t a i l s  i n  

r e f .  8. 

4. EXPERIIMENTAL ARRANGEMENT 

The p a s s i v e l y  mode locked C.W.  dye l a s e r  used i n  our  e x p e r i -  

ments i n  shown schemat ica l l y  i n  F ig.3 ( ~ e f . 9 ) .  Th is  i s  t h e  o n l y  subpico- 

second system t o  our  knoledge t h a t  has been a p p l i e d  s y s t e m a t i c a l l y  w i t h  

success t o  s t u d i e s  o f  u l  t r a f a s t  processes. The g a i n  medium Rhodamine 66 

i n  a  f r e e - f l o w i n g  stream o f  e thy lene  g l y c o l  i s  e x c i t e d  w i t h  a C . W .  argon 

l a s e r .  The second f r e e- f l o w i n g  stream o f  e thy lene  g l y c o l  con ta ins  thesa-  

t u r a b l e  absorber dyes f o r  mode-locking DODCI ,  one o f  t h e  s a t u r a b l e  absor- 

ber  dyes produces s h o r t  pu lses an o p e r a t i o n  which occurs near l a s e r  t h r e  

t h r e s h o l d  and r e q u i r e s  c a r e f u l  ad justment .  A d d i t i o n  o f  t h e  dye m a l a c h i t e  

green t o  the  DODCI s o l u t i o n  permi ts  s h o r t  pu lse  o p e r a t i o n  w e l l  above 

th resho ld .  The b e s t  pu lses a r e  ob ta ined  near X = 6510 8 .  
There i s  a  c a v i t y  dumping arrangement a t  one end o f  t h e  reso- 

n a t o r .  The s e t  up o f f e r s  severa1 advantages over  t a k i n g  the  p u l s e  o u t p u t  

f rom a p a r t i a 1  l y  transmi t t i n g  end m i r r o r .  H igher  peak powers can be ob- 

t a i n e d  w i t h  an a d j u s t a b l e  r e p e t i t i o n  r a t e .  The energy per  pu lse  i s  about 

5 x I O - ~  j o u l e  and the  r e p e t i t i o n  r a t e  can exceed l o 5  h e r t z .  T h e  pu lse  

measurements a r e  made by a c o r r e l a t i o n  technique us ing  phase-matched sum 

frequency genera t ion  i n  KDP; the arrangement i s  shown i n  F i g .  2.The beam 

from the  dye l a s e r  i s  s p l i t  i n  a  m o d i f i e d  Michelson i n t e r f e r o m e t e r a r r a n -  

gement. The two beams t r a v e l  d i f f e r e n t  paths and the  t ime de lay  ( A t = A ! L / c )  

between the two i s  v a r i e d  w i t h  a s tepp ing  motor and t r a n s l a t i o n  s tage i n  

one arm o f  the in te r fe romete r .  The s tepp ing  motor d r i v e a l s o i n c r e m e n t s  a 

mu l t i channe l  ana lyzer  which a l l o w s  accumulat ion and s i g n a l  averag ingover  



a time period from minutes to hours. The two beams are then focused into 

a .1 mn thick crystal of KDP. 

Sum frequency generation, proportional only to the product of 

the two beam intensities, is detected at an angle bisecting the angle 

between the two fundamental beams, which allows a background-free measu- 

rement of the correlaction function (~ig. 3 ) .  A typical autocorrelation 

trace of the pulses in shown in Fig. 4. The important point to note is 

ARGON LASER 

SATURABLE 
ABSORBER 

A---- - ----->- 
PULSE OUTPUT 

DUMPER 
Fig. 3 - Passively mode locked C.W. dye laser diagram. 

1 psec 

Fig. 4 - Autocorrelation measurement o f  the laser output pulses. 



the  r e p r o d u c i b i l i t y  o f  the  subpicosecond pulses which, combined w i t h  the  

h i g h  r e p e t i t i o n  ra te ,  makes p o s s i b l e  t h e i r  a p p l i c a t i o n  t o  the  s tudy o f  

u l t r a f a s t  processes. 

The pulses generated by the l a s e r  a r e  thus w e l l  c h a r a c t e r i z e d  

and the  a p p l i c a t i o n  o f  t h i s  system t o  u l t r a f a s t  t ime reso lved  processes 

i s  now p o s s i b l e .  

A comnon scheme used i s  pump-probe c o n f i g u r a t i o n  where thede-  

t e c t o r  moni tors  d i r e c t l y  the change i n  t ransmiss ion  induced by the  pump 

beam. Th is  i s  shown i n  F ig .  5. The v i s i b l e  o p t i c a l  pu lse  t r a i n  i s  s p l i t  

i n  a  m o d i f i e d  Michelson i n t e r f e r o m e t e r  i n t o  a  purnp and probe beam. The 

pump beam passes through the l i t h i u m  iodade c r y s t a l  and second harmonic 

i s  generated w i t h  an approx imate ly  15% e f f i c i e n c y .  The m o d i f i e d  M iche l -  

son i n t e r f e r o m e t e r  a l s o  prov ides a  v a r i a b l e  delay between them. The ge- 
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Fig. 5 - Experimental arrangement.for the measurement of t i m e  resolved 
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nerated beam is combined wi th the weaker visible beam by means of a 

dichroic beam splitter. The ultraviolet bem was chopped and modulation 

on the visible beam was detected using a photomultiplierandphase- locked 

detection. To accurately determine the position of zero time delay we 

use a solution of the molecule cresyl violet which exhibits a strong 

ground state absorption for both u2 = 6150 8 and ol = 3075 8. When the 

ultraviolet pulse at wl removes a molecule from the ground state 
S,, 

an 

absorption decrease is immediately sensed by the weaker pulse atw2.This 

arrangement can be utilized to investigate radiationless relaxation of 

large orfanic molecules in solution. 

The measurement of the characteristic time in which thermal 

equilibrium is established within the manifoid or vibrational levels of 

an excited electronic state is performed for Rhodamine 6 and Rhodamine 

6G (Ref. 10). The pumping and probing intensi ties are sufficiently low 

that the induced population SI remains small and decays with its normal 

fluorescence lifetime in the manosecond range. 

A short wavelength optical pulse 9, at 3075 8 excites the 

molecule from its ground electronic state So to a highly excited elec- 

tronic and vibrational level. 

The molecule relaxes to the bottom of the SI state, which is 

probed by measuring optical gain for a second pulse atw2.The delay bet- 

ween the rise of optical gain at frequency w2 and the exciting pulse at 

w gives a measurement of the relaxation time. 
1 

In Fig. 6 we plot the experimentally measured response forcre- 

syl violet on the top of gain response curves Rhodamine B in both metha- 

no1 and glycerol. We can say that these curves a11 agree with each other 

within 2 x 10-l3 seconds indicating that any delay in the gain risetime 

is less than 2 x 10-l3 seconds. Relaxation on this rapid time scale sug- 

gests that the thermal ization process i s  intramolecular and does not re- 

quire an interaction with the solvent. 

In an additional experiment the dynamics of the intramolecular 

motion os stilbene is investigated. 
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F ig .  15 - Subpicosecond r i s e  o f  ga in  f o r  s o l u t i o n s  rhodamine B methanol 

and rliodamine 6 G  rnethanol compared w i t h  an instantaneous response r e f e-  

rente . 

Photoisomerization o f  the s t i l bene  molecule i s  knows t o  occur 

i n  both the s i n g l e t  and t r i p l e t  s ta tes .  Changes i n  the v i scos i t y  o f  the 

solvent  make la rge di f ferences i n  quantum y ie lds  o f  fluorescence, sugges- 

t i n g  important geometry changes, which take place i n  the exc i ted  s ta te .  

A d i r e c t  observation o f  the exc i ted  s ta te  process i s  possible, by moni- 

t o r i n g  the: time dependence o f  the exc i ted  s t a t e  absorpt ion i n  the pico-  

second range (Fig .7) . 

The intermolecular  r o t a t i o n  l i f e t i m e  measured was 52 picose- 

conds f o r  t rans- s t i lbene i n  hexane, wh i le  exc i ted  c i s - s t i l bene  has a li- 

fet ime o f  7 picoseconds (Fig. 7)11. I t  a l so  was shown tha t  t h i s  l i f e t i m e  

i s  no t  viscosity-dependent, f o r  low- viscosi ty solvent  ( n  2centipoises). 

These data1 combined w i t h  f luorescence quantum y i e l d  measurements provide 

informat ion leading t o  a complete understanding o f  inter- convent ion among 

the s t i l bene  exc i ted  s i n g l e t  s ta te  isomers. 

U l t rasho r t  o p t i c a l  pulses o f f e r  a unique oppor tun i ty  t o  study 

the dynamics o f  nonequil ibrium c a r r i e r s  i n  semiconductors. The subpico- 

second o p t i c a l  pulses a l low us f o r  the f i r s t  t ime t o  d i r e c t l y  t ime-re- 
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F i g .  7 - Time reso l ved  e x c i t e d  s t a t e  a b s o r p t i o n  f o r  c i s - s t i l b e n e  i n  he- 

xane. 

solve interband energy re laxa t i on  processes i n  a semiconductor. Subpico- 

s&nd o p t i c a l  pulses ( h  = 3075 8) wi 11 e x c i t e  hot  ca r r i e r s ,  and a se- 

cond probing pulse ( h  = 6150 8) w i t h  a va r i ab le  t ime delay w i l l  time-re- 

so lve  the r e f l e c t i v i t y  change. 

The energy o f  the e x c i t a t i o n  pulse i s  gr-eater than the band- 

gap and i n i t i a l l y  the mean k i n e t i c  energy o f  the c a r r i e r s w i l l e x c e e d  the 

thermal energy o f  the l a t t i c e .  The c a r r i e r s  w i l l  then re lax  t o  the band 

extrema by var ious mechanisms u n t i l  they are i n  thermal equ i l i b r i um w i t h  

the lat t ice-,  a f t e r  which they wi 11 recombine. 

Figure (8) shows the time evo lu t ion  o f  the i ncremental change 

i n  r e f  l e c t i v i  t y  o f  GaAs ( ~ e f .  12). These resul  t s  can be in terpre ted by con- 

s ide r i ng  the e f f e c t  o f  the nonequi l ibr ium c a r r i e r s  on the rea l  and ima- 

g inary  par ts  o f  the o p t i c a l  d i e l e c t r i c  f unc t i on  ~ ( w ) .  For short  t ime de- 

lays, the c a r r i e r  d i s t r i b u t i o n  i s  very hot, various high energy conduc- 

t i o n  band states w i l l  be occupied and corresponding valence band states 

wi 1 1  be vacant. Consequently the imaginary pa r t  o f  E(@) w i  1 1  be reduced 

a t  h igh frequencies compared t o  the probe. The rea l  p a r t  o f  ~ ( w )  a t  the 

probing frequency i s  reduced and consequently the r e f l e c t i v i t y  w i l l  de- 



F ig .  8 - Transient  r e f l e c t i v i t y  from c a r r i e r s  i n  GaAs a f t e r  e x c i t a t i o n  

a t  4 ev with a 2 ev probing wavelength. 

crease. When the c a r r i e r  d i s t r i b u t i o n  has relaxed t o  the band edge, the 

imaginary p a r t  o f  E(U) w i l l  be decreased a t  frequencies near the band 

edge and hence the rea l  p a r t  o f  ~ ( w )  wi 11 increase a t  the probe f requen- 

cy causing the r e f l e c t i v i t y  t o  increase. The zero crossing t i m e i s  a mea- 

sure o f  ths r a t e  o f  energy loss o f  the hot  e lec t ron  d i s t r i b u t i o n .  Thees- 

t imated ensrgy loss rates are 0.4 ev/picosecond f o r  e lectrons and holes 

having mean energy the range o f  1 t o  2 ev. 

Recently u l t r a s h o r t  o p t i c a l  pulses have been app l ied  t o  the 

study o f  photo lys is  o f  hemoglobin. The fundamental unsolved problem of 

hemoglobin i s  the mechanism o f  i t s  cooperative b ind ing o f  oxygen. The 

three systems which have been invest iga ted are  hemoglobin, and twoof i t s  

complexes cixyhemoglobin and carboxyhemoglobin. The molecules were exc i -  

ted w i t h  picosecond l i g h t  pulses and the rap id  re laxa t i on  and photodis- 

soc ia t  ion  were observed. 

The r e s u l t  showed tha t  the r i s e  o f  the induced absorpt ion ap- 

pears i n  less than 0.5 picosecond, f o r  carboxyhemoglobin and has a slow 

time decay. For oxyhemoglobin there i s  a rap id  increase i n  the induced 

absorption but  i n  t h i s  case the response decays r a p i d l y  w i t h  a timecons- 

t an t  of about 2.5 picoseconds. A discussion o f  the experimental d e t a i l s  

and resu l t s  may be found i n  Ref. 13. 



CONCLUDING REMARKS 

We have at tempted t o  present  a t u t o r i a 1  rev iew o f  the sub jec t  

o f  picosecond pu lse  generat ion and appl  i c a t i o n s  i n  the var ious  f i e l d s  so 

t h a t  the  i n t e r e s t e d  reader w i l l  r e a l i s e  the p o t e n t i a l  o f  such l i g h t  p u l -  

ses, which p rov ide  the h ighes t  temporal r e s o l u t i o n  f o r  i n v e s t i g a t i n g  the 

o p t i c a l  p rope r t i e s  o f  mat te r .  
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