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Picosecond light pulses passing through a saturable absorber show considerable pulse 

shortening. For instance, under special favorable conditions the pulse duration was found 

to be reduced from 8 to 2. 6 psec in a single transit. Using a multiple-absorber-amplifier 

system, light pulses were shortened from 8 to 0. 7 psec in five transits. The shortest pulse 

seen in our experiments had a duration of less than 0. 5 psec. Calculations based on a two-

level approximation of the absorbing medium agreed well with the experimental results. 

The common technique for generating pulses of psec 

duration consis ts of mode lock ing a Nd : glass l a s e r . 1 

Serious di f f icul t ies were encountered when pulses of a 

duration of 1 psec o r l e s s were attempted by this meth

od. It was found that the pulse duration changes d r a s t i 

ca l ly dur ing the course of the pulse t r a i n 2 : A t the be

ginning of the t ra in , pulses of seve ra l psec duration 

(~5 psec) are general ly observed, while at the end of the 

t r a in the pulses disintegrate wi th subpicosecond sub

s t ructure . 3 , 4 Two techniques have been reported to gen

erate pulses of subpicosecond durat ion: (i) the opt ica l 

compress ion of frequency-modulated p u l s e s . 5 On a c 

count of the diff iculty of accurate ly adjusting the c o m 

pres s ion to the ch i rp , the shape and peak power of the 

generated pulses are quite uncer ta in : ( i i ) the pulse 

shortening through the transient s t imulated Raman ef

fect. 6 T h i s sys tem works with the whole t r a in of pulses; 

i t has to await further invest igat ions. 

In th is le t ter we w i s h to present theore t ica l and e x p e r i 

mental invest igat ions of the shortening of single psec 

l ight pulses us ing saturable absorbers of low t r a n s m i s 

s ion in conjunction with standard l a s e r a m p l i f i e r s . 

F i r s t , the pulse shortening i n a single pass through a 

saturable absorber i s invest igated. Then, the reduction 

in pulse durat ion i s studied for severa l passes through 

absorbers and a m p l i f i e r s . 

In our ca lcula t ions the saturable absorber 7 i s desc r ibed 

by a two- l eve l sys tem, and the transient t r a n s m i s s i o n 

i s determined fol lowing Refs . 8 and 9. Recently, i t has 

been shown that this model accounts quantitatively for a 

measur ing sys tem of peak intensi t ies of psec l ight 

pulses . 9 The intensity t r a n s m i s s i o nzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA T of the saturable 

absorber depends on severa l fac tors : the i n i t i a l t r ans 

m i s s i o n T0 of the dye at low-intens i ty l e v e l , the peak i n 

tensity I0 of the incident pulse, the shape of the input 

pulse s(t', r')=zs(t/Atini r / A r i n ) , where A £ l n and A r l n 

are the pulse duration ( F W H M ) and the beam radius 

(HWHM) of the input pulse, respec t ive ly , and the ra t io 

r / A £ i n of the l i fe t ime r of the exci ted state of the dye to 

the pulse duration A £ i n . We have studied the intensity 

t r a n s m i s s i o n T numer i ca l l y for a wide range of p a r a m 

eters . In this le t ter we are interested in the t ransmit ted 

intensity 7 t r : 

I tT=T[T 0f I0s(t', r ' ) , T/A* l n]/ 0sU', r ' ) . 

In F i g . 1 we present calculat ions of the no rma l i zed 

t ransmit ted intensity I ir/I0 as a function of the n o r m a l 

i zed t ime t/Min for seve ra l values of the input peak 

intensity 7 0; the parameters T 0 , r/Atin, and s(t',r') 
were kept constant: T0— 10~7, r = 9.1 psec (see Ref. 7), 

A £ i n = 8 psec and Gauss ian input pulse shape. F o r ready 

compar i son the incident Gauss ian pulse i s included in 

F i g . 1 (broken l ine) . It i s c l e a r l y seen f rom F i g . 1 

that for high input intensi t ies (e. g . , 5x 10 9 W / c m 2 ) the 

peak intensity and pulse duration are l i t t l e affected by 

the saturable absorber; only the leading part of the 

pulse experiences the strong absorption of the dye. On 

the other hand, at lower input intensity (e. g . , 1. 2xzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA i o 9 

W / c m 2 ) the t ransmi t ted pulse i s d r a s t i c a l l y reduced i n 

intensity (factor of 300) with s m a l l e r reduction in pulse 

durat ion (see, a lso , F i g . 2). There i s a definite op t i 

mum for the shortening of the input pulse: A t I0=  1. 8 

x 10 9 W / c m 2 the t ransmit ted pulse i s reduced to a du ra 

t ion of A £ t r = 0. 35A£ i n (see F i g . 1). Under these condi 

t ions the output peak intensity i s down by a factor of 5, 

and the total energy i s reduced by a factor of 400 for a 

Gauss ian c ro s s sect ion of the input beam. 

In F i g . 2, the pulse-shor tening ra t io Attr/Atin i s depict

ed as a function of the peak intensity of the input pulse 

I0 for var ious i n i t i a l t r ansmiss ions T 0 . The curves a re 

calculated for an input pulse duration of A / i n = 8 psec, 

for a Gauss ian input pulse shape, and for parameters of 

the saturable absorber given in Ref . 7. F igure 2 shows 

quite convincingly that the pulse shortening obtainable i n 
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FIG. 1. Changes of the pulse shape after a single pass through 

a saturable absorber. Broken curve: normalized intensity of 

the input pulse ( A £ i n = 8 psec, Gaussian pulse shape). Solid 

curves: normalized intensity of the transmitted pulse for 

several values of the input peak intensity 70. Dye parameters: 

10- r = 9.1 psec. 

FIG. 2. Pulse-shortening ratiozyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA Attr/Atin as a function of the 

input peak intensity 70 for several values of initial dye trans

mission T 0 (single pass). Input pulse: A £ i n = 8psec, Gaussian 

shape. Experimental points are indicated for T0=10~
3

 and 

TQ=  10"
7

 by open and closed circles, respectively. 

a single pass depends c r i t i c a l l y on the incident peak i n 

tensity I0 and on the i n i t i a l dye t r an smi s s ion T 0 . The 

m i n i m a of the var ious curves indicate opt imum input 

peak intensi t ies 7 0zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA —10 (opt) for given t r ansmiss ions T 0 . 

These m i n i m a are ra ther broad at l a r g e r t r an smi s s ion 

values with s m a l l e r pulse reductions. F o r s m a l l values 

of T 0 the sharp m i n i m a requi re a ve ry careful cont ro l 

of the input peak intensity I0; i f I0 < I0 (opt) the whole 

pulse i s s trongly attenuated, i f 7 0 > / 0 (opt) the effect of 

pulse shortening decreases rapidly , and t ransmit ted 

pulses s trongly a symmet r i c in t ime are generated (see 

F i g . 1). It should be emphasized that at IQ (opt) the peak 

intensity I0 t r and the energy of the t ransmit ted pulse are 

only moderately reduced, e. g . , for T0 = 10" 1 o r 10~ 4 0 

we calculate I 0 > t r = 0. 6/ 0 o r 0. 1J 0 and an energy los s by a 

factor of 3 or 4 x 10 3 , respect ive ly (Gaussian beam p r o 

f i le ) . 

We have made a se r i e s of experiments with saturable 

absorbers of i n i t i a l t r ansmiss ions T0 = 10~3 (open c i r c l e 

in F i g . 2) and T 0 = 1 0 " 7 (full c i r c l e s in F i g . 2). The 

pulse durations of the incident pulse Atin and the t rans

mit ted pulse Attr were determined by the two-photon 

f luorescence techn ique . 1 0 The peak intensity of the i n c i 

dent pulse was measured by the method of energy t rans 

m i s s i o n through saturable a b s o r b e r s . 9 F igure 2 shows 

ve ry good agreement between the exper imenta l points 

and the calculated curves . The predicted intensity de

pendence of the pulse shortening i s conf i rmed e x p e r i 

mental ly (see curve with T 0 = 1 0 " 7 ) . The opt imum pulse 

shortening i n a single pass was found to be close to a 

factor of 3 ( T o = 1 0 " 7 ) . 

We have extended our calculat ions to consider the effect 

of different shapes and durations of the input pulses . O u r 

resu l t s are b r ie f ly summar ized as fo l lows: (1) The 

pulse-shor tening ra t io A £ t r / A £ i n comes out to be s i m i l a r 

for Gaussian, Loren tz ian , and hyperbol ic secant pulses 

over a wide range of values for A / i n / r and T0 (from 

steady state to A £ I N / T = 0 . 1 , and f rom T0 = 1 to T 0 

— 10" 1 0). (2) The pulse-shor tening ra t io increases 

s l igh t ly for shor ter input pulses (from A £ t r / A £ i n - 0 . 3 

at the steady state to A ^ t r / A ^ i n ^ 0 .45 at &t in/r = 0.1 for 

T0 — 10" 7). (3) F o r decreas ing durations of the input 

pulses , higher values for IQ (opt) a re r equ i red . (4) 

Shorter input pulses give more favorable ra t ios of 

7 0 t r / / 0 , i . e . , higher output in tensi t ies at I0 (opt). Whi l e 

in the steady-state case ( A £ i n » r ) , the pulse shortening 

occurs only on account of the intensity dependence of 

NORMALIZED TIME t / At ,  

FIG. 3. Pulses generated in five transits through an absorber-

amplifier system. Broken curve: input pulse of 8-psec duration 

and Gaussian shape. Solid curves: pulses after 1—5 passes 

through absorbers (and 0—4 transits through amplifiers). Dye 

transmission per pass: T 0 = 2 x 10"
4

. Amplifier gain per pass: 

r=4. i . 
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FIG. 4. Experimental setup for multiple transits through the 

absorber-amplifier system. Beam splitter BS; saturable 

absorber cells DC1 (T 0= 1. 4 xlO"
2

), DC2 (T 0= 1. 4 xlO"
2

), 

DC3 (T0=7X10"
3

); photodetectors PI , P2; two-photon-

fluorescence systems T P F 1 , TPF2; spectrometer SP. 

the dye t r ansmis s ion , i n the t ransient case the reduc

t ion of pulse durat ion i s main ly an energy effect; the 

leading part of the pulse i s s t rongly absorbed unt i l the 

dye i s sufficiently exci ted . 

The resu l t s presented so far suggest the invest igat ion 

of a sys tem where a pulse i s repeatedly shortened i n a 

saturable absorber and subsequently ampl i f ied i n a l a 

se r a m p l i f i e r . We have made extensive calculat ions of 

mu l t i p l e - abso rbe r - amp l i f i e r s y s t e m s 1 1 i n the psec do

main with widely va ry ing parameters . In F i g . 3 a typ

i c a l example i s presented which indicates a si tuation 

of p r a c t i c a l interest ; the t ime dependence of the i n c i 

dent pulse (broken l ine) and of five subsequent pulses 

(sol id l ines) i s shown for a sys tem consis t ing of f ive 

absorbers wi th T0 = 2 x 10" 4 each, and four ampl i f i e r s 

each of opt ica l gain y = 4 . 1 . A n i n i t i a l pulse duration 

of A £ i n = 8 psec and a peak intensity of the incident pulse 

of 7 0 = 1. i x 10 9 W / c m 2 were assumed. In our c a l c u l a 

t ions the ind iv idua l pulse shape, after pass ing one ab

sorber c e l l , was used as the i n i t i a l condition for the 

passage through the fol lowing absorber . A m p l i f i c a t i o n 

was considered to be intensity independent. F igu re 3 

gives a v i v i d p ic ture of the d ras t i c change in pulse 

shape after each absorber . Start ing wi th A£, n = 8 psec, 

one calculates a f inal pulse of A£ = 0. 65 psec, i . e . , a 

reduction factor of 12. In this case the total t r a n s m i s 

sion of the sys tem i s 3. 2 x 10~ 1 9. O n the other hand, i f 

a pulse of the same i n i t i a l durat ion t r ave r se s just once 

a saturable absorber of the same t r a n s m i s s i o n of T 0 

= 3. 2 x 10" 1 9 , a most favorable reduction of the pulse 

duration i s calculated to be a factor of 4. 5 only (see 

F i g . 2). The abso rbe r -ampl i f i e r sys tem i s more effec

t ive in pulse shortening because the d is t r ibuted a m p l i f i 

e r s b r ing the pulse intensity back to the opt imum values 

for pulse shortening in the fol lowing absorbers . O u r 

calculat ions show that the peak power of the f inal output 

pulse depends strongly on the opt ica l gain y . F o r v a l 

ues of y <4.1 (input pulse and dye parameters as i n 

F i g . 3), the succeeding pulses decrease quite s trongly 

i n peak intensity; they are of no p r a c t i c a l in teres t . F o r 

gain values y > 4 . 1 , the peak intensi t ies of the pulses i n 

crease continual ly. F o r example, with the same p a r a m 

eters used in F i g . 3 but with y = 4. 3, one calculates a 

f ina l peak intensity of 30 t imes the incident peak inten

s i ty J 0 ; at the same t ime the pulse duration i s reduced 

f rom A £ i n = 8 psec to A£ = 0.96 psec . 

Expe r imen ta l ly , we investigated a folded abso rbe r - am

p l i f i e r sys tem with parameters s i m i l a r to the example 

d i scussed i n F i g . 3. O u r exper imenta l setup i s depict

ed schemat ica l ly in F i g . 4. The opt ica l switch provides 

us wi th a s ingle pulse cut f rom the leading part of the 

pulse t r a i n . T h i s pulse i s analyzed by T P F 1 to be of 

A £ i n ~ 8 psec. The pulse passes effectively five t imes 

through absorbers and four t imes through an ampl i fying 

N d : g lass rod (ampl i f ie r 1). A f ina l l a s e r ampl i f i e r 

(ampl i f ie r 2) i s used to increase the pulse for ready de

te rmina t ion of the energy (P2), the pulse duration 

( T P F 2 ) , and the frequency bandwidth (spectrometer SP) . 

The total t r ansmis s ion of the sys tem was T 0 = 10" 1 7 , and 

the total gain (ampl i f ie r 1) was approximately 300. O u r 

exper imenta l resu l t s gave c l ea r evidence of the d ras t i c 

pulse shortening. The two-photon-fluorescence t rack 

( T P F 2 ) showed a single sharp peak. We estimate a du ra 

t ion of the output pulse of A£ = 0. 7 psec. Wi th somewhat 

shor ter input pulses we occas ional ly obtained output 

pulses of At <0. 5 psec. The measured spect rum of the 

output pulse gave a frequency width of A i / = 9 x 10 1 1 Hz 

( A ? = 30 cm" 1 ) . W i t h these numbers we obtain a product 

AtAv  ̂ 0. 6, indicat ing that our pulses are near ly band

width l i m i t e d . We have noticed in our investigations that 

the output pulse reacts s trongly to changes of the input 

peak intensity IQ and of the gain y . 1 2 T h i s observat ion 

was expected f rom our calculat ions as d iscussed above 

in connection with F i g . 3. 

The question now a r i s e s as to the shortest pulses which 

can be generated i n an abso rbe r - ampl i f i e r system of 

the type investigated here . W h i l e we feel that further 

pulse shortening i s possible with more t rans i t s , there 

are seve ra l p r a c t i c a l and p r i n c i p a l l imi t a t ions . Wi th an 

inc reas ing number of absorbers and ampl i f i e r s , the 

sys tem becomes more sensi t ive to var ia t ions of I0 and 

y . A s a resu l t , the output pulse va r i e s between s m a l l 

values of peak intensity and values of peak intensity high 

enough that other nonlinear effects occur in the dye so

lut ion o r in the ampl i f i e r rod ( e . g . , s t imulated l ight 

scat ter ing, self-phase-modulat ion) . It should be noted 

that peak intensi t ies exceeding 10 1 0 W / c m 2 are read i ly 

generated i n abso rbe r - ampl i f i e r sys tems. A p r i n c i p a l 

l i m i t to the pulse durat ion i s set by the spec t ra l width 

of the amplifying medium; in Nd : glass the l i m i t i n g pulse 

durat ion i s expected to be 10" 1 3 sec. In addition, for 

pulse durations shor ter than the t ransverse re laxat ion 

t ime of the ampl i fe r medium [T2 ( A ) ^ 0. 6 p s e c 1 3 ] , co 

herent effects determined by the a rea under the e l ec t r i c 

f i e ld 0 = (ß/fi)f^Edt have to be considered. In our case, 

with I0 = 10 1 0 W / c m 2 , At = 0. 5 psec and a dipole m a t r i x 

element 10" 1 9 e s u , 1 3 ' 1 4 we est imatezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 6^0. 5; under 

these conditions the ampl i f i e r gain i s expected to be 

constant without breakup of the l ight p u l s e . 1 4 ) 1 5 The 

t ransverse re laxat ion t ime of the saturable absorber 

T2 (dye) i s est imated to be T 2 (dye)< 10" 1 3 s e c . 1 6 ' 1 7 

F o r At<T2 (dye), the rate equations used i n our c a l c u 

la t ions are not applicable any longer . 

In conclusion, we wish to say that with p roper ly adjusted 

absorbers and ampl i f i e r s , pulses of ~ 5 X 1 0 " 1 3 sec have 



been obtained with the poss ib i l i t y of generating pulses of 

approximately 10" 1 3 sec. The technique d iscussed here 

should be useful for pulse shortening i n other l a s e r s y s 

tems as w e l l . 
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