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The change of shape and spectrum of a laser pulse propagating in a two-component medium consist
ing of the amplifying medium (ruby) and a nonlinear absorber with a short relaxation time (crypto
cyanine) is investigated. The initial absorption in cryptocyanine considerably exceeded gain in ruby 
and the system was in a stable ''blocked'' state. A certain (threshold) intensity of the input signal 
renders absorption equal to gain and the signal propagates without attenuation. After five passes of 
a pulse with near threshold intensity the pulse length was found to decrease approximately 20 times 
(to 0.5 nsec) and the spectrum to broaden in the same ratio. The pulse narrowing was accompanied 
by the appearance of spikes in the envelope of the output pulse apparently due to fluctuations of the 
input pulse intensity. The experimental results are in agreement with the computations. 

1. INTRODUCTION 

LASERS with mode locking by a nonlinear absorber 
are widely used to generate picosecond light pulsesr1l. 
The nonlinear absorber (organic dye solution) with a 
short relaxation time of the bleached state, T? [1-4] 

plays the main role in the formation of ultrashort 
pulses by such a laser. The most recent measurements 
of the relaxation timt of absorbers used for mode lock
ing yield the value T1 Rl 10-11 secrs,sJ. A low-inertia 
nonlinear absorber ensures the predominant develop
ment and narrowing of the most intense random spikes 
generated by the interference of a large number of 
non-locked modes. The development of the most in
tense spikes in multimode emission and the suppres
sion of other less intense spikes, resulting from the 
passage of radiation through a two-component medium 
consisting of a nonlinear absorber and an amplifier in 
a resonator, can be considered as a process in which 
definite phase relations are being established among 
the fields of various modes. The shortening of the 
spike lengths can be regarded as a process in which the 
number of modes increases. Both processes are 
usually called mode locking. The model of pulse propa
gation in a two-component medium in a resonator al
lows us to perform a theoretical analysis of the forma
tion of ultrashort optical pulses in all the stages of 
generation£41 • 

However, from the experimental point of view, the 
ultrashort pulse processes in a laser with a nonlinear 
absorber are not well known and have a number of ob
scure features. In particular, the causes of the ob
served instability of picosecond pulse generation are 
unclear, the nature of pulse evolution in a pulse train 
is not known, etc. The measurement of pulse parame
ters in the far forward edge of the pulse train, where 
according to[4 l the ultrashort pulse is formed, are 
quite complex, requiring a highly sensitive apparatus 
with an extremely high time resolution. Therefore it 
was decided to study the shortening process of a nano
second output pulse propagating in a two-component 
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medium, i.e., in a traveling-wave moder71 • Such an 
approach sharply decreases the equipment sensitivity 
and resolving power requirements. 

Cryptocyanine was used as an absorber with a 
short relaxation time capable of producing ruby laser 
pulses of the order of 10-11 sec£8 • The power of the 
output pulse was within the cryptocyanine saturation 
range, i.e., amounted to several MW/cm 2 • Each 
traversal of the pulse through the absorber shortened 
the pulse length and reduced its intensity. The attenu
ation of intensity was compensated for by gain in the 
ruby. The power of the spontaneous emission of the 
ruby was insufficient to bleach the cryptocyanine and 
thus the system as a whole was in a stable blocked 
state. Consequently only pulses with above-threshold 
intensity could propagate through the medium without 
damping. 

We observed experimentally pulse narrowing by a 
factor of approximately 20 after five passes, and a 
corresponding broadening of the emission spectrum. 
The greatest narrowing was observed in pulses close 
to threshold intensity. Pulse narrowing was as a rule 
accompanied by the appearance of envelope spikes. 
This can be ascribed to the predominant development 
of fluctuation spikes present in the input pulse. The 
experimental results are in agreement with the com
putations. 

2. EVOLUTION OF A PULSE PROPAGATING IN A 
TWO-COMPONENT MEDIUM 

We consider incoherent interaction of an optical 
pulse with a two-component medium consisting of 
resonantly amplifying and resonantly absorbing parti
cles. The incoherent interaction condition consists in 
the fact that the pulse length T p is much larger than 
the transverse relaxation times (damping time of the 
optical polarization of the medium) of the amplifying 
particles, T~, and of the absorbing particles, T~: 

(1) 
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Here and below the index a denotes amplifying parti
cles and index b absorbing particles. 

In contrast to[ 9- 131 , we consider the case where the 
relaxation time TP of the bleached state is much 
shorter than the pulse length: 

(2) 

In this case the difference in level populations of the 
absorbing particles is determined by the instantaneous 
intensity of the pulse 

Nbo 
Nb= · , 

1 + 2abT.bJ 

where O"b is the cross section of radiative transition 
and Nbo is the initial population difference. Further
more we consider that the pulse energy Ep is insuf
ficient for gain saturation, i.e., Ep « 1/2aa. In this 
case gain does not depend on radiation intensity and 
pulse propagation is determined by a single equation: 

(3) 

W M ( ~ ) --::--+ C·c-= cl ao-y-·---· , (4) 
at ox , 1+1/1., 

where a 0 = aaNa0 and Ko = O"bNbo are initial gain and 
absorption coefficient per unit length, and Is 
= (2ab TP r' is absorption saturation (in 
photons/ cm2 ·sec). 

Figure 1 shows the effective gain aeff = a 
- Ko/ ( 1 + P) (a = ao - y, P = I/ Is is dimensionless 
power) as a function of the intensity. When a < Ko for 
a weak signal the medium is absorbing, but it becomes 
amplifying at a certain threshold intensity 

XQ-a 
/th =-a-1, 

If the intensity of the initial pulse I0 (t) < Ith, the pulse 
attenuates as it propagates. When I0 (t) > Ith, the parts 
of the pulse that satisfy this condition are amplified 
and the remainder is attenuated. Obviously this pro
cess shortens the pulse length. 

Equation (4) has an exact solution which is implicitly 
given by the expression[4 J 

p-•(-r)[(a-x0 + aP(-r)]•ola (5) 
= P 0- 1 ('t) [ (a- xo) + aPo(-r) ]•olae-(a-x,)r_ 

where P 0 ( T) is the initial optical pulse and T = y - x/ c. 
The shortening of pulse length can be considered 

without solving (5 ). This can be readily accomplished 
for the case of a "smooth" initial pulse whose effec
tive length can be determined from the following rela
tionship 

't -2::::; - _1 _ _ii'P(-r_2 I 
P P(-r) o-r' I '~m 

(6) 

where Tm is the pulse maximum. By differentiating 
(5) twice at the point T = Tm we find after transforma
tions the relation between the pulse length and maxi
mum power: 

't = 't 0 ( 1 + P a- xll_± aPo )'!., (7 ) 
P P 1 + Po a - Xo + aP 

where T p is the initial~lse length, and Po = Po( T m) 

and P = P(T m) denote the pulse intensity at the maxi
mum. 

When a > Ko only the growth of intensity is possible. 
If the initial pulse power Po « (a - Ko)/ a, and the 
final P >> 1, the pulse shortening during the entire 
development process is determined from (7) and equals 

-rp/-rp0 = [(a- xo) /a ]'I•, (8) 

It follows from (8) that pulse narrowing can be signifi
cant if the condition of the medium is sufficiently close 
to critical (a = Ko), in which the initial absorption is 
exactly compensated by gain, 

When a < Ko pulses with P > Pth = ( Ko - a)/ a are 
amplified and pulses with P < Pth are damped out. 
The point P = Pth (Fig. 1) is obviously unstable. We 
can express (7) in the form 

( 1+P .Po-Pth )'I• 
't --r 0 
P- P 1 +Po P- P,th ' 

(9) 

If Po < Pth• then ultimately P - 0 and pulse narrow
ing in the course of such a process is expressed by 

( 1 Pth -P0 )'1• 
'tp = 'tpo - D --=---

1+~o pth 
(10) 

The shortening of pulse length is significant if Po is 
close enough to the threshold. If P 0 > Pth, then ulti
mately P- ao and the pulse narrowing equals 

_ o( Po-Pth )''• (ll) 
'tp-'tp i+Po ' 

i.e., it is also critically dependent on the proximity of 
the maximum intensity of the initial pulse to the 
threshold. 

The case of a > Ko is realized in a mode-locked 
laser by a nonlinear absorber. In such a case the 
formation of ultrashort pulse begins with the develop
ment of weak emission fluctuation. This problem is 
examined in detail in[4 l. 

The case of a < Ko is of interest because such a 
two-component medium is stable with respect to weak 
perturbations with P < Pth 1>. However even in this 
case the pulse can be shortened if its maximum inten
sity is close to Pth· This operating regime was con
sidered in[71 • Furthermore, a stable two-component 
medium with power saturation of absorption essentially 
represents an amplitude discriminator of optical 
pulses. This property can be utilized for the detection 
and isolation of fluctuation spikes. 

A two-component medium naturally possesses the 
above ~roperties as long as condition (2) is valid. When 
T p R; T 1 the pulse narrowing rate falls and narrowing 
ceases altogether when T p « TP. This situation is 
investigated in [41 • 

Distributed two-component media with power satura
tion have not been created so far 2>. Therefore lasers 
with nonlinear absorption and our experiments described 
below use a two-component medium in the form of a 
succession of amplifying and absorbing layers. Given 

FIG. I. Effective gain of a two
component medium as a function of 
emission power. 

"'eff 

lJThe stability of a two-component medium with respect to small 
signals was considered in [10•11 ]. 

2>we note that such a medium can be created by a method discussed 
in ['4 ], by immersing an amplifying glass fiber with a propagating surface 
optical wave into an absorbing organic dye solution. 
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a sufficiently low optical density of each layer, the 
properties of such a medium are not different from 
those of a distributed medium. However it is practically 
more convenient to use optically dense layers. In par
ticular this is the case in the experiments described 
below. Consequently some additional explanations are 
in order. 

Pulse propagation in a single-component nonlinearly 
absorbing medium is described by (4) for ao =0. The 
general expression (7) leads to the following relation 
between the maximum intensities Po at the input and 
P at the output of the medium and pulse length T~ at 
the input and T p at the output of the medium: 

_ 0 (1+P)'" 
TP-TP 1+Po . 

(12) 

It follows from (12) that significant pulse narrowing 
can be obtained only by a substantial reduction of in
tensity from the value Po >> 1 down to P « 1. For 
example, when the peak pulse power changes 10 times 
from the value Po= 5 to P =0.5, the pulse narrows 
by a factor of 23 >. The attenuation of intensity from P 0 

to P occurs in the passage through an absorbing layer 
whose thickness x equals 

1 [ Po ] x=- ln-+(Po-P) , 
Xo P 

(13) 

where it is assumed that y = 0. The general expression 
for nonzero linear losses can be obtained from (5 ), 
setting a 0 = 0. For example, to change the peak power 
from P 0 = 5 to P =0.5 the initial optical density of the 
absorbing layer should amount to XKo"" 6.8. 

The narrowing rate of the pulse depends on the in
tensity and thus varies in the course of propagation. It 
is obvious from physical considerations that it is max
imum in the region of greatest nonlinearity, i.e., when 
P"" 1. This can be proved rigorously in the following 
manner. The length T p of a symmetric pulse at half 
height is determined by the expression P(x, ± T p/2) 
= )12 P( x, 0 ), where T = t - x/ c and the pulse maximum 
lies at T =0. Differentiating this relation, for exam
ple, at half the height on the leading edge T1 = -rp/2, 
and substituting the values of apjax at the points 
r = 0 and T = T 1 according to (4) we can obtain the 
following expression characterizing the pulse narrow
ing rate: 

d-r1 x0 P2 / &P I 
dx=--2(1+P)(2+P) B;,=,, (14) 

For a Gaussian pulse apjarlr=r 1 =2 ln 2 · P/Tp. 

Generally speaking, for bell-shaped pulses we can take 
apjarl r=r1 = P/rp. Considering that pulse narrowing 

occurs at the expense of compression of the leading 
and trailing edges, i.e., dTp/dx = dr1 /dx- dr2 /dx, 
we finally obtain the following expression for the pulse 
narrowing rate in an absorbing medium: 

W = d,; p = -,; ?<oP . 
dx P (1 +P) (2 +P) 

(15) 

It follows from (15) that the narrowing rate depends 
substantially on the pulse peak power. It is maximum 
for P = !2 and tends to zero in the limiting cases of 

3>Pu!se narrowing during passage through a saturable absorber was 
observed in [1 5- 17 ]. 

P « 1 and P « 1. Hence it follows that the initial 
pulse peak power ahead of the layer should be several 
times unity and the final power should be several times 
less than unity. In such a case we can obtain a signifi
cant compression of the pulse. This also follows from 
expression (12 ). 

The amplifying layer should compensate for the at
tenuation of intensity in the absorbing layer, i.e., it 
should have a gain of K =P0 /P. Since the attenuation 
Po/P is much smaller than the attenuation of a weak 
signal in the absorbing layer such a multilayered two
component medium is on the whole stable with respect 
to weak input signals. On the other hand the point of 
threshold intensity is unstable for such a medium and 
the slightest deviation of peak intensity of the initial 
pulse from the threshold value results in a sharp rise 
or fall of the pulse. This circumstance determines the 
maximum number of layers that can be passed by a 
pulse maintaining its peak power within the maximum 
nonlinearity range, i.e., within (0.5-5)Is. This num
ber of layers reached five in our experiments. 

As a rule the optical laser pulse has a more com
plex structure. In particular, if the width of the pulse 
spectrum 6.11 is larger than the limiting width t:..11p 
"" 1/ T p determined by the finite pulse length (more 
precisely, for a gaussian pulse t;,. lip = 4 ln 2/ 1TT p) then 
there are intensity fluctuations within the pulse that can 
be regarded as the result of random interference of 
radiation in many modes. If the emission consists of 
many purely axial modes, the average fluctuation am
plitude has a maximum value iii"" (I), where ( I) is 
the intensity averaged over many fluctuations, i.e., it 
is the fluctuation envelope in the pulse. The mean 
duration of fluctuations T fl "" 1/ t:.. 11 and the mean fluc
tuation repetition frequency is of the order of 6.11. 
Among the intensity fluctuations there are spikes with 
an amplitude several times exceeding the mean value 
( I). Their repetition frequency is evaluated in f 181. As 
a result the emission pulse of a multimode laser has 
a fairly complex structure. 

If Tfl » TP each fluctuation spike will obviously be 
narrowed in the passage through the two-component 
medium. As long as Tfl >> TP their narrowing is de
scribed by the above relations. The greatest narrowing 
have spikes with peak intensity close to Ith· Because 
of the predominant transmission of fluctuation spikes 
with the highest peak power and the damping out of 
spikes with intensity below Ith, fluctuations are sub
ject to "gaps." The narrowing of fluctuation envelope 
occurs at Tp >> TP independently of the narrowing of 
the fluctuations themselves. 

3. EXPERIMENTAL INVESTIGATION 

A. The setup and measurement method. The experi
mental setup is shown diagrammatically in Fig. 2. 

The oscillator featured a ruby crystal with the ac
tive region 120 mm long and 12 mm in diameter. The 
end faces of the crystal were cut at the Brewster angle. 
A plane parallel plate was used as the output mirror 
and the mirrors were spaced 30 em apart. A cell con
taining vanadium phthalocyanine solution in nitroben
zene served as the Q-switch. (A cryptocyanine solution 
was used when a narrow-spectl::um pulse was needed). 
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FIG. 2. Experimental setup. !-oscillator mirrors; 2-Q-switch; 3, 4-
ruby crystals of oscillator and amplifier; 5-diaphragm system; 6-beam 
splitters; 7 -half-transparent mirrors; 8-cryptocyanine cells; 9-ruby 
crystal; I 0-beam separating screen; !!-Fabry-Perot etalon; 12-Uf-84 
camera. 

The oscillator thus emitted pulses whose length was of 
the order of 8-10 nsec and spectral width was 1 cm-1 • 

The oscillator was followed by an amplifier with a 
similar crystal. Gain variation was used to control the 
pulse output power. The usual operating power amounted 
to 1-10 MW/cm2 • A plane wave within diffraction 
limits was obtained by a system of two diaphragms 
1 mm in diameter and 1 m apart placed behind the 
amplifier. 

Two parallel mirrors (64% reflectivity, spaced 
1.5 m apart) were used to pass the pulse many times 
through two cells with cryptocyanine solution and 
through the ruby crystal (length of active region of 
240 mm and diameter of 18 mm) placed between the 
cells. Maximum gain K per pass through the ruby 
crystal was 10. The initial transmission of the cells 
was determined by the following considerations. On 
the one hand the initial transmission per pass of the 
cells should be low enough to effect a reduction of 
pulse length per pass; on the other hand the gain in the 
crystal should compensate for the reduction of intensity 
on passing through the absorbing cell, reflection from 
the half-transparent mirror, and reverse pass through 
the cell. In the absence of external radiation such a 
system remains in a stable "blocked" state since ab
sorption per pass exceeds amplification at least by a 
factor of 4. The threshold power Ith, i.e., the power 
for which total losses are comparable with gain 
amounted to several MW /em 2 • 

The emission passed through the output mirror 
entered an FEK-15 coaxial photodiode having a resolu
tion of about 2 nsec, and an 12-7 oscilloscope. A 
double transit time between the mirrors was 9 nsec 
allowing for a separate registration of pulses after the 
first, third, fifth, etc., pass. Furthermore, the input 
pulse was registered at the same time. Thus the same 
oscilloscopic trace showed the shape of the input pulse 
and its change due to consecutive traversal of the two
component medium. 

B. Pulse shape variation. It was noted above that 
the process of pulse development in a two-component 
medium is unstable. The slightest deviation of the in
put pulse peak power from the threshold value causes 
either a sharp rise or damping of pulse intensity. In 
fact, according to experimental observation, a devia
tion of amplifier pump energy amounting to a few per-

FIG. 3. Oscilloscopic traces of pulse shapes after consecutive 
traversals of the two-component medium. a-maximum intensity I of 
input pulse, I> lth; b-1 < lth; c-1 = lth 

cent of the value for which the maximum pulse intensity 
coincides with threshold Ith causes a sharp rise or 
damping of the pulse train. The oscilloscopic traces 
in Figs. 3a and b show examples of the rising or falling 
pulse development. 

Only in fairly rare cases were we successful in ad
justing the maximum input pulse intensity to equal Ith 
with sufficient accuracy. In those cases we observed 
a train of pulses of approximately even intensity. An 
example of such a pulse development is given in the 
oscilloscopic trace in Fig. 3c. According to the above 
theory this is precisely the case of a significant pulse 
compression. Measurements of this trace show that 
compression per mass amounts to a factor of 1.8 which 
is in agreement with the computed value according to 
(12) and (13 ). Even after the third pass the pulse length 
becomes comparable to the time resolution of the re
cording system ( ~2 nsec ). After the fifth pass the 
pulse length should amount to ~o.5 nsec. Of course 
such a length reduction occurs when the relaxation time 
of the bleached state of the cryptocyanine solution does 
not exceed this value; however the resolving power of 
our equipment did not permit us to clarify this point. 
To evaluate the final pulse length we performed an ex
periment in which pulse shortening was measured with 
reference to spectral broadening. The details of this 
experiment are described below. 

The oscilloscope trace in Fig. 3 c shows that in ad
dition to pulse compression the passage through a two
component medium is accompanied by sharp spikes in 
the envelope. This variation in pulse shape can be ex
plained as follows. The spectrum width of the input 
pulse was 1 em-\ i.e., the pulse contained 102 axial 
modes. Random mode interference within the pulse can 
result in sufficiently short (~0.3 x 10-10 sec) spikes 
whose amplitude is 4-5 times higher than the average 
value[ 181 • The instruments naturally are unable to dis
tinguish these pulses and produce an envelope. The 
above results concerning pulse shortening refer to such 
an envelope. The two-component medium acts as an 
amplitude discriminator transmitting spikes with I > Ith 
and suppressing the background between them. As a 
result only the most intense rare spikes remain. When 
their spacing becomes comparable to the resolving 
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time they begin to appear in the envelope. The spike 
spacing in the last pulse turns out equal to 2 L/ c, where 
L is the optical length of the resonator of the input 
pulse generator. 

A detailed investigation of pulse evolution obviously 
requires equipment with better resolving power. 

C. Pulse spectrum. The pulse length after the third 
and following traversals was evaluated from the broad
ening of the pulse spectrum occurring during propaga
tion. The assumed shortening by a factor of 20 after 
the fifth traversal should be accompanied by a corre
sponding spectral broadening. The spectral width of 
the initial pulse obtained with vanadium phthalocyanine 
Q-switch was too large (1 cm-1 ) to observe such a 
broadening (because of the finite gain bandwidth of the 
ruby and probably because of the finite relaxation time 
of the bleached state of the nonlinear absorber). There
fore the phtalocyanine cell in the oscillator was re
placed by a cryptocyanine cell. As we know one can 
obtain a sufficiently narrow spectrum in this casel 19l 

In our case the spectral width amounted to 
( 6 ± 2) x 10-3 em_,_ The spectrum recording setup is 
shown in Fig. 2. A Fabry-Perot etalon with a disper
sion region of 0.2 cm- 1 and a resolution of 0.012 cm- 1 

(measured with a gas laser) served as the spectrum 
measuring instrument. The interference pattern was 
photographed with the UF-84 camera. The interferome
ter was illuminated so as to yield two separate spots in 
the pattern corresponding to the input pulse and a pulse 
obtained after a definite number of traversals of the 
two-component medium. The pulse shape variation was 
recorded simultaneously. 

Figure 4 shows an interference pattern of the input 
pulse and of pulses obtained after the fifth traversal. 
The spectrum width of the pulse after the fifth traversal 
was ~0.1 em -1 • We note that the radiation from the 
preceding passes was superimposed on the radiation 
after the fifth traversal because of light scattering in 
the ruby crystal, causing some narrowing of the spec
trum. Spectral broadening by a factor of ~20 was ob
served. This means that pulse shortening occurred 
during all five traversals. At the same time the oscil
loscopic tree of the pulse train was similar to that in 
Fig. 3 c. Consequently the maximum intensity of the 
input pulse in this case should be close to the threshold 
value and one could expect maximum pulse shortening 
by a factor of ~20. 

In addition to the broadening of the spectrum we ob
served its shift. The interference pattern of Fig. 4 
shows a shift of 0.04 em-', thus amounting to approxi
mately one-half of the broadening. This shift can be 
due to variation in the refraction index of the crypto
cyanine in the anomalous dispersion region with 
saturated absorption. This effect was discussion inl 201 

for the case of nonlinearly amplifying medium. 

FIG. 4. Interference patterns of input (left, shown by arrow) and 
output (right) pulses. Case of I= Ith· 

FIG. 5. Oscilloscopic trace of the evolution of a pulse shape of comp
lex structure. 

FIG. 6. Interference patterns of input (left, shown by arrow) and 
output (right) pulses. a-case of I> Ith; b-case of I< Ith· 

In some cases the output pulse had a spectral width 
of 0.2 cm-1 • The input pulse had a somewhat greater 
spectral width in thts case because of the excitation of 
several axial modes; this was clearly apparent in the 
beats in the input pulse trace (Fig. 5 ). We see that con
secutive passes caused a sharpening and predominant 
development of the most intense spike. 

When the development of the pulse train had an in
creasing or decreasing character, shown in Figs. 3 a 
and b, some narrowing was observed in place of the 
spectral broadening. The absence of broadening was 
obviously due to the fact that no pulse narrowing took 
place in these cases. The cause of narrowing and 
shifting of the spectrum (the shift occurred towards the 
short-wave region and amounted to 0.02 cm-1 in Fig. 
6a, and to 0.03 cm-1 in Fig. 6 b) is not sufficiently clear 
at this time. 

4. CONCLUSION 

In the present work we traced the process of forma
tion of ultrashort optical pulses propagating in a two
component medium that was the basis of a mode-lock
ing laserPl. We observed experimentally pulse narrow
ing and spectral broadening by a factor of approxi
mately 20. The actual two-component medium had a 
sharply defined intensity threshold. Pulse narrowing 
occurred when the peak pulse intensity approached the 
threshold intensity of the medium. Such a two-com
ponent medium acts as a pulse amplitude discriminator 
and transmits pulses whose intensity exceeds the 
threshold. If the input pulse has an internal fluctua
tional structure the traversal causes a predominant 
development of the most intense fluctuation spikes and 
suppression of weak spikes. Due to the change in am
plitude distribution of spikes, fluctuations become 
rarer and thus can be directly observed. In continua
tion of this research we plan a more detailed study of 
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the passage of fluctuation spikes through a two-com
ponent medium. This is of interest for the investigation 
of multimode emission statistics and relaxation con
stants of a nonlinear absorber. 
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