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FIG. 2. a) Typical dependences of the pulse dura-
tion (measured at half-width of the envelope) on
the bias voltage, b) Dependence of the pulsation
repetition period in two-component (1) and three-
component (2) lasers on the bias voltage.
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passive region in the prethreshold state of the three-compo-
nent laser of this configuration made it very likely that there
was initial bleaching of the saturable absorber by fluctu-
ations of the photon field in the form of two opposite pulses
colliding in the absorber,7 although the probability of such
fluctuations was considerably less than that of fluctuations
in the form of a single pulse of the same intensity.

The effects in question could be used in studies and test-
ing of ultrafast image-converter cameras and other optical
and optoelectronic instruments.

The authors are grateful to V. B. Lebedev for his meth-
odological help and to L. A. Rivlin for his constant interest.
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Changes in the modulus and phase of a slowly varying envelope of an ultrashort pulse are
calculated for the case of propagation across a saturable absorber. Vibronic relaxation of the
optical transition in the absorber is allowed for. A study is made of the dependences of the
duration of a pulse transmitted by a nonlinear absorber on the vibrational relaxation time of dye
molecules and on the detuning of the carrier frequency of a pulse relative to the maximum of the
equilibrium absorption spectrum. It is shown that a chirp appears even in the absence of such
detuning provided the energy of If quanta of optically active vibrations is comparable with the
thermal excitation energy. This chirp originates from partial completion of the vibrational
relaxation process during a pulse, so that absorption and refraction occur in a system which is not
in a vibrational equilibrium.

Phase modulation due to the interaction of an ultra-
short pulse with amplifying or absorbing dyes in a mode-
locked laser plays an important role in the generation of ul-
trashort pulses.' Calculations of chirp, which appears
during passage of ultrashort pulses through a dye, reported
in Refs. 2 and 3, were made without allowance for vibration-
al relaxation of the dye. However, in the case of pulses of
duration tp S 100 fs these processes should play an impor-

tant role because tp becomes comparable with the pulse du-
ration.4"6 A model of vibrational relaxation in dye molecules
represented by a four-level scheme is proposed in Ref. 7.
However, this model is far too simple because it fails to de-
scribe correctly the absorption spectra involving nonequilib-
rium vibrational states, etc.

Our aim will be to calculate the changes in the modulus
and phase of a slowly varying envelope of an ultrashort pulse
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when the pulse crosses a saturable absorber. We shall allow
for vibronic relaxation of an optical transition in the absorb-
er employing a more realistic model, developed on the basis
of a theory of four-photon spectroscopy of electronic reson-
ances in complex molecules 6 8 This approach makes it possi-
ble to use directly the parameters of non-Markov relaxation
of an electronic transition in a dye, which can be found by
various four-photon spectroscopy methods,68 in calcula-
tions of changes in the characteristics of an ultrashort pulse.

We shall consider an electromagnetic wave represent-
ing an ultrashort pulse of the type

E(z, 0 = 1
c.c.}

Changes in the slowly varying envelope of an ultrashort
pulse due to its transmission by a thin layer of matter of
thickness / can be represented in the form

2Τ(/, η) — ?"(0, T])=rP+(0, η), (1)

where r = ί4πω2ί /kc2; η = t — ζ/υ; υ is the group velocity.
Assuming that the pulse intensity is low, we shall discuss
only the linear and cubic resonance contributions to the po-
larization of a medium P +(Ο,η) = Pil)+(Ο,η)
+ PI3)+(O,77).

We shall now consider a molecule with two electronic
states: the ground 11) and excited 12). According to Refs. 6,
8, and 9, the influence of the vibrational system of the inves-
tigated molecule and of the solvent on the 1^2 electronic
transition can be represented in the adiabatic approximation
as modulation (in general, quantum modulation) of the fre-
quency of this transition. In fact, it follows from the Franck-
Condon principle, that an optical electronic transition oc-
curs in a fixed configuration of nuclei Q. Therefore,
u(Q) = W2(Q) - W,(Q) -{W2- Wx) represents the
degree of perturbation of the nuclear motion of the mole-
cules and solvent on transition from the ground electronic
state characterized by the vibrational Hamiltonian Wx (Q)
to an excited state characterized by W2{Q) (the angular
brackets denote thermal averaging over the variables of the
vibrational subsystem of the main electronic state 11)). The
polarizations P( υ + and-P^ _|_ are governed completely by
the correlation function K(t) = (u(O)u(t)) of the vibra-
tional excitation «(Q).

A model of an electronic transition in a molecule used in
the present study includes two groups of optically active vi-
brations: If vibrations of frequencies obeying o, < (a2s ) l / 2

and hf vibrations for which we have a>h δ ( σ 2 ( ) ' ' 2 > k Τ /-h.
Consequently, we find that K(t) = Ks (f) + Kh (i), where
σ2 ϊ = Λ"ν (0)/# 2 is the contribution to the second centered
moment of the absorption spectrum due to If vibrations. In
the case of P{'' + (0,?7) we can readily obtain

i — ω)τι-|-£*(τι)],

(2)

Xexp[—i

where Ν is the number of particles in the system;
g(Tt) = —H^2So'dT'(Ti — τ')Κ(τ'). In the calculation of
pd) + w e sijall consider separately the cases of the classical
(tus 4kT/fi) and quantum (ω, ZkT/h) nature of the If sys-
tem of optically active vibrations.

If we assume that the duration of a Gaussian pulse de-
scribed by &(0,η) = &(η) = £ > χ ρ Χ ( - κ2η2/2) is long
compared with the contribution of the optically active If vi-
brations to the half-width of the absorption spectrum
{tp >σ2~

 1 / 2 ) , which is true in practice for tp k, 50 fs, whereas
in the case of the classical optically active If vibrations, we
obtain from Ref. 6

(Ο,η) =0.9σ/Μσ7ο9' (η) Σ° (SS+k/nlk\)
n. 4 = 0

χβχρ [— (ω — 0)21— ίΐω») */2σ2 ί]

oo

X \ d

+ «Β(Ζί))|1Γ(τ|-τ2)ΐ7(ρ(τ2)Ι»ο I2), (3)

where ω'2ί — ω2ί — o)hSh; ω2ί is the frequency of the
Franck-Condon transition 1 -> 2;

ρ (τ,) = [ 1 - ψ 2 (τ2) + κ

Ζ ( = { _ [ ( ω 2 , - ω ) ( 1 -

(τ2)

+ 2δ;2 Im £*£« ]+.iJ [T2 (2 + ψ (τ2))

2; (4)

(5)

σ' is the absorption cross section at the maximum of the 0-0
vibronic transition in an optically active If vibration; / 0 is the
radiation power density at the maximum of the pulse;
w(z) =exp( - z 2 ) [ l +2/77--1 / 2ββχρ(ί2)Λ] is the error
integral with a complex argument10; ψ(τ2) = Ks ( r 2 ) /
Ks (0), where |Re^| > |ImiA|; 8j2 is the Kronecker delta. The
terms w(z{) and w(z2) on the right-hand of Eq. (3) repre-
sent contributions to Po)+ made by the nonequilibrium ab-
sorption and emission spectra, respectively, and the term
(&)21 — ω ) ( 1 — ψ{τ2)) +2lmags(T2)/dr2 in the expres-
sion for z2 [seeEq. (5)] describes relaxation of the average
frequency of the emission spectrum to its equilibrium value.
Substituting Eqs. (2)-(5) intoEq. (1), we can calculate the
complex amplitude of the field &{Ι,η) = \"S(Ι,η) \
Xexp[;<p(/,/>7)] transmitted by a nonlinear absorber. We
shall define the shift of the instantaneous frequency of a
pulse as a άφ /άη, and also obtain the duration of a pulse as a
square root of the second moment of the energy2:

/, η) I <g (Ι, η ) (6)

Figures 1-3 illustrate the influence of vibronic relaxation on
the instantaneous frequency shift άφ /άη and on the duration
r of a Gaussian pulse transmitted by an absorber character-
ized by a large Stokes shift fw)st ~2{W2— W{) in the case of
a correlation function of the type Re^(r 2 ) = exp( — \τ2\/
TC ) and a small value of S,, representing the dimensionless
parameter of the shift of the maxima of the adiabatic poten-
tials of vibrations «,, and an electronic transition.

In the case under discussion we find that άφ /άη, is an
odd function of the detuning ω — ω2ι in the range
ω — ω, 11 < ω « • It follows directly from Fig. 2 that an in-

crease in the frequency detuning from zero to some value
reduces the duration of the pulse transmitted by a nonlinear
absorber. This conclusion was also reached in Ref. 2 for a
homogeneously broadened line. However, in the case of
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F I G . 1. Dependence of the shift of the instantaneous frequency άφ /drj on
the time η during a pulse, the initial duration of which is tp = 1.665/Λ:,
plotted for σ'ΝΙ = 0.2 in the case of classical (1) and quantum (2, 3)
nature of If optically active vibrations calculated for σ["/κ = 12 (1) , 6
( 2 ) , and 12.48 ( 3 ) ; (ω - ω , , ) / ( 2 σ 2 , ) " 2 = 0.6 (1) and 0 (2, 3) ;
XTC = 0 . 8 3 2 5 ( 1 ) , 0 = 0.5 (2, 3) ; ω'/2χ = 1.189 (2) and 2.4746 ( 3 ) ;
a'Jotp = 0 . 4 ( 1 ) and 0.33 ( 2 , 3 ) .

longer pulses a further increase in the detuning results in an
increase in the duration of the pulses, as demonstrated by
curves 3 and 4 in Fig. 2, i.e., the dependence of r on ω — ω2ι

can have a minimum. This can account for the anomalous
dispersion when the dn/άωφθ region tends to lengthen the
bandwidth-limited pulses incident on the investigated medi-
um and only in the region of the points dn/άω = 0 is this
effect minimal, because then the velocities of all the spectral
components of the pulse are approximately equal for all the
spectral components.

The plotted points correspond to the detuning in the
range \ω — ω2ι\/(2σ2ί)

 1/2s;0.92, in agreement with the be-
havior of curves 3 and 4 in Fig. 2. It follows from Fig. 3 that
the dependence of the duration of a pulse transmitted by a
nonlinear absorber on the parameter TC characterizing the
vibrational relaxation time, has a minimum at KTC ~ 1. This
behavior can be explained by the fact that if XTC 5 1, an act-
ing pulse creates a dip in the absorption spectrum and the

FIG. 2. Dependence of the duration of a pulse transmitted by a nonlinear
absorber on the frequency detuning in the case of actual pulses of different
duration τ,,, = {Γ „ ψ\ 'ή (O,Tj)\2dy/S' ., άη\ '6 (0,η) \2}"2 when
( a 2 j " 2 ^ = 6.24(l),8.325(2),12(3),and21.96(4);xr(. = 1.6(1), 1.2
(2), 0.8325 (3), and 0.45 (4).
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FIG. 3. Dependences of the duration of the pulses transmitted by a nonlin-
ear absorber on the vibrational relaxation time in the case when
( < 7 2 j " 2 / x = 12, (ω-ω2ι)/(2σ2ί)"2 = 0 (1) and 1.2 (2).

half-width of this dip is ~ (σ 2 ϊ )ίΙ2ρ(τ2) [see Eqs. (3)-(5)
and also Ref. 11]. If xrc < 1, so that the dip does not close
during the action of a pulse and also when XTC > 1 (no dip)
the nonlinear absorber acts in the usual manner1 and in-
creases the slope of the leading edge of the pulse. However, if
XTC ~ 1, then in addition to this effect, there is also an in-
crease in the slope of the trailing edge (without filling the dip
during the pulse). Therefore, the relationship KTC S: 1 is the
most favorable from the point of view of pulse shortening in
a nonlinear absorber.

The classical nature of the system of optically active If
vibrations considered above is typical of If and intramolecu-
lar vibrations, and also of intermolecular motion. In view of
the quantum nature of the system of the optically If vibra-
tions (<ys £ kT /H, |Re^| ~ |Im^|) in the case of a Gaussian
profile characterized by tp ><727

 1/2, and ω21 — ω = 0 and
low values of Sh, we find from Ref. 6 that

(0,η) =0.9σ'Μσ708Τ (η)
σο

χ $£ίτ2εχρ(—τ2/Γ,) (Ι 9 ( η - τ 2 ) Ι2/Ι «ΌΙ2)
ο

i Ό Γ 1η(1 — 2ψ2 ( τ 2 ) + 2ψ (τ2) -\Α|>2 (Τϋ) — 1)

(7)

The influence of vibronic relaxation on άφ /ά-η is illustrated
for this case by curves 2 and 3 in Fig. 1.

These calculations are made on the assumption that the
correlation length is described by

Γ(2Θ+ 1) ( 6 + Ι) 3 —Λ:2Θ (ΧΖ/6 + 3 ( 8 + 1))
L

Ί
+
^ ( x 2 + l ) 3 ^ V + l )

where θ = fito'/(2kT); χ = τ2ω'/2. It describes the interac-
tion of an optical electron with If (for example, crystal) vi-
brations. We can see that in spite of the fact that the carrier
frequency of pulse coincides with the frequency at the maxi-
mum of the absorption band, chirp appears because the pro-
cess of vibrational relaxation is not completed during an ul-
trashort pulse. A more detailed analysis demonstrates that
in this case Eq. (7) describes the absorption and refraction
of a pulse & (0,η) by a system which is not in vibrational
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equilibrium (in respect of the phase or energy) and is excited
by the same pulse in accordance with the multiphoton reso-
nant Raman scattering mechanism.

In the case of sufficiently short pulses the expression
P^ + simplifies greatly in the case of a quantum system of
optically active If vibrations. For example, in the case of ex-
ponential pulses described by %(η) = %?oexp( — \η\/ίρ)
with tp42X\a2s/a3s\=2/q" (but ί ρ > σ 2 7 1 / 2 here
a3s = id 3gs {0)/dr\ is a contribution to the third moment of
the spectrum made by optically active If vibrations, if

2(2/'q"

and T?<0, the expression becomes

rP™ + (0,77) = 0 · 2 2 5 (°W) Wo'p)
xexp (2η//ρ) (1 +j)

(8)

(η). (9)

If the pulse duration satisfies a condition of the (8) type, we
can substitute x0 inEqs. (7) and (3)-(5) and then use these
expressions for any shape of a pulse [in the case of a classical
system of optically active If vibrations we have to replace q"
in Eq. (8) with q'/A = - \dip{ + 0)/dr2].

We shall now obtain some estimates. According to the
experimental data obtained by steady-state four-photon
spectroscopy,8 in the case of a solution of malachite green in
ethanol in the region of the maximum of the absorption line
we have q" - 5 0 cm" 1 . If tp = 70 fs, σ'ΝΙ = 0.2, and
a'Jotp = 0.2, it follows from Eqs. (1), (2), and (9) that the

shift of the instantaneous frequency of a pulse interacting
resonantly with malachite green is άφ{1,η)/
άη\η = 0 ; s8x 1011 s~[.

We are grateful to V. L. Bogdanov for valuable discus-
sions.
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A numerical model allowing for the complete Stark structure of a laser transition resulting in the
emission at λ ~ 1.06 μτη in silicate and phosphate neodymium glasses demonstrated that it should
be possible to utilize 70-85% of the energy stored in the active medium and this medium is used to
amplify nanosecond pulses under saturation conditions.

Modern neodymium glass lasers designed for laser ther-
monuclear fusion research emit pulses of tp = 0.1-1 ns du-
ration and the efficiency of utilization of the energy stored in
the active medium is 5-30%; this efficiency is limited by
nonlinear effects and by the potential damage to the active
medium when energy densities reach 5-10 J/cm2 (Refs. 1
and 2). Laser facilities of the next generation with an output
energy of 1-10 mJ are designed to utilize laser pulses of 5-25
ns duration (Ref. 2) and if phase conjugation, stimulated
Brillouin scattering, or stimulated Raman scattering is used
to compress the pulses and the technique of angular replica-
tion is used in the amplifying channel, it should be possible to
use also longer pulses of tp = 30-100 ns duration.3"5 For
these values of tp the thresholds of breakdown and nonlinear

effects are higher, so it should be possible to utilize more
effectively the energy stored in the active medium of a laser.2

Estimates of the energy obtained from a neodymium
laser are usually made employing the Frantz-Nodvik equa-
tion1'2·6 the experimentally determined dependence of the
saturation energy Es on the density of the output energy
£ o u t . This method has been used under specific experimental
conditions, but it cannot be the base for forecasts of the situa-
tion when the characteristics of the radiation are quite differ-
ent: for example, if the radiation spectrum is broadened to
about 100 cm" 1 , as suggested in Ref. 7, or when there are
major changes in the spectral and luminescence properties of
neodymium-activated glass. Modeling based on a single lu-
minescence line8"10 ignores the complex structure of a laser
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