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level medium without a populationinversion

0O.A. Kocharovskayaand Ya.!. Khanin
Institute of Applied Physics, Academy of Sciences of the USSR

(Submitted 10 October 1988)
Pis’ma Zh. Eksp. Teor. Fiz. 48, No. 11, 581-584 (10 December 1988)

It is predicted that an ultrashort pulse in a three-level medium with A
configuration will be amplified in the absence of a population inversion and
coherent optical pumping. This effect occurs as a result of population capture in
the two lower levels due to the excitation of the low-frequency coherence.

1. Let us consider the coherent propagation of an ultrashort pulse in a three-level
medium of A configuration (Fig. 1), when two ground-state sublevels are optically
coupled with the upper level. We assume that the spectral width of the homogeneous
optical transitions is greater than the spectral width of the pulse, which in turn over-
laps the splitting frequency: 7, '> 7, '»@,,. Under these conditions the ultrashort
pulse interacts resonantly simultaneously with the two optical transitions. This situa-
tion differs fundamentally from the familiar case of the propagation of a simulton in a
three-level medium,' which occurs under directly opposite conditions: T; '<7, '
<w,, and which is described by the equations
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These equations are derived from the equation for the density matrix p in the approxi-
mation of the adiabatic summation of the polarization in the optical transitions beyond
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Spectrum of the
ultrashort pulse
\ FIG. 1. Schematic diagram of the resonant interaction of a
three-level medium of A configuration with an ultrashort
pulse which overlaps the splitting frequency @,, in the spec-
trom.
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the field E for an ultrashort pulse of length 7,, which is much shorter than the popula-
tion relaxation times.” These equations describe the transmission of the radiation in-
tensity /= c|E |*/87#w, through a three-level medium, with allowance for the low-
frequency coherent effects. Here NV is the concentration of atoms, 7 = us,/1t5, is the
ratio of the dipole moments, § = of'_, I(t')dt'/2, w, is the carrier frequency of the
pulse, o = 4mus3, Tyw,/ch, n= (py+pn—20:3)/2, i = (ppn—pn)/2, u=Rep,,
and p,, is the low-frequency coherence.

2. The general solution of the first three equations in (1), which describes the
conversion of the parameters of the medium into the field of an ultrashort pulse, is
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Here x, is the vector of the state of the medium before the arrival of an ultrashort
pulse, 1, =0, A, =4(1 + %), A, =1+ 7%,
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Substitution of solution (3) in the equation for the intensity (1) gives
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In the special case in which one of the optical transitions is forbidden, i.e., =0 or
7 = o, Eq. (4) is the same as the equation for the transport of radiation intensity in a
two-level, inertia-free medium in a balanced approximation.>* The solution of this
equation describes the extensively studied processes of amplification and absorption of
ultrashort pulses in the inverted and noninverted two-level media, respectively. Equa-
tion (4) generally has a similar solution:

Ioft - z/c)
Ift, z) = ,

1 - {1 - exp(—~ ONA, f C2dz/2) } exp [— Ny $o (¢ — 2/c)]
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where 1,(2) is the intensity of the ultrashort pulse at the entrance to the three-level
medium (z = 0).

3. In a three-level medium the amplification factor is determined, according to
(4), by C, and depends not only on the difference in the populations in the optical
transitions but also on the low-frequency coherence. Because of this situation, an
ultrashort pulse can be amplified, despite the absence of inversion and coherent optical
pumping in each one of the optical transitions. Amplification in a two-level medium is,
as we know, impossible under these conditions.* An inversion-free amplification oc-
curs over a broad range of parameters of the medium:

3 B
¢, >0, 0<pY <o oD sp™ = 2 AP+ 210Q 17< 1.
(6)

This region is illustrated in Fig. 2 for the same dipole moments in each optical transi-
tion when Imp{{’ =0 and 7, = 0. The maximum amplification in this region is at-
tained at p{9 = 1/3 and u, = — 1/V3. It is only V3 times lower than that in a com-
pletely inverted medium.

It should be emphasized, on the other hand, that even a slight filling of the upper
level (p$3> <1/3) as a result of maximum excitation of the low-frequency coherence
— uy=+/p{VpsY, produces, according to (4), the same amplification as the inverted
region with an inversion of p{ (Fig. 3).

Physically, inversion-free amplification is associated with the existence in the
three-level medium of a coherent state of the lower sublevels C,x". Being in this state,
the atoms do not interact with the field because of the interference of the 1-3 and 2-3
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¢ FIG. 2. The plane of the initial states of the
v/ medium in the case p{? =pi, Imp{? =
P 0 The letters denote the region of inversion- free
4 B amplification (ABF), the region of amplifica-
Y, 4 £ tion in the medium with an inversion
F {BCDF), and the region of absorption in the

medium with an inversion (DEF).
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FIG. 3. Inversion-free amplification
factor in a three-level medium (a) is
the same as that in the inverted two-
level medium (b).
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transitions.>%7 Excitation of low-energy coherence (u,7#0) at the time of the arrival of
the pulse partially transfers the atoms to the indicated state of coherent population
capture, thereby ostensibly taking out of commission a fraction of the atoms which are
situated in the lower sublevels but which are incapable of absorbing the field. As a
result, the ultrashort pulse empties the upper level: p;; —piY
= — G,[1 —exp( — 4,4)] even when its population is lower than the populations of
the lower levels. The energy drawn from the medium is converted to pulse energy:
W,(2) = W,(0) + #iw, N §§ (p33 — p53° ) dz.

A similar inversion-free amplification is possible in several other cases. In particu-
lar, it occurs every time the population of the upper level in the corresponding coher-
ent-capture state is, as a result of low-frequency coherence excitation, lower than that
in the initial state of the medium. Radiation removes this population “excess,” striving
to transform the medium to a state of coherent population capture at the lower sublev-
els. For this reason, it intensifies even in an uninverted medium. In Particular, it can
be shown that an inversion-free amplification is possible even under conditions (typi-
cal in the case of resonance stimulated Raman scattering) of propagation in a three-
level medium of two quasimonochromatic radiation components with the carrier fre-
quencies @5, and w;,.

4. Excitation of coherence p,, can be realized by means of a resonant microwave
field, for example, in the form of a #/2 pulse, which transforms the medium to a state
with equal populations of levels 1 and 2 and with a maximum value of Im p,,. Since
the amplification of the ultrashort pulse is proportional to Re p5?’, the optical pulse
lags behind the microwave pulse by one-fourth or three-fourth of a period 27/w,,
(depending on the sign of the difference in the populations in the 1-2 transition before
the arrival of the microwave pulse). According to the law of conservation of the Bloch
vector, the excitation of the coherence increases as this difference is increased. To
increase the coherence, it would be desirable to deliberately empty one of the sublevels,
for example, by a selective use of resonance radiation with respect to frequency or
polarization or by cooling the medium.

A vpartial filling of the upper level, which is necessary for amplification, can be
achieved by incoherent optical pumping or by other conventional methods. In the
infrared and submillimeter ranges an inversion-free amplification can be achieved
through a thermal equilibrium filling of the upper level.
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An inversion-free amplification can be seen experimentally, for example, in sodi-
um vapor or in ruby. The predicted effect can be used effectively to produce amplifica-
tion or excitation in those transitions where it is difficult to achieve population inver-
sion.
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