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Image retrieval based on degenerate four-wave mixing with a new nonlinear mechanism is demonstrated. An
avalanche nonlinearity associated with induced excited-state absorption is exploited to furnish phase conjugation with threshold behavior and potential motion sensitivity. Population pulsations are reported at high
intensities.

Dynamic correction of distorted imagery by phase
conjugation is one of many important applications of
third-order processes in conventional nonlinear optics. Originally reported in the context of holography,' phase conjugation has found widespread use in
optical memories,2 laser power scaling,3 signal pro-

cessing,4 spectroscopy,' and other applications.6

The density-matrix description of avalanche dynamics provides the expression for the third-order
polarization p(3) = Tr[Ap 3'], which determines the
degenerate four-wave mixing response, and hence
the phase-conjugate signal intensity, in a straightforward way.'2 In the pair basis of states used in
Ref. 10, the steady-state solution is

The nonlinear mechanisms in earlier research in-

volved resonant or nonresonant parts of the thirdorder susceptibility X(3)of independent atoms or of
the susceptibility of atoms phased by fields such

as the vibrational wave excitations in stimulated
Raman and Brillouin scattering. Here, however,
we report phase conjugation by a new mechanism
based on delocalized, nonlinear dynamics of atoms
in concentrated rare-earth crystals, with neighbor-

ing impurities interacting through their Coulomb
fields.
Avalanche absorption on excited-state transitions

in concentrated rare-earth crystals was first reported by Chivian et al.7 in Pr:LaCl 3 and studied by
Case et al.8 and others.9 These authors applied rateequation concepts and analysis to model the induced
excited-state absorption observed to increase as a
function of incident intensity above a distinctive
threshold intensity. We'0 first pointed out the fun-

damental inconsistency of rate-equation descriptions in the presence of strong correlated dynamics
of near-neighbor ions and furnished a simple densitymatrix theory to account not only for these correlations but for optical and interatomic coherences as
well. We reported avalanche behavior at room temperature in Tm:YALO3and showed that the effect
originates from internal dynamics consisting of two
parts: correlated cross relaxation of Tm pairs followed by fast spatial energy migration, measured directly in recent experiments in our laboratory. The
density-matrix equations account for the fact that
nonlinear-optical response may originate from either
the near-neighbor ion-ion coupling" or the energy
migration process, with the latter depending in a bilinear fashion on excited-state occupation probabilities of ions at the origin and the destination. In
this Letter we present results of an experimental
and theoretical investigation of the large third-order
nonlinearity generated by avalanche dynamics in
Tm:LiYF4 crystals at room temperature.
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Here /152 is the transition moment of the excitedstate optical transition between pair states 2 and 5
at frequency coo,V 25(t) = -,u 2 5 E(t) is the perturbation Hamiltonian that is due to optical field E, pij is
the population of the jth pair state, and rij is the
dephasing rate between states i and j. This equation shows the resonant nature of four-wave mixing
on avalanche transitions and its proportionality to
the population difference between the upper and
lower states of the optical transition.
Avalanche absorption occurs in Tm:LiYF4 at room
temperature at relatively modest powers, as indicated in Fig. 1. Experiments were performed with
a continuous-wave dye laser propagating perpendicular to the optic axis and tuned to the 7r-polarized
3F (2)-1G (2) (excited-state to excited-state) transi4
4
tion13 at 648.4 nm, a wavelength at which absorption
normally does not occur. Transmission can be observed to decrease markedly above the onset of the
avalanche process, the nature of which is shown
schematically in the inset. Phase conjugation by
degenerate four-wave mixing was achieved in a conventional geometry with counterpropagating pump
beams and a probe wave incident at an external
angle of 220. A U.S. Air Force resolution target was
placed in the probe beam as a test image. The
probe beam subsequently passed through a beam
splitter and aberrator and was tightly focused into
the standing-wave region formed by the pump beams.
Intensity and frequency of the balanced pump beams
were adjusted until bright blue avalanche upconversion appeared in the crystal. Because of the abruptness of the avalanche in this crystal, it was possible
to work extremely close to threshold, in a regime
such that either pump beam by itself was insufficient
to sustain the avalanche, but both together resulted
© 1992 Optical Society of America
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completely understood but that appear to be related
to thermal or self-focusing effects.
The dependence of phase-conjugate signal intensity on incident power is given in Fig. 3. Signal levels at low intensities were small until the full onset
of avalanche dynamics at 160 W/cm2 in each pump
beam. The response below threshold arises from
residual absorption in the far wings of ground-state
resonances of Tm. Above the avalanche threshold
point, the observed slope and signal level increase
dramatically. When the steady-state solutions for
populations in levels 2 and 5 (p22 and p55) are cal-

15>

lT
,

Oo

*

0.7

-I

3H6

Tm

|1 1>

PAIR
PI

S

0.3

1223

culated by including the small overlap with Tm
ground-state absorptions (with an effective Einstein

B coefficient of B13 = 8.7 x
0. 1t
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Fig. 1. Transmission of 7% Tm'+:LiYF4 versus incident
power at room temperature for an excitation wavelength
of Aex= 648.4 nm. The focused beam radius was 47 gm.
Inset: schematic of excited-state dynamics that give rise

to induced absorption, together with the numbering
scheme of the pair basis description from Ref. 10.
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substituted into Eq. (1), the result is the solid curve
in Fig. 3. Theory for the four-wave mixing interaction is seen to be in excellent agreement with
experiment.

Finally, when the backward pump beam was
chopped, its transmitted intensity and the phaseconjugate signal exhibited the behavior shown in
Fig. 4. Overshoot occurred at the leading edge of the
excitation pulse as predicted by numerical integration of the equations of Ref. 8. In addition, at an
intensity of 6 kW/cm2 , small oscillations appeared in

transmitted intensity. These additional features

(a)

(b)

were reproduced by density-matrix theory incorporating spatial coherence, but power-dependent oscillations are not predicted by rate-equation analysis
that omits all coherences. The observed oscillations
may therefore be related to heavily damped, coherent
delocalization of excitation between two Tm ions.
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Fig. 2. Avalanche phase conjugation in 1.5%Tm3+:LiYF4 .
(a) Unaberrated image of the resolution chart obtained
with an ordinary mirror in place of the sample, (b) same
image as in (a) with the aberrator in place, (c) restored
image obtained with the conjugator and the aberrator in
place, (d) phase-conjugate image from the sample with no
aberrator. The spacing of the bars is 2 lines/mm.
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in bright upconversion emission. Probe intensity
was maintained at 20% of that of the individual
pump-wave intensities for linearity.
Phase conjugation was observed in the backward
probe direction as the complete restoration of a severely distorted bar image (Fig. 2). The best fidelity was obtained with a 1.5% Tm:LiYF 4 sample,
although 5% and 7% concentrations of Tm also produced phase conjugation. Crystals with less than
approximately 0.5% Tm are not expected to ex-

hibit strong avalanche absorption. The higherconcentration crystals produced slightly distorted
phase-conjugate images for reasons that are not
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Fig. 3. Avalanche phase-conjugate signal versus total input power in 1.5% Tm31:LiYF4 for a focal spot of radius
96 Am. The solid curve is a least-squares fit based on
Eq. (1). Fixed theoretical parameters' 0 determined by
previous experiments1 4 were 72 = 73 = 62.5 s-5, Y4 =
690 s-', y5 = 8333 s-', and A = 1.4 X 10-10 s-'. In the
absence of direct measurements of dephasing or radiative
lifetime on the 5 - 2 transition, the product of T and 725
was treated as a scaling parameter (best-fit value of
4.43 x 106). Best-fit values for the migration rate and

intrapair relaxation term were a = 2 x 105 s-' and
IH1412/h234 = 810 s-'.
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jugation is the enhancement of signals or recon-

1

structed images from probe waves undergoing
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intensity variations that should generate temporal
edge enhancement in reconstructed dynamic images. The experimental magnitude and threshold
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of the steady-state third-order nonlinearity in
Tm3 +:LiYF4 can be accounted for by the energy

migration mechanism (incoherent delocalization
of excitation). Further research is proceeding

1
(b)

0
.0

on oscillations in the transient response that may

be related to near-neighbor dynamics (coherent
delocalization).
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Fig. 4. (a) Transmission versus time for square pulse excitation of 5% Tm3':LiYF4 with an incident intensity of
7.6 X 102 W/cm2. (b) Transmission versus time at high
intensity (6.1 X 103W/cm2); notice the decreased rise time
of induced absorption and the appearance of population
oscillations. (c) Phase-conjugate signal intensity versus
time for an effective pump intensity (1,12)112= 1.3 X
103W/cm2; again, population oscillations are evident.
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