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PHASE CONJUGATION IN A LASER CAVITY.

I. MOTIVATION.

We have initiated a study of the dynamics of phase
conjugated coupling in a laser cavity. The research was
motivated by two potential applications where intracavity
phase conjugation could play an important role:

1. Prevention (compensation) of self-phase modulation, and
self focussing effects in a high power laser.

2. Laser gyros.

It can easily be seen that replacement of a cavity mirror
by a phase conjugated mirror will prevent self focussing in,
for instance, a laser rod. This is one of the first
applications for phase conjugation, and it has been proposed
by numerous investigators. Instabilities can develope as fast
as the beat note between two distant modes in the laser
cavity. Therefore, this application requires fast tenporal
phase conjugation. In this context, fast compensation implies
as fast as the inverse of the gain medium bandwidth, hence
picoseconds. Degenerate four wave mixing (DFWM) is one of the
most commonly cited and promissing mechanism for fast and
efficient phase conjugation. One of the questions answered by
this research program is: can a nonlinearity be found that
satisfies simultaneously the requirements of large reflection
coefficients (of the order of unity) and fast (picosecond)
response for phase conjugation by DFWM.

Application of phase conjugation to the operation of a
laser gyro is a new application that we proposed and studied
theoretically in this program.

II. DFWM IN A LASER GYRO.

The results of that theory have been summarized in a
publication [1] (appendix A) and detailled in a PhD thesis
[2]. There are two important findings:

1. A phase conjugated coupling introduced in the ring cavity
of a laser gyro effectively reduces the "lock-in"
frequency, thereby making the gyro sensitive to lower
rotations speeds.

2. The DFWM coupling introduced in a ring laser cavity
opposes the effect of mutual saturation which is
detrimental to gyro operation. As a consequence, any
laser medium, even purely homogeneously broadened,
becomes a candidate for gyro operation, provided a
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suitable intracavity DFWM scheme can be implemented.
We believe the second property to be particularly important,
since it opens the way, for instance, to the possible
development of solid state integrated optics laser gyros.
Subnanosecond response times are also needed for this
application, if very high rotation speeds are to be measured.

III. REQUIREMENTS FOR FAST TEMPORAL PHASE CONJUGATION (theory of
transient DFWM).

We have made a theoretical study of the dynamics of DFWM.
In a first study published in Applied Physics [3] (Appendix
B), the nonlinear interaction was considered to be extremely
fast (i. e. a "steady state" nonlinear susceptibility was
used). Under these ideal conditions, two fundamental
limitations were established for simultaneous fast temporal
and spatial phase conjugation by DFWM:

1. a thin medium (shorter than the pulse length) is
required.

2. the medium has to be optically thin (the gain of the
probe has to be small). This last condition implies that
it is not possible to have simultaneously a large
response and temporal phase conjugation.

These two conditions have lead us into a search for thin DFWM
geometries (dye jets, evanescent wave coupling) compatible
with intracavity use, and intense but broadband
nonlinearities. The conflicing requirements for large and
fast temporal responses precludes the use of sharp resonant
enhancements. It also suggests that, in order to prevent or
compensate effectively self phase modulation and self
focussing, a 100 % reflecting DFWM mirror should not be used.
Instead, weak phase conjugate coupling between
counterpropagating beams of a ring laser could provide the
compensation sought for, without the distortion introduced by
an optically thick phase conjugator. As possible candidates
for intense and fast DFWM mixing, we have made experimental
and theoretical research on

- Sodium vapor (section IV)
- Saturable absorbers in waveguide dye lasers (section V);
- Dye jets in a laser cavity:

- Gain-Absorber mixture (section VI.1)
- Amplifier jet (section VI.2)
- Absorber jet (section VI.4)
- Absorber jet and evanescent wave coupling
(section VI.5).

Femtosecond laser developments required for the absorptive
DFWM are reported in section VI.3.



Other findings on transient Nonlinear Four-Wave Mixing.

Other results of our numerical and analytical study of
transient DFWM can be summarized as follows (cfr. ref. [3] and
[4]):
a) Square pulses are generated in the case where only one of

the conditions above is satisfied (optically thin medium,
but physically long compared with the pulse length).

b) In the case of absorptive nonlinearities, the "square
pulse" remains a good solution up to media thicknesses of
the order of the absorption length.

c) In the case of optically thick media, the curve of probe
transmission versus pump power (or medium thickness, at
constant pump po~er) exhibits hysteresis, which suggest
that multistable operation should be possible. However,
such a possibility is disprooved by our computer
simulations, which show that, with increasing medium
length, the transmission has a unique (and stable)
solution, which becomes an oscillatory solution, to turn
finally into a chaotic solution.

Transient DFWM with coherent interaction.

We have extended the study of transient DFWM to the case
where the nonlinear susceptibility is due to two-photon
resonant interaction, and the excitation pulses are applied in
a time short or comparable wifb the phase relaxation time T2.
The results of this study are contained in a PhD thesis [4]
(pp 109-119), and the main findings are listed below.
a) The results in the short T2 limit are the same as reported

above and in ref [33 (Appendix B).
b) As T2  is increased from very small values, the DFWM

reflectivity increases to a constant and maximum value
approached when T2  reaches c/Z (where Z is the medium
thickness).

c) The signal ressembles the convolution of pump and probe,
except for pump intensities such that the pulse area is
much larger than pi/2, where significant broadening of the
signal is seen to occur.

The case of a single photon resonant interaction was also
considered. In that case, the signal no longer ressembles a
correlation of the pump and probe pulses, because each pulse
is essentially "extended" in the medium by the phase
relaxation time T . Consequently, a calculation of the probe
energy as a function of the delay of the pump, has a risetime
of the order of the pulses leading edge, and a fall time
characterized by T2  (ref. (4], page 122). An extensive
theoretical and experimental analysis of coherent resonant
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DFWM has been made - partially supported by a NSF grant - and

is reported in the next section.

IV. COHERENT RESONANT DFWM IN SODIUM (BACKWARD WAVE ECHOES).

The experimental set up is shown in Fig. 1. Measurements

of phase conjugated reflected signals in sodium vapor were

performed for various relative delays. The signal measured

lead to an interesting analysis of quantum beats in backward

wave echoes (ref [5], included as Appendix C) which we

observed for the first time.

EXPERIMENTAL SET UP

PJISE MONITORING I
M0 M 't 5', REAL TIME I

SMODE. LOCKED At LASER D YE. LASER ,.A.O I TOMORRUATOA I
MO '- C LESPECTROMETER

\ //

R 0 'CHOPPER

16 tF to

- -R : 50%
.  

A 5.

LOCK-IN AMPLIFIER

" OPTICAL DELAY

* ISOLATOR.
To prevent the cavity coupling M 0 M 1 ABCM1 M 0

/4 Isolator

Inadeqttate (couplinq throuph Na tluorescence)

a FARADAY ROTATOR Isolator was used

* Lonq Pulses J35psecl lot optimum overlai In Na cell

Figure 1.

Experimental Set-up for DFWM in Sodium Vapor.
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While sodium vapor is perhaps one of the most efficient
phase conjugator in the visible for CW operation, our study
showed it to be unpractical in the case of an excitation by a
continuous train of picosecond pulses. The problems are
numerous and listed below. The most fundamental difficulties
are related to the fact that the sodium linewidth, its fine
structure, the mode spacing of the laser resonator (or modes
of the pulse train) and of various cavities resulting from the
experimental arrangement required for DFWM, are all of the
same order of magnitude. The following points should be
mentioned about this experiment.
1. The signal is very weak (typical reflection coefficients

of 10-4, and had to be discriminated against a strong
fluorescence background. The signal was modulated by
chopping the probe beam, and detected by a photomultiplier
coupled to a lock-in amplifier.

2. Constant monitoring of the laser mode-locking is
essential, because the DFWM signal, which is very small
when the laser is properly mode-locked, can increase by
several orders of magnitude with changes in cavity length
that brings the laser out of synchronism. We have
identified (by computer simulation) the appearance of
"resonances" (enhancement of the signal for certain laser
cavity lengths) with accidental matching of the modes of
the complex cavities formed by the laser coupled to the
DFWII setup, with the absc-pAion lines (fine structure) of
sodium.

3. A very small amount of resonance fluorescence (from Na)
into the laser is sufficient to prevent proper mode-locked
operation. A CW Faraday rotator isolator had to be used
(Fig. 1).

4I. A relatively complex theoretical analysis (Fig. 2) could
explain the main frequency components in the observed
quantum beats (the contribution of all the pulses of the
trains - probe and pumps - had to be calculated. However,
a satisfactory agreement of the signal dependence on the
particular pulse sequences could not be achieved.

5. A drastic decay of the signal appeared with very small
temperature increases (as little as 5 degrees C). A
satisfactory modeling of this rapid decay did not appear
feasible either [5].



Figure 2.

Main Steps of the Theoretical Analysis of Quantum Beats

Associated with Coherent DFWM in Sodium Vapor.

THEORY (Backward Wave Echo)
3

2

SOLVE
ihi

1,1;,t+v.v)p = (H0 .pj + jV, -- '

H0 i> =hwlii> (i = 1,2,3,)
Nlth 

-i t+Cc
<ifV Ij> = 

-1/ ij fE(t)eikr -Ik~t + c.cj

F Ii> = "Yi>

3pecifically:

(at + v. + yi)pii = a *ij * E(pij - pii) + pi

(at + v. V + Yij + iij)pii = a(P~k/ kI - PikPkj) ° E

for the field sequence

E = EFei(kFr - wt) 6(t - t 1 ) + Epei(kpr wt)b t t 2 )

+ EBei(kBr - wt)6(t - t3 )

kF - kp + kB = - kp

t2 - t l = tp -tF + mT

t 3 - t 2 = tB - tp + nT

t 3 -t I = tB tF + (m + n)T

the signal energy is proportional to

f IP(t); 2dt

where P is the velocity averaged induced dipole

P(t) = N fdv g(v) (P31P13 + P32P 23 )

at the "echo" time t = techo:

CEEE - Iv0k ~t3 -t 1 ) 2  (t 3 - t 2 ) (t3 - t 2 ) -2(, (t24=.F Es--{t ~) e-73(t + (11 -e-73(t )c~sw:12(t2 -tl) + c~sw 121t3 -t1) xe-21 311t l

00 0Thei , 1 ,2 produces terms in cos 1 2 (t p - tF + 1)

nzo m=o
cos2wl1 2 (tp - tF + '24

co$W12(tB - tF + 3)

cos2 w12(tB - tF + 14)

6



Conclusions

The small return signals in the above mentioned
experiment, and the already excessive equipment requirements
to perform these measurements, convinced us to postpone the
more complex experiment of intracavity DFWM where sodium is
coupled by frustrated total internal reflection to a
mode-locked laser cavity (experiment planned in the original
proposal). Instead, we have investigated other schemes of
intracavity DFWM, using broadband saturable absorbers, as
reported in the following sections.

V. SATURABLE ABSORBERS IN WAVEGUIDE DYE LASERS.

We have implemented the concept of a waveguide dye laser
turning mirror suggested in the original proposal. The
waveguide dye laser is confined between the reflecting face of
a turning prism, and a window for the pump radiation (Fig. 3).
Two counterpropagating "pump beams" for DFWM are thus confined
in a planar waveguide structure of 50 om thickness. The
coupling of the forward and backward wave with the nonlinear
medium (the lasing dye solution) will depend on the index of
refraction of the dye solution. We choose methanol as a
solvent in order to have total reflection at the interface,
and coupling through the evanescent wave. Observation of a
DFWM signal was hindered by the strong fluorescence
background, which was difficult to eliminate because the
energy source for the waveguide dye laser was also pulsed
(frequency doubled Nd YAG laser). Our subsequent results with
the amplifier dye jet indicate that the mutual coherence of
the counterpropagating beams in the waveguide structure may
not have been sufficient for DFWM to occur (this effect is
discussed in more details in ref. 7, included as Appendix E).

It appears that the idea of the waveguide dye laser
coupled by evanescence wave was found by some to have merit: a
group in the USSR has constructed an oscillator-amplifier
system based on this principle (fig 4). The analogy with the
scheme suggested in the proposal is striking.



fj // "

Figure 3.
Waveguide Dye Laser Turning Mirror.

PUMP

interesting schemes of quasi-planar
"hollow" waveguide lasers were re-
ported by V. M. Arutunyan, G. P.
Jotyan, A. V. Karmenyan, and T. E.
Meliksetyan. The "waveguide" is the
active medium (a solution of Rh6G)
sandwiched between two prisms. The
laser light is coupled through the total
internal reflection angle of the prisms
(see Fig. 2). Oscillator-amplifier combi-
nations have been demonstrated. Pump-
ing occurs generally directly. Pumping
through TIR has also been demon-
strated. OSCILLATOR (2 WAVELtNGTHS)

Figure 4 Fgur* 2. Qua e. "ho w" wave

Excerpt from "Laser Focus", i guidelow ch,.mfic.
May 1983; p28.
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VI. DYE JETS IN A LASER CAVITY.

Dye jets have an important advantage over any other
condensed matter media and even over dye cells: they can
handle much higher average powers. Another advantage is that,
because of the broad bandwidth of the absorption, the response
time of the nonlinear interaction is expected to be
subpicosecond. In the studies described below (with the
exception of section VI.1), we have used the dye jet inside a
ring laser cavity, in such a geometry as to impose
simultaneity of counterpropagating pulses in the dye jet.

VI.1 DFWM in the Mixed Gain-Absorber Medium of a
Passively Mode-locked dye laser.

In the linear cavity sketched in Fig. 5 we observed the
simplest and most dramatic evidence of the importance of DFWM
in the operation of a mode-locked laser. The linear cavity is
that of a passively mode-locked dye laser pumped by a
continuous argon laser. A particular case of DFWM causes the
output of this laser to consist of two interwoven pulse trains
separated by 1/3 ns. The first pulse experiences the largest
gain when passing through the dye solution from right to left
(Fig. 5a). When this pulse returns to the dye jet after
reflection on the end cavity mirror, it "collides" with the
second one, creating a population grating in the jet (Fig.
5b). Scattering of the first pulse on this grating will

result in an amplification o' the second pulse (travelling to
the left in Fig. 5b).

a)

i b)

Figure 5.
Mutual Interaction of two
Counterpropagating Beams
in a Mode-Locked Linear
Dye Laser Cavity.
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The second pulse being much longer than the first one, cross

correlating the first and second pulse enabled us for the

first time to measure accurately a subpicosecond pulse shape,

and to use it as a stringent test for theoretical modeling of

the mode-locked dye laser and of the mechanism of DFWM in the

dye jet. This work was reported at the XIIth International

Quantum Electronics Conference in Munich [6] and at the IlIrd

Int. Picosecond Conference in Garmisch Partenkirschen [7]

(Appendix D). The major conclusions to draw from this section

are listed below.
a) A very small intracavity DFWM effect can have a major

effect on the operation of a mode-locked dye laser (even

creating an additional pulse train as in the present

situation).
b) A simple model based on rate equations can give an

accurate description of the operation of the mode-locked

dye laser and of the mutual coupling of two

counterpropagating pulses in the dye jet. The agreement

between theory and experiment is demonstrated in Fig. 6.

c) Our work took the finite thickness of the dye jet into

account. By applying our theoretical model to the ring

dye laser, we were able to demonstrate the stabilizing

effet of the absorber jet, as well as the limiting

influence of the absorber jet thickness on the pulse

duration [73.

CROSS0COSEATION: SHAPE OF THE WEAK PU.

ol IN PI n V 6

Theory Experiment

Figure 6.
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VI.2 Picosecond DFWM in an Amplifier Jet of a
Synchronously Mode-locked Ring Dye Laser.

In this section and in the followings, the two "strong" or
"pump" beams for DFWM are provided by the counterpropagating beams
in a ring laser cavity. We presented [8] the first demonstration
of DFWM of picosecond pulses in a saturable amplifier. Our
theoretical model, accounting for the transient nature of the
interaction, provides an accurate match to the experimental data.
This work has been reported in details in ref [8] (included as
Appendix E). The ring laser (sketched in Fig. 7) is synchronously
pumped by an argon laser operating at roughly 240 MHz. Our data
show that the transient nonlinearity could be assimilated to a
constant third order susceptibility (one of tPe 2largest broadband
DFWM type nonlinearity in the visible) of 10 m /V up to a DFWM
reflection coefficient of 1 %. The range of probe delays over
which the signal could be observed established that the mutual
coherence of the counterpropagating beams in the dye laser is only
0.6 ps, which corresponds to the dye jet thickness. We ascribe
this short coherence time to mutual saturation of the intracavity
beams in the amplifier jet, which favors an incoherent
superposition of fields at that location. Some degree of mutual
coherence was forced upon the counterpropagating laser beams by the
picosecond pump pulses. It was impossible to observe DFWM with
continuous pumping, and simple interferometric measurements
demonstrated that indeed, the absence of signal was due to mutual
incoherence of the fields meeting in the jet. Our study shows also
that the maximum DFWM signal is ten times larger in a saturable
amplifier than in the corresponding saturable absorber. The very
strong fluorescence backgroung in the case of the amplifying medium
is however a disadvantage in many applications.

11



Figure 7
Ring Laser Cavity and

Experimental Set-up for DFWM in the Amplifier Jet.

,PMT

sM3

M5
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VI.3 Femtosecond pulse generation.

The ring laser reported in this section [91 (Appendix F)
was needed as a source for the studies of femtosecond DFWM
described in the next two sections. The two main goals were:

- to develope a stable femtosecond ring dye laser in which
the two counterpropagating intracavity pulses meet exactly
in the absorber jet;

- to study the influence of intracavity glass on the
operation of such a laser.

This study scored a major technological record and a scientific
achievement.
Technological success:

We measured autocorrelation widths of 82 fs
(corresponding to pulse durations of less than 55 fs,
the shortest ever produced directly by a laser) with a
TUNABILITY range of 250 nm.

Scientific Achievement:
We identified the mechanism of ultrashort pulse
formation with successive downchirping (decreasing
frequency phase modulation) in the dye jet and pulse
compression in the glass prism (by propagation of a
"downchirped" pulse in a medium with normal dispersion).
We believe that the same mechanism of intracavity
downchirping - compression by normal dispersion - takes
place in any of the i.ng femtosecond lasers reported to
date. However, the role of the prism is replaced by
that of the complex reflection coefficient of one of the
laser cavity mirrors. We have observed that indeed, in
all the lasers in operation, there is at least one
cavity mirror that is being used near the edge of a
reflective coating, where the dispersion in complex
reflectivity is the largest. The normal dispersion
properties of a dielectric coating were recently
confirmed through computer calculations by Dr Svelto,
who verified quantitatively the ability of a cavity
mirror to produce the same pulse compression as in our
laser [9]. It should be pointed out however, that in our
laser, in contrast to all other femtosecond ring lasers,
the wavelength and the amount of compression are
adjustable.

13



VI.4 Femtosecond DFWM in an Absorber Jet of a
Passively Mode-locked Ring Dye Laser.

The saturable absorber of a femtosecond ring dye laser
such as the one described in the preceeding section is a
nearly ideal candidate for the study of fast transient DFWM.
The advantages of using the absorber dye jet inside the
mode-locked laser cavity as nonlinear medium are listed below.
a) The two counterpropagating pulses in the ring laser meet

exactly at the dye jet at each round-trip, The problem
of "timing" the DFWM pump pulses is therefore
automatically solved.

b) The energy of the pulses inside the cavity is such that
the absorber dye is saturated, which is the condition
required for efficient DFWM.

c) The nonlinear medium is narrow (50 m), which is a
necessary condition to study fast transients in DFWM.

The probe beam is taken from one output of the dye laser,
and focussed into the interaction region in the absorber jet,
at 45 degrees with the pump beams, after passing through an
adjustable optical delay (Fig. 8). In the experimental set up
of Fig. 8, the phase conjugated signal is recorded by a
photomultiplier tube, as a function of the delay of the probe.
In another set up described at the end of this section, the
temporal shape of the signal is inferred from a
cross-correlation of the signal with the laser pulse. The
measurements of DFWM signal are performed for parallel and
perpendicular polarisation (of the probe with respect to the
pump beams).

With these measurements, we are developping a new method
of study of optical and physical properties of absorbing dyes
in a yet unexplored time domain. We expect that these
measurements will provide new physical data on organic dye
molecules. For instance, these measurements will enable us to
determine the phase relaxation time of dye solutions. This
time sets a lower limit to the pulse duration that can be
achieved in any laser or switch (for instance DFWM switch) of
which it is a component. A particularly interesting parameter
from the data presented below is the ratio of the maximum
signal energy in parallel and crossed which varies strongly
with pulse duration and nature of the dye. The analysis of
the data is complex and not completed yet. Some typical data
are presented below.

14
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Figure 8.
Experimental set up for the
observation of DFWM in the

saturable absorber jet of a i
mode-locked ring dye laser.
The laser beams inside the Cal
cavity are represented by a
solid line (path MI-M2-M5-
M4-M3-M6-M1). One of the I
outputs at M5 is sent via
an optical delay (the prism
P1 is-mounted on a translation
stage) into the absorber. 1
The "reflected" DFWM signal a
is deflected by a beam I I'
splitter (BS) into the photo-
multiplier (PMT). i I
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Figure 12

Recording of the cross-correlation of the DFWM signal with the laser pulse.
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VI.5 DFWM in a Saturable Absorber "Evanescent Wave Coupled" to a
Passively Mode-locked Ring Dye Laser.

Our measurements and theory (ref [6, 7] have shown that the
thickness of the absorbing dye jet limits the pulse duration.
In order to produce even shorter pulses, and to improve the
temporal resolution of the experiments described in the
preceeding section, it would be desirable to confine the
saturable absorber in a shorter length. Instead of using the
saturable absorber to modulate the transmission through a liquid
jet, we have attempted [91 (Appendix G) to modulate the total
internal reflection at a glass- dye solution interface. Unless
the saturation intensity is reached in the dye solution by the
evanescent wave, absorption of the latter will preclude total
reflection. Tighter focussing is required than in the dye jet
used in transmission, because of the fast decay of the field
(Fig. 13). The penetration depth a- is given by:

2 n2 sin20 n +
= 1- 2 dye

Efficient modulation of the reflection requires that:

2 22 2
dye X 1 2

Numerical estimates show that, if Qs is the (saturated)
absorption coefficient corresponding to the field at the
surface, the absorption coefficient averaged over the evanescent
region, is approximately 2 -,-1. Therefore, a higher intensity Io
(tighter focussing) must be reached at the total reflection
interface, than at the surface of a dye jet used in
transmission.

Another difficulty associated with an evanescent wave
saturation switch is the dye photolysis. The problem of dye
degradation is circumvented by replenishing the dye fast.
Unfortunately, surface tension reduces the flow velocity it the
surface to zero, resulting in a total irreversible destruction
of the dye in circa 30 s. By coating the glass with a monolayer
of stearic acid (to increase the solid-liquid interface "contact
angle") and using a viscous solvent (ethylene glycol), adequate
flow velocities were obtained at the surface.

2. / 2 .
11 :1 I/ i - nl2  'dy Averaqe.

\\ - -,X. - ., ~o

H - -
r1 112' / At z 0 -is = sL _

Figure 13.
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The laser cavity used for the tests is sketched in Fig. 14.
Incomplete mode-locking was observed. However, these attempts
were made prior to the development of the successfull ring laser
cavity design used in sections VI.3 and VI.4. We believe that
our experience in optimizing the femtosecond ring laser cavity
will enable us to implement successfully the "evanescent wave
coupled mode-locker" concept.

Experimental Setup

Figure 14.

The prism assemblies used for these experiments are shown
in Figs 15 and 16. In the first design, the dye is flowed
through a sealed cell (Fig. 15). In the second design, a free
flowing jet of dye solution is squirted on the total internal
reflection interface (Fig. 16).
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Figure 15.

Dye Cell with the Total Internal Reflection Prism.



Figure 13 .

Total Internal Reflection Prism Mounted on Dye Catcher Tube.
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VII. EXTERNAL CIRCUMSTANCES THAT AFFECTED THE PERFORMANCES ON THIS
WORK.

The project was started at the Center for Laser Studies of
the University of Southern California (USC), using a provisory
facility, too small to contain the equipment used in this
project. Construction delays forced successive postponements of
the move to a new building at USC. Unfortunately, the latter had
not been designed for research in physics (inadequate
temperature control and ventilation, no equipment access door,
no adequate water supply). Since the administration of USC
showed no intent to make these rooms functional as laboratories,
and after the loss of 3 argon laser tubes, I resigned from the
Center for Laser Studies to move to North Texas State University
in september 1981. Thanks to a low overhead rate at NTSU, the
equipment lost to USC could be replaced promptly. Nevertheless,
the perturbation produced by two successive moves did introduce
some delays in the research performances.

VIII. RECOMMENDATIONS FOR FUTURE WORK.

1. Femtosecond DFWM.

The measurements of femtosecond DFWM described in section
VI.4 point to a new diagnostic method that should be
investigated further. From the point of view of basic physics
and chemistry, this new .chnique will contribute to the
understanding of the dynamics of dye molecules in solution, by
providing information on parameters hitherto inicessible by
other methods. A systematic method to investit7 dy:cal
parameters of fast dyes for mode-locking and fa2: bhutters for
instance by DFWM) is important for the development of
femtosecond techniques.

2. Development of femtosecond lasers.

We have gained a better understanding of the operation of
mode-locked dye lasers. Hybrid (passive-active) mode-locking
should lead to the production of pulses of larger energy, and
enable us to use a frequency-doubled Nd:YAG laser as a pump
source, rather than to be at the mercy of the expensive and
capricious argon laser technology.

Promissing also is the use of evanescent wave coupled
saturable absorbers, which have the advantages of
a) replacing a jet of typically several tenth of microns by an

equivalent absorber thickness of the order of one micron;
b) providing a stable flat optical surface as reference for the
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femtosecond laser pulses, rather than the surface of the jet
which is usually of poor optical quality, and moves with air
currents and acoustic perturbations.

There is a need for high energy femtosecond pulses. The
use of single mode fibers for pulse compression is limited to
pulses of low energy, because of the small cross-section of the
fibers. Two alternate methods emerge from the work reported
here.
a) Compression through the amplification of pulses of

controllable chirp. Since the laser reported in section VI.3
produces pulses with an adjustable down-chirp, they could be
optimized for maximum compression through the normally
dispersive optics of the amplifier chain.

b) Compression through coherent propagation through a resonant
absorber. The ideal medium for this experiment has to be
determined through measurements of the type reported in
section VI.4. Dye solutions are ideal candidates, provided a
suitable dye can be found that has a phase relaxation time
longer than the pulse to be compressed. Metal vapors are
also possible candidates.

3. Integrated Optics Laser Gyro.

The theory reported in section II shows that an integrated
optics laser gyro is physically possible. However,
technological progress is required in the area of integrated
optics (low scattering and phase conjugation by DFWM) before
this concept can be implemented.
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Influence of wave-front-conjugated coupling on the operation of
a laser gyro

Jean-Claude Diels and Ian C. McMichael

(:,-ntr t ,r l.,js r Stdli.'s. Itut rv*rs f Souther'] ( iforlmol. I ii*rIt\ Pork I,. .\nr ,.s.., ( hjlformo 11)117

Reu:ivd fl nuar 7. 18I

WVe present a theoretical analysis of a ring laser incorporating a wave-front-onjugat ing 0 ILupl ig element between

the counterpropagating waves. Our results demonstrate t he possibility both of using a homogeneously broadened
laser, such as a solid-state or dye laser, and of a substantial red uction in lock-in 'req tiency.

If a ring laser is rotated, the cavity round-trip time be- will introduce a similar coupling between the waves E,
comes different for the two oppositely directed traveling and E,. We shall consider in this Letter an ideal
waves (ODTW's). This implies that the two OI)TW's wave-front-conjugated coupling, as provided, for in-
have to assume different frequencies. If portions of stance, by degenerate four-wave mixing at c,,, in a me-
each of the ODTW's are allowed to exit from the cavity dium dominated by the proximity of a two-photon
and are mixed, a beat frequency van be detected that is resonance :t .4 [nonlinear polarization: PI. = ( xNL.EF
proportional to the applied rotation rate. This is the E)E,*. where EF and Ep are strong counterpropa-
ideal laser gyro. In practice, however, there is a cou- gating coherent (pump) beams at wu, E, is the probe
pling of the OI)'\V's because of the backscattering off beam-E, or E-and PNI. is the polarization coun-
Line of the Of)T\'s into the other. At low rotation terpropagating to E,, induced by the nonlinear sus-
rates, this coupling causes the OIYFW to assume the ceptibility )NJ]. The field configuration is sketched
same frequency, and the beat frequent:- disappears.' in Fig. 1. At each round trip, the wave-front con juga-
This frequency synchronization of the ODTWX is termed tion causes a field amplitude c[, to be added to the
lock-in. counterpropagating field E2 , with a phase -oi + ",

A good ring laser for gyro application should have not where is the constant phase angle introduced by the
only a minimal coupling between counterpropagating phase-conjugated coupling. The constant phase shift
waves but also a stable .tanding-wave mode of'operation incurred by each field after traversal through the con-
when at rest. Homogeneously broadened gain media, jugating element can be incorporated into the cavity
such as in solid-state and dye lasers, have therefore been perimeter. The differential equations describing the
ruled out for gyro operation. evolution of the ODTW fields are

Kuhlke2 showed for instance, that. in the case of cw
dye lasers with weak backscattering (oul)ling. there d,+ + . -

is generally a strong imbalan(e between the counter- 2
propagating amplitudes. The laser o)erat ion even al- I
ternates between the two modes when the backscat- d
tering (oupling exceeds a cettain threshold. Our - E., = -. E., + Ire'' + ce'''' - JA]E. 3
analysis ehows that insertion ofa wave-troit -conjugated d-, -
c((oupling element inside a laser cavity . I ) results in re- I
duction f the II 'k-in threshold and (2) reduces the
imbalance between the amplitudes ,)f the ()l)TW's in The o's are the round-trip gains. r is the backscattering
homogeneously broadened rotating ring lasers, making
them possible candidates Ior gyro (1t tatiol.

At a1v point within the ring cavitv. the count er-
propagating fields Eare described 1)v the Slowly varying
amplitude U' ) and phase t. :t tmincthmos: DE: ED 0

E, = / exl)I(tl:' + o.)l.
E2 = e,2 expiilct + ""21. )

The in,;tantaneois frequencies of the two counter-
propagating wave-A are. resp(c(lively. co + oi and , +
.2. where w. is the emission trequenv (if the laser at
rest. At each ro, nd trip, backs(attering will cause a
fraction r of the Iield El. phase shifted 1)y an angle i 1,
to be added to the counterpropgating field E_, and vice
versa. An intracavity wave-front-conjugating element Fig. I. iheld conlignrath io.

Reprilnt -il m Irt (ptic% L.etters, \ , , ,g .'I -1
'tI, right I i h tv h ()tltical ,(if t, \m ,'r , . ind r( v,r dt I ti', t -lou , t ti ., ' r ihl s, r
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coefficient, I is the phase shift of the backscati tred ('lputer analysis clfirms the restoratio of gyro-

wave. ( is the coefficient of phase-conjugated reflection, ,cOpic response through wave-front-conjugated coo-

the -2:'s are the phase shifts of the phase-c, ojugated pling r for all values of, • 1 2,3. An example is

reflections. c,, is the speed ot light, and I is the length of illustrated iu Fig. 2, pertaining lo the extrein- Case in

the perimeter of the cavity. These equations can be which I) = 2,1 with ;a rotation I. = :.3rc,,/ This

rewritten in terms of intensities and phase of the rotation rate is slightly ahve the lock-in threshold (it

OI)TW: the laser with ( - J. For = t, the system (of Vq-.

S(4) (7) evolves toward a stationarv solutioin ,oith a
11= < l~tll + 2\ 12 flr,(05s +)+ C (s' ], 1- ) strong imbalance between the intensities of the

OI)TW's. The time evolution of 11. 1.2, and .in the
, = - .,1., + 2\ l., jr 'os) - I + 'cos,, t-t cases in which c = randc = 20r, is plotted in Fi'. 2. For

c 1 the soltiit.ns are periodic with period 27r/R!. An

I average beat frequency between the two periodic waves
=R1 - Ir () can be measured:

+ - sin( + 0II + ctl - 12) sin I.() n W f1 ldt
S=_, si n r dt

frlsini(;,! For c =2t0r there is no strong imbalance b~etween the
1, + I +.intensities of the OI)TW's; the phase and amplitude

-1, sin(g+ lI + ctl +l.,) sin . 71 modulation becone closer to a sine wave, and the gyro

where = - ,t, is the instantaneous heat trequency response (' )/Ri. approaches unity.
between the ODTW , € .+ q + 2' . -is the ota- For = r all gyros with 1.9) _ Ii _ 1. 14 show nearly

tion rate of the ring laser, R is a geometrical-scale I'actor identical response. Therefore, in order to assess the

of the gyro', and I1 and 1, are the intensities of the influence of the wave-front-ctjugated coupling In the

counterpropagating beams. These equations are in- gyroscopic response, we chole the saturation parameters

dependent of the constant phase angle "j introduced by 3 = 1.020, and ('I was adjusted ',or zero gain with i = 1-,.

the phase-conjugated coupling. The net gain coeffi- For this choice of parameters the functions 11, 1, and

cients oi and 112 are given by , evolve toward periodic solutions at large rotations.
even for c = 0. We chose a Iackscattering coefficient

= 1+ l+ I. . r = 1(-4 and a cavity perimeter I = m.
The gyroscopic response ( )!Rt is shown a. a |unt-

01 lion of applied rotation h'PI in Fig. 3 in the case (of a
= fl - L hackscattering phase angle -=250'. The dashed line

.+ ()l corresponds to the standard g'ro response (c = 01. The
where o,, is the unsaturated gain and in, represents the
losses. III the denominators, the products 31, and iIJ

describe, respectively, the self-saturation and inutual 2P

saturation. c- r c- 20r

The gyro equatiolns have a steady-state solin (, , =-

lt1 fore =t and i = 3 given by

s in') ,_ - >.,I;: Ri
I Cos((- - r/ )

co ( + 12 S CI

The sy,;tem of Eqs. (9) and (101) has a standing-wavilike
solutiion (I , In; = 0) for small rotation rate., t I < o(LW J
rI-'/It and a nearly unidirectional solution (I- >> I,: 2 o i

' -"2 - t ) for large rotation rates ( M >> rc1 /I I. The
existence of' these stationary solutions for the e(itire ,a'/

range 3 < /I < 2 , and their stability are d'enoil(,t rated
), v in) ril it Iintegration ot'the gyro equl ii ilS (1 I ti .i s- 1 -,

( I.n arhit rarv initial values, the fund i(1iS I 1I., ;iid .,4 ; i,9¢ evolve to'ward steady-state solutioIns ttl and t li1t. bor ,,,,Rrl. * 05 c,,€/Rf-099

these .,,titionis. there is n en asuirable beat frepilt~ iig.2. Tli'e e\(Oilit imi tIhe iiteisit ics and iill t aill' io lti
between the tw~l )1 )TIV's t = ItO, and ainy laser wi t b. heat frequeincy tl the ti'WITI" in a ru, ingll. rinig lat ,r w ith a

U a; - a iears It nsu it ali f r gv r(1 op r it l ii, gain in('ditiun that is dt ininat lhy I- .rss s;aituratii i = 23.
24 aperTnutbefr yooeaim he ftine ev<oloil 1 I i, ,ho%%n (or Iwft vdohe of'thiccoet~licienl

However. wave-front-conjugat'd coiuplin g c x i re- Il phase ('lil ' rt'hct (: c = r aid c 2ir, where
stores I gyrlscolpi(' response for these lasers by allhtoing is t hi tacksatiering coetticknlit. lititese in ., hich r.

the exi, lenl oi'r the stability of the stlalilnar y solit i ins. th, .1,,('all It I i ;,nl I , I.,\ e Itin tI. x lplnlle ill sit I h r Ic.-
In the particular case (if U = I considered ilbove, it (cin riI(Iic behavior. F,,r thi' figlure, the rotation HW! is -lighll\

easily .be seen that the assumpt illil ot steady state C;in- ablq,\'t th(' lock-in thrc-htd olt'a g\r-.i ith - At te it

not lie satisfied it'f- = r for rotation such that R!? > rl.,//. ltmn W( gir' - the gy,-ro, r'-p(I,n',e I)/ !. in hoih ca 's
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-did lint ctirrvt-i tt I,- I lie sonic toii midiiii %-ith l1!

GYRI 'Incet the V-.t(-t ifl (,It 4) I remiains~ UnChanged
RESPOS under Ite replm eitent -; '. - ' the prgvri

/ -- - sj a nse is nn'tri andt is JlIitted ()nl\ fotr I)cilive
I i iton tIli Fig. :4. T[he liA-in frequentcy is seen lI i Ile
Jt ihst ant ialI v reuticd. T[he redttced lock-in trequent.

andt enhanced -v ri, repi ill t*hi l d I eexpeteded b et 1ise

fte phase shilljo induk(hced hv the wave-front cmnji-
grali ton are i anio (of itt with the o)nes that are due to
rot atitol.

-~The hat ksctitering i1.t )that accopunts fo)r lock-it) o4

ROTTIO Rn(SE-')and notlresinlt (mirrors, particles) vonitriut ions.
ROTATION SEC -Havigshowe-d t hi.t witv-fri nt ton jugatt ion akes gyro

Fi .2). Gv rir'poe\esi oain o itn rn it uerot ion pti~sibtt for any class o& laser iincluding
with a gain mediuim tharactieried hiv iie~irl tittad t am waveguidel. one -tit expect to encounter Ili\- value for
ration aid tr(,s saturatiom .T U' 1- _\n r repiiioe I, the phase angle (. Figure .4 illustrates fte ensitil. iv

he ave rage b eat I req m-o0vbtenti i)lW d Itllv tf olgyrtisetipic respttns(- Ilit- hackscatlering phase angle
It, roiat il. whe-re I? is the, sale titi-r t,1 t he -,\ ri, andi t. -The hatche.d hand co)rresponds to the case in whlich
i . thlt riittiiin rate t (It hi yri,. '[Ia ilwd intmeiw lilt- c 0, and thel- ilid hand ciirre-sp;)nds, to the case in
gro respisiith leneit iii.ti iijlig which c = r. The w idth of these hands co)rresptiids to

Fhe ,,lidl line is htr thet same gyro with thet atlditii,ti i the( accuracy (f the calculatitins. The average heat
jiis-eio,~ati iiipling , r. Fur this ligimri. lit- back t

.ittrig tefji t-il - ii ntith- tvit Iurmter/ requencvgiies lt zero simewhere within the hand.
fIt0. Alhough Eqs. (9) an ( lIM) are, dleveloped for .~=I.they

give s(Itie insight i 1110 the case, in which 3 'll [e
muinimia at 7-,,2 ci irresp intl t ithe lack of' a steady-
state( stilutiti tot Eq . On anid ( It) 1'f)r = r/2. Thlle
hands mneet atl ( = (). ti isistent with thle fact that Eqs.

(4) and 1 5l are idlent ital atl ($ 0 Fruin Eq. I 91. the
10t lck-in rottation rate at (=0i M= (3 X 10-1 sec- Ifu(r

11 the parameters ch(isett prevnwusly\
D gate counud thatisr with h d itioneu impas-cnj-

gtdtipigriglaesithiugenetulhrtaend gain media, even when dotminated by ertiss sat u-
/ rat tilW t- I), will iipvrate ats laser gyros. lin addit itn,

/ ~phase-conjugated ti ii g liettween {)lTrW's itt a laser
/ gyrit resuilts in at redution1 tif the lock-in threshtild.

'l' his woirk wats suppi rtetd by I hu- I S. Office i if Naval
0 -~lRese'arch.
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Abstract. We present an analysis of the impulse response of four-wave nixing. in the case
%%here the *two-photon term. of the nonlinear susceptibility is dominant. The nonlinear
interaction itself will be considered to be steady state. The conditions of negligible pump
depletion are considered first. It is shown that the reflected beam has only the character of
perfect phase conjugation if the pulse length is longer than the medium length, and the latter
is short compared to the characteristic distance of the problem. The "'weak-pulse'
approximation involving only two coupled equations is compared to the exact four-wave
solution, when the medium thickness approaches the critical oscillation threshold. Finally.
the stabilitx and existence of steady-state solutions is analyzed for very long media
(compared with the oscillation length).

PACS: 42.65

Sexcral effect, occurine in de-encrate fot r-"~ ax application of four-wAave mixing in multistable dex ices
mixing in transparent media haxe been predicted [ 1 4] [12]. ihe dynamics of temporal phase conjugation are
and observed [5 8]. Abrams and Lind [2] demon- important for intraca\itv applications of four-waxe
strated resonant enhancement of four-wave mixing mixing [13. 14].
through a single-photon resonance. %larburger and While the time dependence of the fields is taken
l.am analyzed four-wave mixing in dispersive ion- completely into account. the nonlinear interaction
linear media, taking full account of pump depletion itself will be considered to be steady state. The more
and intensity-dependent phase shifts. A steady-state complex case of transient degenerate four-wave mixing
approach was used in most work. Recently. Rigrod et involving transei coherent nonlinear interaction will
al. [9]. Bobroff and Halls [10]. and Zel'dovich et al. be considered ;n a subsequent paper. As in one of the
[I] ha\e considered the impulse response of de- first papers on thl .;bject [I]. we consider here the
generate four-wave mixing without pump depletion simplest case of colinear rii~ng of two strong counter-
and neglecting the Kerr effect terms. The purpose of propagating pump "aves. a forward incident probe
this letter is to show how the reflected beam E8  beam of amplitude E,. and the reflected beam E,.
responds to a transient excitation E. and in the case of
intense pump. whether evolution towards one or more
steadN-state solution(sl can be obser\ed. The latter
question is important in relation to the potential I. Propagation Equations

* Prew ultiress )rpt ol PhsxJc Nlrih Iexas Slate I tmwcts. In an isotropic medium, the nonlinear polarivation
t)Cnt,,n I \ 762i. t SA induced by an electromagnetic field E has two contri-

340-3 09 3l W26 (115 SOt 20
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butions. respectively, proportional to (E.E*-E and to (A, B,- A,- and e,, arc the normalized electric field
tE'E)E*. The latter contribution is typical of a two- amplitudes [, (Z. f'I= E:. I' K.1, -El E,:
photon resonant interaction, and is responsible for E = E1 0: , E, E2 ].
wavefront conjugation in the case of colinear in-
teraction with crossed polarization [3] Iprobe polaril-
ed perpendicularly to the pump fields). Only that term
in the nonlinear susceptibilit will be considered here:

In the following we will consider the medium to beP= A(E- EIE*. (1)
irradiated by two equal counterpropagating pump

The field E is composed of two counterpropagating fields of constant miensitb at the medium boundaries
.'pump" beams E, and E , and a "signal" beam E, _-0 and -=1. If the probe and signal are small
counterpropagating to a "probe" beam E. In the compared with the pump fields. R-.0. and pump
slowly varying envelope approximation, the equation depletion can be neglected. then the system of four
for colinear four wave mixing along the direction X are coupled equation,, 474 0t) reduces to two coupled
given by equations in A1 and A1 [Lqs. 47), 48) with R 0 and

EF 7 E, (1/ &2 = 1 from Eqs. (9). (1l. The pump depletion can
--- -... - [2EE"E,+qE + 2IEBI2 )E, ] 12) be neglected if the medium is short (14 11. or e,,n for

ct X 4e.1 I> I if the phase t' of the interaction is such that

1EB fE, • cosqi'-O. The pump fields have then constant ampli-
... -. =-=!1[2E1EE -4-J +2+EF2EB] 13) tude E,, and a nonlinear contribution to their

.t X 4 wave vector due to the second terms in (49. 4l44

cE1  EK = " [E= E0 exp(;i:I and E2 =Eexp( - 3__j]. It is iniere>i-

( [(E 112 +21E 2 l2)E1 +2ErE5 K*] (44 ing to note that the solution of the constant pump
approximation is independent of the phase angle t. In

cE, -- , 2 
+ r I- E+ E ( the weak probe no depletion approximation. the four-.... = -- [ E 1 + -1E,1')E, + 2EEE* ]. (5)

Ot -. 40 wave mixing problm iclds exactly the same solution
whether the nonlinear susceplibilit is real or imag-

We will generally consider the situation where pump inary. The evolution with time of the en~elopes
fields of constant amplitude E,0 (for the forward (,A-:ld4t:) is independent of the phase angle 4. As the
propagating pump EI and E,, (for the backward forward propagating pulse sweeps through the non-
propagating pump E,A and a forward probe pulse of linear medium, it is amplified and generates the back-
peak field amplitude E0 are sent into the medium. The kard propagating signal. At an% time. the same energy
fields can be used to normalize )2)- 5). The pump field gain is experienced b each signal and gi~en by
amplitudes E,0 and E'o determine the characteristic
distance dI.,. dIV8  2 .1

dt = _-it - IA6 'flrdz'112(ioi ill

L w FO 0E .6) where the energies 0' are defined as .i?,d:.

The parameters of physical importance for this pro-
The respective importance of pump to probe is most blern are 1) the thickness of the medium 0<< I or I- I)
conveniently expressed by the use of a parameter and 2) the initial pulse shape (duration r short or long
R=E, E,,E,. The phase angle i4, of the nonlinear compared with the medium: and phase modulation).
susceptibility is defined by exp(iti)=iJ]. Equations The simplest situation is that of a "long pulse'" sent
125) are rewritten below in normalized distance through a "short medium". The initial pulse is am-
i: =X Lo) and time (t'=c!Lo): plified linearly, and the reflected pulse is the wavefront

conjugated image of the initial pulse. In the approxi-
=e~ ~ R (~2q2~~) mation I<< I and T > . after passing through the me-e I + - [X F12 -] 1.

), 0: jidium. the field amplitudes are given by

It -,t I'r'nA . + 2 "+2, (

I -e"~ RIfA + 2i 2, 1 2 (9) The fractional energ\ gain of the probe (M' (H.d:I is
' ,'' - simply ,."

e =e' 4 + +2I 4 1),, (10) "Square" reflected ptilses are produced when the initial
t' -l: e 2 + pulse d (t=04 is shorter than the medium thickness
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ithin medium. A maximum converted intensity is by ir(7 2-1) 21. The Zel'do~ich approximation [11]
reached when the peak of the forward propagatinag Iiig. 2b, dotted hne$ is seen to apply for I 1. The
pulse has entered the medium. The same peak intensity longest decay observed with a medium close to the
is constantly regenerated (Fig. I) as the forward pulse critical length is similar to the "'impulse response" of
propagates in the medium, while the same constant Riv,,d et al. [9] and Bobroff and Haus [10]. This is to
peak intensity is propagated backwards. It is interest- be expected, since all memory of the initial pulse shape
ing to note that temporal phase conjugation occurs (in amplitude and phase) gets lost as the medium
only in the rise and fall of the reflected pulse. Any thickness approaches one. As the thickness of the
increase in the length of the medium (in the limit 1 < I) medium becomes comparable to the critical oscillation
results it a double increase of the flat portion of the length [1] 1=7 i2. the "weak probe" approximation
square pulse without any change in peak Ialue. More will no longer be valid, when Rle',,I approaches unitN.
generally Marburger showed [15] that the return is However. an exact calculation. including all terms of
proportional to the integral of the probe pulse over a (7) (10). shows that the effect of incorporating all four
rTound-trip time of the probe. coupled equations is negligible for I-- I, if , = 7rt 2. If on
As the thickness of the medium becomes larger (i.e. no the other hand the nonlinear susceptibility is imag-
longer small compared to one). the conjugated signal inar) ( '=n - as in the case of a two photon re-
will act itself as a source, adding a tail to the forward sonancel. the two equation approximation [(7).18) with
signal (which in turn generates a tail to the backward R-0] is no longer valid. Indeed. two photon absorp-
%xa~el as can be ,'een in Fie. 2a. These "'tails" can he tion will deplete the pump signals, and the product
,ipproximated b% exponentials with the same deca (, % will no longer be constant, but a solution of
constant for the fors,,ard and back.ard signals. These
deca constants decrease with the medium thickness as 2 --
,,ht\n in Fig. 2b.
A maximum conerted intens lt is followed b. the with
long exponential tail mentioned abo\ e. after passage of
the forward pulse through the medium. Zel'dovich et
al. [ I I] calculated that the decay constant close to the In the case of R = 0.5. the transmission and reflection of
oscillation condition (I = it2) could he approximated a short pulse are compared for the cases of dispersive
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hahsorpti e interaction, losses preent the exponential

grouth of the "reflected" signal resulting in a nearls
I t\perfect -square pulse" (shaded area). The absorption

losses appear to compensate the gain responsible for
the signal distortion. Figure 2a shows that. for re-

sonant (non-dispersiei interaction, it is possible to
haie altogelher an intense return (a large reflected

" -Venergy coefficientil and square pulse generation. Two-
photon resonant four-waxe mixing could be used to3
generate square picosecond pulses of adjustable du-

a rat ion. The duainof the geeae pulses is the sum
Z 2 of the probe pulse duration and the round-trip time

through the interaction medium.

0 0.5 10 .5 3. Strong-Wave Interactionh Medium 1hqCknlesS /b medaa ion oa hiped I We consider now the case of a thick medium U> IIF iv. 2. tat Propagation (if a ,hort chirped 0ii-tanMII pulse kalne1

phase and enselope function as in the pre\iou, figure) through a where all fields may acquire the same intensit\.
four-wave mixing medium of thickness 1. The solid and dotted lines Equations (7)-(101 were solved numerically using a
at r = 7 show. respectively. the spatial distribution of the amplitudc predictor-corrector method. We shall assume in the
and phase functions. for the reflected tleft and transmitted pulse. for following that R :I. Uinlike the "weak-probe" approx-
the negligible depletion approximation (tt\o equations). The exa.t ieation. the solution no\ depends on the nature of the
,olution Itaking the four equations into account for In ahsorpt is e
nonlinearit ti,- = ntis given by the solid lines ontouring the shaded tnteraction, or on the angle ti'. In the ease y,-= 2
areas. iht -xponential decay constant n( of the signal tait in Fig 2 (dispersise interaction), there is no energ. left itt the
sersus medium thickness I. The tail of the forsward and backward medium, and the followng energy conservation equa-
;,,opagitmg puls,,, in Fig. 2 is appro\inated b\ cxpt lie lion must be satisfied
di,~in .e : a tt thickness I are ii the reduced ltllit, &1tc lihcd Ill itilm b
cI\ T he dolled lule is tile solution of /eldoich CI .i f II I

I ti= n 21 or absorptive IP'= ni) nonlinear susceptibilit. - )V.I 2 + I - iC ' - :21

in Fig. 2a. rhe lossless interaction provides a large
energy transmission (1.154) and substantial reflection
10.1551. The two equation approximation )R -0) The left-hand side is the energ) lost by the fields within
matches perfectly the larger reflected and transmitted the medium. while tile right-hand side is the flux
pulse shapes idispersive interaction). In the case of entering the medium at the time dr.



\N pre\ Ioull ,,hall consider thle case ot a iiedinnt
Irradiated b\ucneul hwt~o constant kili pill-t
ple1at inc pumlp beamsil. Ior a iitediiiiii1 willh I t IN
not clear a prior i hthcr thle traisinissioli and 1
tNOM of' a ConltinuousLl probe beaim \%ill be a Iinglc-
N alued COntantl. orl at mlulti-,lalued IIstIt 'Ia

periodic function. hr o approache cant be usedL I.'
StudN the field d ist rib1,nionS IMid tihe meld 1W in alid 111C
absorption reflOct ion COeIliclents .
I .A stationar\ approach so0l\ ing sell 011,1i1L11111,
thek. soszen of 17 (10)) \%ith the .issuniiption i tai ilic
time deriatises I', are ,'ero ' --

2Solve thle ssstemr of (7 (10) for a step ItinIll

Input (1(t. 
- _____

Thle first approach leads to a ullti ltied tr s sir

and reflection) for large s alues of the pui 1121 or
for a forae thickinesoflnonlinear material) I he scond 11 "Ilit'.tdl h ritetlt 2 A Iuteit 111IIA1IIthe fkiuIICRIt

aipproach is to let the fields inlside thle mledium11 Cs se I , Iw health, tiei j tti ILItIIII 111ie1Ci, I he

'11.1k 111.11 dl,,11 etICI IC eUt t 10\ C Itted arnd a h dh I hie

dens ation of the ;tationaro approach is detailed first. iiI- ,I owe ekwlittl i-.tabh ftin ire eLlen h\ the2 ohd link

Ill steads ,tte. one canl convlert (71 lt)t to at Set Of" fie .IIiI thle 11C.1 h'lterl h\ The JilteCd IICNte

real equation, for the amplitudes p I 1. 2. F. B) anld
relativle phase 0t W + (t) - iy, of' the iiv'ract-
iiig w\aves. The amplitude equations are easily inl- [Jlere the intensities are normalized M ) L thle inl-
teLrated to yield three conserved quantities analogous tenisit\ of both the forw\ard and backssard pump
to the Manley- Rowe relations of parametric amiplifier wav %esl.
theory. These conserved quantities are [quation ( 13) is anl elliptic integral of the first kinld

to hich can he evaluated using standard techniques. For
VC(" 1 > Lr. thle Solution is nlot unique and this leads to the

- =int riguing possibilitN of discontinuous transitions be-
tw\een the % ariouIs steady states. This solution is show\n

2 in I- ' (solid and dlashied lines). The stead\ state
-i=C transmission J(' j is plotted ats at function of medium

\% here C c C3 are conistants Which Canl be evaluiated litngth 1. for equal counterpropagating Pump ititenl-
atl thle bound-aries of the medium. Ati integration of thle i.ties (E,, = E, =I ). The oscillation threshold would
phase equation results inl another cornstant correspond to I = 7r 2 inl thle "negligible ptip depletion

approximiation". The probe is of constanit amplitude:

i11Ili order to \erify- the stability and existence of thle
.cos)--((~~C: ~C~)I% 2 -2,V 1.siead\ stte solution.tefed inside thle mediumi were

-iese constants are theii used to reduce the set of five let to es ole with time. according to the system oftC
one ~ 11 sai I). sithI the same boundar\ conditions as in Fie. 3.

equaion toa siglequaratre is os tg [e stable equnilibrium is fotund onlls for the raisie
able ("1 \\itil thle boundary values of tile fields as.
parameters. I-le result i.- portioin of the transulission Curve (solid line) wyhich

agrees. accurately with (lie analytical "steady sta te"
itresult. [hle two ot her anak tIcal steadyv state solutions

ap'promimate fedconifiguration ofstead' state Aand
h e B as Initial conidition (I - ttt. resl inl a fitial stead\-

-= state coinfiguratioin U.
[hle ;tabilit\ of thle soltitionl C against pumlp po~ker

aniid flucttiiitton and a ga intst tillbatlairced puitmps sva s s erfied
Quu VI,.IIL --I) JI- Is wcting thle intetisits of t he forw\ard pump IF I to

/Ceo for at time ititers l corresponding it, a pro-
v 11- ii1 ti (Y,11 ttt ,: pagatton distance through half the tnediutii thickness.
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We hase xerified that these solutions arc stable. and
' 3 . . = 6 25 reached \illh different initial conditions. An example of

n.111 c\olUtion toward,, final state is shown in [iig. 4. foi

a iiiedinun length I - 5.3. A step function probe field i.
chosen linitial condiltions: rt = 0]. The tran,-

/ 76 mission factor initiall. raises to he \alue correspond-
ing to an extrapolatilon of the stable steady solution
tsolid line i -ing. 31 which appears to be a metastable
solution lhcreafter, the transmission factor decreases

-------------------- ,uddenl\ to the stable periodic beha\xor. For exen
=longer media (I 1 l2). the field distribution inside the

medium cCase. to he MonotOLnic A chanae of ' in tie
phase factor of the probe beam is seen to propagate
periodically from _-0 to -=1. In no case did the

"_ _ _ __ _ _steadx-state solution fdashed line) appear stable. It
1 _20 __ __ should be noted that only the nonresonant case

2..,= it 2 can he a candidate for bistable operation. Fot
1 1 2 3

i 4, t. t\%o photon absorption always limits the effec-

50 100 150 200 250 ti\e length of nonlinear interaction. Based on these
Time time-dependent studies, it appears unlikel, that four

Vile 4 :\olution \kith time of the transmssion fitor , a %%,axe mixing can be used as a nultistable de\ ice in the
furnrc. , it of nie for "arious value, of the medium length case of instantaneous medium response.
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Picosecond Resolution Studies of Sound Ztate Quantum Beats and Rapic
Collisional Relaxation Processes in Sodium Vapor
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Berkeley, California, USA
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We report experimental studies of coherent transients and coilisional reiax-
ation processes in Na vapor, using degenerate four-wave mixino (DF, M) wit'-
picosecond pulses. These include investigation of the quantum beat rodu-
lation (due to the hyperfine sp]itzir, of the ground state) of the intensity
of the DFWM signal as a function of excitation pulse separation. The picO-
second resolution obtained by varying the pulse delay in our DFWM experi-
ments has resulted in the first observation of harmonic structure in the
Gua turi beat modulation, and in the observation of an anomalously rapid
(e- decay time <50 psec) collisional relaxation process at increased tempera-

tures.

in our experiments, we used the standard DFWM optical arrangement with
forward (f) and counter-propagating backward (b) pump pulses, and a probe
(p) pulse arriving at the Na cell at times: tf, tb, and tp, respectively.
Optical delay lines allowed us to vary both t, and tb independently with
respect to tf, whose instant of arrival is de ined here as the zero refer-
ence of time. For our excitation source, we used ',35 psec pulses (t'a = 9.5 GHz)
at 5890A D2-line) from a cw Rn 6G dye laser synchronous!y-pumped by a mode-
locked Ar laser (repetition rate ->eU MHz). DPAM signals were easily ob-

served and the average power in the siqnal wave 'i.e., the energy in the sig-
nal pulse) was monitored with ,iow pnctodiode and phls'?-Sensit ve (
detection electronics. In contrast with other related work [1-3] no 'ity

dumping or amplification of the output of the cw mode-locked dye la.er was

used for these experiments, and pulse areas were typically less than f/1OC
A Faraday isolator was used to prevent feedback into the dye laser.

In Fig. 1, we show the signal intensity as a function of to , with , 'xc
at values of 1670 pscc and 370 pse,-. !c signal intensity is' plotted
logarithmic scale, to emphaE;iz.- ti. 6yrawic rarge of the data in the re..".
nof fast decays, sicn as tp0. The frodulatior, of the signl n .oh
)a and lb at both thi' frde:fr.ntal ond second harmonic of the oround state
-i/uerf'ne 1reqrrcy !.7- G;tz. Ti "  c 6 5 psec) Is ?asily observab>.

ci oe spicn , a n b"ich p~lses are incident in the ;equence f,p,b (i.e.,
C - t t., te fo-jr-wave imxinQ sinIal has been identified as a phc on
echo ?called the backward-wave ecno) with enission occurring at t~t 4t.

No echo occurs for t 0, o. for t . . Quantum beat modulation in -,.le
ecno itself has been discussed by Nk tsuka, et al., but this is the firu_'
exoerimental study of quantiui beat moculation of the pulse energy as I furct-

ion cf excitatinn pulse sepv"aton ti. fha".cterizing this quartum boat
m.,dultien is essenV.ial hfo-'. jitris,i-,ir pu:ses can be used for FRI-' s:jdiF's
)F rapid relaxation Proce tses. such a- for tte study of tne eftect o deppr-.
inq or rephas!r.g colisions wit i larrge number or external I. ,Jrber:,
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Signal intensity vs. t at two values of the delay t and at
fixed cell temperaturep The relative magnitude of tge
curves is not significant.

The rapid decay of the signal in Fig. lb, at tp 370 psec, is due to the
change in the pulse sequence. This rapid decay is consictent with the absence
of the photon echo, and was verified by noting rapid decays at the appropriate
time delays tp for various other coices of t,. The modulation in the signal
for t > tb is attributed to sjosequent backw rd pulses (from the high repet i-

tion Prate laser) scattering off the v!2 modulated spatial grating formed by
an initial f-p pulse pair.

It is well established that transient four-wave mixing in the backward-

wave echo geometry is a useful probe of relaxation processs affecting siny
states and coherent 3uDerpositions of states [1,I]. In Fig. 2, we show evin-
ence of an ultrafast collisional relaxation process tnd,. we obse-ve,. it i-
creased temperatures. 250 mTorr of He buffer gas w-_ jsed for the d.ata .
Fig. 2(a). Such a strong temperature dependence :i anoria ious , ra:i] ,e:--
is not directly attributable to known cross sections of Na-He and N,:-'4a c6>
isions. In the absence of He buffer gas (see Fin. 2(b)). similar decays We.-
observed at slightly higher (-.15'C) temperatures, excljwir t e pessry'. s
of relaxation via Na-He cnllisions. One possible source of such behavior iS
an unknown impurity, merhapt Jue ,o cutassing trom the spec'fic cells used;
we are presently unaware of an impurity with .uch a idrge Na-perturber crn.s.
section. This rapid decay is presently a topic of turther investigaticn Lli.

tn our talk, we will :, pa e our experimental irs wit
The relation between quan-tm beats observed in our backward-wave euho experi-
merts and quantum beats observed in fluorescence [51 and transmission [2]
experiments will be discussea.
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1. Introduction

We present a theoretical mu'iel of the linear and ring, passively mode
lccked dye lasers. This simple model gives a clear understanding of the
roie of the amplifier, the absorber, and the dynamics of the degenerate
third order nonlinearity resultiog from spatial hole burrinq p1].

The validity of the model 4s established by fitting the pulse shapes
measured experimentally in the case uf the linear laser. The model pre-
dicts a minimum pulse duration in the case of the ring laser which is
within a factor of two of that obtained in experiments [2].

2. The Experimental Measurement of the Pulse Shape

In each roundtrip time for the linear cavity (4 ns) we observe a train of
two pulses separated by 0.33 ns. The J.33 ns corresponds exactly to the
roundtrip time for pulses to travel from the dye jet, to the end mirror,
and back to the jet. This indicates that the pulses must collide in the
jet.

-wo aspects of the linear laser output make it possible to extract
in'urmation about each of the two pulses from the auto- and cross-correla-
cions. First, since the peak intensity of the first pulse in the train of
two is more than 15 times that of the second, the auto-correlation near
zero delay is unaffected by the second pulse. Second, since the secon6
pulse in the train of two is much broader than the first, the cross-
correlation accurately portrays the shape of the second pulse.

The experimental measurements are shown in Fig.1. The front of the
oroaa weak pulse has a slow rise followed by a fast decay. The auto-
correlation of the sharp intense pulse scaled down to the peak amplitude of
broad weak pulse is indicated by the dashed line.

3. The Theoretical Model

Tne theoretical model includes saturation of the gain and absorbing media,
interdction of the pulses through spatial modulation of the populations of
the active media, a finite jet thickness, and dispersion and bandwidth
limitation in the cavity. The population difference W of either media will
evolve according to the rate equation
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E W + (W - We)(/T (I)

E 2 eq~
s

In Eq. 1 E is the saturation field W is the population difference in
,khe absence of fields, and T is the iifeime (corrected for the pumping
rate in the case of the amplifying medium). With a driving field E
composed of two counterpropagating components

E = ie i(wt-kz) + e2 e
i(wt + kz)

the population differences will be of the form

W. W + W e2ikz + W * e 2ikz
J oj zj 2j

with j G for the gain medium, and j = A for the absorber.

For propagation in the dye jet the equations are written in advancing
spatial coordinates for(F1 and regressing spatial coordinates for(62.

= A0 L + A2 6 2

S o + A*



A includes contributions fron the Wo, s and 4 includes contribution
from the W2 i's. One should not forget wile loo 1ng at these equations
that the A'-are functions of the fields. The media comprisin the c )e let
are allowed to relax between pulse passages. At each cavity roundtrip the
fields are modified to account for the spectral narrching and dispersion
introduced by the mirrors and solvent in a real cavity. Arbitrary shapes
are assumed for l and (2 and then the calculation is cycled until a steady
state is reached.

4. Discussion and Results

Figure 2 shows the calculated pulse srapes for the two pulses in the linear
laser. The slow rise and rapid decline of the weak pulse appears as in The
experiment. Inspection of the numerical values of -I.t) indicate the
formation of a strong grating during the siow rise of tfe weak pulse. As
the peak of the strong pulse is approacned, the population gratings are
washed out by complete saturation. it shaild also ae noted that the Dulse
shapes are nearly independent of the jet thickness, but strongly affected
by dispersion.

z

0 1 2 3 4 5 6

lIME PICOSECON0J

_iig.2 Calculated pulse shapes for the linear laser

This same model was used to describe colliding pulse mode locking in the
ring laser. The only differences from the previous calculations are in the
sequence of events and the fact that mutual interaction of the counter pro-
pagating pulses occurs orly in the absorber jet. A steady state pulse
shape is shown in Fig.3. Unlike the calculation for the linear laser, the
calculation for the rinq laser indicates that in the absence of dispersion
the pulse duration is limited by the ,Jet thickness. For this figure the
medium thickness was 120 'ni. The pulse duration corrected for medium dis-
persion is 0.4 psec in air. Scaling the thickness down to 10 ;m yields a
minimum duration of 35 ftsec. This is within a factor of two of the result
obtained by FORK et al. [2].
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5. Conciusions

A theoretical model has been inade which descrioes tne pulse foming
mechanism in passively mode lockea dye lasers. The model includes those
parameters that are essential to the operation of the laser. The exact
influence of each parameter has been evaluated by fitting the experimental
data from a linear cavity.

In the case of the linear laser the model predicts that the pulse shape
is independent of the dye jet thickness and that a population grating is
fomed in the leading edge of the broad weak pulse. In the case of the
ring laser the model predicts that the pulse shape is dependent or jet
thickness, that the induced grating yields pulse broadening, and that the
stable regime results from a balance between pulse broadening and pulse
compression by mutual saturation.

The agreement between these predictions and the results of experimert
ieads us to conclude that the proposed model accurately describes the
colliding pulse mechanism in passively mode locked linear and ring lasers.

This work was supported by the National Science Foundation, Grant No.
EC-8119568, and the Office of Naval Research.
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APPENDIX E

DEGENERATE FOUR WAVE MIXING OF PICOSECOND PULSES
IN THE SATURABLE AMPLIFICATION OF A DYE LASER

J.-C. Diels, I. C. McMichael, and H. Vanherzeele
Center for Applied Quantum Electronics

Department of Physics
North Texas State University

Denton, Texas 76203

ABSTRACT

We demonstrate intracavity degenerate four wave mixing in the saturable gain
medium of a dye laser. The dye laser is a synchronously pumped bidirectional
ring laser that produces pul ses of 4 ps Duration. The dynamics of the inter-
action provides information on the phase coherence of the pulses. A simple
theory of transient degenerate four wave mixing is presented that accurately
describes the measurements.



1. Introduction

Degenerate four wave mixing (DFWM) has been proposed and used extensively

to generate phase conjugated reflected signals. More than 100% reflection has

been demonstrated by this method. However, high reflectivities are generally

incompatible with fast response times. It has been demonstrated by Diels

et al. 1 that simultaneous temporal and spatial phase conjugation requires that

the medium thickness be smaller than the length of optical fluctuations. In

addition, the medium should be optically thin--i.e., the relative change in any

of the signals sent into the media should be small (for instance the probe

amplification). This last condition eliminates the possibility of simultaneous

efficient temporal and spatial phase conjugation by degenerate four wave mixing.

Fast temporal phase conjugation is important for some potential practical appli-

cations. For instance, we proposed fast response temporal phase conjugation by

DFWM in laser gyros, 2 to reduce the lock-in effect, and to extend the palette of

gyro laser candidates to lasing media with mutual saturation (all homogeneously

broadened lasers). For that particular application, the response time should at

least exceed the GHz range.

The saturation of organic dyes offers a possible solution to the problem of

fast and efficient DFWM, because it is a broadband nonlinearity that can be used

in continuous operation. The dye bandwidth makes application up to THz

conceivable. The requirement of "thin media" is also met (up to 10 THz) in thin

dye jets. The saturation can be that of an absorber or of an amplifier. In

this paper we consider the latter case.

To date there are only a few demonstrations of degenerate four wave mixing

(DFWM) in amplifiers.3  In these experiments comparison is made with the steady

state treatment of DFWM developed by Abrams and Lind. 4 We present the first

demonstration of DFWM of picosecond pulses in a saturable amplifier. Our

. .. . • .. . .. . . . ... . .1



theoretical model , accounting for the transient nature of the interaction,

provides an accurate match to the experimental data.

2. Experimental Set-Up

The experimental set-up is shown in Fig. 1. A Rhodamine 6G ring dye laser

is synchronously pumped by an actively mode-locked argon ion laser with a maxi-

mum average power of 2.6 W at 514 nm. The ion laser produces a train of pulses

of approximately 125 ps duration at a repetition rate of 245 MHz. The dye jet

is the nonlinear medium in which the counterpropagating pulses of the laser

provide the pump beams for DFWM. A synchronously pumped ring laser configura-

tion is essential to insure mutual coherence of the counterpropagating laser

pulses at the dye jet.5  In any other mode of operation, we were unable to

observe DFWM. For instance, with continuous pumping, the dye laser could be

operated continuously or passively mode locked, by mixing a saturable absorber

with the aplifying dye solution. In either mode of operation, the lack of

mutual coherence between the counterpropagating pulses at the dye jet was con-

firmed by a simple experiment of linear interferences. When both outputs of the

ring laser were superimposed at a point equidistant from the dye jet (Fig. lb),

no interference fringes could be observed. We believe that the lack of mutual

coherence at the dye jet results from the strong competition of the counter-

propagating beams through mutual saturation of the gain medium.2

Efficient DFWM requires that the optical density of the nonlinear medium be

as large as possible.' To ensure a maximum nonlinearity, the energy density of

the counterpropagating laser pulses in the gain medium should be of the order of

the saturation energy density. These conditions call for a ring cavity with

large linear losses. Therefore, we use a 33% transmission output coupler, and

insert a neutral density filter of optical density NO = 0.3 in the laser

resonator.
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Second order autocorrelations indicate that the ring laser produces pulses

of 4 ps duration. One of the laser outputs provides the probe beam for DFWM

(Fig. la). The technical difficulty of superimposing the pump and probe beams

in the dye jet was solved by imaging the dye jet fluorescence and a probe beam

reflection on a distant screen. A monochromator with a bandwidth of 1 nm, set

to the laser wavelength, is used to discriminate against the strong fluorescence

background that is imaged near the return (signal) beam. Alignment of the

signal detection involves the use of a mirror to retroreflect the probe beam for

accurate positioning of the monochromator and detection assembly. After this

mirror is removed, the optical delay of the probe beam is adjusted by transla-

ting the retroreflecting prism (Fig. la) until a maximum return signal is

detected by the photomultiplier tube (RCA 483?\. Direct viewing of the DFWM

signal is accomplished by replacing the monochromator by a dispersive prism.

A reference for 100% reflectivity is obtained by retroreflecting the probe

beam into the detection system with a mirror placed after the beam splitter. We

use calibrated neutral density filters to attenuate the return beam to levels

obtained in the DFWM. In order to check the accuracy of this procedure against

possible errors in imaging, the calibration measurement was verified using a

large area silicon photodetector, and narrow band interference filters. The

measurements agreed to within 3%.

3. Determination of the Saturation Energy

Since saturation is the nonlinear mechanism involved in this form of DFWM,

an accurate knowledge of the pulse energy required to saturate the gain medium

is necessary in order to make quantitative comparison of the experimental

results with the theory. From simple four level laser theory 6 we obtain an

expression for the saturation energy WsA (A being the cross section of the beam)

in terms of other laser parameters,

3



WsA - PT (
s 1,;s th I

Xp, A R are the pump and laser wavelengths (514.5 nm and 570 nm), Q is the

quantum efficiency (0.95 for Rhodamine 6-G), Tl is the excited state lifetime

(3.3 ns for Rhodamine 6-G), 8 e- 2 ls9 = 0.33 is the loss per cavity roundtrip (no

neutral density filter was used for this measurement), and Pth is the absorbed

pump power necessary to achieve threshold. Our cw pumping threshold for 33%

output coupling was 480 mW. Using our laser parameters, we obtain a saturation

energy of 3.4 nJ.

The saturation energy can also be calculated directly from the spot size in

the gain medium and the saturation energy density,

wS = h (2)

where h is Planck's constant, vis the light frequency, and o is the emission

cross section. Using a value of 3 x 10-,cm2 for the stimulated emission cross

section of Rhodamine 6-G at 570 nm,9 yields a saturation energy density of

12 pJ/im2 . With an estimated spot size of 201im, we obtain a saturation energy

of 3.7 nJ in good agreement with our previous value.

4. Measurements of DFWM

With the probe delay set at its optimum position (Fig. 1) corresponding to

a maximum reflectivity, we measure the DFWM signal as a function of pump inten-

sity. Fig. 2 shows the corresponding plot of the measured reflectivity versus

the ratio of the pump pulse energy to the saturation energy. Error bars indi-

cate the rms fluctuations in the measurements. The curve is a theoretical fit

using only the saturable gain/pass exp 2(cs5 ) as an adjustable parameter (cf

section 5).

4



Data could only be taken over a limited range of energies due to unstable

operation of the laser at the extreme ranges of pumping. At low energies the

laser became unstable due to operation near threshold. At high energies the

mode locking became unstable as evidenced by the display of a real time auto-

correlator. Following Steel, Lind, and Lam,10 we have made a phenomelogical

correction to the measured pump pulse energy to account for gain in the dye jet.

The energies are corrected by a factor e2ris(, /2), where 2 xs5 is the saturated

gain coefficient for the intensity.

Within the range of available data in Fig. 2, the complicated functional

dependence detailed in section 5 fits a straight line of slope 2.1. By approxi-

mating the data by a slope 2, we can associate a third order nonlinear suscepti-

bility X3 with the saturated DFWM. Consequently, the nonlinear susceptibility

tensor x(E) defined by

P E 0 x(E) E (3)

where P1 is the total polarization and E the total field, can be replaced by a

scalar third order susceptibility X 3 such that the signal polarization

amplitude'qs is given by

Ts 0 X3 t162 ep(4

where 61 and '2 are the amplitudes of the counterpropagating pump fields, and 'p

is the probe amplitude. Using the notations of ref. 1 (Eqs. 6-12) and a linear

approximation for the propagation through the jet of thickness Z, the signal

field is given, in MKS units, by

2C1 (5)
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Eq. (5) leads to a reflection coefficient which is the ratio of the signal

intensity to the probe intensity, that can be fitted to Fig. 2:

2 W 2

R P 0.79 p (6)

In Eq. (6), W is the probe pulse energy density, Ws the saturation energy

density (12 J/m 2 ), T the pulse duration (4 psec), I the medium permeability.

The right side of Eq. (4) is a quadratic fit of Fig. 2. Eq. (4) yields a

nonlinear susceptibility of . 3 
-: l O' l 3 m2/V 2 , a value 500 times larger than that

of CS2 .

Fig. 3 shows a measurement of the DFWM signal versus the probe delay. The

width of the recording (0.6 ps FWHM) is much less than the pulse width as

determined from intensity autocorrelations. Interferometric autocorrelations1 Il

indicate that the 0.6 ps corresponds to the coherence time of the train. Since

no coherence spike is observed in the conventional intensity autocorrelation

with a peak to background ratio of 3 to 1, one has to conclude that the 0.6 ps

corresponds to a phase coherence time. It should be noted, however, that auto-

correlation traces cannot distinguish an ensemble feature from that of a single

pulse. That is, the phase coherence of 0.6 ps for a train of 4 ps pulses could

either indicate that each individual pulse is phase modulated, or that pulses of

the train have different frequencies. This ambiguity is removed by the DFWM

measurement, which indicates a phase coherence of only 0.6 ps for each indi-

vidual pulse. Indeed, in DFWM the three waves have to be mutually coherent in

order for one of them to diffract off the population grating formed by the two

others. This condition can only be ful filled for a range of delays corre-

sponding to the coherente time of the laser. In this particular scheme of
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synchronous pumping, this phase coherence time coincides witn the light transit

time through the jet. We cin therefore conclude that the response time of this

type of DFW.I is approximately 0.5 ps. An important consideration, as discussed

in section 6, is the susceptibility-bandwidth product, which compares favorably

with any other nonlinear device at that wavelength.

5. Theoretical Analysis

Analysis of steady state DFWM in saturable amplifiers was presented by

Reintjes and Palumbo. 1 2  This steady state approach does not apply to the

present experimental condition, since we are using pulses much shorter than the

energy relaxation time. Numerical solution of the transient response of DFWM in

resonant saturable absorbers was obtained by Silverberg and Bar-Joseph.1 3 With

a similar model adapted to a dye amplifier, we obtain analytical solutions of

the transient response of DFWM with short pulses (pulse duration, T , much less

than the population relaxation time TI) in absorbing and amplifying media. We

find that in the case of short pulses i << T1 the DFWM reflectivity depends only

on the optical density of the saturable fnjium and the energy of the pulses and

is independent of the pulse duration. In the usual plane wave approximation,

the four fields

k. r
E(r,t) eXp [i (wt- 03 + c.c. r i  (7)

interact in a nonlinear medium. We consider the case of counterpropagating pump

waves of equal amplitudese l =e2' F3 (O,t) is the amplitude of the return

signal counterpropagating (in the Z-direction) to the probe E4 (O,t).

For an absorbing or amplifying transition in which the final state quickly

relaxes to some other state, the population of the initial state changes for
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times t << TI, according to the rate equation,

N- N (8)

where I is the intensity of the interacting fields and Ws is the saturation

energy density. For a step function excitationto, the relevant population N,

changes with time according to

N (W) - (exp- W) (9)
N

0

where W = It/WS, and No is the equilibrium population of the initial state in

the absence of saturating fields. On resonance, the susceptibility defined by

Eq. 1 is given by

2 ao  N (W)
k N (10)

where cao is the small signal field gain (absorption) coefficient and k is the

wave number. Expanding the susceptibility to first order in the weak fields

e3,4 gives,

2 k e [1 -- 2 cose ( + e + cc)] (11)

where WT = 2W/W s is the total energy from the pump fields normalized to the

saturation energy and 0 = k• r.
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Substitution of Eq. (11) into the wave equation, with the polarization (31,

gives the coupled amplitude equations in the slowly varying amplitude

approximation,

!: 3

dz %(I -3 J

(12)

~d[

4

dz 1 l4 '2-

where, on averaging over the spatial dependence of and 2, we obtain,

I (WT) (IlWT) 10 (WT) + W T 11 (WT)] exp (-WT)
d (13)

L2 (WT) [Io (WT) - I (WT)] WT exp (-WT)

where 10 and 1, are the modified bessel functions. For one input probe E4(0),

G O = 0, the reflectivity,

(0)1 2

R =  E4 (0) (14)

is obtained from the coupled amplitude eqs. (12).

9
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.1 ~ J - Cth ,,2 (15)
0 : ' WT y 2coth 2

0 T0 21

For square pulses the average reflectivity is

<R> P ] R (ao0 ., WT ) d WT (16)

where W p is the energy of each pump pulse normalized to the saturation energy.

Fig. 6 shows plots of Log R versus Log Wp. Bold lines are for an amplifier

'A- = +1 and dashed lines are for an absorber,%oZ = -1. In each plot, the small

signal gain is maintained constant. The steady state results are based on the

theory of Abrams and Lind. For these lines the abscissa is Log 1/Is, where I/Is

is the intensity of the pumping fields normalized to the saturation intensity.

The results for T = TI are based on the Lneory of Si 1 berberg and Bar Joseph.

The results for short pulses, T << TI, are based on eq. (16). These plots

indicate that DFWM is most efficient in amplifiers, the maximum reflectivity

being one order of magnitude larger than for the absorber. They also show that

the maximum reflectivity is obtained for short pulses. The dependence of the

maximum reflectivity on pulse duration is most pronounced in the absorber.

The curve fitting for Fig. 2 was made using the eqs. 13-16. As in the

experimental situation, the saturated gain factor exp (-,s, ) which is equal to

the combined losses at the output mirror and neutral density filter, is set to

be constant. This saturated gain factor is used to calculate, for each pump

power, the value of the small signal gain, which is inserted in Eqs. 13-16. The

curve of Fig. 2 used the saturated gain factor/pass as only fitting parameter.

10



The best fit a x = 0.44 corresponds to 80" of the measured value.

Relaxation from the final state of the resonant transition could produce

thermal phase gratings that contribute to the four wave mixing. The DFWM

reflection due to a thermal grating should have a temperature dependence, since

the thermal conductivity of the Rhodamine 6G solution is temperature dependent.

We could not observe any such temperature dependence in the range of O°C to

26°C. The excellent fit of our data to a model based on saturation alone

indicates that the thermal effect is much smaller than that of saturation in the

resonant amplifier.

6. Comparison with other Nonlinearities

It is difficult to make a rigorous comparison of various schemes of DFWM,

because of the different nature of the interaction. In several cases such as

this one, a third order susceptibility can be defined for a certain range of

field intensities. Comparisons should take into account the wavelength and the

response time, since the nonlinearities generally increase with wavelength and

large susceptibilities are generally associated with long response times. A few

materials for DFWM are listed in Table 1, with the corresponding third order

susceptibil i ty.

Material Y 3m
2/V2  Wavelength ,, m Ref.

Si 0.9 10-16 1.06 14

Ge 4.0 10-20 4.0 15

CS2  2 1021 0.7 16

Rh6G (Gain) 10-18 0.57 this work

GaP 2 1l18 0.53 17

TABLE 1

Some solid state nonlinearities are larger than that of the Rh6G gain jet

(for instance, Si and GaP). None of these however can handle, in continuous
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operation, a comparable average power density.

Comparing the amplifier with the saturable absorber, our study shows that

the return signal can be an order of magnitude larger in the former. It should

be pointed out, however, that the strong fluorescence background in the case of

the amplifier may be a serious handicap for many potential applications.

7. Conclusions

We have used the counterpropagating beams in a synchronously mode locked

ring dye laser as "pump beams" to study DFWM in an amplifying dye jet. A

theoretical model based on transient saturated amplification accurately matches

the data. Our data emphasize the importance of light coherence in DFWM. It is

shown that the experiments performed here provide a diagnostic for mode locked

lasers that complements interferometric autocorrelations. In the latter, an

average coherence of the pulse train (made of individual pulse coherence and

pulse to pulse fluctuations), is measured, while the DFWM experiment provides

coherence information on each single pulse.

We have shown that the maximum DFW;t is one order of magnitude larger for

saturable amplifiers than for saturable absorbers.

This work was supported by the Office of Naval Research and the National

Science Foundation under grant number ECS 8119568.
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FIGURE CAPTIONS

la. Experimental Set Up. The ring laser cavity is closed by the mirrors M4,

M2, M3 and M4. The amplifying dye jet is pumped by an Argon ion laser beam

(not shown). One output of the dye laser is retroreflected by the prism P1

(delay adjustment), and sent as probe beam into the dye jet via a beam

splitter (BS) and mirrors M5-M6. The signal beam is filtered by the mono-

chromator P2-S and detected by a RCA 4832 photomultiplier tube.

lb. Mutual coherence of the counterpropagating 
beams: The two output beams are

made to interfere on a screen. The position of the prism P is adjusted to

make the optical paths from M4 to the screen 
equal to the optical distances

of M4 to the jet.

2. Reflectivity versus normalized Pump Pulse Energy

3. DFWM Signal versus Probe Pulse Delay

4. Reflectivity as a function of pulse intensity for various pulse durations.

The abcissa are the intensity normalized to the saturation intensity I s

(steady state curve), or the pulse .,ergy normalized to the saturation

energy.
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Intracavity pulse compression with glass: a new method of
generating pulses shorter than 60 fsec

W. Dietel,* J. J. Fontaine,t and J.-C. Diels
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The introduction of a glass prism in a ring dye laser is shown to provide simultaneous wavelength selection and
pulse compression.

Significant progress has been made in the last decade ample, with a 2-mm thickness of BK7 inserted in our
in the generation of ultrashort dye-laser pulses. Subtle cavity, we recorded the second-order autocorrelation
changes in cavity configuration resulted in dramatic trace shown in Fig. 1, corresponding to a sech 2-shaped
changes in laser operation, which explains the somewhat pulse of 53-fsec duration.
erratic pace of progress in this field. The laser configuration (Fig. 2) is similar to the one

Pulses of 0.5-psec duration were generated in a linear reported earlier by one of us.9 All mirrors have maxi-
configuration with two dye jets by Shank and Ippen. t  mum reflectivity coatings centered at 600 nm. A dis-
The cavity loss modulation responsible for mode locking persive prism of BK7 or flint glass is used. Rotation
is obtained by saturation of the absorption in the dye and translation of the prism provide for independent
diethyloxadicarbocyanine iodide (DODCI). The sat- control of the laser wavelength and the optical path-
urable absorber is flown through a jet located near the length in glass, respectively. A standard coherent-
cavity end opposite the gain medium (Rh6G pumped radiation jet nozzle is used for the gain medium (100-pm
by a cw argon laser). Pulse compression down to 0.3 thickness). The absorber jet is of a fanned-out type to
psec was obtained with a pair of gratings.2 By posi- provide for a thickness decreasing with distance from
tioning the saturable absorber [diethylquinolyloxa- the nozzle, to a minimum of about 50 pm. It appears
carbocyanine iodide (DQOCI) in a dye cell] where the that, for our cavity configuration, the thickness of the
ultrashort laser pulse collides with itself at the cavity jet iq not of critical importance. The laser is pumped
end mirror, Ruddock and Bradley" directly produced using all the lines of a Spectra-Physics Model 165-08
pulses of 0.3-psec duration. Diels et al.4 choose a
simpler configuration in which all the nonlinear ele-
ments (saturable absorber and gain medium) are mixed 34
in the same dye jet. By a careful optimization of the
dye mixture and cavity bandwidth (by eliminating all
intracavity bandwidth-limiting elements and using
carefully profiled mirror spectra), they obtained pulses I
as short as 120 fsec.5' With a similar cavity configura-
tion but using synchronous pumping and DQOCI. 2 L f2 se
Mourou and Sizer produced pulses as short as 70 fsec I
(Ref. 6) with an exceptionally high conversion efficiency
(10%). Instead of causing the pulse to collide with itself I
at the end of a linear cavity.: Fork et al.7 used a ring-
laser configuration in which the counterpropagating
pulses collided in a thin saturable-absorber dye jet.
The use of an absorbing-medium thickness as short as
10pum resulted in a pulse duration of 90 fsec.7 Shorter
pulses (65 fsec) were reported' after optimization of the
mirror spectra as in Ref. 5.

It is generally believed that the introduction of any
dispersive intracavity element will produce a significant
pulse broadening. Shanks reported an increase of pulse .M-100 0 100 M
duration from 90 to 200 fsec by introduction of a mi- MAYI I se]
croscope slide in the cavity. We demonstrate instead Fig. I. Second-order autocorrelation of the pulse train, with
that, for a particular dye composition and wavelength, peak-to-background ratio of 3 to 1. The autocorrelation
there is an optimal thickness of glass in the cavity that width of 82 fsec corresponds to a sech2 pulse duration of 53
leads to the generation of the shortest pulses. For ex- fsec.

Heprinted from Optics Letters. Vol. 8. page 4, .fanuarv l9S3
('opyright ( 192 hy the Optfical Society of America and reprinted by Iermi.sion -,I the v.,p% right owner.
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The implication is that the nonlinearities in the ah-
MS sorbing (or amlifying) medium induce a downchirp."

Work is in progress to establish a theoretical model Io
match quantitatively the wavelength dependence of the

DOCK I 5  1observed downchirp. Pulses with such a frequency
4 - - Rh6 , decreasing with time can be shortened by passage

/ Ml through a medium with normal dispersion (e.g., glass)
Me- since the training edge (seeing a smaller index) will

catch up with the slower leading edge of the pulse. AFig. 2. Cavity configuration. The argon-laser pump mirror compression by a factor of 1.5 was observed after

has a radius of curvature of 3 cm. The focusing mirrors tression bfactorpofc1.ulses ogh fter

around the amplifying and absorbing jets are, respectively, transmission of 0.3-psec pulses through 17 cm of BK7
Ml and M2 (= 5cm) and M4 and M5 (= 3cm). The cavity
mirror M3 has a radius of curvature of 1 m. The perimeter
of the resonator is 3.6 m.

argon laser. The cw lasing threshold, in the absence of
an absorber jet, is 80 mW. The DODCI solution with
a concentration of 10- 3 M/liter increased the threshold
up to 4 W.

Two types of autocorrelator were used to monitor the
laser output. The trace shown in Fig. 1 was recorded - 0 PSSC

with an instrument using pellicle beam splitters to
minimize the pathway in glass and collinear second- I
harmonic generation in a 0.3-mm-thick KDP crystal.
The total pathway in glass, including the transmission
through the output laser mirror, is 2.5 cm. Back-
ground-free autocorrelation traces, as in Fig. 3, were
taken using polarizing beam splitters and type II sec-
ond-harmonic generation in urea.' 0  Two mutually
delayed orthogonally polarized equal fractions of the -03 a 0

laser beam are focused into the urea crystal. The 01LAY IPSLCI
measured autocorrelation width of 100 fsec (sech 2 pulse Fig. 3. Background-free autocorrelation recorded by type
of 65 fsec FWHM) is remarkably short in view of the if second-harmonic generation in urea. Theexperimental
large thickness of glass (a total of 5 cm) traversed by the arrangement is detailed in Ref. 10. The autocorrelation width
pulses between the laser and the second-harmonic- of 100 fsec corresponds to a sech 2 pulse duration of 65 fsec.
generating urea crystal. The measurement of Fig. 3 Spectral measurements indicate that the pulses are nearly
indicates that a resolution of tens of femtoseconds is bandwidth limited (6-nm bandwidth).
possible for applications in time-resolved spectroscopy
and fluorescence, or a resolution of the order of several
micrometers for time-domain reflectometry" and op- em.
tical imaging.'

2

The dependence of pulse duration on the optical 700
pathway in glass is shown in Fig. 4. The pulse wave-
length is maintained constant near 605 nm. For the 600
measurement of Fig. 4, the prism of BK7 (n = 1.515) j I
was replaced by a more-dispersive prism of flint glass-_ 5
(n = 1.62). It should be noted that qualitatively a
similar pulse-width dependence can be measured at 4
various wavelengths. However, the optimum glass 4
thickness can vary by more than 1 order of magnitude -
with the laser wavelength. The wavelength dependence
of the glass thickness at minimum pulse duration is not
monotonic."m  The various parameters of the laser 20/
(concentration, temperature, and age of the DODCI
solution) have to be adjusted for each wavelength. If 100_
the dispersive prism is adjusted for minimum losses for
each concentration of DODCI, a tuning curve (wave-
length versus dye concentration) can be established.' :' 1 2 3 4 5 6 7 8 9 10 1112 13
The observed dependence is consistent with the recent PATHWAY I FINT CIASSImm)
observation9 of extracat'ity pulse compression by pas- Fig. 4. Pulse duration versus thickness of glass (flint F2, n
sage of the pulse through a certain thickness of glass. = 1.62) in the cavity for a particular wavelength (605 nm).
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Abstract

Saturable absorption of the evanescent wave in total reflection is used

as the nonlinearity responsible for passive mode-locking in a dye laser

cavity.
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Summary

In passively mode-locked lasers, the cavity losses are modulated by a

saturable absorber. Subpicosecond pulse generation 1 ,2 ,3 has been demonstrated

for dye lasers passively mode-locked by a solution of diethyloxadicarbocyanine

iodide (DODCI) and Malachite green. The saturable absorber was contained

either in a jet 1 ,2 or in a thin cell. 3  The pulse duration appeared in most

cases to be related to the fluid thickness. It has been suggested that degen-

erate four wave mixing (DFWM) took place within the cell 3 or the jet.1  Theory

shows that, in DFWM, a reflected signal pulse is always longer than the

"probe" pulse by twice the medium thickness. 4 Therefore, in order to minimize

the pulse lengthening process by DFWM, it is essential to confine the nonlin-

ear medium in a thickness as short as possible. Fork et al. were able to

build a dye jet as narrow at 10 urm. By using saturable absorption in the

evanescent wave of a total reflection prism, we have reduced the interaction

length to less than I pm. The intracavity laser beam was focused by two 5 cm

radius of curvature mirrors, onto the reflecting interface, with an angle of



incidence of roughly 73%. A concentrated solution of DODCI is flown along the

total reflection face of the prism. The prism and focusing optics are in-

serted in a ring dye laser cavity, in a position non symmetrical with respect

to the amplifying Rh6G dye jet. In this configuration, mode-locking with col-

liding pulses in the absorber can be expected. 1 Mode-locked operation was ob-

served, with equal intensity in the two counterpropagating beams. The mode-

locked operation is dependent upon the flow condition. With a slow flow along

the surface, the mode-locked changes successively from one pulse per cavity

round-trip time, to two, then 4 pulses, then CW operation in a time of the

order of 5 minutes. This indicates photodecomposition of the surface layer

which has near zero velocity because of surface tension and fluid viscosity.

The various laser operations resulting from different combinations of solvents

and prism surface treatments will be described.

This work was supported by the Office of Naval Research and the National

Science Foundation under grant ECS-811668.
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