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SECTION 1

INTRODUCTION

I It has been recognized since the early 1960s that ion-doped solid state systems possess

intrinsic optical properties that depend on the concentration of dopants.1 One such property is the

cooperative emission of radiation. The cooperative process relies on the simultaneous excitation of

two ions, mediated by the static Coulomb interaction, in the presence of a radiation field. The3 understanding of cooperative processes in solids has been the subject of great interest in recent

years due to the practical implementation of the upconversion laser.2 These novel coherent sources

are characterized by their high efficiencies, potential for high power operation, and demonstrated

ability for emitting the red, green and blue colors when pumped by a diode laser system. 3

Recently, we extended the cooperative emission model to the regime of strong light-matter
interaction, and discovered the phenomenon of quantum mechanical cancellation of the Van der
Waals potential. 4 One of the objectives of this program is to explore the potential of ion-doped

Ssolid state system for applications in cooperative nonlinear optics.

The search for novel materials that are useful in the 94 GHz regime has led to the recent

3experimental demonstration of nonlinear phase shifts 5 and phase conjugation 6 in graphite

suspensions. Along the same line, semiconductor superlattices have been found to be potential

candidates as millimeter wave nonlinear materials. 7 The advantage of the superlattice materials as

compared to bulk materials is that the frequency response of the superlattice can be tailored by use

of molecular beam epitaxy. As part of the general thrust of this contract, the recent development of5superlattice nonlinearities has been applied to an evaluation of their potential for applications in the

94 GHz regime.3 Useful applications of phase conjugation in tactical lasers has been limited by the availability

of optical materials which are fast responding, have a low intensity threshold, have a reasonable

phase conjugate reflectivity, and can be operated in the passive mode of operation. The latest

development that has the potential of solving all these issues is the demonstration of a resonantly

enhanced self-pumped phase conjugate mirror.8 The experiments indicated that this unique phase

conjugate mirror has a response time of tens of nanoseconds, a threshold as low as 10 W/cm 2, a

reflectivity of 2%, and operates only when an input aberrated laser beam is incident upon it. As

part of our effort to understand the area of phase conjugate optics, a significant amount of research
was devoted to the understanding of the physical mechanism that gives rise to self-pumped phase

conjugate fields.

The recent succes-ful fahrication of crystalli-a tr-=nT muitipie quantum wells using3 molecular beam epitaxy techniques9 has renewed interest on the physical origin of optical

*
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90T9567 3
responses in organic materials. Up to the present time, experimental studies have not been able to I
determine a single mechanism that conclusively explain the richness of the data.1 0 Electronic

structure studies of long chain polymers confirmed the existence of solitons. 11 However nonlinear I
optical experiments appeared to rule out the influence of solitons on the third order optical

susceptibilities. 12 Along the same line, the theoretical model of third order susceptibilities due to

electron delocalization was found to be inconsistent with recent experiments. 13 The objectives of

the present contract is well suited for the solution of this important puzzle. The last 9 months of

this contract was devoted to the understanding of the physical mechanism responsible for the sharp

spectral features in these novel structures, as well as to explore its applications in nonlinear optics.

The understanding of many-body effects in the optical spectrum of GaAs/AlGaAs quantum !
wells has been the subject of active research in the past decade. 14 Gross features of the optical

spectra appear to be accounted for by current theories, 15 provided that the experiments are 1

performed in the picosecond regime. Simplified assumptions concerning the Coulomb interaction

can be made to render the theories analytically tractable . An example is the prediction and I

observation of the dynamic Stark effect in bulk and quantum confined semiconductors. 16 The

theoretical results agree with experiments provided that only virtual excitons are produced by the

radiation fields. Recent cw four-wave mixing experiments 17 showed that the spectral lineshape is

asymmetric, in contradiction with existing theoretical models. We believe that this anomaly is

related to the problem of strong exciton-multiple longitudinal optic phonon coupling. The

orientation of the problem is consistent with the objectives of this program. In the last few

months, simultaneous with our study of the mechanism of crystalline organic quantum wells, we

explored analytically the effects of the phonon spectrum on the lineshape of the Wannier exciton.

This theoretical effort has been enhanced by the constant inspiration that arose from the

exchange of information and active participation in several concurrent experimental programs that

have being funded by the Air Force Office of Scientific Research. In particular, the substance of

this final report is made more relevant to the Air Force mission through the generosity and

unselfish sharing of ideas and experimental data by Prof. Harold Fetterman of UCLA on millimeter

wave nonlinearities, Prof. Steve Forrest of the University of Southern California on crystalline

organic multiple quantum wells, Dr. Ross McFarlane of Hughes Research Laboratories and Prof.

Stephen Rand of the University of Michigan on upconversion lasers, and Prof. Duncan Steel of the

University of Michigan on novel spectroscopy of GaAs/AlGaAs quantum wells.

The understanding of resonant self-pumped phase conjugation would have not been complete

without the experimental talent and perseverance of Dr. Clestino J. Gaeta, who imr''mer.td th,z

first self-pumped phase conjugate mirror in sodium and cesium vapors. His contribution is

gratefully acknowl-_dged.

2I
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SECTION 2

BRIEF SUMMARY OF RESEARCH FINDINGS

2.1 SIGNIFICANT "FIRSTS"

" Solved the four-wave mixing problem in Nd doped beta alumina. The behavior of the

theoretical phase conjugate reflectivity as a function of the laser intensity and dopant

concentration is in agreement with experiments. Explained the quenching behavior of the

linewidth and saturation intensity as a function of the concentration of dopants.

* Proposed the use of semiconductor superlattices as materials for millimeter wave phase

conjugation, and explored novel modulation techniques for point-to-point

communications at 94 GHz.

* Achieved an understanding of resonantly enhanced self-pumped phase conjugation, and

demonstrated a cw self-pumped phase conjugate mirror in cesium vapor that operates at

diode laser wavelengths. k

0 Identified the charge transfer exciton as the source of optical nonlinearities in crystalline

organic quantum wells, and discovered the simultaneous occurance of intrinsic optical

bistability and energy transfer in these materials.

" Calculated the effect of exciton-phonon coupling on the spectral lineshape of nearly

degenerate four-wave mixing in GaAs/AlGaAs quantum wells, in qualitative agreement
with experiments. The Fano or asymmetric profile arises from the configurational mixing

due to the existence of a spectrum of longitudinal optical phonons.

The details of these theoretical accomplishments are discussed below.

2.2 FOUR-WAVE MIXING IN RARE EARTH DOPED SOLIDS

An analysis was made to study the effects of Coulomb interaction among a pair of ions on the

spectral response of nearly degenerate four-wave mixing (NDFWM) in ion-doped systems. The

spectrum of NDFWM provides a measure of the dynamic bandwidth of the phase conjugate

mirror. The physical model used for the analysis is the interaction among two rare earth ions, each

represented by a five-level system. In this model, the applied radiation field resonantly excites two

of the energy levels ( in the blue region of the spectrum ), while the Coulomb interaction affects the
probability of the population in the ground and metastable levels ( in the red region of the

spectrum). This simple model represents the important neodymium ion, which is the source of

3
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coherent emission in the infrared and its optical spectrum is reasonably well understood. The

effect of the Coulomb interaction among two identical ions is to introduce an effective energy

exchange rate, which is calculated via the Fermi's golden rule. I
The analysis involves the use of the density matrix equations, where the energy exchange rate

is described in terms of an ion density dependent rate. The calculational steps taken are as follows:

First, the five rate equations and the two optical coherence equations are solved exactly for the case

of two strong counterpropagating pump fields. Second, these exact solutions are used to obtain

the phase conjugate field in the degenerate four-wave mixing geometry. And last, the optical

coherence is averaged over a Maxwellian profile, which approximates the effects of crystal field /

broadening. The calculations are valid for arbitrary values of the counterpropagating pump fields.

The results of the analysis can be described as follows: First, the spectral linewidth is equal

to twice the infrared spontaneous emission decay rate, in the limit of low pump intensity and small I
ion concentration. For the case of neodymium ion, the spontaneous decay rate is of the order of a

few kilocycles per second. This results points out a very important consequence of the calculation. 3
That is, the nonlinear optical measyrement of a rare earth ion using visible radiation gives direct

information about the infrared behavior of the ion. Second, for fixed- and low-ion concentration, 3
the linewidth is proportional to the square root of 1 + I/Is. I and Is are the pump and ion saturation

intensities, respectively. The squared root dependence on the pump intensity is a manifestation of

the inhomogenous broadening due to the crystal fields. Hence, the theoretical model agrees quite

well with the recent NDFWM experiments performed in Nd+3-Na--beta Alumina. 18,19 And third,

for fixed-pump intensity, the linewidth and saturation intensity decreases in magnitude as the ion I
density is increased. This behavior arises from the cooperative transfer of energy due to the

Coulomb interaction, and is one of the fundamental pathways for population inversion in 3
upconversion lasers. These results suggest that coupled ion pair interaction can play a significant

role in tailoring the solid state materials for nonlinear optical applications. That is, the flexibility of

changing the intensity and ion concentration may provide a means of selecting an appropriate

filtering property of a phase conjugate mirror. As an example, an Nd-doped solid state system is a

potential phase conjugate mirror operating at the double YAG frequency, with bandwidth .
capabilities in the few tens of kilocycles per second. It can be used for correcting atmospheric

turbulence in nonlinear optical imaging applications of interest to the Air Force. 1
The details of our studies are given in Appendices A,B and C. The work contained in

Appendix C was supported by a previous AFOSR contract F49620-85-C-0058 and has not been 3
reported in the final report of that contract. Its inclusion in this final report is made for reporting

purposes. 3

4 U
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2.3 PHASE CONJUGATION AND MODULATION PROPERTIES
OF SUPERLATTICES AT 94 GHZ

An analysis of the role of semiconductor superlattices in millimeter wave applications was

performed using the effects of artificially induced band nonparabolicity. The application of
molecular beam epitaxy technique for the growth of quantum confined structures leads to a

modification of the band structure (along the growth direction) of the bulk material. Lam et a17

have shown that the artificially induced band non-parabolicity gives rise to an effective mass that

depends on the strength of the applied radiation field. Hence, the customized semiconductor

material exhibits strong nonlinear response to applied radiation fields.

The application of the results found in Reference 7 to the case of operation at 94 GHz

provides the following information. Using GaAs-AlGaAs as the test material and assuming a
n-type doping density of 10 16 cm-3 , one find that the third order susceptibility is equal to

4.6x10-1esu. We assumed that the periodicity of the superlattice is 100 A, and the phonon-induced
damping rate of 10 THz. The high dopant density brings about an important question: Can the

millimeter wave radiation transmit through the material in the presence of free carrier scattering and

absorption?. A simple calculation gives an effective plasma dielectric constant of approximately

0.7 (underdense) and a linear absorption coefficient of 3 mm- 1. Hence, the GaAs-AlGaAs

superlattice promises to be an interesting material for operation at 94 GHz. Identical conclusions
are reported Reference 7 for the case of operation at 250 GHz. However, the experimental

feasibility of making a millimeter-wave nonlinear device using superlattices remains to be tested.
Motivated by the theoretical conclusions and with the support of Hughes IRD, we made a 1 mm

thick sample of GaAs-AlGaAs superlattice using the in-house MBE facilities. The sample is

composed of ten 10-micron-thick 50 A (GaAs)/ 50 A (AlGaAs) superlattice stacks. Each stack
was intentionally doped with 1014 cm -3 of silicon. The sample will be characterized for 94 GHz

(at the millimeter wave laboratories of UCLA) and 250 GHz (at the facilities of Duke University)

operation.
Furthermore, we carried out a detailed analysis of the possibility of obtaining time reversed

waves via degenerate four-wave mixing in superlattices. Assuming the undepleted pump regime,
we solved the nonlinear carrier velocity equation and derived an exact analytical expression for the

nonlinear current density that produces time reversed waves. The nonlinear current density is valid
for arbitrary values of the pump fields, and enters as a source in Maxwell's equations. The
production of.the time reversed field depends upon the validity of the slowly varying envelope

approximation since the dimension of the sample can be large compared to the wavelength of the
radiation field. In the case of 94 GHz radiation, the linear absorption coefficient for carrier density
of 1014 cm "3 is small compared to 2tn/X= 7.8 mm "1, which validates the use of the quasi-optical

5
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picture. We also calculated the reflectivity of the time reversed field, and found that it achieves a I
maximum of 7% at a normalized superlattice Rabi frequency of approximately 2. This value
corresponds to a saturation pump field of 780 V/cm. 3

And last, we applied our understanding of millimeter wave nonlinearities to the important

case of millimeter wave communication. We solved two interesting cases. The first one involves I
the application of a static electric field along the superlattice growth direction, and a radiation field

propagating along the plane of the superlattice. We found that the polarization density produces a

radiation field which is modulated at the static electric field induced Rabi frequency. It exhibits a

linear modulation behavior even though the solution is nonlinear in the carrier frequency. Hence

detection of the FM modulated signal gives rise to two symmetric sidebands centered around the
carrier frequency. The second case involves the application of an oscillating electric field along the

superlattice growth direction, and a radiation field propagating along the plane of the superlattice. 3
We found that the polarization density produces a radiation field which is amplitude modulated.

The strength of the modulation is determined by the electric field induced Rabi frequency. Hence, 3
these results imply that semiconductor superlattices have novel properties that render them useful in

millimeter wave signal pro"essing applications provided that the fabrication of a real superlattice

device can be achieved in the future,
The details and implications of our studies are presented in Appendix D and E

2.4 RESONANTLY ENHANCED SELF-PUMPED PHASE
CONJUGATION

An analysis of the mechanism that produces self-pumped phase conjugation in resonant
materials was made using the coupled density matrix and Maxwell's equations. The results of our

analysis identified the strt-up conditions for the formation and coherent amplification of scattered
noise. The starting mechanism is the production of resonance fluorescence, which is coherent with

the input radiation field. The build up of the fluorescence or noise field is achieved through the
formation of a traveling wave grating produced by the interference between the fluorescence and

input fields, and followed by the coherent scattering of the pump field from the, traveling wave
grating. The generation of the phase conjugate field can be achieved in two distinct manners. The

first one involves the stimulated backscattering of the input field from the traveling wave grating. I
This mechanism does not require the presence of an optical cavity. The second scheme uses a
linear optical cavity to take advantage of the forward-going energy transfer process. The purpose

of the optical cavity is to store the fluorescence radiation in a standing wave pattern. Coherent -
scattering of one of the standing wave component from the traveling wave grating produces a

phase conjugate field. The latter is just the standard degenerate four-wave mixing configuration.

6 I
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IThe solution of the density matrix equations provides the macroscopic polarization density,
which is used in the wave equation to obtain a self-consistent, new radiation field. The density

I matrix equations are solved in two steps. First, we found the exact solution for the input field

alone. Then these solutions are used to obtain the polarization density and gain condition in the

presence of noise fields. We found that the coherent amplification of the noise field can only occur

provided that the intensity of the input field is large compared with the medium saturation intensity.
If the input field is tuned to resonance, the gain profile of the noise as a function of the difference

jfrequency between the input field and noise has two symmetrical sidelobes, whose separation is

equal to the Rabi flopping frequency. If the input field is detuned from resonance, the gain profile

is asymmetrical such that amplification of the noise only occurs for either frequency upshift or
downshift, but not both. The physical explanation of this result lies in the dynamical behavior of

I atomic states induced by strong radiation field. That is, the input field produces a dressed state of
the system of atoms and radiation field, and gain occurs from a near degenerate four-wave mixing
process taking place among each component of the dressed atom. Hence, amplification of noise

can occur provided that the input field is above saturation. The gain profile determines the
frequency shift acquired by the phase conjugate field.

I In order to verify the physical mechanism responsible for the production of phase conjugate
fields, we demonstrated the first self-pumped phase conjugate mirror in cesium vapor at

0.852 micron. We used a linear cavity configuration which consists of a cesium cell enclosed
between two curved high reflecting mirrors. The incoming cw laser beam was directed into the

cesium cell at an angle on the order of half a degree, leading to a large overlap between the input

beam and resonator modes. A measured but un-optimized reflectivity of approximately 0.1% and a
threshold intensity of 35 W/cm2 were observed. This elegant experiment confirmed the key

mechanism in resonantly-enhanced self-pumped phase conjugation. That is, energy transfer
between the input beam and the induced resonance fluorescence provides a means of setting up the

i gratings from which c, erent scattering of the radiation fields can take place. It just needs one
single input aberrated beam to achieve such a nonlinear optical process.

I Furthermore, we have extended our calculation beyond the two-level model in order to
study the generation of self-pumped phase conjugate fields in rhodamine 6G. Experimental studies
by Koptev et al 70 and Lam et al 21 indicated the presence of phase conjugate fields when the

organic dye was illuminated by an intense laser pulse. The experimental studies was performed

with a mode locked 10-nsec pulse emitted from a double YAG laser system, and a focused

intensity at the dye cell of approximately 1 MW/cm 2. In order to understand the experimental data,
we modeled the organic dye in terms of a 3-level system. Following the procedure stated above

for the 2-level system, we calculated the nonlinear polarization density, and found that the gain

I7



profile of the amplified signal is consistent with the wide bandwidth ( 300 A ) obtained from the I
experiments.

The results of this work opens up the distinct practical application of self-pumped phase

conjugation using semiconductor lasers. An scenario will be the implementation of satellite-to-

satellite secure communication links using high power semiconductor lasers. This unique phase

conjugate mirror can be modulated at gigahertz rate, has a low threshold intensity (tens of W/cm2 )

for start-up operation, and possesses a negligigle frequency shift (within the laser lnewidth).

The details of the analysis and experiments are compiled in Appendices F, G and H.

2.5 OPTICAL NONLINEARITIES IN CRYSTALLINE ORGANIC MULTIPLE I
QUANTUM WELLS

We investigated the physical mechanism that is responsible for the observed sharp spectral 3
behavior in the linear absorption profile of FTCDA /NTCDA multiple quantum wells. PTCDA and

NTCDA are the abbreviated notation for 3,4,9,10 perylenetetracarboxylic dianhydride and 3,4,7,8 3
naphthalene tetracarboxylic dianhydride; respectively. We found that charge transfer (CT) exciton

is the dominant elementary excitation whose properties account for the measured spectra. A

theoretical model was constructed to include the interaction of CT excitons with the external

radiation fields and phonons. Using the Heiscnberg equation of motion, we derived the set of

coupled equations for the optical coherence of the CT exciton and the amplitude of the phonons. In

the linear regime, we found an exact analytical solution for the absorption coefficient whose

spectral behavior is in agreement with the experimental data of So et a19.

We explored the nonlinear optical properties of these novel materials. An exact analytical

solution of the coupled exciton-phonon system was obtained. The results can be described as

follows. The exciton population exhibits an intrinsic bistable behavior as a function of the laser

inwesity. The origin of the bistability arises from the intensity dependent renormalization of the

exciton energy. Bistability will occur provided that the size of the quantum wells is small enough

such that the laser detuning from quantum confined exciton resonance is larger than the exciton

linewidth, multiplied by the square root of 3. Second, we calculated the possibility of energy
transfer from a strong optical beam to a weak optical beam by solving the coupled ex itoa-phonon

and wave equations. We discovered that there exists a threshold for the transfer of energy to occur 3
for all values of the well size. However, this threshold is bistable for a critical size of the quantum

well. This behavior is consistent with the bistability criterion stated above. These unique results 3
provide an interesting application in optical data processing. One can tailor the size of the quantum

8 U
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well such that information from a strong optical beam is transferred to a set of weak optical beams

provided that a certain threshold intensity is achieved.

The details of this section is described in Appendix I

2.6 FOUR-WAVE MIXING SPECTROSCOPY OF GaAs/AIGaAs
QUANTUM WELLS

We explored the role of longitudinal optic phonon coupling to a Wannier exciton in

GaAs/AiGaAs quantum wells. Li spite of the magnitude of the LO phonon interaction energy of 36

meV, 22 current theoretical models do not include its effect in the dynamics of the excitonic

transitions, except for a phenomenological decay rate in the exciton population. We used the

Davydov Hamiltonian to study the four-wave mixing spectra in the weak optical signal regime. A

perturbation calculation to third order in the radiation field was carried out from the coupled

exciton-phonon-field equations. The results of our preliminary studies point to the following

conclusions: If only one phonon mode is considered, then the nearly degenerate four-wave mixing

spectrum shows a symmetric profile as a function of the frequency difference between the pump

and the probe. However if a multiple phonon structure is inserted in the calculation, the four-wave

mixing spectra shows an asymmetric profile similar to that found in the Fano effect of atomic

spectra. A simple physical explanation can be given. In the presence of multiple phonons, there

exists a configurational mixing leading to a competition of the different phonon modes. In a

nutshell, the competition leads to an interference effect that cancels all contribution in certain

portions of the spectral profile.

Furthermore, we were able to solve anaytically the strong pump/weak probe regime. The

results indicate that intrinsic optical bistability is present, and has the same properties as those

found in organic quantum wells. Hence, the phase conjugate reflectivity should exhibit cavity-free

optical bistablity for a critical value of the pump intensity. Current four-wave mixing experiments

are performed in the regimes where all input radiation fields are either below saturation or above

saturation. However, there exists no observation of the intrinsic bistable behavior.

The physics and the analytical solutions have been communicated to the experimental group

at the University of Michigan for further studies.

II
I
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I. INTRODUCTION U
The proces of degenerate four-wave mixing ( DFWM ) has been used to produce 3

phase conjugate fields in many optical materials. For example. DFWM was recently

demonstrated in gaseous plasmas1 . semiconductor multiple quantum wells 2. nematic liq- I
uid crystals3 . and color centers4 . The practical importance of phase conjugate optics lies

in their potential applications for the correction of dynamic aberrations of laser beams5.

the implementation of associative memories6 . and the development of novel approaches 1
in optical computers7 . On the other hand. DFWM has also been utilized to sutdy the

properties of atoms and molecules. Given a specific geometry, the spectral response of the I
phase conjugate field gives a direct and simultaneous measurement of both the longitudinal

and transverse relaxation times of a resonant system'. Lately, DFWM was used in the

measurement of subnatural linewidths ( from few Hz to I MHz ) in gases and solids using 3
cw lasers. Furthermore, the effects of buffer gases on the behavior of the spectral lineshape

of DFWM have increased our understanding of collisional processes in alkali vapors9 . Both 3
Dicke narrowing and multipole dephasing contributions were aluded to in order to explain

the narrowing of the resonance line in the presence of few torrs of He and Argon buffer

gases. 10

The continous search for an optimum phase conjugate mirror that can operate in the

solid phase has led to the demonstration of DFWM in Nd doped ,7 alumina"1 . This U
material appears to possess nearly ideal operating characteristics. That is, it is a solid

state material, its spectral response can be adjusted by using selective rare earth dopants,

it has a high saturation intensity of the orders of kW/cm 2 . and it has a reasonable linear 3
absorption coefficient ( approximately 100cm- ). Application of DFWM spectroscopy to

the Nd doped 3 alumina has also yielded some very interesting and unexpected results. 12  "

The material is inhomogenously broadened, its linewidth increases as the xIntensity , and

decreases for increasing dopant concentration. These observations are intriguing in itself.

and raises important questions concerning the role of dopant-dopant interaction on the
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DFWM signal. Furthermore, the competition between inhomogenously broadening and

dopant-dopant interaction implies that these materials have unique filtering properties for

phase conjugation applications. The purpose of this article is an attempt to quantify the

DFWM process for the case of rare earth doped solids, with the purpose of providing

new insight into its usefulness in phase conjugate optics. Some of the theoretical results

were aluded in two previous publications without giving the details of the analysis. We

hope to provide a simple physical picture as well as a roadmap required to extract the

spectral response of DFWM in these materials. In particular. we would like to examine

the consequence of dopant-dopant interaction by using a simple binary interaction model.

This model appears to be valid even for pair excited solid state lasers 13. Although the

model chosen is specific in our discussions, the theoretical results are general and can be

adapted to any dopant. provided that the spectroscopic features are known in advance.

In essence. the structure of this article can be described as follows. Section II describes

the model to be used in the analysis. assuming that the Nd ion is taken to be the basis of

our model. Section III provides a physical description of the DFWM process, in terms of

density matrix equations including the role of dopant-dopant inetraction on the temporal

evolution of each ion energy level. Section IV derives the spectral lineshape for the case

of both weak and strong input radiation fields. The phase conjugate reflectivity is derived

and plotted as a funciton of the counterpropagating pump intensities. We summarize the

result of this article in Section V.
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II. PHYSICAL MODEL 1
In order to arrive at an understanding of the DFWM process in rare earth doped 3

crystals. it is important to delineate the specific model of the material as well as the

nonlinear wave mixing process. I
1. The model for the material 3
We shall take, as an example, the Nd ion as the rare earth dopant. whose energy level

is described in Figure 1. The frequency of radiation excites the ground state i1 > to the 3
excited state 12 > . The latter relaxes to either level I1 > via spontaneous emission or

to level 13 > via a nonradiative process. Relaxation back to the ground state from 13 >

can take two distinct paths. The first one involves a radiative relaxation to state J4 >

,followed by a nonradiative decay to the ground state. The second path is activated by

the presence of another Nd ion. which induces a pair coupling process in which an electron 3
in the ground state interact with an electron in state 13 > to populate the intermediate

state 15 >. The second path will be significant for large Nd ion densities, such as those I
approaching 102 1 cm-3 .

The spectroscopic identification of the levels mentioned above is given by I
Ii >_19 2

12 >_4 G7/2

13 >_4 F3 ,2  I

14 > 4 1!2I

15 >= 115,2

The Nd ion has a strong laser emission line at 1.O6gm between states 13 > and 14 >.

To put .i to perspective, let us consider the relative orders of magnitude of the decay

rate ( radiative and nonradiative ) out of each state. The nonradiative transition from 3
A-4 I



U12 >- 13 > and from [4 >- 11 > occurs in a time scale of the order of subnanoseconds.

This fast decay occurs by means of phonon emission and is intrinsically related to the small

I energy separation of the transitions. The radiative decay out of state J3 > into state 14 >

occurs in a time scale of few hundreds of microseconds. This slow decay is connected to

the metastability of the state :3 >. The radiative decay time out of state 12 > back to the

3 ground state is of the order of microseconds. These numerical parameters imply that the

excitation of the electron in the ground state is rapidly transfer to the metastable state

with negligible population in state 12 >. This simple picture has a profound significance

3 in nonlinear optics. That is, the formation of either spatial and/or traveling wave gratings

in the first optical transition directly affects the evolution of the metastable state.

3 Recent optical experiments 14 performed on Nd - 3 doped 3" alumina indicated that the

oscillator strength of the 5890A absorption line in these material is approximately ten times

larger than that found in Nd - 3 doped YAG. The oscillator strength was measured to be

3 60.610-6 at an concentration of 4 x 102 0 CM - 3 . The strong absorption in the 5890A region

was also an indication of a very strong fluorescence at 1.06gm emission line. Detailed

* studies of doping characteristics of rare earth ions in sodium 3" alumina indicates that

both divalent and trivalent ions can be exchanged with the sodium ions. X-ray studies 15

also indicates that the ions are located in a planar structure between spinal blocks. The

3ion transport properties can be described quite accurately in terms of 2-dim motion. It is

believed that the substitution of any rare earth ions is facilitated by the planar geometry

3 of ionic transport.

Subsequent nonlinear optical studies have reached the conclusion that the Nd - 3 doped

3 alumina has an intrinsic inhomogenously broadened saturation behavior. The saturation

3intensity was deduced to be in the range of few tens of kWs per cm 2 . In spite of the

experimental studies, there is a lack of understanding concerning the saturation behavior.

3 Furthermore. Farrington and Dunn 16 have ion exchange procedure to doped Gd- 3 and

Eu- 3 ions in 3 alumina. With the current effort in pair excited lasers. it will be important
I A-5
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to undergo a study of Er ion doped processes in these materials. U
2. The model for the nonlinear wave mixing process

The four-wave mixing process is described by the interaction of two counterpropagating

pump fields with an input probe field in a nonlinear medium. The geometry of the nonlinear

wave mixing process is pictured in Figure 2. i

We shall make the following assumptions:

The radiation fields are assumed to be tuned near resonance to the optical transition U
1 >- 2 >. That is. the wavelength of radiation is near 575 nm. This assumption entails 3

the use of the rotating wave approximation.

The strength of the counterpropagating pump fields. Ef and Eb. is much larger than 3
tha of the probe field, Ep. This assumption implies that the undepleted pump approxima-

tion is valid for our studies. Pump depletion effects in DFWM have been solved for the I
case of Kerr and photorefractive media. 3

The frequency of oscillation of the probe field is assumed to vary with respect to

that of the pump fields. This flexibility allows the DFWM process to probe the spectral 3
bandwidth of the nonlinear optical process. To be more precise. a difference in the fre-

quency between the pump and probe fields gives rise to an up-shift or downshift in the i

phase conjugate field because of the conservation law of energy. Furthermore, we shall i
assume that the length of the sample be small enough so that linear filtering due to phase

mismatch do not play a role in the conclusion of our results. 3

I

I
I
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III. FORMULATION OF THE PROBLEM

The nonlinear optical response function is obtained from the solution of the density

matrix equations for the Nd 3 - ion. The components of the density matrix satisfy the

following evolution equations;

POPULATION

d 'P22 + '41P44 + 51P55 - rp 3 3pl -S (1a)

d ti -
- ('  + 23 )P 22  + S ( b )

dp33

I dt - -"34P33 - _'41P44 - rp33p1  (lc)

d P 4 4  - i _1 33 -- 4 1 P 44 (l d )

d p55  

_

dt s - ,1P.55 + 217p,031 le

OPTICAL COHERENCES

S {j+ d -- 2(Po}Pi2 =V-(P22 - P11) (f)

I where p, denotes the population of state Ia > , " is the radiative decay rate of state 12 >.

,f3 is the decay rate from level Ja > to 13 >, r is the dopant-dopant coupling with units

3 of cm 3 per sec, P12 is the optical coherence of the excited transition, - d is the dephasing

rate of the optical coherence, w. is the transition frequency. The quantity S is just the

work done by the radiation field for excitation or de-excitation of the energy states. It is

3 given as

S = 0'(VPI2 P21'V2 )

I with V12 = -9 12 E(R, t) is the potential energy describing El coupling.

The set of equations (1) provides a description of the nonlinear optical processes in

theNd -3 doped material. The optical measurement of the four-wave mixing process is

3 directly proportional to the total off diagonal elements of the density matrix. We shall

approach the analytical solutions in several stages. with increasing complexity.
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We shall delineate the prescription to be followed in order to obtain exact solutions

LOW INTENSITY REGIME 5
This regime is characterized by the intensities of the counterpropagating pump fields

to be below the saturation intensity of the medium. In this regime the solution are found I
by the following scheme, 3

(0) - 1 - (3 ) )(a

p11 -p 1 2  pQ2 { =1- }p 1 2  (a

where the superscript denotes the order of the radiation field enetering into each expression.

HIGH INTENSITY REGIME

This regime is characterized by the saturation effects imposed by the presence of strong 5
counterpropagating fields. The intensities must be above the saturation intensity of the

medium. In this regime, the solutions are found in the following manner I

p{Ef,.Eb} - (2b) I
where the superscript denotes the condition that the probe field EP enters only as a first 3
order quantity. The notation p{Ef, Eb} has the meaning that the solution for the density

matrix are exact to all orders in the counterpropagating pump fields.

We shall consider in our discussion both the case of homogenously and inhomogenously 3
broadened material. For the latter, we shall use a analytically tractable distribution func-

tion that simulates the effects of crystal field broadening. I

I
l
I
i
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IV. SPECTRAL LINESHAPES

In this section we will derive an expression for the nearly degenerate four-wave mixing

lineshape. We show that the bandwidth of the lineshape is determined by the effective

deacy rate of the transition [3 >- 14 > even though the radiation fields are tuned to the

transition I >- 12 >. This result implies that nearly degenerate four-wave mixing is a

I powerful spectroscopic tool to probe IR transitions of rare earth ions using visible laser.

I Using the prescription (2a), the solutions to Eq.(1) give the following spectral lineshape

for the homogenously broadened regime.

I= 62 + 34 --rN(1 - 2I/I,)]2 (3)

where N is the density of Nd- 3 ions. and 1 is the saturation intensity of the medium.

Several interesting feaures can be deduced from Eq.(3). First, the spectral linewidth is

I determiend by the decay rate of the metastable state 13 >. This result indicates that the

technique of DFWM can be used quite effectively for spectroscopic measurement of not

easily accesible transitions. This technique is not affected by the laser jitter since one takes

the difference between two oscillating fields to generate a traveling wave grating. Second.

If I/I > 2. then the linewidth decreases for increasing dopant density. Figure 3 shows

3 a plot of the spectral lineshape as a function of the pump-probe detuning parameter. 6

for two different values of the dopant density. A decrease of the linewidth is observed as

one increases the density from 1. x 1020cm - 3 to 6. x 10 2°cm - 3 . And last, the saturation

3 intensity is now defined by

Is = 2- -N

I where I, is the intrinsic saturation intensity that takes into account only the fast nonra-

I diative decay of state 12 >. Hence the saturation is incersely proportional to the dopant

density. This rather simple theory agrees quite well with recent experimental data.

3 It is possible to estimate the value of the third order optical susceptibilities given a

knowledge of the oscillator strength of a specific transition. For the case of 575 nm. and an

A-9
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oscillator strength of 10 - 5, one estimates a X( 3 ) - 10-' esu for dopant density of 102 1 cm -3

Consider now the inhomogenously broadened regime. The physical mechanism arises 5
from crsytal field effects. In order to simulate such an effect, we shall invoke the Gaussian

distribution function for the transition frequency Zo . We shall consider the role of radiation I
field induced saturation. The calculation proceeds according to the prescription (2b). 3
integrated over the Gaussian distribution yields the following results.

4ry( 3 ) x IfIbIp 2 rx

\, 1 + ( if + Ib) /I, + 2 V fItb /1,

where F(,Tr/2. x) is the Elliptical Integral of the first kind with arpument x. The argument

x is defined by i
2\ If b/I,

+ (If + Ib)/I,

I, denotes the intensity of radiation field n. Two interesting features can be deduced from

Eq.(4). First, the intensity dependence of the spectral lineshape is inversely proportional

to the square root of the counterpropagating pump intensity. Figure 4 plots the spectral 3
lineshape as a function of the pump-probe detuning parameter, 6. for different values of

the counterpropagating pump intensities. It shows the power broadening effects. which is 3
characteristic of inhomogenously broadened materials. And second, the spectral linewidth

is inversely proportional to the density of dopants, in agreement with the previous results. i
The physical understanding for the decrease in the linewidth as a function of dopant density 3
is identical to the one stated above for the homogenously broadened case.

The DFWM phase conjugate reflectivity as a function of the counterpropagating pump 3
intensity is plotted in Figure 6 for two different values of the ion dopant density. It is not

surprising that the reflectivity is larger for large dopant density.

I
I
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V. SUMMARY

We have carried out a detailed analysis of the spectral response of the nearly degenerate

four-wave mixing process in rare earth doped crystals. We showed that [he four-wave

mixing spectroscopy is a powerful tool for the study of unaccessible optical lines using

visible radiation. In specific, for the case of Nd - 3 doped crystal, the nearly degenerate

four-wave mixing spectral signal using 575 nm radiation gives a direct measurement of the

effective decay rate of the 1.06 ktm transition. The power of the four-wave mixing process

rely on th', measurement of ultranarrow linewidths using broad band lasers. This technique

will be useful to study the dynamics of any rare earth doped materials. With the advent

of pair excited tunable solid state laser sources, DFWM will provide the fundamental

understanding of the role of competing decay mechanisms in these materials.

We have analyzed the spectral lineshape as a function of the counterpropagating pump

intensities. We found that for inhomogenously broadened materials, the spectral linewidth

is proportional to the intensity to the one half power. This behavior is intrinsically con-

nected with a Gaussian distribution of transition frequencies. We have also found that

3 the linewidth is quenched by an increase in the ion dopant density. This phenomenon is

attributed to the interaction amongst adjacent neighbors via Coulomb or exchange forces.

The decrease of the linewidth is a manifestation of the changes in the effective ground

state lifetime. That is, population of the ground and metastable states are depleted by

the pair interaction, leading to an increase of population in an intermediate state. The

3 outflow of population implies that the lifetimes of the ground and metastable states are

considerably longer. We have also studied the dependence of the saturation intensity as

I a function of the ion density. The pair process causes the saturation intensity to decrease

3 for increasing dopant density. This is also a manifestation of the decrease of the lifetime

of the metastable states.

3 The validity of the theoretical model must be tested against experiments. A crucial

test is the evaluation of the phase conjugate reflectivity. We showed that the reflectiv-
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ity increases with the ion dopant density. and is in qualitative agreement with recent

experimental data of Boyd et al . Hence rare earth doped crystals are potentially useful 5
materials for nonlinear optical phase conjugation . In specific. with the recent development

of 3 alumina as the host. it is posssible to choose an ideal rare earth dopant for broadband U
applications. I
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FIGURE CAPTIONS 1
Figure 1. Energy levels of the Nd ion

Figure 2. Geometry for the degenerate four-wave mixing process

Figure 3. Spectral lineshape for the case of homogenously broadened material

Figure 4. The normalized spectral lineshape as a function of the counterpropagating pump 5
intensity

Figure 5. The inhomogenously broadened spectral lineshape for distinct values of the dopant I
density 3

Figure 6. The phase conjugatre reflectivity as a function of pump intensity
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3 APPENDIX B

Abstract of Paper

* 1988 Annual Meeting of the Optical Society of America
3Santa Clara, California

Abstract Deadline: June 3, 1988

Each author of a paper submitted for presentation at the 1988 Annual Meeting is required to furnish a 25-word abszrac:
of the paper as well as a summary of not more than 200 words. The abstracts will appear in the September issue or3Optics News. The summaries will be printed in the technical digest and distributed at the meeting.

It is expected that contributed papers will represent original contributions to optical science and technology. Subjects
treated in second and .subsequent papers on the same or similar topics by an author or by a partially or compieteiv
overlapping group of authors should represent distinct contributions. Authors are encouraged to submit their full papers
for publication in the journals of the Optical Society of America.

As an aid to the program committee in arranging the various sessions, please designate above your abstract, from the
following list or from the list of symposia subjects that appears in the call for papers, the field that most closely retlectsthe subject of the paper:

acousto-optics holography multiple excitation of photography
adaptive optics image processing atoms physical optics
astronomy image understanding nonlinear optics photon counting
atmospheric optics information protessing optical communication physiological optics
atomic spectroscopy instrumentation optical computing radiometry
biology and medicine integrated optics optical data storage radiation pressure
bistability interferometry optical design remote sensing
coherence laser chemistry optical detectors solar energy
color laser fusion optical devices space optics
computational vision laser propagation optical fabrication speckle
displays lasers optical inspection statistical optics
electro-optics machine perception optical metrology surface physics
fiber optics machine vision optical physics thin films
geometrical optics materials optical sensors tomography
graded-index materials medical optics optical squeezing ultrafast phenomena
gradient index materials molecular spectroscopy optoelectronics x-uv techniques3 guided-wave optics phase conjugation vision

Equipment will be available at the meeting for projecting 2-inch X 2-inch slides used with 35-mm transparencies and
overhead transparencies. Any author requiring another type of projection equipment should so indicate in a letter ac-
companying this abstract. The finished 2-inch X 2-inch slide should bear a thumb mark, or operator's spot, placed at the
lower-left-hand comer 6f the slide when it is viewed as it will appear on the screen. There will be provision at the meetingIfor authors to preview and load their 2-inch X 2-inch slides before the sessions in which their papers will be presented.

Please note the instructions that follow regarding preparation of the abstract and the summary. FAILURE TOICOMPLY WITH THESE INSTRUCTIONS MAY MAKE IT NECESSARY TO OMIT THE PAPER FRON THE
PROGRAM. NO PAPERS WILL BE ACCEPTED AFTER THE DEADLINE DATE.

Abstracts and summaries should be submitted, as far as possible in advance of the announced deadline date, to Optical
Society of America, 1988 Annual Meeting, 1816 Jefferson Place, N.W., Washington, D.C. 20036.
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DIRECTIONS FOR PREPARLATION OF ABSTRACT AND SIUNINARY

The purpose of the summary- is to give (1) a more definite description of the nature and scope of the paper than can be con'.eyed it!

the essential results. insofar as it is possible in the limited space allowed. Unusual symbols and cotnplexr mothernalicJ/1forn~ulas sio-:

used. Do not use any undefined acronyvms. Do not use abbreviations in your address or elsewhere. Footnotes should refer onl

papers with which the listeners need to be acquainted to understand your paper, as you intend to present it. Do not mc-d m
references. Abstrac-s appear in the September issue of Optics News: summaries are pnnted in the Annual Meeting Tez.nr,:a. DI:
available to the -eizistrants at the mfeeting.

Type DOUBLE SPACE in SINGLE PA*R-AGRA-PH. on this form. To ensure that references to this paoer and your ot''-ia

s:stentiy entzered :n computerized indexing systemns. please use the form of your given name (first name and Initials) that -o

published papers. Please exercise the same caution with the namels of your coauthors. Please limit your abstract to 25 %%ords ar~. --

to 2CO words. Word :.- TITLE :!early so that the abstract may be properly piaced in the subject index on the basis alor'e o*7 -'
follows the ;"le ofzthe pacer- is to *bedthat of the first-namned author. 1/you wish to cite another instiru non,or:heoa:o5-.ee
dresses, te concrsed naes on/9* of :hese institutionismay be givenas footnotes. Your full maiiing add'ress snouid te js3eO.5
mna ry.

All :ommunications concerning the pacer will be sent to the first author unless otherwise indicated. The telephonie numbcer :,7r

who shnouid recet'.e all communications should be entered on the abstract in the space provided.

Please designate from the list on the front page of this form or from the list of symposia subjects that appear in the -al! for ;apers re

most closely reflect the subject of this paper.3

Optical pase conjugation

Theor'y:of c: pt:ica-l 'phas-e conjugation in coupled ion =a irsI

?--,-Iuhes Research LabczratzT

A theory of the spectral response and saturation behavior of f:our-a

mixing mediated by coupled ion pairs is presented.3

Send alcorrespondence to: Ja . Lm(1)1 -9o
(Name) teppmcne n-

Conmnbuted papers may be preened in regular sesons, poster sessions. or dermonstuci~n sessions. Full information on each of the sessons3~

the call for papal. PIlse review the material and check the applicable box.

Check oneI
This papar is C: o be scheduled for poste praan~on.

,J-5o be scheduled for oral prieentanon.
to be scheduled for oral presentation only if poster presentation is not possible or desirable.

Cto be scheduled for poster presnation only if oral presenation is not possible or desirable.3
C to be scheduled for a dernonsation session.

SPONSORSHIP PEWMSSION
(For Nonalimber Authoui)

Contnbuted papurs may be presented at the Aninual Neecrig by OSA members. MEMBER'S NAME-
A nonmember may present papers only with the sponsorship of an OSA member. (Pflft)

I have read thils abstract and recommend that it be premesed. I iane to sponsor MEMIBER'S SIONA1TJR'

B-2



!

I Theory of -:ical ohase con-. ation in coupled lcn ca=--

:,uan F. Lam

Cotical ?hysi cs .ughes Research Labora=-oriesI
301 1 Malibu Cany n Road Malibu California 9C2 -

I Ccuoied ion nairs in solids have olaved an importan: role I -e

l c -:r new solid state lasers. The long ranae inter-

action among two or more ions provides a channel for the inver-

3 sion Cf.cooulaion, leading to the discovery of new emission

lines. eca-use cf the relatively large optical cross sections,

3 cuc!ed ion oairs may provide new media for the implementation

of a solid state phase conjugate mirror. We present a tneorv of

optical phase conjugation, via four-wave mixing, in such novel

3 materials. For a model ion doped solid state system, the cal:.-

lazions give the following conclusions. First the spectral

3 Linewidth is proportional to the square root of the intensi:' --

the radiation field in a inhomogenously broadened material, for

fixed ion density. Second, the linewidth decreases with increa-

3 ing ion density, for fixed intensity level. And last, the sa:u-

ration intensity also decreases with increasing ion density, ror

fixed optical intensity. The behavior of the linewidth and the

saturation intensity is attributed to the strong interaction

I among two nearest neighbor ion pairs, which leads to the genera-

tion of additional energy dumping pathways.

Work supported by AFOSR under contract #F49620-88-C-0042
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FOIR-'WA'E M-(ING SPECTROSCOPY OF STATE SELECTE,
c:CL:SIONS IN GASES A.ND SOLIDS*

Juan F. La I
Hughes Research Laboratories

Malibu, California 90253

ABSTRACT I

The quantum evolution from a closed to an open

system, induced by collisional processes, is presented in
the framework of nearly degenerate four-wave mixing
(NDFWM) spectroscopy. We show that an open system

manifests itself by the appearance of a subnatural
linewidth in the spectrum of the phase ci-njugate signal.
Examples are described for sodium vapor in the presence
of buffer gases and in Nd' 3 doped *-Na-Alumina for high

concentration of Nd" ions.

INTRODUCTION 3
The discovery of real time phase conjugate optics by

Stepanov et al' and Woerdman2 has provided the foundation
for the use of four-wave mixing processes as novel I
spectroscopic tools. The inherent advantages of 'ackwari
degenerate four-wave mixing cver saturated absorpo:on
techniques are the existence of Doppler-free spectrum
combined with their nearly background-free signals, ana
the simultaneous measurement of the longitudinal and
transverse relaxation times in a single spectral scan.
The Doppler free feature was first pointed our by L;ao
and Bloom3 in their investigation of resonantly enhanced
phase conjugate mirrors. While the simultaneous presence
of the longitudinal and tranverse relaxation times in the
spectrum were described by Lam et al4 . 3

Recent studies of collisional proces;es using four-
wave mixing techniques have shed new insights on how
collisional processes affect the spectral lineshape s. A

point in question was the measurement of ground state
behavior in spite that the laser was resonant to an
optical transition. This fact illustrates the complexity
involved in our understanding cf coliis.on-induced
lineshapes. The objective of this review is to provide an I
up-to-date account of how the technique of nearly
degenerate four-wave mixing probes the evolution of a
quantum system in the presence of perturberso.

:5 198 American intitut.e of Phys
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THE TECHNIQUE OF NDFWM SPECTROSCOPY

The technique of NDFWM spectroscopy' invclves the
generation of a travelling wave excitation in the medium
(.with an atomic resonance w0 ) by the interference of
two nearly co-propagating radiation fields oscillating at
frequency w en2 -",6; respectively. The nearly phase
conjugate field is produced by the scattering of a
counter-propagating read-out beam off the travelling wave
excitation. The nearly conjugate field oscillates at
frequency W-6 and travels in opposite direction to the
input beam oscillating at w+6.

The small signal spectrum of the phase conjugate
fields takes on distinct behavior depending on whether
the resonant medium is homogenously or inhomogenously

broadened. For the case of a two-level homogenously
broadened system, the theoretical spectral lineshape7 for
w=wI exhibits a resonance at 6=0 with linewidth given by
.417, where 7 is the spontaneous decay rate, in the
absence of a buffer gas. In the presence of a buffer gas,
the NDFWM lineshape shows an effective narrowing in the
linewidth. This phenomenon arises from the formation of a
long-live.: ground-state population excitation formed by

the interference of two input radiation fields. The
limiting factor is ultimately determined by the transit
time of an atom traveling across a laser beam.

The spectral lineshape takes on a si.milar behavior
for the case of an inhomogenously broadened system when
w=w.. It describes the evolution of the spectral
lineshape as buffer gas is added to the quantum system.
For w=w., the lineshape contains two resonances locatedI" at 6=-2A and 6=0. However the linewidths have different
behavior in the presence of buffer gases4 . The resonance
line located at 6=-26 experiences phase interrupting
collision, which tends to broaden the iinewidth. The
resonance line at 6-0 experiences a decoupling of the
ground state from the excited state and the width of the
line is determined by the lifetime of the ground state

( in this case it is the transit time ). A is the detun-
ing of the pump from resonance.

The spectral behavior of the nearly phase conjugate
field illustrates two important points. First, the

spectrum contains simultaneous information on the energy
and dipole relaxation times, when w-w*. And second, the

spectrum provides a direct measurement of the ground
state lifetime in the presence of & buffer gas.

C
I
I C-3

U



3
I

232

COLLISION-INDUCED RESSANCES IN SODI-74 V.APCR I
Sodium vapor provides a testing ground for the

concept outlined above. We consider the excitation of the
D2 line of sodium using two correlated c-, lasers having a
bandwidth of approximately I Mhz. Since the spectral
linesha.pe depends on the difference of frequency between
the two correlated lasers, phase fluctuations are
automatically eliminated and the fundamental limitation
to the sensitivity of our measurement technique is the
time of flight of the atom across the optical beam or the
laser linewidth. whichever is larger. Figure la shows the
spectral behavior of the nearly phase conjugate field for
equally polarized input fields and for w tuned to the
3 S 1 12 (F=2) to 3P 3 /2/ (F=3) transition'. It depicts a

TORR NEONICCPOARIZED

wIOTm - 2N 9 mh 0 TORR NEON
CROSS-POLARIZED

-I WOTM 25 Mh2

0:6

- : I

2s rORR NEON
CROSS POLARIZED

TORR NEON
COPOLARIZED Oi I

MO TORN NEON

CROSS POLARIZED

250 TOAR NEON WDh* M~
COPOLARIZID

I I
______ _____-150 -75 1 15 SO

-ISO 7s ( M 71O 2n(b) FREQUENCY

(a) PROE-,pu Ip OITNING(

Figure 1. Spectral lineshape of the NDFWU of sodium for
(a) co-polarized radiation fields, (b) cross-
polarized radiation fields.

C

C-4



i
i

5 233

narrowing of the linewidth, from 20 Mhz to 1 Mhz, as
argon buffer gas is added to the sodium cell. It can also
b2 interpreted as the appearance of a new resonance with
a much narrower linewidth. Hence it provides a direct
measurement of the effective lifetime of the 3 S,/2
state. As the buffer gas pressure increases to 250 torr,
the linewidth broadens up due to the excited state.

Figure lb shows the spectral lineshape for theUcase where the counterpropagating fields, oscillating at
w, is orthogonally polarized with respect to the field
oscillating at w * 6. Again as the buffer gas pressure
increases, the linewidth decreases from 20 Mhz to 1 Mhz,

.even beyond the 250 torr regime. The use of cross"polarized radiation fields induces a Zeeman coherence
grating rather than a population grating'. The collision
cross section for Zeeman coherences is relatively small,
which accounts for the 1 Mhz linewidth even at a pressure
of 250 torr. These data provides a glimpse of the
simplicity of collisional processes on the NDFWM
spectrum. However, Khitrova and Berman9 has predicted
that additional ultranarrow features are also present
even in the absence of buffer gases. These features are
the result of optical pumping processes that exist when
the atomic multipoles are produced by the interference of
two orthogonally polarized light beam. A detail account
of the theory and experiment related to these novel
features are presented by Steel et al. 10.

3 OPTICAL PAIR INTERACTION IN Nd' 3-p"-Na-Alumina

The study of cooperative processes in solids has
been a subject of great interest since they determine the
practical limitations of solid state optical devices. The
technique of NDFWM spectroscopy has provided an initial
step toward understanding the role of ion-ion interaction
in the spectral lineshape1 1. An interesting candidate
material is Nd3 doped P-N-Alumina 12 .1 3 . For this
material, the four-wave mixing process takes place at 575
nI between the 4.9/ and '07/2 states. However due to the
fast nonradiative relaxation rate of the excited state
4G?/2, the NDFWM spectrum shows a ultranarrow resonance
whose width is determined by radiative decay rate at 1.06
Am ( which is of the order of few hundreds Asec ). The
transition at 1.06 ism is between the "F3/ 2 and '111/2
states of Nd".

Figure 2a depicts the spectral lineshape of the
nearly phase conjugate field for three different pump

C
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intensities. The curve labeled by 25 =W provides a direct
measurement of the spontaneous decay rate at 1.06 4m evez I
though the laser used in the experiments has a wavelen"h
of 575 nm. At higher value of the laser intensity, the
linewidth broadens up due to pump-induced saturation.
Rand et all' showed that the intensity behavior of he I
NDF'W. linewidth is consistent with the system being
inhomogenously broadened. Figure 2b describes the
dependence of the saturation intensity and the linewidth
as a function of Nd "3 concentration. For densities larger I
than .5 x 10z cm "1, both physical parameters experience

a decrease. Lam and Rand" has shown that this behavior
arises from the increase in the pair interaction which
creates an additional channel for the electron located in U
4F3/2 to escape, leading to such a behavior.

t!
_ _ I

(a)

Figure 2. (&)Spectral lineshape for different intensi-
ties. (b) Behavior of the saturation inten-

sity and linewidth as a function of dopant
density.

SULMARY 3
We have described some of the subtle issues

associated with spectral lineshape of NDFWM in the
presence of collisional processes. The results have
demonstrated that collisions do indeed provide a meacs
of separating the ground state from the excited state.
The ultranarrow linewidth of the NDFWM spectrum is ai
manifestation of the ground state effective lifetime.
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The study of quantum confined semiconductor structures has led to the development

of electronic and opto-electronic devices with significant improvement in their operating

characteristics as compared to those that work on the basis of bulk effects. For example,

quantum well lasers that have threshold current density of few hundreds of gW/cm 2 and I
can be tuned over few hundreds of nanometers have been demonstrated. 1 On the other

hand, novel millimeter sources, such as the High Electron Mobility Transistor, have been

implemented by taking advantage of the enhanced electronic properties of these 2-Dim 3
structures. 2

Nonlinear optical properties of semiconductor superlattices were explored by Tsu and I
Esaki, 3 who concluded that the optical nonlinearities inherent in these structures were

larger by orders of magnitude as compared to those found in bulk GaAs. However little is

understood concerning their nonlinear responses to millimeter wave radiation. It was not

until recently that experiments 4 have shown the possibility of enhanced nonlinear mixing

of two distinct coherent millimeter souuces, thus producing a radiation at the difference 3
frequency. Work along a complementary line of exploring the nonlinear index of refraction

in graphite suspensions at 94 GHz has shown encouraging results for applications in signal

processing. 3
The objective of this work is to explore the possibility of millimeter wave four-wave mix-

ing in superlattices. This work applies the concept of radiation induced non-parabolicity, I
through the superlattice effective mass, to the the standard four-wave mixing phase conju-

gate process. We also delineates the criterion for the observation of phase conjugate waves

since the wavelength of the radiation field can be as large as the size of the interactionl

region.

Before proceeding to the formulation and solution of the problem of nonlinear wave I
mixing in superlattices, it is important to quantify the boundaries imposed by the wave-

length of the radiation field and the size of the sample. Unlike the case in the optical

regime, where the wavelength of light is much smaller than that of the sample, there exists

D-2
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I
a limitation concerning the validity of the slowly varying envelope approximation in thin

samples. This approximation ensures the description of the nonlinear processes in terms of

well defined ( angular ) input and scattered fields. First. consider the linear absorption co-

efficient, which is determined by free carrier absorption. In the regime of 94 GHz radiation

and a collisional damping time of .1 psec, the absorption coefficient is 2.24mm - 1. Second,

the SVEA implies that the envelope of the field varies slowly compared to a wavelength

of radiation inside the medium. In the case of 94 GHz radiation propagating inside, say.

m a GaAs-A1GaAs superlattices, the SVEA is valid provided that the nonlinear interaction

m length is larger than 7.8 mm. These estimates aasume that the transverse dimension of

the sample is large compared to the wavelength corresponding to 94 GHz.

The starting point of our analysis is the equation of motion for the charge carriers in the

superlattice structure of periodicity d. Assuming that the one-band Kronig-Penney model

m is valid, the velocity of the charge carriers moving along the direction of the superlattice

* growth axis is described by

dv v qE(t) qd

where m. is the superlattice effective mass at the r point. The radiation field consists

3 of strong counterpropagating pump fields, Ef and Eb; and a weak incident probe and

backscattered fields, Ep and E. We shall assume that all radiation fields oscillate at

frequency ;. Equation (1) can be solved in the following manner. Let us write the total

radiation field as E = E0 + AE 1, where E0 = Ef + Eb, El = Ep + E,, and A is a dummy

variable that keeps track of the strength of each quantity. That is, E0 is much larger than

El. In the same manner, one assumes that the carrier velocity is given by v = V0 + Av1 .

Inserting this prescription into Eq.(1), one obtains the following equations

dv + ~v qEO(t) d
- _ = _ X co )d t' )(2a

dt r M , hjotj

D-3
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qEO (t) q df El ')dt' x sinj d Eo(t')dt'} (2b)
- -, h .3f I

where Eq.(2a) describes the evolution of the strong radiation fields, and Eq.(2b) describes

the process of the interference between the strong and weak radiation fields. The first 3
term on the right hand side of Eq.(2b) results in changes in both the linear index of

refraction and the absorption coefficient of El due to the presence of E 0 . While the second

term describes the spatial interference between El and E0, resulting in the formation of 3
spatial gratings. This term is the mechanism responsible for the coherent generation of

backscattered field due to Bragg scattering. Furthermore, Eqs.(2) assumes the undepleted

pump approximation. The nonlinear current density is given by

J = qnv (3)

which enters into the Maxwell's equations as a source term. m

The evolution of a new radiation field is determined by the solution of Eq.(2b). The 3
solutions to Eq.(2a) were determined by Lam et al. 5 and predicts the effect of induced

transparency, within the one-band Kronig-Penney model for the superlattice. Equation 3
(2b) has the following solution for the case of degenerate four-wave mixing 3

q Esexp(ios) x {A - iB}
m. 1 - i3

q F;exp[i(of + Ob - op) X C (4)

where

A =Jo(flf)JO(fb)
00

+2 Y, J2,(flf)J 2n(fIb)cos(2nAc')
n=1

-2 Z g2n+I(Of)J2nl(flb)C°q[(2n + 1) A] 3
n=O

B = -hfl{J(If!)J(flb)ainA o
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* 00

+ E [J2n-i( lf) + J 2ni(1f)]J2 .n(1b)sin2nAp
n=1

* 00

+ E J2n-I(b)J2l(Uf)sin(2n -1)A

n=1
00

+ Z J 2flI(fb)J 2 n([l)sin(2n + 1)A }
n=1

-(b,f)- (f,b)

C = -{fIfJ(fb)[Jo(fnf) + J 2 (flf)] + f1bJ1(fl)[JO(b) + J2 (nb)

I with i = (kb - kf)z. Jn(x) is the Bessel function of order n

The carrier velocity has two components. The first one, proportional to E, is just the

modification due to the presence of the strong field E 0 . The second component, propor-

tional to E;, results from the nonlinear mixing of Ep and E 0 . The latter is responsible

for the generation of time reversed or phase conjugate radiation field. The terms on the

I right hand side of A and B have very simple physical interpretation. The terms which

are independent of Ao correspond to intensity changes. While the terms that depends

on A are due to the interference between Ef and Eb, resulting in the formation of a

spatial grating with periodicity A/2n. n being the index of refraction of the material. The

quantity C describes the coupling strength of the nonlinear mixing process.

I The current density that is obtained from the carrier velocity is now used to obtain the

3 equation describing the spatial evolution of the radiation field amplitudes. Assuming that

the size of the sample validates the use of the SVEA, one derives the following coupled

m wave equations
idE z +=dz ,+ E (5a)

dz = -ia*Ep * -iIP*E, (5b)

5 where
wh W W ((A - iB))

i W~i.) 2

A 2 (C)
Ciw(I -w) 4

D-5

I



I

where P = ¥/47rnq2/(Mz is the plasma frequency. E is the dielectric constant of the mate-

rial. The notation (--) denotes the spatial averaging over A/2n, which is the minimum

requirement for macroscopic nonlinear optical phenomena to occur. That is, if the sample

dimension is as large or larger than A/2n, the generated radiation field is described in I
terms of spherical waves emanating from a point source. f

The solution of Eqs.(5) is

E(O) = -3Ep(O) 1 - ezp(-2ibL (
a - b + a - (a + b + a)exp(-2ibL) (6)

where a = Real(a) and b = \'(Real(o))2 + 1312 - 1012. L is the nonlinear interaction

length. Figure 1 shows the reflectivity R = IE,(O)/EP(O)12 as a function of the lf, assuming

that Ef = Eb. The oscillatory behavior of the reflectivity is a consequence of the functional

dependence of the Bessel functions. A saturation behavior is obtained at f = 2. I
A feature of degenerate four-wave mixing process is the existence of self-oscillation or 3

mirrorless oscillation. In our case the condition for such a phenomenon to occur is given
by I

byb

tanbL = b (7)

The result of Eq.(7) indicates that large phase conjugate reflectivity is possible provided

that certain stringent conditions are satisfied for the lengthe of the nonlinear medium and I
and intensity of the pump fields.

In conclusion, we have studied the possibility of producing a degenerate four-wave

mixing process in a superlattice. We showed that it is possible to achieve reasonable

reflectivity of few percents. Furthermore, under certain conditions, a weak probe field can

generate large values of the reflected field. What remains to be considered is the practical I

limitation in producing a superlattice structure which is large enough for macroscopic

nonlinear phenomena to take place. This will remain a challenge for the epitaxial growth

techniques.
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APPENDIX E

a
3 MODULATION PROPERTIES OF MILLIMETER WAVES

IN SEMICONDUCTOR SUPERLATTICES

S
Juan F. Lam

Hughes Research Laboratories

3 Malibu, California 90265

ABSTRACT

We report new results on the modulation characteristics of semiconductor 9operlattices

3 in the millimeter wave regime. FM modulation is achieved if a static electric firld is applied

almg the swiperlattice growth direction. AM modulaticm is predicted for i,, applied AC

3 electric field.
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Recently, several experimients' " have been performed that probe Lte inal-ria1 require-I

initts and their suitabilitY for itse iiCte far infrared regime. The denionstrati,-i 4 difference

frequency generation ii Si,' Ge sitiperlattices, Cte measurement of the nonlinear ,,ikex ~4 refrac-

tioni andt phase coiijiignatiozi at 94 G11z in graphite suspensions indicated that iidinearities3

ii the inillitneler rm ige coild hie plti te large, in comparison to those foutid itheO optical

yrogiie. We reporft il a dletailpil study of mnillimeter wave nonliniearities in ;,ticontductor

siiperlatft ices, and irh I.d ginirf third order susceptibilities '. We carried mf an analysis

Ilhat describes flip go-ieraIlion '4 phase cnijtgate waves in these customized '"at rials.' In

view of the importnaiwe 4f millimeter wave for signal processing purposes. w, ,xtend our

previous stdies 1, 1 hip case of iii'ulatioit properties of these materials.

The sta rtintg poi t iii our sia ysis is the couipled charge transport and crysthil iimmrentuimS

eqitalIimns fo r Cte ini t.11ii 4 the Blo ch carrirr di rected along the directioni of I Imli i;erlattice£

growl i (labelled liv thle siulbscrip z ),

lOkz

h x 't =q( E. +E(t)) (2)3

where t'z is Lte carrier velocity, T is the citrrier mnomentumn relaxation time7 a]-img, z. k, is the

crystal moinentuni.E0 is Cte applied electric field, E(t) is the radiation fieid will1, polarization

state orieiited along z, q is thme charge of the carrier anid U is Lte suuperlattice louuu1 R1ructiare.

fit the one.-baud or Kronig- Penney miodel, Ur takes a simple form

(U = Uui{ I - cos k..d) (3)

wvhere (I is the sioui I'tnt li -. ppui-o. Equntionis (1), (2) and (3) can be conibitii' *t 'Kgther to

Yield lie follow i tug - q'rp-suoaa

dtv v q(EF, + E(t)) (a

E-2



wliere the stiperlattice effective mass m,, is givet iby

i -(0d Cos j +E E(t')) dt' (4b)

Equations (4) describes the physical origin of the nonlinearity and modulat i"' properties

in semiiconductor superlattices. Th'lat is, bothi phenomena arise from the artificially induced

moiparabolicity, throuigh the superlattice effective mass. In the absence of L,, and E(r, t),

int becomes the s'iperlattice iiass, mn, at the high symmetry point. The noriliiieamr current

3 density is givell Iby

pJ =nqv.. (5)

whtere n is the carrier coticentroin.

£ Equation ( 1) is solved exactly for arbitrary values of E. and E(t). Simple expressions

are pbIysically tranispareiit for the case wltcre E,, is small compared to tOr 11uagnit'ade of

E(I) = Acos(kx - wi). We shiall restrict to this important but realistic regitte. ConsiderI first the case of a static electric field. Usitig Lte relation between the trigmimometric and

Hessel functions, the nonlinear current density is given by

3J = ('br ):1Jo(R) I-Jj(R)]cos(kz - wt)coafli) (6)

I where w. = 4xwnq 2/mw is the plasma frequiency, .Iu(R) and JI(R) are the zeroth and first

3 order Bessel functions with argument R = qdA/Aw, and 0R = qdE,/A is ther static field

iiored Rabi freqjuency.

I Equation (6) has a very simple physical interpretation. The use of a statit- "lectric field

and an applied radiation field gives rise to a frequency modulation (FM) of I le radiation

field. In arriving the above stated results, we assume that wr is much greater I hailr unity.3 Next, we considler the case of an applied oscillating field, E. Bcoal3l :-iid an input

rR~lintioni field E(1) = Ac~~x wt). The solution of Eq.(4) is given by

.1 r ).lIJ(R) + .12( R)Jsin(kz - w)cos(..:n(8t)) (7)

UE-3



where s = U/3 is I he imo ualiz'd applied electric field induced liabi freque,-y I
l'"iia tiou (7) impilies that fhe alpplication of an oscillating electric field gi k- rise to an

amplitude modulated ( AM) radintion field.

III coiclusioi', we e'xphtred I lie distinct. possihiility of modulation techniq im. M ;emicon- I

(lictor superlattices, and found that these materials possess unique properties. We predict

ilie existence of FM awd AM miodulation ,ider the condition of a static an'd m, ,.scillating

electric field orieuted nl.g the siperlattice growth axis. Interestingly enough, f hese results 3
Cuhil be applied . ci rr--v. signal p.rcessiwig operation in the millimeter way,.. rugillle.
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i

I THEORY OF STIMULATED SCATTERING PHASE CONJUGATION

IN

RESONANT SYSTEMSI
Juan F. Lam

I Hughes Research Laboratories

Malibu , California 90265

3ABSTRACT
A theory of self-pumped phase conjugation in resonant systems is presented. We postulate

3 that stimulated backward two-wave mixing is the mechanism leading to the production of

phase conjugate waves. We show that the conju&Ation process has a threshold behavior

and the phase conjugate wave has an intrinsic frequency shift as a function of the pump

I intensity.
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!II
I. INTRODUCTION I

Self-pumped phase conjugation ( SPPC ) has been a subject of great interest due to its 3
application in the area of optical signal processing'. The phenomenon of SPPC was first

discovered when Stimulated Brillouin scattering was generated in a nonlinear medium 2.

They found surprisingly that the backscattered radiation had the property for correcting

any artificial aberration imposed on the input pump field. This observation led to the

development of phase conjugate optics as an integral part of quantum electronics. The I
success of SPPC lies in its simplicity for the implementation of phase conjugate mirrors.

That is, a single input pump field can generate a backward propagating radiation field,

whose optical phase is the negative of that of the input pump field provided specific energy

and momentum conservation laws are satisfied. This general remark needs to be quantified i
dependent upon the circumstances of the experimental set-up. For example, experiments I
performed in a geometry where an optical cavity is present might also involve the process

of four-wave mixing which will produce phase conjugate fields. However even in this case, 1

given a single input pump field, stimulated scattering appears to play the dominant role in

producing the additional two other coherent beams which are required for the four-wave

mixing process to take place.

Subsequently, the same phenomenon has been replicated in photorefractive materials3,

in Kerr media 4, saturable absorberss and lately in atomic vapor6 . Self-pumped phase 5
conjugation in photorefractive materials arises from the amplification of noise by means

of coherent energy transfer between the incident pump field and the scattered field.7 The j
mechanism responsible for net gain is the formation of a nonlocal traveling wave grating,

arising from the diffusion and drift of charge carriers. An internal space charge field is

produced by the spatial separation of the photo-ionized carriers from the defects present 3
in the electro-optic crystals. The change of the index of refraction, which is proportional

to the intrinsic space charge field, is 90 degree out of phase with respect to the intensity £
interference pattern. The scattering of the pump field from the refractive index generates

IF-2
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3i a coherent amplification of the scattered noise. Although this simple physical picture

is acknowledged to be correct, there are complex behaviors such as intrinsic frequency

shifts and instabilities that obscure the interpretation of the experimental data. The

production of phase conjugate fields in a Kerr medium was observed in the presence of an

I optical cavity. In this case, the physics became clear. The pulsed laser induced stimulated

Brillouin scattering which is allowed to bounce back and forth inside the resonator. Hence

the counterpropagating beams in the resonator constitute the pump beams in the standard

5 four-wave mixing configuration. Phase conjugate fields arise from the scattering of one of

the counterpropagating beam from the interference pattern generated by the input pump

Iand the other one of the intracavity beams. Intrinsic to the stimulated Brillouin scattering,

there exists a large frequency shift of the order of one Ghz. In a similar manner, SPPC in

sodium vapor was also observed in an intracavity configuration. Identical argument can

V be given to ascertain the origin of phase conjugate fields in the latter case.

In spite of these studies, little is understood concerning the role of stimulated scat-

tering processes in the generation of phase conjugate fields in resonant materials. The

3 experimental discovery of nearly phase conjugate wave in rhodamine 6 G by Koptev et

al 4 led to the understanding that saturable absorbers impose a large frequency shift (

I few hundreds angstroms ) between the input light and the scattered light. A preliminary

theoretical model by Lam et al s appears to confirm the experimental findings. Further-

more, this theory predicted that even two-level systems do indeed generate gain in the

1. absence of population inversion, leading to the appearance of phase conjugate fields. In

addition, careful experiments S performed on rhodamine 6G indicated that the spectrum

3 of the spontaneous emission noise was much wider than the spectrum arising from lasing

action. And the phase conjugate spectrum mimcs that of the spontaneous emission. These

observations raise the question whether or not SPPC is a universal phenomenon; i.e. can

3 this effect be generated in any nonlinear optical material ?. The objective of this work is to

show that the fundamental physical mechanism giving rise to SPPC is stimulated two-wave

I . F-3
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mixing. This is the same mechanism proposed to explain the origin of phase conjugate !

waves in photorefractive materials 7. Furthermore, we shall show that the mechanism can 3
be operative in any resonant systems. Hence, the objective of this work is to extend the

results 8 and put into a coherent form a physical description of the fundamental physics 5
of phase conjugate field generation arising from resonant systems.

Section II provides an intuitive physical description of the scattering mechanisms re- ,

sponsible for the generation of phase conjugate fields. This section discusses, in terms of

simple physical arguments, criteria that are necessary for the stimulated two-wave mixing

to occur. Utilization of the basic concepts such as conservation laws lead to a clear under-

standing of the scattering processes. The discussion set the stages for the detail calculation

of the nonlinear response function, which is the objective of Section III. We assume that 3
the resonant medium can be described in terms of a set of homogenously broadened two- V
level systems. We calculate the medium response using the density operator formalism,

and couple the results with the wave equations in a self-consistent manner. Section III 3
is included for sake of completeness. The results for the case of pump-probe interactions

have been extensively analyzed previously 9- 15 . Section IV provides a physical model for 3
the generation of phase conjugate fields in resonant systems. This model gives additional

insight into the nonlinear processes responsible for the origin of the phase conjugate field

in stimulated scattering. A description of the nonlinear gain and dispersion functions for 3
both the backward and forward scattered lights is presented. We will show that the op-

timum gain condition determines the frequency of the scattered field. A summary of our 3
results is presented in section V.

I
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I
II. PHYSICAL PICTURE

The dynamics of bakward stimulated two-wave mixing relies on the Rayleigh scat-

ftering to provide the noise source required in the formation of an interference pattern.

Consider a pump field Ep incident upon an absorbing medium. The simultaneous ab-

I sorption of the pump field and the generation of a fluorescence emission field produces

an isotropic distribution of scattered fields. However only the component of the scattered

field that is counterpropagating to that of the pump can generate, in general, a traveling

Swave grating ( assuming that they do not coincide in frequency ) . Subsequent scattering

of the pump field reinforces and produces additional backscattered field E. Backward

Uscattering possesses the advantage of achieving maximum spatial overlap between the in-

3 cident and generated radiation fields. In analogy to the Zeldovich's argument of phase

conjugation via stimulated Brilloiun scattering, the component of the backscattered field

that achieves maximum transverse spatial overlap with the input pump field is the phase

conjugate field. 2

I The qualitative description given above can be quantified in the following manner.

I Consider the work done by the radiation field E(r,t) which is defined by W =< J.E >,

where J is the nonlinear current density induced by the radiation field, and < -- > stands

for the spatial average over one wavelength of light. The spatial averaging is required since

macroscopic optical phenomena can only take place for interaction volume larger than one

Uwavelength of light. Energy transfer between the incident pump field and the scattered

ft field can only take place provided that W $ 0. This fact can only be satisfied if there

exists certain phase relationship between J and E. Figure 1 illustrates the essence of this

discussion. At the top center of the figure is a picture of the intensity distribution for

a period of one wavelength. On the left hand and right hand columns of the figure, the

I medium response, the current density and the work done by the field are illustrated from

g top to bottom. Now, the work done is just the total area under the curve. If the area is

nonzero, then the work is finite. In this case energy transfer occur. As one can see nonzero

F-5
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I
work is possible provided that the medium response is 90 degree out of phase with respect

to intensity interference pattern, as seen from the figures in the left column. If the medium

response is in phase with the intensity pattern, then the work done is identically equal to

zero, as shown in the figures on the right column.

The important question to ask is how this simple picture relates with the problem

encountered in resonant systems. These systems are known to possess two components 3
in their optical responses to radiation fields. They are the absorption coefficient and the

index of refraction. Gain does not occur except under conditions of population inversion or 5
nonlinear wave mixing. The fundamental of energy transfer process can be understood in

the framework of the dressed atom. The effect of a strong pump field is to induce changes

in the eigenstates of the atom. Effectively the radiation field breaks the degeneracy of the 3
eigenfunction in the following manner. The electric dipole interaction with the radiation

field mixes the atomic eigenstates into a coherent superposition. Each atomic energy level

acquires both a symmetric and an anti-symmetric wavefunctions, whose separation is the

Rabi flopping frequency. Hence for an initial two-level system, the application of a strong

radiation field gives rise to a 4-level system. The process of energy transfer can then be

described in terms of a Raman-type interaction in which the absorption and reemission of

the pump field gives rise to an amplification of the scattered field. I
I!
I
.1
i
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III. FORMULATION OF THE PROBLEM

To quantify these ideas we carried out a calculation of the spectral lineshape gain

Sfor an ensemble of homogenously broadened two-level atoms in the presence of an input

pump field EP, oscillating at a frequency w, and a backscattered field E,, with a spectrum

I of oscillating frequencies w + 6. The latter is due to the noise properties of scattered

3 radiation, as remarked in the previous section. We shall allow 6 to vary in order to find

out the condition under which the backscattered signal achieves an optimum gain, hence

3taking away energy from the pump. Furthermore it is assumed the magnitude of Ep is much

stronger than that of E,;i.e. pump depletion is not taken into account. Starting from the

I density matrix equations, the strategy we shall follow is to solve exactly the response of the

3 medium to Ep and then use the solutions to find the response of the medium to the wave

mixing process due to EP and E. The nonlinear wave mixing problem is then reduced to a

3 self-consistent coupling between the density matrix equations and the Maxwell's equations.

The density operator p obeys the quantum transport equation

£h d = [HO, p) + [V, p] + ih( p) rel 1

I where Ho is the unperturbed Hamiltonian, V = -pE is the electric dipole coupling to the

I radiation field, and the last term on the right hand side is the relaxation due to reservoir

coupling. In a closed two-level system ( no state selective collisions present ), the last term

takes on a very simple form for the case of a two-level system. If 1 > and 2 > are the

ground and excited states of H0 ; then

(01- redp -" =P22

dP22 ) r -YP22 (2b)

(dpi (2c)
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where -y is the radiative decay rate of the excited state. Using the assumption that the I
incident pump field is much stronger than the scattered field, one can write the electric

dipole coupling in the following manner

V = -,Ep(r, t) - pE,(r, t) (3) 5
We shall first solve the density operator equation for Ep exactly, and then use the solution U
to solve the density operator equation for E.

The components of the density operator equation for the pump field E, are given by

dpo11 =1P(0) + 1 T(0) (0) (0) V (0)~ (4a)
dt = 2 2  iTh V 12 P21 - P1l2 v21

I~d(O .V(oc O , v }o)
I

(0)0 POVO

d-t - ) - 1 2 21 12 21 (4b)

d + - tWO} P1 (0 0 PO - (0)) (4c)

where o is the two-level transition frequency and the superscript , (0), stands for the I

equations and solutions pertinent to EP. That is, Vl(°) = -. s 2Ep(r,t) is the potential

energy due to the electric dipole moment A12 coupled to Ep.

In a similar manner, the components of the density operator equation for the scattered I

field E, are given as

dp(W1 (= yp V 0 PP) - +( 0 1 (0 -0 p~V (11) (
dF= -P 22 + .hv 1 I2 21  1 1 V + VI }P2 - P12 2(

d' + 'I- :W 'jn !) -IV IO in0) - P (0 + Iv ' V ()P22  - p11~j (
iit 2 1 h1222 11'- 1t2  22 1

where V1( ) = -pE.(r,t) is the potential energy of the electric dipole moment p12 coupled 1
to E.
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The density operator equations have very simple physical interpretatioi. The right

hand side of the equations for the population of the ground and excited states describe the

Iwork done by the field on the atoms. The right hand side of the equations for the optical

coherence describe the coherent scattering of light from induced gratings in the population

5 difference.

3 The polarization density that contributes to the evolution of E'(r, t) is defined b)

P(r, t) =Trace(p(i) (1)

)= = P12 121 + h.c. (6)

where h. c. stands for the hermitean conjugate of the first term. The polarization density

enters into the Maxwell's equations as a source term. The wave equation can be reduced

jinto a simple form if one assumes that the envelope of the radiation field varies slowly

on a spatial scale as compared to the wavelength of light. This is just the slowly varying

3 envelope approximation. That is, if E(r, t) = (1/2) f dwA(r, ')ezpi(kr - Wt) + c.c., thfn

one can neglect the second order spatial derivative, along the direction of k, of A in the

Iwave equation. Using this assumption , one obtains the following expression for the Fourier

envelope

dAr = ic(-) < P(r,t)ezp(-i(kr - .,;t)) > (7)

I where f = 1 for forward scattered light and c = -1 for backward scattered light. Theu boundary conditions for the problem is the following. For the forward scattered light, a

finite amplitude of the radiation field is given at the entrance to the material. For the case

3 of backward scattered light, the amplitude of the scattered light is -- t to a constant at the

back of the material. This constant is determined by the amount of resonance fluorescence

I present in the material.

I
I
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IV. ANALYTICAL SOLUTIONS AND PHYSICAL INTERPRETATION I
We shall assume that all physical quantities are the Fourier components , unless oth- 3

erwise stated. Using the slowly varying envelope and rotating wave approximations, the

steady state solutions are given as 5
(0) - (0) N

P2+P I+Re{L(A)}x() (8)

is the population difference between the excited and ground state of the two-level systems. 3
Re stands for the real part of a complex quantity. The factor L(A) = 1/(-Y/2 + iA) is the

complex spectral lineshape. A = o - uo is the pump detuning from resonance. 3
() (0)~~f (9)0)

is the optical coherence induced by Ep. Ro = pE/2h is the Rabi flopping frequency. These 3
solutions are well known in the context of saturated absorption and dispersion of coherent

light. I
Equations () are used to find the nonlinear optical coherence which is obtained from 3

an exact solution of Eqs. () and is given as

( 0)(0+} (10)

with 3IU
D + (-6+ A) + (I/I,) X "y + ib

where 6 is the frequency detuning of the scattered field with respect to the pump field.

Equation (10) has the following physical interpretation. The first term is just the absorp-

tion coefficient of Es, modified by the presence of Ep. That is, the population difference "1

is altered by the action of the pump field. The second term gives rise to stimulated two-

wave mixing processes, and its strength is attributed to the formation of a traveling wave

grating. The grating contribution is reflected in the nonzero value of 6.

F-10 I



The equation for the scattered field is derived with the help of Eq.(), and the results is

1 dAI4A dt =- EF(A,6, I/I 5 ) (II)

where the complex function F determines the condition for net gain or loss, as well as the

nonlinear dispersion coefficient of the material. In specific, F is given as

F(A,6,1/I() = I

1
(1/21,.)

-- i(/k -- 1 - 6 ii-

{ 1 +/1 x L(A)}

where a is the linear on-resonance absorption coefficient of A,. The second factor on the

right hand side is the saturation parameter due to the strong pump field. The third factor is

the pump modified spectral response of A. And the last factor consists of two terms. The

first one, which is proportional to 1, is just the linear loss and dispersion contribution. The

I second term describes the two-wave mixing interaction. Equation (12) has the following

physical interpretation. Given a specific A and I/Is, there exists a range of 6 such that

coherent energy transfer takes place from the input pump field to the scattered field. For

Sexample, if the real part of F is negative for certain range of 6, then the backscattered

field is coherently amplified. On equal footing, if the real part of F is positive for certain

*values of 6, then the forward scattered field is amplified.

In order to appreciate the results obtained, we proceed to provide a pictorial description

of the real and imaginary part of F. The real part describes the effect of absorption or

3amplification. The imaginary part is just the effective dispersion coefficient. Figure 2

represent the real part of F when the input pur field is tuned to resonance ( A = 0 ).

IThe results indicate that for low input pump field, no net two-wave mixing gain is ever

achieved. Amplification of the scattered light occurs for 1/1 = 10 as shown in Figure

(2c). A double sideband amplification is achieved for the scattered field detuned from the

3F-1
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input pump field by about 2.5 times the linewidth. For higher values of I/Is, one noticed 3
a ring like structure for the scattered light. This phenomenon has been observed in high

intensity experiments performed in Na vapor, and will occur provided that the spectrum

of the scattered light has enough bandwidth in order to accomodate the gain spectrum.

Figure 3 describes the effect of detuning of the pump field from resonance. Again, for

low intensity of the input pump field, gain does not take place. Gain is achieved as shown

in Figure 3c, where I/Is = 10. The spectrum acquires a skew symmetry, remminescence 3
of dispersionlike lineshape. Gain is possible only for the low frequency component of the

scattered light. The dispersionlike character is accentuated in Figure 3d where the input 3
intensity is far above saturation. The origin of the dispersive character is easily understood

as arising from the response of the material to the applied radiation field. When the input I

field is detuned, the two-level system has a tendency to follow the radiation field, and the

lineshape is determined by the detuning parameter, and not by the linewidth , as is true

in resonant situations. 5
Figure 4 describes an extreme case where the incident pump field is far detuned from

resonance. Again, no gain is present for low intensity. Small amount of gain start to

appear for I/Is = 10. The gain feature becomes more pronounced when the intensity of

the pump is far above saturation.

These spectral line features becomes more complicated when one factors in the floures- I
cence spectrum of the atom. That is, if one takes into account the spectral width of the

scattered radiation. An intuitive deduction can be obtained in the following manner. Sup-

pose that the spectrum of the scattered light mimics that of the input pump field, assumed I
to have a bandwidth AfO. Then the scattered radiation will be amplified provided that p
the spectral gain falls within the bandwidth of the pump field.

The nonlinear dispersion coefficient is displayed in Figure 5 and 6 for the case of I
on-resonance and far detuned from resonance. The dispersion line shapes are just the
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g derivatives of the nonlinear lineshapC, as should be from the Kramers-Kronig relation.

The dispersion lineshape determines the nonlinear index of refraction of the material.

3A brief summary is in order. The Fourier component of F contains two terms. The

first one in the numerator describes the effect of linear absorption and dispersion, modified

Iby the wave mixing effects. The second term arises from the intrinsic two-wave mixing

process. The sign of F determines the condition for the amplification of the scattered light.

However, a condition must be satisfied. The spectrum of the input incident field must fall

5 within the gain bandwidth in order for the scattered radiation to acquire energy without

population inversion. This picture is consistent with the fundamental physics of resonance

U fluorescence. If the radiation field spectral bandwidth is narrower compared to the natural

linewidth, then the scattered light spectral bandwidth is identical to that of the pump

field.

U Equation (11) has a simple exponential solution within the regime of our approxima-

tion. The occurance of gain for the backscattered field depends entirely on the behavior

Iof F. Several interesting features can be derived from Eq. (11). First, F has two contri-

butions. The real part of F describes the gain or loss characteristics of the self-pumped

wave mixing process. For a specific set of A and 6, the real part of F goes through a null

5 as a function of I/Is. It implies that the self-pumped process has a threshold behavior.

This conclusion is shown in Figure 8 where the net absorption coefficient is plotted for

Ithe case of a model atomic vapor with density of 10II cm - ' and the input pump field is

tuned on resonance. It is assumed that there exists no frequency mismatch. For this case,

threshold for gain is obtained at 10 W/cm 2 . For input intensities higher than 10 W/cm2 .

the backscattered field E, is coherently amplified from the spontaneous noise. The second

contribution is the imaginary part of F which gives rise to the nonlinear dispersive behavior

3 of the backscattered wave.

-
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V. GENERATION OF PHASE CONJUGATE FIELDS: A SIMPLE MODEL I
And last, although the analysis above shows the possibility of backward gain under 3

the condition of achieving threshold, it is important to point out that the backscattered

field is the phase conjugate of the pump geld. This can be accomplished by applying the 3
rudiments of scattering theory to wave mixing processes. The pump field can be written

asI

Ep = Eoezp(iKz) + A f dKE(K,z)ezp(icr + ikz) (12) I

where the first term is a plane wave propagating along the z axis and the second term

contains all the distorted components of the pump field, after passing through an aberrator. 

The dummy parameter A describes the relative magnitude of the second term with respect

to the first term. In a similar manner, one can write the scattered field as

Ea = Elezp(-iK'z) + A f dcEm(icz)ezp(irrr - ik'z) (13)

where the first term is again a plane wave propagating in the opposite direction to the

pump field and the second term arises from the scattered component due to wave mixing

processes. We shall assume in our analysis that A < 1 ;i.e. the magnitude of the scattered

component in Eq.(13) is small compared to the plane wave component. Using Eq.(12) in 3
Eq. (13), one obtains the following spatial evolution equation for the scattered field envelope

dEm= AEm + B{E 1 Eo E* + EIE Eezp(iAkz)} (14)

Where A= a F(I), B= -2 A G(I)/E2 , F(I)=(1-I)/(1+I)(1+2I), G=1/(1+21)+1/(1-12), I

I = I/I and Ak = 2(k-K). The on-resonance saturating field E,.t is equal to 21,/cE,,

Equation (14) has a very simple physical interpretation. The first term on the right hand I

side is just the DC response of the medium. The second term has all the important

information concerning the degree of phase conjugation. The first term inside the bracket I
represents the degenerate four-wave mixing process giving rise to phase conjugate fields,

F- 14
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i.e. proportional to El. The second term inside the bracket describes the existence of the

non-conjugate field,i.e. proportional to El. However these two terms differ by a phase

3factor Wkz, which is a measure of the degree of distortion of the input pump field. The

second term can be made negligible provided that the combination of distortion and/or

5 the length of the medium is long enough to make kz > 21r. The appearance of the non-

conjugate component in self-pumped phase conjugation is a consequence of the collinear

geometry inherent in the problem. The same effect appears in collinear degenerate four-

wave mixing. Hence for sufficiently long interaction length, the phase conjugate component

of the backscattered field dominates. This result points out that if the pump intensity

exceeds threshold for backscattering to take place and for long interaction length, the

backscattered field is the phase conjugate of the input pump field.

F

I
I
I
I
I
I
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I
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CONCLUSIONS I
In summary, a theory of self-pumped phase conjugation in resonant media has been 3

presented. We predict the existence of a threshold behavior for backward gain, we attribute

the origin of frequency sidebands to the dynamic Stark effect and we found that the

nonconjugate component of the backscattered field can be eliminated by using a long

interaction length. {

Work s' -orted by the Army Research Office under contract No.DAAL03 - 87 - C - 3
0001 and by the Air Force Office of Scientific Research under contract F49620 - 88 -
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I
FIGURE CAPTIONS !

Figure 1. The intensity modulation, medium response, current density, and the work done by

the field, from top to bottom.

Figure 2. The nonlinear lineshape or the real part of F as a function of pump-probe detuning,

for distinct values of the input intensity. The case of resonant excitation is considered

Figure 3. The nonlinear lineshape or the real part of F as a function of pump-probe detuning, I
for distinct values of the input intensity. The case of the pump detuned one linewidth

away from resonance

Figure 4. The nonlinear lienshape or the real part of F as a function of pump-probe detuning, for I
distinct value of the input intensity. The pump is detuned by 10 times the linewidth

away from resonance

Figure 5. The nonlinear dispersion coefficient for the on-resonance case, for distinct values of the 3
input intensity

Figure 6. The nonlinear dispersion coefficient for the case when the incident pump field is detuned I
by 10 times the linewidth away from resonance I

Figure 7. The net absorption coefficient as a function of the input pump intensity. Positive values

of the net absorption coefficients represent losses while negative values represent gain. 3
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3 APPENDIX G

Resonant self-pumped phase conjugation
3 in cesium vapor at .85 micron

I Celestino J. Gaeta and Juan F. Lan

3Hughes Research Laboratories. Malibu, California 90265

I We report the first observation of resonant self-pumped phase conjugation at diode

laser wavelengths. A phase conjugate reflectivity of 0.1%. and a cw threshold in-

3 tensity of 3.5 W/cm2 were measured.

I
The search for an ideal self-pumped phase conjugate mirror has been an objective of active

5 research in optics recently. This special mirror must have the following desirable properties:

fast response and build-up times, a large phase conjugate reflectivity and a small frequency

mismatch between the input and phase conjugate waves. Stimulated scattering processes'

via acoustic and molecular vibrations have the disadvantage of high threshold intensitv

(> MW/cm2 ) and large frequency mismatch (> I GHz). Photorefractive materials " 3 are

restricted by their slow build-up time (> minutes) and an intensity dependent response time

(> seconds for typical cw laser input power). However both share the unique advantage

I of possesing large phase conjugate reflectivity. For example. reflectivity as large as 60% in

barium titanate and > 90% for stimulated Brillioun scattering have been measured.

Recently, we reported the demonstration of self-pumped phase conjugation in sodium

3 vapor at visible wavelengths. 4 A measured reflectivity of 2% . response times of tens of nsecs,

small frequency mismatch (within .500 kHz which is on the same order as the frequency jitter

of the laser) and a threshold intensity of 10 W/cm2 indicated the potential of alkali vapors

I as a reasonable self-pumped phase conjugate mirror. This letter reports the observation

of self-pumped phase conjugation in cesium vapor,5 whose 6S 1/2 ---* 6P 3/2 electric dipole

allowed transition is accesible by 852 nrm sources. This demonstration opens the door for
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the potential role of resonant materials in self-generated nonlinear optical applications that

employ compact semiconductor laser diodes.

The physical mechanism responsible for self-pumped phase conjugation in resonant ma-

terials is self-generated intracavity four-wave mixing through two-wave mixing gain. 4 In a

nutshell. the input optical beam induces resonance fluorescence radiation. a small portion

of which propagates along the optical axis of the cavity. Energy transfer from the input 3
beam to the nearly co-propagating fluorescence radiation takes place by means of coherent

scattering of the input beam from the traveling wave grating produced by the interference of I
the input and nearly co-propagating fluorescence radiations. Hence it leads to an enhance-

ment of the intracavity radiation. Phase conjugation occurs via a four-wave mixing process. I

where the counterpropagating pumps are the standing waves in the cavity and the probe

is the input beam. The intracavity four-wave mixing process can take place provided that

the fluorescence radiation is coherent with the input beam. This is the case for resonant I
medium whose linewidth is larger than the laser linewidth. Such a condition is satisfied in

our experiments.

A 3 cm long glass cell fitted with Brewster-angled windows placed at the center of an 3
linear optical cavity comprised the self-pumped conjugator. Curved high reflector mirrors

(r = 30 cm) placed 56 cm apart produced a beam waist at the center of the resonator with I
a radius of approximately 120 um. The incoming laser beam was directed into the cesium

cell at an angle on the order of half a degree with respect to the resonator axis so that its

115 pim radius waist was spatially coincident with that of the resonator mode.4  3
Experiments were conducted with the cw laser source set near the D2 line in cesium

(A = 852 nm) at detunings on the order of 1 GHz on the low frequency side of the resonance. I
A typical scan of the reflectivity as a function of laser frequency is shown in Fig. I for a pump

intensity of 290 W/cm2 in the cell and a cesium temperature of 109 'C. The phase conjugate

return signal is obtained over a frequency span just under 1 GHz, although a relatively small

amount of return energy is obtained at larger detunings. At the larger detunings the cesium
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resonator was still oscillating at a power level that was about the same at that obtained

for the range of detunings that produced a strong return signal. This behavior is similar to

I results obtained previously in sodium vapor. 4 It is attributed to the different gain mechanisms

associated with the two-wave mixing process. In general, the resonator will oscillate due

to both a nearly-degenerate (Raleigh) gain process and a three photon gain process that

provides gain over a range of frequency that is shifted from that of the original laser beam

I by approximately the generalized Rabi frequency. 6 However, the return signal is obtained at

frequencies close to that of the pump beam that experience net gain in the resonator due

to the Raleigh feature. At the larger detunings mentioned previously the net gain is due

1 mainly to the three photon process and thus does not yield a strong return signal.

The effects of varying the pump beam intensity within the cesium vapor are shown in

Fig. 2. A threshold intensity of about 35 W/crm2 was measured for the phase conjugation

process. This measurement was performed at a detuning of about -0.8 GHz from line

center which maximized the reflectivity at the highest pumping level shown in the figure.

This threshold is not, in general, the same as that for oscillation in the resonator since

the three photon process will typically yield a different oscillation threshold. However, the

3 oscillation threshold for frequencies at which gain is provided by the Raleigh feature does

appear to be the same as that for the phase conjugation process, as expected.

Varying the temperature of the cesium reservoir (number density) showed that phase

3 conjugation is obtained for a finite range of temperture with a maximum reflectivity obtained

at about 110 °C for the conditions of our experiment. This effect (shown in Fig. 3) is

3 consistent with the variation of the Raleigh gain with temperature that we have determined

from two-wave mixing experiments in sodium vapor.

We have demonstrated and characterized a self-pumped optical phase conjugation pro-

cess in cesium vapor at typical laser diode wavelengths. This work has shown that the

threshold for this process is low enough that it is feasible to attempt to employ this type of

conjugator in applications which utilize laser diode sources.
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LIST OF FIGURES 1
Figure 1 Phase conjugate reflectivity as a function of laser frequency. 1
Figure 2 Variation of reflectivity with pump beam intensity within the cesium vapor.

Figure 3 Dependence of the phase conjugate reflectivity upon the temperature of the cesium i
reservoir (number density).
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3 APPEDIX H

5 Pressure-induced coherent energy transfer

and temporal oscillations of two-wave mixing

* in sodium vapor

I Celestino J. Gaeta and Juan F. Lam

3 Hughes Research Laboratories, Malibu, California 90265

3 An experimental investigation of collision-assisted energy transfer from a strong

pump beam to a weak probe in pressure-broadened sodium vapor is discussed.

3 A peak gain coefficient of 0.7 cm - 1 was measured for a cw pump intensity of 25

RV/cm 2. At higher intensities temporal oscillations of both two-wave mixing gain3 and the transmission of an isolated cw laser beam were observed and characterised.

An explanation for this latter effect in terms of light-induced drift and diffusion is

3 also presented.

s
The study of collision-aided processes in atoin-laser interactions has led to the understanding

of novel nonlinear optical phenomena. Pressure-induced extra resonances', collisional nar-

5 rowing of the population 2- and Zeeman -mediated spectral lineshapes and pressure-induced

cavity oscillation 4 are just recent examples in the context of four-wave mixing. A physical

I interpretation of the changes in the four-wave mixing signal is the non-cancellation of the

(quantlim mechanical amplitudes due to the presence of a state-selective collisional process.

We report the observation of collision-aided energy transfer between two optical beams

oscillating at different frequencies. The theory of such a process was put forward by Berman,

hKhitrova and Lam'. Using a density matrix approach, the two-beam coupling coefficient

exhibits a pressure dependent term that provides an intensity gain for the weak optical beam

3 at the expense of the strong optical beam. Collisions play a significant role. It induces a

phiase shi't (> 00) between the interference pattern of the two beams and the population
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difference. This phase shift allows a transfer of energy from tile strong optical beam to the

weak optical beam. At higher intensities we observed and characterized temporal oscillations

ii both the pump beani transmission through sodium vapor and the associated two-wave

mixing gain in the presence of a buffer gas. 3
Nonlinear wave mixing processes involving the interaction of two optical fields in a res-

onant inedium whict alkl, the transfer of energy from one beam to the other have been

used to denu,,strate low-power techniqutes for producing phase conjugate waves that do not 3
require separate pump beams.' Such a self--pumped phase conjugator is in the form of a

laser resonator which uses two-wave mixing as the gain mechanism. The counterpropagat- I
ing fields within this resonator would then interact with the pump laser beam to produce a

fourth optical field (phase conjugate to the pump beam) via an internal four-wave mixing

process. 3
Two-wave mixing gain due to both the ac-Stark effect' and stimulated Raman scatteringgi

has been observed in sodium vapor. These gain processes typically require cw pump intensi- 3
ties in the range of hundreds of watts per square centimeter. We report here the observation

of gaili ising a collision-assisted process which may be implemented using a pump intensity

that is an order of magnitude lower. In this type of interaction a strong pump beam and a 3
relatively weak probe beam are overlapped with each other at a small angle (< 0.50) inside of

a nonlinear resonant medium. The two beams produce an interference pattern which results

in an iudex of refraction grating through the nonlinear response of the medium. Energy

trausfer from the pump to the probe beant call occur when the population grating is tem-

porally delayed with respect to the interference pattern. Normally the interference pattern 5
and the grating are iti phase. However, in the presence of collisions and when tile pump and

probe laser frequencies do not coincide, the population grating can be delayed. The pump 3
beam can then reflect from this grating into the probe path (in phase with the probe beam)

resulting in gain for the optical field of the probe laser. 3
A diagram of the experimental arrangement is presented in Figure 1. The mixing process 3
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3 occurred in a I cm long metal cell with sodium densities on the order of 1011 cin 3 . Since

the theory of the two wave optical process to be studied here assumes a pressure-broadened

I transition in the sodium vapor, argon gas was introduced into the cell at pressures up to

3 100 Torr. A Coherent model 590 passively stabilized single frequency dye laser served as

the pump beam. This laser is capable of providing power densities in the range of tens of

3 watts per square centimeter in a single longitudinal mode, which is close to the theoretically

determined levels needed to drive the nonlinear susceptibility. Part of the output from the

3 590 was directed into a reference sodium cell equipped with an orthogonal viewport to allow

I lie fluorescence to be ltuitored, Observation of both the fluorescence level and the 590)

spectrum on a scanning Fabry Perot was used to set the 590 ldser frequency to the desired

5 detuniitg from the center of the sodium resonance.

A relatively weak probe beam from a Coherent 699 autoscan single frequency ring dye

I laser was introduced into the metal cell so that it overlapped with the pump beam at a

small angle (< 0.5'). The probe beam was amplitude modulated using a chopper at a rate

of approximately I kIIz allowing lock-in amplifiers to be used in the detection system to

3 provide a better signali noise ratio. Part of the probe beani was diverted into a detector so

that probe beati power could also be monitored. Both the reference and transmitted probe

I bcan power levels were recorded as the probe frequency was scanned through the sodium D2

resonance. The 699 autoscan laser system is computer controlled and includes an integral

wavemeler and interface electronics which record data as a function of laser frequency.

Gain was observed for the forward probe beam within the resonance with the pump laser

frequency detuned by about 1.5 GHz on either side of the center of tile sodium transition.

The transmission of the probe beam through the sodium cell as a function of probe laser

frequency is shown in Figure 2 for three cases. These curves actually represent the ratio of

transnitted probe beam power to a reference probe power level, measured before the cell

(see Figuire 1), so that the effects of output power variations in the probe laser could be

redced. One scan (Figure 2a.) is a reference in which tihe puip laser was blocked atild no
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buffer gas was present. Under these conditions the probe beam is strongly absorbed within

the resonance. When argon buffer gas was introduced into the sodium system ;t pressures in 3
the range of 10-80 Tore the transmission characteristic for the probe beam was modified in

le preseiwe of the prump beaul and exhibited gain, as shown in Figures 2b and 2c. A peak

gain coefficient of 0.7 cm - 1 was obtained fur an argon buffer gas pressure of 60 Torr (Figure

2c). Higher buffer gas pressures appeared to have a quenching effect on the gain. We believe I
that this is due to collisional depopulation of the upper level of the sodium transition. This 3
is a competing process which reduces the gain at sufficiently high pressure. Pump beam

intensity is estimated to have been approximately 25 IVl'cn 2 while the probe intensity was

about a factor of 50 below the pump level. The dip in the center of the curve in Figure 2b is

believed to be due to the fact that the absorption is strongest in the center of the resoance I
and may doiinate over the gain under certain conditions. In tile wings of the resonance the

absorptioi is reduced so that the two-wave mixing gain dominates.

Later the experimental set-up was upgraded by replacing the pump source with a Cohter-

ent 699 -21 actively stabilized ring dye laser. A 3 cm long quartz cell fitted with Brewster-

angled windows was also substituted for the metal cell as a prelude to work with sodium

oscillators. Laser beam waist radii in the cell were 125 urn and 260 .sm for the probe an 3
pump beams, respectively.

When the two-wave mixing experiments were resumed much higher pump powers were I
employed in order to evaluate two -wave mixing gain resulting from the ac--Stark effect.

Ilider the appropriate conditions, and only in the presence of a buffer gas (argot), oscillations

were olbserved in the transmission of both the cw pump and probe optical fields. The probe 5
field was still amplitude modulated at I kIlz prior to injectlon into the cell to allow for phase-

se~isitive detection. However, the oscillations were observed to have much longer periods (on I
the order of seconds to tens of seconds) and were present on the pump beam even with the

probe beani blocked. Such oscillations have previously been observed in sodium vapor for a

cw laser brain but the phenomenon was not fully characterized as a f'tniction of experimental
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parameters. We have exteuded the previous work to include such a characterization, as well

as the effects upon two-wave mixing gain.

A typical temporal sequence is shown in Fig. 3 for the case of both tile pump and probe

beams present. The plots represent the transmission of the laser beams through the sodium

cell as a function of time. At the start of the sequence both laser beams are blocked before

(lie cell in order to mark tile zero transmission levels. After a time, the probe beam is

unblocked to indicate its transmission level without a two-wave mixing assist. Next, the

pump beam is unblocked causing the probe beani transmission to approximately double.

After a few seconds argon buffer gas is added to the cell at a pressure of I Torr. At this

time the transmission of the pump beam through the cell decreases rapidly to zero while the

probe beani transwiission increases by about 50% (a factor of 2.5 increase due to two-wave

mixing overall). The pump and probe beant power levels at the output of the cell then

begin to oscillate with a period of about 10 seconds and a phase difference of approximately

270' (trasisiiited probe oscillation delayed abott 7.5 seconds with respect to that of the

pump. l)uring the oscillations the transmitted pump beam power alternated between zero

and a level about 30% lower than the level obtained prior to the introduction of the buffer

gas. It is interesting to note that during tile on state for the pump its transmitted power

level decreases approximately linearly until it is reduced by a factor of about two and then

siit-Jies very quickly to zero. During this decrease tile transmitted probe beam power level

is increasing relatively slowly as shown in Fig. 3 until tile pump beam transmission switches

to the off state resulting in the probe transmission suddenly switching to its maximum level.

li contrast, the transition from off state to on state for the pump, or the converse for the

probe, is very rapid. When the buffer gas is removed the pump and probe beam power levels

at the output 9 f tile cell nre once again constant in time.

These results were obtained for temperatures of 261 'C and 227 0C for the cell body and

reservoir regions, respectively, and a pump beam intensity of 280 l,/cn&2 in the cell region.

The ,mnp beam freqiency was about 0.5 GlIz below the center of the sodium D2 resonance
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while that of the probe beam was about 5.7 GHz below linecenter.

The oscillations were also observed at other values of probe detuning with that of the

puip beam set at approximately the same value as in the previous case. For example, when

the probe detuning was set at A = 2.9 G!z (above linecenter) and the pump beam was I
unblocked the probe transmission was reduced to 1/3 of its original level. In the presence of 3
argon buffer gas (1 Tort) the pump and probe power levels at the output of the cell dropped

to zero and after ant interval of about 25 seconds began to oscillate with a period of about 3
6 seconds. The oscillation of the probe transmission was delayed from that of the pump

by approximately 5 seconds (3000). When the buffer gas was removed the pump and probe I
power levels after the cell returned to their respective values before the buffer gas was added

after a buildtip on the order of 50 seconds. The pump beam was then blocked and the probe

transmission returned to its initial level. The experiment was repeated for a probe detuning I
equal to that of the pump. It this case tie same oscillations were present for the pump

beam transmission but that of the probe was essentially zero at all times. This is because 3
the probe frequency was set closer to linecetiter and the probe was highly absorbed. Since

its frequency was nearly identical to that of the pump beam the population and interference

gratings were not properly delayed with respect to each other and two-wave mixing gain did 3
not occur for the probe beam.

Oscillations were observed for the pump beam even with the probe beamn absent. A I
plot of tie variation of the oscillation period with buffer gas pressure is presented in Fig.

4a for a pump beamt intensity of 280 hI'/cr 2 and pump beam detuning of -0.5 G~lz from

linecenter. The period increases from just under 10 seconds at a pressure of I Tort to almost 3
200 seconds at .10 Tort. The functional relationship appears to be nonlinear. Fig. 4b shows

the effect of varying the pump beam intensity for a buffer gas pressure of I Tort. The I
oscillation period appears to vary nonlinearly with intensity. A threshold for the oscillations

was also observed and measured to be about 165 J'V/cm 2 . Below this threshold the pump

beam transttissiot went to zero when the 1-i-,(T'r gas "'a added and did not recover. It is 3
H-6 I



interesting to note that although the period increases as the intensity is increased the buildup

time f,,r the oscillations to occur after the introduction of the buffer gas was observed to

decrease dramatically from ten's of seconds for intensities close to the threshold level to a few

seconds at higher intensities. The period obtained for an intensity of 280 hI','un 2 is slightly

higher in Fig. 4b than that discussed earlier in the temporal sequences and is probably due

to the fact that the data in Fig. 4b was taken on a different day and the detuning may have

been slightly different.

A plausible explanation of the temporal oscillation can be given in terms of the phe-

notienon of light induced drift. In a nutshell, the 0;fferent collisional cross sections for the

excited and ground states of the D2 line of sodium atoms produce a net macroscopic velocity

of the atoms along the axis of the optical beam. This atomic drift produces a cluster of atoms

towards the end of the cell, leading to a light-assisted temporal increase of the sodium vapor

density in that location. The higher density gives rise to a decrease of optical transmission

because of increase absorption. However, the effects of diffusion eventually lead to a decrease

of the density of the cluster, leading to increase optical transmission. This process repeats

itself provided that the buffer gas pressure is mantained in the cell.

We carried a detailed calculation of the effect of light-induced drift on the temporal

behavior of two-wave mixing processes. Starting from the density matrix equations, we

derived the microscopic equations for the population difference and the optical coherence,

and the macroscopic equations for the average density and velocity of the atoms. A nonlinear

diffusion e(Itiation for the atomic density was derived, and whose qualitative solution exhibits

oscillatory behavior as a function of time. Furthermore, the theoretical model predicts that

I lie rise time of the oscillation is inversely proportional to the laser intensity anid the buffer

gas density, in qualitative agreement with experiments.

The measurements described above show that a relatively low power cw-pumped two-

wave mixing process is possible in resonant systems. In fact, this type of gain has been used

to dernonstrate a unidirectional ring laser. This process may also be useful in reducing the
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operatinig intensity levels of self-pumped phase conjugate mirrors in resonat media such

as sodium and cesium vapors from hundreds to tens of watts per square centimeter. The 3
oscillatious observed in the presence of buffer gas have a definite impact upon devices based

upon two-wave mixing gain and our characterization is an important step in understanding 3
aw;tl possibly conttrollitig this phenomeimn and its implicatons.

The authors would like to thank Rick Harold for his assistance in performing the exper- u
mi,,ewls, as well as Toiy Pepitone for his help with the vacuum system used to evacuate the 3
sodium cell. This work was supported by DARPA/ONR under contract #N00014-87-C-

0090, Army Research Office under contract #DAAL03-87-C-0001, and Air Force Office of 3
Scientific Research under contract #F49620--88-C-0042. The results of this work were first

presented at CLEO'88 and IQEC'90. I
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1 Basic two-wave mixing geometry. 3
2 Plots of the transmission of the probe beamt thiough a pressure-broadened sodium vapor

for (a) no pump bearn or buffer gas present. Two-wave mixing gain lineshapes for a pump I
-intensity of 25 TV/cm 2 and argon buffer present at pressures of (b) 40 Torr and (c) 60 3
Torr.

3 Temporal oscillations of the transmission of pump and probe beams through sodium 3
vapor in the presence of argon buffer gas.

'4 Variation of the oscillation period with (a) buffer gas pressure for a pump beam intensity

of 25 Wt/cm 2 and (b) putup beam intensity for a buffer gas pressure of 1 Torr. 3
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IABSTRACT
A study of the linear and nonlinear optical behavior of recently demonstrated crys-

talline organic semiconductor quantum wells are reported. Using the Davydov Hamilto-

nian, we find analytical solutions for the optical response function, and we predict the

existence of intrinsic optical bistability and two-wave mixing energy transfer in these ma-

Iterials.
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Current research in the optical properties of organic materials has been directed to-

ward the elucidation of the dominant mechanism that gives rise to their nonlinear optical

behavior.' In spite of the many experiments performed over the past decade, 2 little depth

of understanding has been achieved. The complications arise from the competing effects I
between the delocalization of the photogenerated charge carriers 3. and formation of the ex-

citations or quasi-particles. 4 Recent nonlinear optical absorption experiments5 performed

on the quasi-i D semiconductor polydiacetyline appeared to confirm the concept 6 that 3
excitons are responsible for the nonlinear optical behavior of 1-D organic materials.

In this work, we have extended the studies of semiconductor multiple quantum wells

(MQWs) to the case of crystalline organic MQWs 7 ( CO-MQW ) and have found that 3
the response of quantum confined charge transfer (CT) excitons to external fields have

novel nonlinear optical properties. CT excitons are known to exist in molecular crystals8

arid their electronic structure can be described by means of the Wannier picture9 with

an appropriate static dielectric constant. However, their interaction with the lattice is

significantly different from the Wannier excitons found in inorganic semiconducting hosts.

The CT exciton binding energy lies in the few eVs range, making them less susceptible to

phonon-induced ionization as compared to Wannier excitons in inorganic semiconductors. i

In previous work, the linear optical properties of CO-MQWs were measured in some

detail7 . It was found that the lowest energy CT exciton absorption line was blue shifted I
with decreasing well width. This observation is consistent with quantum confinement of the

CT exciton by energy wells formed in one of the two MQW layers ( consisting of 3,4.9,10

perylenetetracarboxylic dianhydride or PTCDA ), sandwiched between layers of a second 3
material ( 3,4.7,8 naphthalene tetracarboxylic dianhydride or NTCDA ) forming energy

barriers. A variational study of the dependence of exciton energy on well width indicates I
that the exciton radius is approximately 15 A. This number is significantly smaller than 3
that found in III-V semiconducting compounds because of the smaller static dielectric

constant of organic crystals. The strong Coulomb binding energy (as compared with
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the kinetic energy of each charge carrier) in the CO-MQW materials implies that the

quantization due to the well thickness, L, is determined by the center-of-mass motion of

the exciton. Hence the exciton binding energy is given by hw, = hwB+(hlrn)2 /2ML 2 for an

infinitely deep potential well, where wB is the bulk exciton binding energy, n is an integer,

and M is the total mass of the exciton. This expression provides a qualitative explanation

to the observed blue shift that was reported in the linear absorption measurements. Since

the CT exciton represents a correlated electron-hole pair between nearly adjacent molecules

in a stack, we can consider this radius to be the spatial dimension in an electric dipole

moment. Such a large dipole moment should, in turn, lead to large optical nonlinearities

in these materials. These optical nonlinearities are the focus of this study.

The starting point of our analysis of the optical properties of CT excitons in CO-MQWs

is the Davydov Hamiltonian which describes the interaction of excitons with phonons and

exteinal radiation fields. Assuming the rotating wave approximation, existence of one

phonon mode and keeping only the linear exciton-phonon interaction, the Hamiltonian is

1 1'

H = h(w, - w)a'a + hwob'b - hAa'aQ - ()patE- (-)isaE* (1)

where hw, and hw0 are the quantum confined exciton binding and phonon energies; respec-

tively. Also, A is the exciton-phonon coupling constant, it is the electric dipole moment

of the exciton. a a and b' b are the exciton and phonon populations; respectively. Fur-

ther. Q = b + b* is the phonon amplitude and E is the slowly varying envelope of the

external field, and a and b are the exciton coherence and phonon annihilation operators;

respectively.

Careful interpretation of the constants A and ti must be considered. Current measure-

ments appear to be inconclusive concerning the effects of quantization on these constants.

From a theoretical point of view, quantum confinement should play a role since the enve-

lope wavefunctions are quantized and they enter in the computation of the matrix elements

of the observables. That is, the quantum confinement modifies the bulk values by a factor
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that reflects the overlap of the spatial wavefunctions for the electrons and holes.

The temporal evolution of the exciton coherence, a , and phonon amplitude, Q , are I
determined by the Heisenberg equation of motion, and are given by

da .+ E (2a)d-t +  O ,2h
d2Q dQ~ +

d-Q + r + (Wo) 2Q = 2wo.ata (2b)

where -y and r are phenomenological exciton dephasing and phonon decay rates, respec-

tively. Eq. (2) provides an insight into the nonlinear ,ptical behavior of exciton-phonon g
coupled systems. The term iAQa in Eq.(2a) is a renormalization of the exciton frequency

due to its coupling to the phonon structure of the material. Since it depends on the 3
phonon amplitude Q, the renormalization factor can be seen to be proportional to the

exciton density from the steady state solution of Eq.(2b). This implies that the effective I
exciton frequency is a function of the population of photogenerated excitons. which is pro-

portional to the light intensity. Hence optical nonlinearities in these materials have their

origin in an exciton-phonon induced frequency shift, 5 in a manner similar to the dynamic 3
Stark shift in polaritons.10

The nonlinear evolution of coupled waves are determined by the Maxwell equations. I
In the slowly varying envelope approximation, they are given as 3

2ik dz 2 (3a)

where the nonlinear polarization density, P, is defined by

Pa = NMI(a) (3b)

Here, N is the number density of CT excitons and (a) is the expectation value of a. The I
subscript a denotes the radiation field oscillating at frequency Wa. 

Equations (1) through (3) have exact, closed form analytical solutions in the steady

state regime. We shall consider three important cases. The first involves the linear response 3
. 1-4



of the medium to an optical radiation field .A comparison of the theoretical model to the

available experimental data will provide an estimate of the coupling parameters. Second

we will explore the nonlinear response of the medium by obtaining an exact solution to

the CT exciton population (a+a). And finally we will use the results to understand the

process of two-wave mixing in these materials. The latter involves the nonlinear coupling

of strong and weak radiation fields.

For the case of a single input optical wave, the analytical solution of Eq.(2) is obtained

under the condition of factorization of the respective variables, a and Q. First, in the low

intensity regime, the population of photogenerated excitons is proportional to the intensity

of the optical wave, and the polarization density is determined by the steady state small

signal solution of Eqs.(2). That is,

= NM2 _ Q 1
, W +' (4)

figure 1 depicts the linear absorption ( solid line ) measurement and the theoretical fit

( dashed line ) which assumes the existence of two exciton lines. In order to obtain

reasonably good qualitative agreement, the imaginary part of the polarization density

was averaged over a Maxwellian distribution with two distinct widths. The use of the

Maxwellian distribution is consistent with the fast phonon-induced relaxation processes

that exist in these materials.

Second in the fully nonlinear regime, the solution for the population, (ata) of the CT

exciton is given by the cubic equation:

(ata) = + a)] 2  (4)-2+ 2.1 )- a

where A = - is the detuning from the exciton resonance, and 0 = AE/2h is the

Rabi frequency. Figure 2 shows the solution of this cubic equation as a function of the

Rabi frequency, for different values of the detuning parameter A. In this plot, all physical

variables have been normalized to 2A2/Wl. A transition to multivalue behavior is observed
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for a sufficiently large value of the detuning parameter A. This behavior can be understood

in the following manner. Multivalue behavior of Eq.(5) is achieved if the derivative of the

Rabi frequency with respect to the exciton population changes sign. A simple calculation

of this criterion asserts that bistability is present provided that

A> v (6) U

This condition is valid even in the absence of an optical cavity. Hence, the coupled exciton- U
phonon system posseses the property of intrinsic bistable behavior which arises from the

renormalization of the exciton frequency mediated by the exciton-phonon interaction.

Finally, we consider the interaction between a strong wave, Eo, oscillating at frequency 3
w. and a weak wave Ei oscillating at frequency w + 6. Their nonlinear coupling yields a

coherent traveling wave excitation in the medium oscillating at frequency 6. The scattering I
of the strong wave from the coherent excitation changes the absorption coefficient and the

index of refraction experienced by the weak wave. A calculation of the optical response

function in the undepleted pump approximation gives the following expression for the 3
spatial evolution of the weak wave:

I dEj _ + 6 Np 2 w {a + iU (a)

El d - -2 ) X (oh 2 A2

where the dimensionless ( all physical parameters are normalized to 2A2 / o ) nonlinear

absorption coefficient a is -

(0- 62 )C - 6rD (7b)
C 2 + D2

and the dimensionaless nonlinear index of refraction is given by

(0-6)D + rc (c
C 2 + D2

with the following expressions for C and D: I

C (W2 62) + br(a -6b) - 6r(ala)
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D W = - 61)(A~ - 6) - br-y - (2w 0 62 (ata)

Figure 3 shows the behavior of the nonlinear absorption coefficient, a + i3, of the weak

wave as a function of the Rabi frequency induced by the strong wave for different values

of the quantum well dimension. A transition to bistable behavior, accompanied by gain (

negative values of the nonlinear absorption coefficient ) of the weak wave at the expense

of the strong wave, is observed for a critical value of the normalized Rabi frequency an

a small enough value of the quantum well dimension . The dimension of the quantum

well plays a key role in the detuning parameter A. For large enough detuning or small

enough well size, the value of the detuning parameter satisfies the bistability condition

(6). Hence, a coherent energy transfer from the strong to the weak wave takes place with

a threshold behavior. This phenomenon can be thought of as a coherent bistable optical

switch. That is, the energy transfer takes place from the strong to the weak optical beams

when a certain threshold is achieved. The bistable behavior is a reflection of the nonlinear

functional dependence of the exciton population on the pump intensity.

The phenomena discused in the previous paragraphs provide an insight into subtle

effects that appear in the Davidov Hamiltonian. Estimates of the physical parameters

such as A and w are crucial to the understanding of the materials growth conditions as

well as the future applications of these novel materials for opto-electronics. The beauty and

simplicity of our results is contained in one single physical parameter, the Franck-Condon

shift (FC). This frequency shift is related to A and w0 by the following expression

FC =A
"Jo

and is a measuie of the degree of reduction of the potential energy of the material due to

the exciton-phonon coupling. From measured values in aromatic molecules 11, A is approx-

imately equal to w. These numbers imply a FC of 700 cm 1 for the case of naphtalene

compounds.
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It is interesting to calculate the laser power required to observe the onset of optical

bistability and two-beam energy transfer. Assuming a FC shift of approximately 1000

cm - 1 expected for large molecules such as PTCDA 12. and an oscillator strength of unity,

a normalized linewidth of 3, one finds that the power density is of the order of 1010 W/m 2. I
A more accurate value must wait for a detail measurement of the FC shift.

In summary, we presented new results on the optical behavior of these newly discovered

materials. We predict the existence of intrinsic bistability as well a coherent energy transfer

from a strong wave to a weak wave. The energy exchange occurs under bistable condition,

leading to the possibility of novel optical devices using these materials. I
This work was first presented at the International Quantum Electronics Conference in

Anaheim, California on April 1990.
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FIGURE CAPTIONS

Figure 1. Linear absorption coefficient of PTCDA/NTCDA mqws. The experimentAl data ( I
solid line ) contains two additional sidebands on the left hand side sue to the presence of

the NTCDA. The theoretical fit ( dashed line ) from the solution of the exciton-phonon

equations is based on thermalization by phonons 3
Figure 2. Dependence of the exciton population on the normalized Rabi frequency to the second

power. The linewidth and the detuning are also normalized to the 2A2/W0 , which has I
the unit of freqquency. (a) The normalized detuning, A = 0; (b) A = 5.19, which

corresponds to the transition region for bistability to begin taking place; (c) A = 8.

Figure 3. Two-wave mixing gain ( negative value ) and absorption ( positive value ) coefficient 3
for three different values of the quantum well size. Prediction of optical bistablity and

energy transfer is given for L = 62 A. The normalized probe-pump detuning parameter I
is set equal to -1
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