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ABSTRACT

Although the nonlinear response of sodium vapor to intense

laser stimulation has been an active topic over the last three

decades, many of the phenomena associated with the two-photon

excitation of resonance states have not been fully understood. This

study examines primarily three aspects of the nonlinear process

associated with the two-photon excitation of either the sodium 3d or

4d states. The first is the suppression of forward hyper-Raman

emission due to interference with four-wave mixing emission, and is

an extension of previous theoretical and experimental work done in

inert gases by the Chemical Physics Section of Oak Ridge National

Laboratory.

The second topic is the suppression of backward stimulated

hyper-Raman emission due to the a.c. Stark effect. The medium itself

generates a near resonance emission that, in turn, generates an

electric field of sufficient intensity to cause a shifting of the

resonance outside the bandwidth of the incident laser. This has the

effect of decreasing the gain for the hyper-Raman process.

The last major section of this study involves the discovery of

a new type of process, axially phase-matched four-wave mixing. Normal

four-wave mixing emission propagates only in the direction of the

laser beam. To phase match in a pure vapor it must propagate

conically rather than down the axis of the incident laser beam. This

study has shown that four-wave mixing may take advantage of the

ii i
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dispersive properties of the sodium vapor near resonances to index

match and propagate coherently down the axis of the laser beam rather

than adjusting its cone angle to phase match. Although observations

of some of the phenomena reported in this study have been reported in

the literature, this is the first time that many of them have been

explained satisfactorily in terms of the nonlinear response of sodium

atoms.
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CHAPTER I

INTRODUCTION

The field of nonlinear optics has been an active area of

research since the early 1960s when the advent of lasers introduced

light sources with high enough power density to produce measurable

nonlinear effects. The motivation to study resonantly enhanced non

linear optical processes has had many sources. Most of the early

studies were done in solids where the crystal structure provided an

asymmetry that allowed for the production of lowest order nonlinear

processes such as second harmonic generation. Since lower order

processes are generally stronger than higher order ones, these

effects were easier to produce.

Nonlinear processes in crystals and gaseous media allow the

production of light at frequencies not available from a conventional

laser source. The production of this light was one of the earliest

practical results derived from nonlinear optical studies. This

avenue of research has led to an extensive increase in the spectral

range of coherent frequency sources. An interest in nonlinear

effects in metallic vapors and gases was motivated by the desire to

learn more about atomic and molecular systems, and to make use of

sharp resonances to greatly enhance processes of low probability. It

is with this application that the following studies deal.
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In the usual treatment of nonlinear optics, as typified by

Bloembergen's classic text Nonlinear Optics (1965), processes are

described through the higher order susceptibility terms in the

expansion of the polarization of a medium in a power series in the

applied electric field, t.

^  ̂ • t + : t t + ; t t t + ... (1.1)

where ̂  is the polarization or electric dipole moment per unit volume
(n)of the medium, and x is the nth order electric susceptibility

(n)tensor, x^ ^ is a dimensionless constant. Higher order suscepti

bility terms have very complex forms that have been worked out very

carefully by theorists in the field such as Shen et al. (1984).

In the traditional susceptibility treatment of nonlinear

optical phenomena the higher order electric susceptibility terms are

evaluated for each nonlinear process. In even powered higher order

susceptibility expressions, all terms cancel completely if spherical

symmetry exists in the nonlinear media. Specifically, x^^^, the

lowest order nonlinear term in the expansion of the polarization in

Eq. (1.1), is nonzero only in a medium where no inversion symmetry

exists (Shen et al., 1984). This limited early nonlinear studies to

solids because laser energies available at that time were insufficient

to produce measurable nonlinear effects involving higher orders than

In a gas or vapor spherical symmetry exists so that the lowest

order nonzero nonlinear term in the expansion of Eq. (1 .1) is
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Many researchers in the field (for example: Agarwal, 1984; Payne and

Garrett, 1980 and 1986; and Hanna, 1979) have found that the

susceptibility treatment is not practical when applied to resonantly

enhanced nonlinear processes in gases or vapors. This is because the

expansion in Eq. (1.1) is only justified if there is negligible popu

lation transfer between states in the medium (Hanna, 1979). Instead

these investigators use the polarization at other frequencies as

source terms in Maxwell's equations and then apply time-dependent

perturbation theory. The sources for these other frequencies become

evident if one defines the time dependence of the electric field

vector in Eq. (1.1), t, in terms of exponentials such as

t  ̂ ® ^'^^). For example, consider the second term in

Eq. (1.1) with two electric fields at frequencies (jj-j and oj^- The

second order term in the polarization expansion then has terms from

the product of the exponential terms

"^ito-it —icoot "t"i(jjrtt —iwrtt
(e + e ) and (e + e ) .

The frequencies produced are ±(a).| + 0)2) and ±(u.| - -

For each resulting sum or difference frequency, there are three

frequencies in the medium, Wp and the generated frequency. This

type of process is often referred to as three-wave mixing. If

aj-j = u)2, the sum frequency is just twice the initial frequency; this

is called second harmonic generation.

This analogy will be carried on to the third order term, since

many of the effects studied in later chapters are directly related to



4

this term in the expansion. To more carefully align this discussion

to the experiments that follow, the most general case (three fields

at three different frequencies) will not be used. Instead, it is

assumed that two of the fields are degenerate in frequency (this

corresponds to the two-photon resonance referred to in the title of

this dissertation). A second frequency, 0)2, is introduced either

externally or produced by some process in the medium itself. The

exponential terms involved in this case are:

+i(jj-,t -iu),t , +ia).,t -icjot
(e ' + e (e ^ + e ^ ) .

The resulting frequencies include 2a)^ ± These are referred to as

sum or difference frequencies depending on the sign. Four fields

are involved in the process, two at oj-i, one at and the sum or

difference frequency, 2a)^ ± Therefore, this is called a four-

wave mixing process. The process of interest in this study is four-

wave difference mixing, and it will be explained in more detail later.

The specific studies described in these experiments were

motivated by earlier work done by the Chemical Physics Section at Oak

Ridge National Laboratory with the nonlinear response of xenon.

Their success in theoretically modeling the effects of pulsed laser

stimulation on the production of third harmonic light and the

suppression of resonantly enhanced ionization due to four-wave

mixing, lead to a desire to explain some of the nonlinear wave mixing

behavior seen in alkali metals, sodium in particular. Describing

nonlinear behavior in sodium proved to be a much more complex problem
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than in xenon because the one-photon resonant enhancement possible in

the alkali metals does not exist in the noble gases. However,

progress has been made. The rest of this chapter deals with the

common elements of the experiments described in the following chapters.

These include a brief sketch of the nonlinear optics, a description

of the energy levels of the sodium atom, the laser system, the heat

pipe used to contain the sodium vapor, and a brief description of the

types of emission expected.

A. A Brief Sketch of Nonlinear Optics

The response of an atomic system (in this particular case, the

sodium atom) to an external electromagnetic field can be described

to a very good approximation through the electric dipole interaction.

The Hamiltonian of the system is then written as

H = Hq - D . f (1.2)

where Hq represents the unperturbed atomic system, t, the electric

field vector of the external electromagnetic field, and D is the

dipole operator, -er, where e is the charge on an electron. The

Hamiltonian is written without spin because the spin of the outer

electron of the alkali atom does not play a direct role in this

process in the electric dipole approximation. The macroscopic

polarization can be written as P = N < lij^(t) ]D|^^(t) > where i^|.,(t)

is the wave function for the atomic system and N is the number density



6

of atoms in the nonlinear medium. As already shown, the nonlinear

polarization has terms at different frequencies. The polarization

at a given frequency may then be used as a source term in the wave

equation for that frequency (Shen et al., 1984). For a neutral vapor

(so that V • t = 0):

,?!(„) (1.3)
V  c t

where E(a)) is the electric field vector generated at the new

frequency, w, v is the phase velocity of the generated wave, c is

"^NL
the speed of light in a vacuum, and P (oj) is the nonlinear polariza

tion at CO. The present study experimentally examines the generation

of these nonlinear polarizations and the electromagnetic waves that

result from them. In addition, it examines the factors which

influence these processes when two or more occur simultaneously.

B. The Sodium Atom

The experiments described in the following chapters were

conducted in sodium vapor and were directed toward understanding the

total atomic response in an optically dense medium when an intense

laser beam is tuned through a two-photon allowed transition. A

medium is optically dense when some absorption of the incident laser

beam occurs when the frequency of the laser is at some allowed

resonance frequency. The response studied is not specific to sodium

vapor, but may apply to many vapors and gases. Sodium was chosen

because the energy levels of the sodium atom may be resonantly
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excited by frequencies that are readily produced in the laser systems

available. In addition, the frequencies produced by nonlinear

processes in sodium are in a wavelength region that is easily

monitored by available detectors.

In the present case, nonlinear processes associated with near-

resonant transitions to either the 3d or 4d states are investigated

(see Figure 1 .1). Because of parity and angular momentum considera

tions not all states are coupled by one-photon transitions. If both

states have either odd or even parity they may only be connected (in

the dipole approximation) by even numbers of photons. Odd number

photon transitions are allowed only between states of opposite

parity. All the experiments that follow explore the atomic response

of a collection of sodium atoms pumped by a pulsed laser beam tuned

to frequencies corresponding to near or exact two-photon resonances

from the 3s ground state to either the 3d or 4d states. The d states

are separated by a small fine structure splitting into a d^^^ 9""^

^^3/2 However, in these studies it is not possible to
resolve Sd^^^ 3/2 ^*^5/2 3/2 i >^92 due to the finite size of

the bandwidth of the available lasers. The widths of the fine

structure splittings of the 3d and 4d states are 0.04 cm"^ and

0.035 cm"\ respectively (Moore, 1971). The 0.04 cm"^ bandwidth of

the dye laser is insufficient to resolve these fine structure levels.

Consequently, unless selection rules mandate otherwise, these

doublets are treated as a single level. The fine structure splitting

in the p states involved in these experiments (either 1/2
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Figure 1 .1. Available energy levels for the sodium atom up to the
4d states (Weise et al., 1969). Processes that result
from two-photon pumping of the 3d or 4d states are
studi ed.



^'^3/2,1/2^ sufficiently wide to resolve them as separate states
[13.2 cm ^ and 5,6 cm"\ respectively (Moore, 1971)]. Since s and d

states both have even parity the laser frequency is adjusted so that

the energy of two laser photons = E(3s-4d) or E(3s-3d). The

strength of the transition between various states can be gauged by

the oscillator strength (F^.j) between those states. The oscillator

strengths for a large number of atomic sodium transitions have been

compiled by the National Bureau of Standards, and the ones of

interest are listed in Table 1 .1 (Weise et al., 1969).

One of the properties of an atomic vapor which is determined

by the oscillator strengths of relevant transitions is the dispersion

of the vapor in given frequency regions (Born and Wolf, 1975). This

property becomes important in Chapter IV when examining phase matching

between imposed and generated electromagnetic waves for certain

processes, and will be discussed in more detail there.

C. The Heat Pipe and Laser System

Two pieces of equipment are common to the present experiments:

a heat pipe to contain the sodium vapor, and a tunable pulsed laser

to excite the sodium atoms.

How does one contain a metallic vapor in a particular volume

of space in a way that will still allow a laser beam or beams at

other frequencies produced by the nonlinear medium to pass through it?

One answer is to use a heat pipe (see Figure 1 .2). Sodium metal is

heated in a region in the middle of the heat pipe where it is
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Table 1 .1. Sodium Transition and Associated Oscillator Strengths
Connected to the Two-Photon Excitation of the Sodium 4d
and 3d Levels (Weise et al., 1969, Except where Noted)

Transition (1 - u)
0

(A)
,u

^h/2'^P3/2 5889.95 0.640 + 3%®

3Si/2-3Pi/2 5895.92 0.3178 +.17%^^

^P3/2"^^5/2 5788.21 0.095 + 18%

^P3/2"^^3/2 5688.19 0.0106 + 18%

^Pl/2'^'^3/2 5682.63 0.106 + 18%

^^l/2"^P3/2 3302.37 0.00878 + 18%®

3Si/2-4pi/2 3302.98 0.00426 + 18%®

^P3/2'^^5/2 23379.1 0.82 + 18%

^P3/2"^^3/2 23379.0 0.091 + 18%

^Pl/2"^^3/2 23348.4 0.91 + 18%

^^l/2"^P3/2 22056.4 0.9 + 25%

4Si/2-4pi/2 22083.7 0.45 + 25%

3Pi/2-4Si/2 11381 .5 0.163 + 25%

^P3/2'^h/2 11403.8 0.163 + 25%

^^5/2"^P3/2 90880.0 0.117 + 25%

3d3/2-4pi/2 91 380.0 0.098 + 25%

^^3/2"^P3/2 90880.0 0.0195 + 25%

^^3/2" ̂*^5/2 8194.82 0.75 + 25%

^Pl/2"^^3/2 8183.26 0.83 + 25%

^P3/2"^^3/2 8194.79 0.083 + 25%

'Hofsaess, 1977. Gaupp, 1977,
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vaporized by heating coils wrapped around the body. Cooling coils at

the ends of this vapor region make the sodium vapor condense out into

a wire mesh "wick" where it is drawn back by capillary action to heat

pipe center and revaporized. Quartz windows at the end of the heat

pipe allow electromagnetic radiation to pass into and out of the vapor

region. The transmission properties of quartz allow radiation from

the ultraviolet region through the near infrared to pass through the

heat pipe with negligible losses. The processes of interest in these

studies have frequencies within this wavelength region.

To keep the windows from becoming fogged by condensed metal

vapor a gas is introduced that forms a buffer region between the

cooling coils and the windows. When the heat pipe is run in "heat

pipe mode" the vapor pressures of the buffer gas (argon) and the

sodium vapor are equal and circulating sodium vapor pushes the argon

atoms to the outer regions of the heat pipe. This results in a vapor

region of pure sodium vapor. The sodium vapor pressure is determined

from the temperature of the vapor which is measured by a thermocouple

embedded near the center of the heat pipe. The temperature is

controlled by regulating the voltage applied to the heating coils.

In these experiments the heat pipe was rarely, if ever, run in this

mode. Instead, the argon pressure was kept above the sodium vapor

pressure. This results in the vapor region having a mixture of argon

and sodium atoms. At the operating temperatures used there are also

small and inconsequential quantities (no more than a few percent,

Gordon et al ., 1971) of sodium dimers and probably mixed dimers of

sodium and argon.
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In some of these experiments an attempt was made to make

ionization measurements of the sodium vapor. This was accomplished by

having a metal charge collection wire strung along the length of the

vapor region. The wire was insulated at its ends from the heat pipe

and subjected to a bias voltage for collection of photoelectrons. By

measuring the voltage relative to the grounded heat pipe it was hoped

that one might determine the relative degree of ionization of the

sodium vapor. Problems associated with space charge effects make

measurements of absolute ionization yields impractical at best. In

fact, it was discovered that even measurements of relative ionization

efficiencies of certain processes cannot be made reliably due to space

charge effects that occur even at relatively low sodium pressures and

low incident laser energies. For a more detailed discussion of space

charge effects, see McDaniel, 1964.

The second common piece of equipment was the laser system.

When only one tunable laser beam was necessary, a Lumonics series

TE-860-2 excimer-pumped dye laser was used. This excimer laser

was run with a XeCl gas mixture to give a narrow band pulse of 4 to
O

6 ns in duration at a wavelength of 3080 A. This light was used to

pump a tunable dye laser, where the choice of dye was determined by

the output frequency desired. The energy output of the pump laser

depended on the dye used, but was in the range of a fraction to

several mi Hi joules per pulse. The bandwidth of this laser was

0.04 cm Bandwidths are given in units of inverse centimeters

which are the energy units used in laser spectroscopy
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(see Weise, 1965). The bandwidth given in these units remains

constant over the entire frequency range of all available dyes for a

particular pump laser. For each frequency produced by the dye laser,

this 0.04 cm ^ bandwidth may be translated into a wavelength range by
using the relationship:

0.04 cm"^ = \t^\ - |lc^ I cc l/x^ - l/A-j

where | and represent the energy in wave numbers between the

ends of the bandwidth range and x-j and x^ are the corresponding wave-
o

lengths. When the dye laser is pumping at a wavelength of 3000 A, a

-1 °bandwidth of 0.04 cm corresponds to 0.004 A. At a wavelength of

°  -1 . °7000 A, 0.04 cm is equivalent to 0.020 A. These wavelength spreads

differ by a factor of five. This is why laser bandwidths are given

in energy units that remain constant across the entire spectral range

of a dye laser rather than in wavelength units that must be

recalculated for each frequency. However, when discussing incident

laser detunings from resonance levels in later chapters, the detuning,

6, will be given in angstroms. This is the value the experimenter

reads off the scanning unit of the dye laser. The output beam had

a nonuniform spatial profile that had to be taken into account in

certain of the experiments.

In the experiments where two incident laser frequencies were

required, a Quanta Ray Nd-Yag laser was used to pump matching dye

lasers. The overall quality of these beams was far inferior to the
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excimer laser. The bandwidth was '\^0.65 cm"^ and the spatial profiles

of the beams were doughnut-shaped.

D. Types of Electromagnetic Emission

Certain types of electromagnetic radiation are referred to

repeatedly in the experiments described in later chapters. To

establish a background for later discussion, a brief description will

be given of some types of emission that are possible and conditions

under which they are produced.

Spontaneous emission occurs when an atom in an excited state

emits a photon and drops to a lower allowed energy state. Amplified

Spontaneous Emission (ASE) can only occur when there is a collection

of atoms in an excited state. It is called spontaneous emission

because at least one atom spontaneously emits a photon as it drops

to a lower allowed energy state. However, after this atom

spontaneously emits a photon, the photon can stimulate other excited

atoms to also de-excite by emitting photons, and the process is said

to be amplified. In this sense the process is also often called

Amplified Stimulated Emission. To distinguish between spontaneous

emission and absorption, and stimulated emission, see Figure 1 .3. To

produce ASE there must exist a system of excited atoms rather than a

single isolated atom. The stimulated emission has the additional

feature of being exactly in phase with the stimulating photon, and,

of course, this is the basis for the lasing process. Since ASE may

only occur in the spatial region containing the pump photons where
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10 0 ,0
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Figure 1 .3. Schematic diagrams of spontaneous absorption,
spontaneous emission, and stimulated emission.
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excited atoms are created, one would expect ASE to occur along the

incident laser beam in either the forward or backward direction.

There is a definite transfer of population from a given state to the

other states involved in the process. A simplified schematic of the

ASE produced in the experiments through two-photon excitation can be

found in Figure 1 .4a. In the top schematic the laser frequency is

adjusted so that the total energy of the two photons matches the

energy between states |0> and |2>. These states have the same parity

(even in this case), and transitions between them can be induced by

two photons. To simplify the example it is assumed that the bandwidth

of the laser is such that it is no wider than the broadened resonance

width. Electrons are transferred from the |0> ground state to the

|2> state. ASE occurs when electrons in the \2> level de-excite by

photon emission to the |1> level, an odd parity state.

Although Raman processes are more commonly associated with

molecular transitions, they may also occur in atomic systems. Stimu

lated Raman Emission (SRE) is a two-photon process that involves the

excitation of an atom by an externally supplied photon to a

virtual state that is usually near, but not directly on, an atomic

resonance, and the subsequent generation of another photon. This

leads to the simultaneous excitation of an electronic transition,

leaving the atom in an excited state. As with ASE, the stimulated

Raman emission process may propagate in either the forward or backward

direction. This is ordinary Raman scattering (or emission), a process

observed in the present studies, but not one that plays a significant
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Figure 1 .4. Schematic diagrams of (a) amplified spontaneous emission
(ASE), (b) stimulated hyper-Raman (SHR), (c) normal
four-wave mixing (FWM), (d) parametric four-wave mixing
(PFWM). The dotted lines represent virtual states.
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role in the experiments to be described. Instead, one of the key

processes in this study is stimulated hyper-Raman (SHR) emission

(see Figure 1 .4b). This process involves raising the atom to a

"virtual" state by the absorption of two laser photons. This leads

to the production of a third photon coupling to a lower excited state

(|l>). The virtual state is defined by the energy of the two laser

photons, and does not correspond to an actual atomic resonance.

Unlike ASE there is no transfer of population to the intermediate

virtual state prior to emission of a photon accompanied by excitation

of the state in which the atom is left. This process, where the atom

is left in an excited state higher in energy than the one in which it

started, is often referred to as a Stokes process, and the emission

is called a Stokes line. If the atom is left in a lower energy state

than it was originally (this can only happen if the original state is

not the ground state) the SHR emission is called an anti-Stokes line.

Since the bandwidth of the Lumonics excimer-pumped dye laser

used in the present study is wider than the Doppler and col 1isionally

broadened widths of an atomic resonance, the studies that follow can

never produce a pure ASE emission. A part of the laser frequency

profile is always "off resonance" due to its width, therefore, there

can only be ASE and SHR combined. However, a pure SHR emission can

be obtained if the laser frequency is adjusted such that the sum

frequency of the two laser photons does not overlap the resonance

frequency.
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The last type of emission that plays a major role in the

experiments to be described is four-wave mixing (FWM). Normal FWM

is a process typified by the special case of third harmonic

generation (see Figure 1 .4c). In this process the medium absorbs

three externally supplied photons whose total energy takes the atom

between two atomic states (real or virtual) that have an allowed

three-photon transition. These states are also coupled by a one-

photon allowed transition. The medium itself generates the fourth

photon back to the original state at a frequency of

A similar, but somewhat more complicated process, is parametric

FWM. In the case studied here, only two of the photons are externally

supplied by the laser. The other two are generated by the medium

itself (see Figure 1 .4d). The atom is left in the same state in

which it starts; there is no transfer of population to any inter

mediate state.

The index of refraction of a medium, or equivalently, the

phase velocity for wave propagation through that medium, depends upon

its frequency. This is called dispersion. The magnitude of the

propagation vector, |t|, is such that |1<| = w/v where w is the fre

quency and V is the phase velocity of the wave. If one adds up all

the propagation vectors of the photons involved in a parametric FWM

process, one finds that because of the dispersive properties of the

medium, |2k^| < |k^,| + 1 1^20)-^' I " order to produce constructively

interfering wavefronts, the k vectors for w' and Zw-w' must adjust

their angle of propagation so that phase matching can occur. That is.
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the sum of the propagation vectors for the absorbed and emitted

photons sum to zero (see Figure 1 .5). If one lets l< = 2I< - t ,
p  CO 0)

represent the propagation vector for the polarization wave, phase

matching can only occur when the generated wave l<„ , = l< . If Ak
^ico-co p

is defined as the difference in magnitudes It | - |t„ ,|, the
'  p' ' 2(o-co '

phase-matching condition can be met if

Ak /2co-(o' tUj-UJ

|tv
^

0)

^

and

6 = 2^ (Payne, 1988).

Since the radiation produced with frequencies co' and 2co-co' is

nonresonant, it is not absorbed by the medium and propagates freely

out of the nonlinear medium. However, the radiation can only be

generated in the forward direction (the direction of the laser

photons), and will be emitted in a cone rather than along the laser

beam axis. The radiation cannot be produced in the backward

direction because the phase mismatch between the laser photons and

generated photons would be too large, and no constructive interference

could occur.

This concludes the description of the common aspects of the

experiments described in detail in the following chapters. The

experiments are all connected through the atomic response of sodium

to a strong external electromagnetic field. Features specific to
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individual experiments are described in the appropriate chapters.

These include the generation and suppression of SHR emissions in

Chapter II, and the effects of a.c. Stark shifts on the suppression of

SHR processes and ASE in Chapter III, and conditions for axially

propagating parametric FWM in Chapter IV. Chapter V consists of

related phenomena which were discovered along the way that were too

interesting to leave out entirely, but too narrow in scope to make

an entire chapter by themselves.

The nonlinear response of a collection of "simple" sodium

atoms is in fact very complex; some features are probably too complex

and interwoven to entirely deconvolute experimentally. It should be

emphasized, however, that sodium is not essential to the study of the

nonlinear processes explored in this study, but is merely a medium

in which to produce these phenomena so that their properties may be

ascertai ned.



CHAPTER II

SUPPRESSION OF ELECTRONIC HYPER-RAMAN EMISSION

BY FOUR-WAVE-MIXING INTERFERENCE

A. Theoretical Considerations

Over the past several years experimental studies (Compton et

al., 1980; Glownia and Sander, 1982; Jackson and Wynne, 1982; Miller

and Compton, 1982; Miller et al., 1980; Normand et al., 1983) and

theoretical studies (Garrett et al., 1986; Payne et al., 1980 and

1986; Payne and Garrett, 1982 and 1983; Agarwal and Tewari, 1984)

have shown that an optical interference effect may lead to the

suppression of certain laser induced transitions within an atomic

system at elevated number densities. More specifically, it has been

shown that if an excited state may be reached by more than one

optical pathway, these pathways may destructively interfere to

effectively cancel the transfer of population to the atomic resonance

Theoretically it has been demonstrated that two atomic states which

are coupled by any odd number of photons and are also coupled by a

one-photon allowed transition may exhibit this suppression. This

only occurs at pressures above a critical threshold region where the

electromagnetic field responsible for the one-photon excitation

process is generated in the medium itself.

One piece of experimental evidence for this effect is the

suppression of resonantly enhanced ionization out of a state which is

24
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excited by an odd number of photons (greater than one). For example,

assume there exists an atomic system that is stimulated by a laser

beam whose frequency is adjusted so that the absorption of four

photons will ionize the atom. The probability of one atom absorbing

four photons is very low. However, this process may be greatly

enhanced if the laser frequency is adjusted so that the absorption

of three of the photons brings the atom to a resonant state. The

atom may remain in the excited state for a longer period of time, and

then the absorption of a fourth photon that ionizes the atom becomes

a more probable event. If certain conditions exist that suppress the

resonant three-photon excitation of the atomic state, then the

resonantly enhanced ionization signal will also be suppressed.

This effect has been demonstrated in xenon by Miller et al ,

(1980 and 1982) and Jackson and Wynne (1982 and 1983) where the

presence of three-photon excitation and subsequent ionization was

evident at low pressure, but suppressed at high number density. As

the laser beam propagates through the moderately dense atomic medium,

the suppression occurs because the electromagnetic field generated at

the three-photon sum frequency (the third harmonic field explained in

Chapter I under normal FWM processes) is exactly 180 degrees out of

phase with the field due to three of the incident laser photons. The

effect is only seen at elevated number densities because FWM

processes have a minimum pressure below which the cooperative response

of the atoms in the medium is too weak to offset the direct three-

photon pumping of the resonance by the laser field. Because this
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effect is the result of FWM, the effect may only be seen when all

photons involved in the process travel in the same direction. As

will be recalled from Chapter I, phase-matching considerations for

the production of FWM emission demand that all photons must travel in

approximately the same direction. In a situation where counter-

propagating laser beams exist, the absence of a constant phase

relation between fields which generate the FWM polarization prevent

the generation of a FWM field and the suppression does not occur.

The atom may then be excited to the three-photon resonance by the

absorption of photons from both beams (i.e., at least one photon from

each beam). Since no interference occurs, the expected resonantly

enhanced ionization process may be observed. Several of the features

of this phenomenon have been demonstrated by Garrett et al. (1986a and

1986b).

Payne and Garrett (1982 and 1983) have given a very detailed

theoretical description of this cooperative interference effect which

takes into account excitation with a pulsed laser of finite bandwidth,

the effects of collisions between atoms, and the absorption of

incident laser photons by the medium for both focused and unfocused

beams. From this analysis they have predicted an additional inter

ference phenomenon associated with stimulated hyper-Raman (SHR)

scattering. As noted in the first chapter, the SHR process involves

the absorption of two laser photons, to produce a third photon

generated by the medium, and an atomic excitation, thereby leaving

the atom in an excited state. This type of process was first named
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by Decius and Rauch in 1959, and observed for the first time by Terhune

et al. in 1 965 in molecular species. Vrehen and Hikspoor (1 977) were the

first to see an el ectronic SHR process involving an atomic transition in

a gas. This process can be greatly enhanced if the laser frequency,

is such that is near a two-photon al lowed resonance in the medium.

As was illustrated above, the three-photon resonance cancellation

by interference with an allowed one-photon resonant emission is theo

retically well established and supported by much experimental evidence

(see also Garrett et al., 1986; Miller and Compton, 1982; Miller et al.,

1980; Orlando et al., 1986; Payne et al., 1980). The suppression

mechanism has its onset at very low pressures, and it is independent of

the laser field intensity. A new prediction which forms the basis of

the study for this chapter is that this interference effect also affects

the forward SHR emission. In effect, the SHR emission which is a three-

photon process to a resonance is exactly 180 degrees out of phase with a

FWM emission that is generated by transitions between the 3p or 4p states

to the ground state. This 180 degree phase difference between two pumping

mechanisms (in the forward direction) effectively destroys any forward

SHR production (Moore et al., 1988) while leaving the backward propagating

SHR unaffected. It is predicted that the effect occurs when

r < 2itNzIDg.| i/'hc, where N is the number density, z is the distance

traveled into the nonlinear medium, |Dg.|| is the matrix element between

the connected states, r is the bandwidth of the laser, is Planck's con

stant, and c is the speed of light in vacuum (Payne et al., 1986). At

a number density equivalent to one torr of sodium vapor, z is less

than one cm in the following experiments.
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The phase-matching considerations for parametric FWM processes

are described in Chapter I. Since the phase-matching conditions

necessary for FWM in a pure vapor can only occur by adjusting the

angles of the propagation vectors of the generated waves, the FWM pho

tons will not travel down the axis of the pump laser beam (exceptions

to this rule have been discovered which form the basis for Chapter IV).

As discussed in Chapter I, SHR emission results from an exact three-

photon resonance excitation. It travels along the laser axis because

it is the result of a stimulated process that has a higher probability

of occurring in directions that keep the stimulating photons within the

laser field. Therefore, the SHR and FWM signals may be separated by

geometrical propagation considerations. Since the waves each have k

vectors of different lengths, wavelength discrimination is also a viable

technique for distinguishing one process from another with a spec

trometer of sufficient resolving power. The experiments described in

the next section explore the SHR phenomenon and demonstrate that SHR

emission is indeed suppressed in the direction of the laser photons,

resulting in a unidirectional backward SHR emission.

B. The Experiment

In this study, ground state sodium atoms are pumped near a two-

photon resonant d state, with total angular momentum quantum numbers

either j = 3/2 or j = 5/2. Since the sodium nucleus has an odd number

of nucleons (11 protons and 12 neutrons), a hyperfine splitting also

occurs from the interaction of the nuclear spin with the spin of the

single electron in the valence shell. However, this splitting is
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extremely small, and does not play a role in the experiments that

follow. An internally generated photon is produced by a resonant SHR

process from near the d states to a 3p state (either j = 1/2 or

j = 3/2). The fourth wave in the FWM process is produced by photons

generated from either of the 3p states to the 3s ground state (see

Figures 2.1a and 2.1b).

When the incident laser is tuned exactly to the two-photon

resonance with a d state, the emission process changes character

because energy can now be stored in the atomic d states. Amplified

spontaneous emission (ASE) replaces the SHR mechanism, and the ASE

photons may propagate in either the forward or backward direction.

As already mentioned, two-photon pumping near d states in

sodium also produces parametric four-wave difference mixing emission.

The production of phase-matched conically emitted FWM emission for

transitions from the 3p to the 3s states has been well documented by

Krasinski et al . (1 985). This study is not concerned with this

conical emission, but rather with light that is emitted parallel or

antiparallel to the incident laser beam, the SHR emission.

A heat pipe was operated with sodium vapor at a pressure of

about two torr and excited by a Lumonics excimer-pumped dye laser

tuned to the two-photon resonance with either the 3d or 4d state.

The bandwidth of the laser (0.04 cm ^) is insufficient to resolve the

d state fine structure levels. Although the interference process

under consideration here is independent of laser energy, the data

presented involved the use of laser power densities of '^^7.0 MW/cm^
2

for the 3d case and ^^^30 MW/cm for the 4d case.
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Figure 2.1. Schematic of two-photon processes in sodium, SHR from
(a) 3d, (b) 4d states, (c) alternate routes out of 4d
states. 6 is the detuning of the incident laser from
the two-photon resonance.
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Light from the 3d-3p transitions at 8194 A and 8183 A for

transitions to the 3p2^2 ̂ nd 3pi^2 states, respectively, were
analyzed by a Jarrell-Ash spectrometer in both the forward and back

ward directions. The incident laser was tuned off resonance and the

beams analyzed again. A similar technique was used to analyze the

4d-3piy2^3^2 that have x = 5684 A and 5690 A, respectively.
In each case the laser beam was reduced to a 0.3 cm diameter

by the use of apertures before entering the heat pipe to produce a

spatial beam profile that was Gaussian shaped in a direction perpendi

cular to the propagation of the laser photons. A 0.5 cm aperture was

placed in the forward beam after it had exited the heat pipe to

discriminate against the conical FWM emission expected in that

direction. Since the spectrometer used had a resolution of 0.3 A at

best, discrimination of SHR emission and FWM signals by wavelength

was not practical. In the 4d case a 50-cm focal length lens was used

to focus the laser beam into the center of the heat pipe. This pipe

has a sodium vapor length of approximately 28 cm. A higher energy

density was necessary in the 4d case due to the additional competing

paths for the transitions back to the ground state not available in

the 3d case (see Figure 2.1c).

Special care was taken to insure that collection techniques for

both forward and backward beams were matched so as not to favor either

beam. Both were collected by glass wedges (or matching mirrors in the

4d case) that reflected 0,4% per surface reflection. Guiding the

respective beams into the spectrometer was accomplished by rotating a
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99% reflecting aluminum mirror to intercept only one reflection from

either beam. The path length between the heat pipe center and the

spectrometer differed at maximum by only 4 cm (see Figure 2.2).

Spectral data scans were alternated between directions keeping the

laser frequency fixed, to assure both beams were compared at exactly

the same laser frequency. Results are shown in Figures 2.3 and 2.4.

Notice in the 3d case (Figure 2.3a) that when the laser is tuned

exactly to the two-photon resonance the backward beam intensity is

greater than that of the forward beam. Since the laser is tuned to

the 3d resonance this emission has an ASE component as well as a

contribution from the SHR process. The ASE portion of the signals is

not affected by the specific suppression effect mentioned earlier,

but it may be affected by another interference phenomenon that will

be covered in the next chapter. In Figure 2.3b the laser is now
o

detuned by 0.1 A to the high energy side of the 3d resonance. The

forward beam intensity (now pure SHR since the detuning is greater

than the bandwidth of the laser) is drastically reduced while the

backward beam intensity remains almost the same as at zero detuning.

When the laser is further detuned from resonance by 0.2 A (high

energy side. Figure 2.3c), the forward SHR signal is completely

suppressed, while the backward SHR emission, although weaker, is still

strongly in evidence.

If there were no suppression effect on the forward SHR

emission, the backward and forward emissions should be identical.
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Figure 2.3. Spectral scans of SHR from 3d states at various

detunings: (a) 0 A, (b) 0.1 A, (c) 0.2 A, P = 1 .5 torr,
I  = 7.0 MW/cm^, 8185 A = Od-Op^^^' ^197 A = 3d-3p3^2'
predicted threshold for this process is 7 x lO'
sodium (Moore, 1988).
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Since the forward signal is drastically reduced compared to the

backward one, a strong suppression effect is clearly in evidence as

predicted by Moore et al. (1988).

The 4d case presented in Figure 2.4 shows a similar behavior.

However, at zero detuning (Figure 2.4a) the forward beam intensity is

now greater than the backward intensity. This is due to the fact

that although it is possible to pump the 4d resonance more efficiently

because of the higher laser energies available at this frequency, the

transition probability between the 4d and 3p states is much lower than

that between the 3d and 3p states. At a detuning of 6 =0.1 A to the

high energy side (Figure 2.4b), the axial signal is pure SHR emission

and the signal in the forward direction is greatly reduced. When the
O

laser is tuned 0.3 A to the high energy side of the resonance

(Figure 2.4c) the forward SHR emission is completely suppressed. The

amplifier gain for Figure 2.4c is slightly higher than that for

Figures 2.4a and 2.4b.

To reiterate, although there are differences in the SHR

emission intensities when pumping to either the 3d or 4d resonances,

there is clear evidence for the suppression of the forward SHR

emission as compared to the backward propagating signal. In both

cases, SHR emission to the 3p state is drastically reduced in the

forward direction while the backward SHR signal behaves as expected.

Observation of emissions associated with pumping near the

sodium 4d state presents several experimental difficulties; the first

is the weakness of the signal. When one examines the energy level
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diagram of sodium up to the 4d state (see Figure 2.1c) one can see

that there are at least three more favorable routes from the 4d state

to the 3s ground state. These paths all go through the 4p states and

their more favorable nature can be seen by examining the oscillator

strengths between available states (see Table 1.1, p. 10). Since the

SHR emission resulting from a transition from near the 4d states to

the 3p states is weak, it is necessary to enhance the signal by

increasing the voltage on the photomultipiier tube, which results,

of course, in a much noisier signal.

In addition there is another forward emission in the 4d-3p

frequency range that makes data recording difficult. If one lets the

entire forward beam (cone and axial parts) into the spectrometer, one

sees a very large broad band emission upon which the atomic peaks are

superimposed. This broad band emission covers several dozen

angstroms and is not evident at all in the 3d-3p case. This band

seems to change shape and location as a function of laser intensity,

and does not exist in the backward direction. Furthermore, it is

eliminated when the forward aperture is in place. This implies that

the light is not axial in nature and, therefore, not part of some

stimulated process. Dimer emission may be eliminated from the

possibilities because dimers make up at most only a few percent of the

beam at these pressures (Gordon et al., 1971). In addition, the

location of their emissions should not be affected by laser intensity.

It is possible, however, that what is being seen is fluorescent

emission from the laser dye itself. The shape and width of the
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O

emission band (about 60 A) is in the correct region for the dye used

in this experiment (Rhodamine 590).

Additional evidence for the cancellation effect involving

forward SHR emission has also been found by scanning the dye laser

across either the 3d or 4d two-photon resonances and observing the

axial emission in the backward and forward directions. The data

presented in Figure 2.5a show axial emissions resulting from the two-

photon pumping of the 3d states with emission in the x = 8197 A

range. Figure 2.5b has the axial emission from the two-photon

pumping of the 4d states. However, instead of emission from the

4d-3p states as presented earlier, this is emission from another

three-photon SHR process. This emission results from transitions

coupled to the 4p rather than the 3p states. Here the wavelength is
O

approximately 23,300 A. It is easily seen that the forward emission

is narrower in range than the backward emission in both cases (see

Figure 2.5). This is further evidence that the SHR emission in the

forward direction is suppressed, since the SHR process, if not

interfered with, should have the same line profile in either

di rection.

When one studies the SHR emission from the 4d-4p transition

in the same manner that was done for the 4d-3p and 3d-3p transitions

(i.e., keeping the laser frequency fixed and scanning the SHR

emission with a monochromator) no suppression of axial emission in

the forward direction is seen. This may be explained by the fact

that another type of axial emission has been discovered. As will be
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explained further in Chapter IV, there exists another process that

propagates axially, but is neither ASE or SHR emission. Under certain

circumstances, there is an axially produced PFWM emission. With the
O

limited resolution available in the 4d-4p frequency range (a=23,300 A),

it can be shown that in all probability the axial emission seen in

this frequency region in the forward direction is in fact FWM emission

rather than SHR. The evidence consists of spectral scans of the axial

emissions in both forward and backward directions in the 23,300 A

range. As can be seen in Figure 2.6, the separation between

transitions to the two fine structure peaks and 4d-4p-j^2)

is wider in the forward direction. Since the backward emission can

only result from ASE or SHR processes this splitting must match the

separation of the levels (5 cm ^). The increase in forward splitting

can only be due to a process that shifts the frequency from exact

resonance such as a FWM process.

C. Conclusions

A suppression effect is clearly evident when a SHR process

leads to the three-photon excitation of a state that is also coupled

to the ground state by a one-photon transition. However, SHR

processes may also be suppressed (less dramatically) by competing

processes. This study is closely allied to a two-color experiment

reported by Garrett et al . (1986), except that the third photon is

generated by the medium itself rather than being supplied externally
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by another laser. Other interesting phenomena were discovered while

doing this study and they will be discussed in the next chapter.



CHAPTER III

THE SUPPRESSION OF TWO-PHOTON PUMPING

OF SODIUM RESONANCES

Suppression of multiphoton processes due to competition with

other nonlinear phenomena has been an avid topic of interest in the

field of nonlinear optics over the past several years both from a

theoretical and an experimental standpoint. The suppression of

resonantly enhanced ionization due to cancellation of the three-

photon resonance by a four-wave mixing interference as discussed in

Chapter II is a case in point (for other examples see Agarwal et al.,

1984; Ashfold et al., 1986; Garrett et al., 1986; Jackson and Wynne,

1982; Jackson et al., 1983; Boyd et al., 1987; Payne et al ., 1982 and

1986). Interesting observations have been made in several studies

that have shown how certain nonlinear processes in extended media

can interfere with the expected intensity rates of other resonant

multiphoton processes. Some of these observations are noted in the

following section.

A. Observations

In Chapter II it was shown how an odd-photon transition that

is also coupled by a one-photon transition can be cancelled due to

destructive interference between two pathways when the extended

nonlinear medium has sufficiently high number density. This was

43
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shown by the suppression of forward stimulated hyper-Raman (SHR)

emission, a three-photon resonance process.

Various phenomena have also been observed involving the

pumping of a two-photon resonance. These observations include:

(1) the suppression of ASE when pumping to the two-photon 3d

resonance, (2) a saturation effect in the production of backward SHR

when pumping the system at high laser power densities, and (3) the

weak absorption of laser photons when two counterpropagating beams

are propagated through the absorbing medium.

The suppression of ASE under conditions of high power density

laser pumping in sodium vapor was reported by Malcuitt et al . in 1985.

In their experiment they pumped an atomic sodium system at a pressure

of 1 .5 torr to the two-photon 3d resonance and measured the ratio of

backward to forward emission from the 3d to 3p states as a function

of laser intensity. The forward emission contained radiation from

both ASE and FWM processes, while the backward beam was pure ASE due

to the phase-matching constraints on FWM emission. They found that

this ratio decreased as the laser power density increased. This

observation indicates that ASE production is reduced as compared to

FWM as the intensity of the laser pumping is increased even though

ASE production is more efficient by a factor of 100 as compared to

FWM (Malcuitt et al., 1985). These investigators proposed that the

FWM emission suppressed the ASE production through an interference

effect involving the simultaneous coupling of a two-photon resonance

by two laser photons and two photons that are generated in the medium
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by PFVIM. Boyd et a1 . (1986) have given a theoretical basis for the

FWM interference effect that suppresses ASE production from a two-

photon excited state. The study by Boyd et al . was presented as an

extension of the multiphoton interference effect in xenon discovered

at Oak Ridge National Laboratory, and discussed in Chapter II. Of

equal interest was the fact that an interference between two-photon

pumping and an internally generated PTOM process was predicted

theoretically by Manykin et al . (1965) more than twenty years ago,

but was not observed experimentally until the claim by Malcuitt et

al . in 1985.

However, doubt was cast over these conclusions following

further experiments done in the present study. If the interference

effect suggested by Boyd et al. was responsible for the observed

suppression then other predictable behavior should also be observable.

First, there should be an increase in the absorption of the laser

beam through the medium when two laser beams are counterpropagated

through the vapor region. Under this condition the four-wave mixing

process is suppressed because of the phase mismatch that results when

a photon is absorbed from each counterpropagating beam. Second,

ionization signals should show a dramatic increase when counter-

propagating laser beams are spatially and temporally overlapped. As

was explained in the last chapter, this is also due to the suppression

of four-wave mixing processes that prevent an atom from remaining in

an excited state. Electrons are now more easily promoted to higher
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states where they may be easily ionized by either another laser

photon or a photon generated in the medium.

Experiments were devised to test for both of these expected

fingerprints of Boyd's purported interference phenomena and the

corroborative evidence was not found. The laser absorption experi

ment was conducted as follows. By using a beam splitter, counter-

propagating beams were sent through the sodium vapor so that they

overlapped temporally in the center of the heat pipe vapor zone.

Mirrors directing the beams into either end of the heat pipe could

be adjusted so that the beams could be overlapped spatially as well.

The laser was tuned over both the two-photon 3d and 4d resonances and

the absorption profile of one of the beams was monitored by a

photodiode. Each beam individually produces a FWM signal as it

propagates through the sodium vapor, and this signal may interfere

with pumping the two-photon resonance. However, when the beams are

counterpropagated another mechanism is present for pumping the two-

photon resonance that does not produce a FWM signal. This occurs

when one photon is absorbed from each beam, and the phase mismatch

between the laser photons prevents the production of FWM. It is the

excitation and subsequent ASE produced by this mechanism that would

account for the enhanced increase in laser absorption if one were to

occur.

When the beams were overlapped both spatially and temporally,

four-wave mixing was suppressed due to the phase mismatch of one

photon coming from either beam, and there should be a dramatic



47

increase in laser absorption due to other processes such as ASE and

SHR emission that do not depend on phase-matching considerations.

As can be seen in Figure 3.1, there is no significant increase in

either case. In the 3d case virtually no increase in absorption was

found. In the 4d case a small, but insignificant, increase is

observed when the beams are counterpropagated.

Another piece of evidence for Boyd's interference effect, at

least in principle, would be an increase of ionization when the

counterpropagating beams are overlapped. As explained earlier, if

more two-photon excitation occurs, thereby transferring a greater

population to higher states, there should also be an increase in

resonance enhanced ionization. A set of experiments were performed

to reveal the ionization behavior. However, there are many problems

associated with an ionization measurement technique when applied to

resonance phenomena. Figure 3.2 shows plots of ionization signals

when copropagating and counterpropagating two laser beams of

different frequencies. One laser was kept at a fixed frequency

approximately ten angstroms to the high energy side of the resonance,

while the other laser was scanned in a manner such that the peak on

the left is due to two photons from the nonfixed beam scanning across

the 3d resonance frequency while the peak on the right is due to one

photon from each beam summing to this resonance frequency. In

Figure 3.2, the plots of backward SHR emission underneath (marked IR

because they are in the infrared portion of the frequency spectrum at
o

A - 8197 A) give confirmation as to where the resonances occur. If
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one examines these data it seems quite evident that there is no

increase in ionization in the counterpropagating beam case. There,

in fact, appears to be a decrease. Therefore, with counterpropagating

beams there is no increase in population transfer and, hence, no

increase in ASE according to these data.

However, this apparent lack of increased ionization when

counterpropagating the laser beams is not a true indication of the

degree of ionization of the sodium vapor. This was discovered while

carrying out further experiments involving ionization measurements.

The well-known phenomenon called space charge can limit the ability

to measure true ionization yields when there are a great many ions

present (McDaniel, 1964). In the present heat pipe studies a

positively biased wire was used to collect electrons to measure

ionization. If something prevents these electrons from reaching

the wire (for instance, electrostatic attraction by a line of

positive sodium ions, of which there are a great many), then the

ionization signal associated with the collection of photoelectrons

is anomalously low even when the degree of ionization is quite high.

There also exist other processes which may cause ionization

yields to be low. These include recombination, electron attachment,

and radiative attachment. Recombination can only occur if space

charge exists initially. Since the electrons are being pulled away

from the ionization region by applied voltage on the collection

wire, there is only a small probability of this process dominating

the space charge effect. Electron attachment is a three-body problem

that does not play a significant role in these experiments due to the
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rather low number densities of atoms involved. Radiative attachment

consists of the following process:

e" + Na ^ Na" + hv .

It is another process of very low probability. The point to be made

is not which process thwarts the measurement of ionization yields,

but rather that many processes exist that may lead to spurious

measurements of ionization signals.

It should be emphasized, however, that ionization measurements

of this type are perfectly reliable at very low densities and away

from resonances where little ionization occurs. However, in the

pressure and laser intensity regions necessary to see the ASE

suppression, which also requires being on resonance, the measurements

are found to be unreliable. This was found to be the case whether

pulsed or dc electronics were used to measure the ionization signals.

Thus, even while ionization measurements are not conclusive,

the lack of increase in laser beam absorption when counterpropagating

two laser beams indicates that FWM is not the mechanism that

suppresses ASE, as claimed by previous investigators (Boyd et al .,

1987).

The second two-photon resonance phenomenon listed earlier was

the saturation of the backward SHR emission when pumping the system

at high laser intensity. As seen in Figure 3.3, the backward SHR

signal only increases linearly as a function of laser intensity after

a threshold laser energy is reached. A normal SHR emission would
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increase quadratically (Hanna, 1979), Payne et al . (1988) have a

theoretical model that explains why the SHR emission changes from a

quadratic to linear function of the laser field that is based on the

a.c. Stark effect.

The next section deals with experiments that endeavor to

provide an understanding of the suppression of phenomena that

originate with a two-photon pumping process. This includes both the

suppression of ASE and the saturation of backward SHR emission as a

function of laser intensity.

B. The A.C. Stark Effect

From the analysis in Chapter II, it is evident that above a

threshold pressure regime (the absolute value of which is dependent

on the one-photon oscillator strength of the relevant transition,

Moore, 1988), no forward SHR emission can exist under circumstances

where the associated atomic resonance can be reached by both three

photons and a single photon. However, backward propagating SHR

photons can still be generated in the medium. Observations have

shown (Figure 3.2) that there is also a mechanism in addition to the

interference effect that limits the backward SHR intensity as a

function of laser intensity.

On the basis of this study the mechanism that can explain

both the suppression of backward SHR emission and the suppression of

ASE observed by both Malcuitt and her associates and in the present

work can be shown to be the dramatic influence of the a.c. Stark
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effect on resonant two-photon excitation in dense media. The a.c.

Stark effect causes the shifting of atomic levels, most significantly

by near-resonant light. As will be shown below, dramatic a.c. Stark

shifting is produced not by the laser field itself, but by the

internally generated fields. Although these fields are weaker than

the one produced by the laser, they produce near-resonant coupling

between the levels of concern, and lead ultimately to a large

suppression of the two-photon mediated process.

The magnitude of the a.c. Stark shift may be calculated from

the expression for the Rabi frequency between two given states if

the power density of the coupling radiation is known (Hurst and

Payne, 1988). Two sources of radiation exist that contribute to the

magnitude of the Stark shifting of the 3d state. The first is the

laser beam that connects the 3s and 3d states. The second is the ASE

and SHR emission that couples the 3p states to the 3d states.

The frequency of the laser beam is far from any resonant

frequency of the sodium atomic system. When pumping with far off-

resonant light the magnitude of the a.c. Stark effect depends

quadratically on the field strength. For transitions between the

3s ground state and the 3d state it has the form (Bakos, 1977):

A  I
' 2h2 B

<3sID I B><B I DI3d> ^ <3s|D|B><g|D|3d>1
W. - 0) (jO„ + 0)

where is the a.c. Stark shift, E is the electric field strength of

the laser, w is the frequency of the laser field, and D is the dipole
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operator between the states in the bracket. The letter 6 represents

any allowed one-photon transition from either the 3s or 3d states,

tOg is the resonance frequency between the 3s state and g, and h is

Planck's constant.

The reduced one-photon Rabi frequency, which represents the

rate of oscillation between states a and b, is defined as (Hurst

and Payne, 1988).

^■( (a-b) = E|D^j^|/2h (4.2)

where |D^|^| is the dipole matrix element between the states a and b.
Using this notation Eq. (4.1) becomes

I
(3^-B)fi^ (B-3d) (3^-B)f^^ (B-3d)

u. - oj a)„ + w (4.3)

Although this is an infinite sum over all g states, one term

dominates because the laser frequency is relatively close (2400 cm~^)
to the 3s-3p resonance frequency. Therefore, for the purposes of

this experiment, the a.c. Stark shift may be approximated as:

A  (3s-3p)fi,(3p-3d)
i' (4.4)

where 6^ is the detuning of the laser frequency from the 3s-3p

resonance frequency. The laser energy measured was 0.3 mj/pulse

(pulse length = 4 ns) and had a beam radius of 0.15 cm. This was

focused into the heat pipe by a 35 cm focal length lens. The
?intensity of the beam (which is proportional to E ) is
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7  22.88 X 10 W/cm . The matrix element |D. .| may be calculated from

the oscillator strength between the states (see Hurst, 1988, for

details of the calculation). The magnitude of the a.c. Stark shift

due to the laser beam is 0.0154 cm ^ at this pump intensity.

This is much smaller than the laser bandwidth (0.04 cm"^)

which is evidence that the Stark shift due to the laser beam is

insufficient to cause any dramatic effect. However, another source

of radiation couples the 3d and 3p states, the ASE and SHR emissions

which are resonant or nearly so. There is now a strong interaction

between this radiation and the atoms. This results in a linear a.c.

Stark effect (Bakos, 1977) which may be calculated from the one-photon

reduced Rabi frequency between the 3p and 3d states (see Eq. (4.2)).

This is also often referred to as the classical Autler-Townes effect

(1955).

The SHR emission was measured in the laboratory to have an

4  2intensity of 1.23 x 10 W/cm at a sodium vapor pressure of about one

torr and a laser intensity of about 3 x 10^ W/cm^. Following the pro

cedure outlined in Hurst and Payne (1988), the one-photon Rabi rate

for the SHR-ASE radiation is 2.43 x lO^'^ rad/sec, or equi val ently,

0.129 cm'\ The linear Stark shift is twice this large. This is
significantly greater than the bandwidth of the laser (0.04 cm"^).

Thus, ASE production will be dramatically reduced because the a.c.

Stark effect has pushed the 3d resonance outside of the frequency

range of the laser.

This leads to the question of exactly how one defines ASE

under circumstances where resonances are moving around as a result
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of a large Stark shift. If ASE involves resonance behavior, then the

а.c. Stark shift can cause the laser to detune from the two-photon

resonance by more than a laser bandwidth, which turns two-photon

pumped ASE into SHR. The situation is confusing. The only thing

that is clear is that there is an ambiguity in defining ASE and SHR

when electric fields are present of sufficient intensity to cause a

significant a.c. Stark shift. Significant in this context being

defined as greater than the bandwidth of the laser.

The large a.c. Stark shift due to the SHR emission has led to

an interesting modeling of the a.c. Stark-related behavior of the

SHR emission. If one is detuned a great deal from resonance, the

intensity for SHR production decreases according to 1/6^ (Hurst and
Payne, 1988). A physical picture for this dependence is as follows.

For SHR production, the laser is detuned from the upper resonance by

б. In addition, the generated SHR emission is also detuned 6 from

the resonance frequency between the upper and lower states. There

fore, the SHR production is limited by the quantity 6^.
Assuming that the laser itself has a nonuniform intensity

profile in time, the SHR emission will not fluctuate. At times of

high laser intensity and high SHR production the Stark shift is large

and cuts off production of the SHR process. At low SHR intensities

the a.c. Stark shift is small and the intensity of the SHR process

remains high. So while the laser intensity profile may fluctuate,

the SHR intensity profile grows to be more nearly uniform as it

propagates backward along the laser beam. Payne et al . (1988) have
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put these types of intensity profiles into a model for SHR production

that includes the a.c. Stark effect. The predictions include (1) the

backward SHR signal should increase only linearly with laser intensity

provided there is no significant absorption of the laser beam (i.e.,

at moderately low pressures, see Figure 3.3, p. 52), (2) there is a

particular frequency profile for the backward SHR emission that

changes as a function of sodium vapor pressure, and (3) the maximum

backward SHR intensity for various pressures at a fixed laser

intensity. All of these predictions agree well with the present

data.

Payne et al. (1988) have predicted a reduction factor that

controls the production efficiency of the backward SHR emission.

Inherent in the approximations used is a nonzero finite laser band

width. The reduction factor has the form:

(2r,)^
^^ (3.6)

where is the bandwidth of the incident laser, is the one-photon

Rabi rate associated with the SHR emission (which is proportional to

the a.c. Stark shift), and 6 is the detuning of the laser from the

two-photon resonance frequency.

The reduction factor becomes important when the Stark shift

becomes larger than 2t^. On the basis of this study it is maintained

that it is this reduction factor that limits the production of the
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SHR in the backward direction shown in Figure 3.3 (p. 52) rather than

the two-photon interference effect which was disproven in the laser

absorption experiment described above. Both the line profiles and

the maximum SHR output at different sodium pressures predicted by

this model match those determined experimentally to rather surprising

degree of accuracy. Consider SHR emission associated with near-

resonant pumping of the 4d states. Scans of the backward 23,000 A

emission at both high and low sodium vapor pressure are shown in

Figure 3.4. The dip near the resonance position corresponds to

exactly what one would expect when including the a.c. Stark effect in

the amplitude calculation for the backward SHR emission (see Figure

3.5). The asymmetry of the dip seen in the experimental results can

be explained in terms of a FWM process that was ignored in the

theoretical calculation (Payne et al ., 1988).

The explanation for the dip is as follows. In addition to the

backward SHR process there exists a FWM signal in the forward

direction. As will be explained further in the next chapter, there

is a phase-matching point for the FWM emission that is located

slightly above the ""^sonance. When one is detuned to the high

energy side of the resonance, there is a point close to the 4d

resonance that coincidentally produces radiation that is almost

exactly resonant with the 4d and 4p states even though neither of the

virtual states associated with the PFWM signal are at the atomic

resonance positions. This radiation causes a large Stark shift

because it is nearly resonant. This suppresses the production of the
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backward SHR in this frequency region. The forward emission in

Figure 3.4b is not produced by an SHR process since hyper-Raman

emission is suppressed by the interference described in Chapter II,

but rather it is an axially propagating FWM signal that will be

explained in the next chapter.

C. Conclusions

The a.c. Stark effect plays an important role when dealing

with the behavior of a nonlinear medium such as sodium in regions

around narrow atomic resonances. In fact the role is so significant

that to ignore it leads to erroneous theoretical predictions. In the

observations of the suppression of ASE seen by Malcuitt et al. (1985),

it is not necessary to invoke an interference effect between ASE

and FWM to get the reduction in ASE intensity. At low-laser intensity

when the Stark shift is not yet significant, the three-photon/one-

photon interference effect described in Chapter II eliminates the

forward SHR. It is only at fairly high-laser intensities that

Malcuitt et al. (1985) saw the ASE suppression effect. At high SHR

intensities there is sufficient energy to create a Stark shift large

enough to suppress the process. Furthermore, the a.c. Stark effect

is evident in every case where there is nearly resonant light coupling

two states. Therefore, this suppression should be equally evident in

the case of the two-photon 4d resonance with SHR emission to the 4p

state. Malcuitt et al. did not observe this to be the case. However,

this can be explained by another phenomenon discovered while doing
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work on the suppression effect described in Chapter II. The process

is axially phase-matched PFWM and it will be the topic in the next

chapter.



CHAPTER IV

GENERATION OF AXIALLY PHASE-MATCHED PARAMETRIC

FOUR-WAVE MIXING

A. Theoretical Considerations

In Chapter II a pertinent question was how to distinguish

between two nonlinear optical phenomena which occur simultaneously

from multiphoton excitation of moderately dense alkali vapors.

Specifically, it was necessary to separate the SHR process from the

accompanying parametric four-wave mixing (PFWM) signal in the forward

direction. As was discussed in Chapter I, emission from the SHR

process, which leaves an atom in an excited state, propagates along

the axis of the laser beam in either the forward or backward

direction. In contrast, PFWM processes (see Figure 4.1) will only

produce constructively interfering wavefronts if the photons

propagate at an angle to the incident beam axis. This situation

exists because PFWM emission and the laser radiation have different

frequencies and, therefore, different indices of refraction in the

medium. Propagation at a cone angle allows phase-matching or

constructively interfering wavefronts to occur.

Distinguishing between SHR and PFWM processes may be

accomplished in either of two ways. One can take advantage of

geometric aspects of the two types of propagation to separately

detect the two types of emission. Specifically, one can eliminate

64
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the conically emitted PFVJM light by putting a small aperture in the

forward beam. Detectors then see only emissions produced at near

zero angle of propagation. Conversely, one may put a small beam

block of approximately the same size as the aperture in the center

of the laser beam, thereby excluding the axial component at zero

angle of propagation from a downstream detector. The remaining

conical FWM emission may be collected by a lens and focused into a

suitable photon detector.

Alternatively, one may distinguish between the SHR and PFWM

processes by wavelength discrimination. Since the FWM signals are

produced at frequencies slightly different from those associated with

atomic excitation by SHR emission, the two processes may be

distinguished by their respective wavelengths with a spectrometer

of sufficient resolution. Note in Figure 1 .4 (p. 18) that PFWM must

occur at a small detuning, 6, from the odd parity state, whereas the

SHR process occurs exactly on that resonance.

Under certain combinations of laser energy density and atomic

vapor pressure in the present studies an anomaly arose when the wave

length profile of the axial part of the forward beam was examined.

In a spectral scan of emissions occurring at a fixed laser pumping

frequency, an extra, and rather confusing, peak appeared at a wave

length between the expected SHR peaks when the laser was tuned close

to two-photon resonance with the 3d or 4d states. Moreover, the

photons associated with the extra peak propagated axially, typical

of the SHR process, not conically as in PFWM. This extra peak was
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not always there. In the 3cl case it occurred only when operating at

sodium vapor pressures above 1.5 Torr, or at lower pressures when

the laser beam was focused into the heat pipe.

In the 4d case a similar "extra" peak appeared at pressures as

low as one torr without the laser beam being focused. However, laser

energy densities available in the 4d case were much higher than those

for the 3d because a more efficient dye was available in this fre

quency region.

What are the conditions necessary for phase-matched axial

propagation of all four waves in PFWM (see Figure 4.2)? As was

discussed in Chapter I, the phase relation between the various waves,

as governed by their propagation through the nonlinear medium, is

determined by the magnitude of the propagation vectors of the

separate waves.

o  w n to

k  = T- = 2ttv n = —— = — (4.1)
ct' X a C V ^ '

a

where v is the frequency of the light, x is its wavelength, n is
a  -1 j ^ a ^ a

its index of refraction in the medium, and c is the speed of light

in a vacuum. A1 ternatively, to = 2itv is the "angular frequency" of
a  a

a given wave and v is its phase velocity. For phase-matched

parametric four-wave difference mixing to occur, the k vectors of the

four waves must satisfy the relation 2]<(tO|^) - ̂ (to^) = 1<(20)^^-002).

This guarantees constructive interference of the waves, but does not

mean that all four waves will propagate axially along the laser axis.
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2ci)|^-cj2

Figure 4.2. Axially phase-matched parametric four-wave mixing.
Under certain conditions, propagation of the generated
photons (at 012 and 2a)|_-a)2) are axial due to the dis
persive properties of the medium.
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In fact, waves generated in PFWM processes generally adjust their

angle of propagation (as described in Chapter I) to satisfy this

relation.

For axial propagation (all waves parallel or antiparallei)

another constraint must be put on the k vectors. It is necessary

that the magnitudes of the k vectors obey the following relationship:

I k(2a)|^-a)2) i ^ 2|k(a)|^)| - |k(u)2) | • (4.2)

Substituting from Eq. (4.1), and multiplying through by c gives:

(2aj|^-(jj2)n(2aj|^-ca2) = 2tO|^n(a)|^) - (1)20(0)2) > (4.3)

which may be written as:

(^0)|^~(i)2)r'^(^^|^~^2^ ~ L 2

= 2o)|^[n(o)|^) - 1] + 2o)|^-o)2[n(o)2) - 1 ] - o)^ . (4.4)

Usi ng

4TrNa = n^ - 1 = (n-l)(n+l) . (4.5)

In a gas vapor n remains near one so that n + 1 = 2 except within a

few atomic widths of the resonance. Now Eq. (4.5) becomes

[n(o)) - 1] = 27rN a(a)) (4.6)

where a(o)) is the mean microscopic polarizability and N is the number

density of the medium (Born and Wolf, 1975). Then Eq. (4.4) becomes
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(2U|^-U2)a(2a)|^-U2) = 2a)|^a((jjj^) - ui^a{bi^) (4.7)

When conditions in Eq. (4.7) are met, PFWM light can be

generated at and at by two laser photons at and the

generated waves will travel in phase down the axis parallel to the

laser beam because the difference in the k vectors, Ak, is zero and

the magnitude of the k vectors satisfy Eq. (4.2).

In general, the index of refraction, n, of a medium increases

with frequency. This is called normal dispersion. The index may be

calculated for any medium at any frequency if enough of the

oscillator strengths coupling populated states to upper states are

known. Then

n^(v) - 1 (4.8)
i  v.j -V

where n is the index of refraction at the frequency v, F.. is the

oscillator strength of any one-photon allowed transition with a

populated state, and v.. is the resonance frequency of the allowed

transition (Born and Wolf, 1975). Using the approximation that
2

n  - 1 =: 2(n-l) in vapors, and rewriting Eq. (4.8) in terms of wave

lengths instead of frequencies:

n(.x) - 1 = K ^ 1
^  - -y (4.9)

X. X^

where K is a constant for dimensional consistency.
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For sodiutn the oscillator strengths and transition wavelengths

are known and the index for any frequency may be easily calculated

with rather good accuracy using a simple computer program. Fre

quencies near resonances exhibit "anomalous" dispersion due to the

strong absorption of these frequencies by the medium. Here the index

goes through a sharp drop and the quantity a = (n-l)/2iTN goes through

a sign change (see Figure 4.3).

As a case in point, consider Figure 4.3. When pumping to the

two-photon 4d resonance, the frequency of the laser photons is on the

high energy side of the 3p resonances. This is in a negatively dis

persive region (i.e., the quantity a is negative). The light

generated at is in the infrared range (x = 8200 A), far from any

resonance frequency. Although a(a)2) is slightly positive, it is very

close to zero and in a region where a does not change appreciably

over a long wavelength region. For light to be generated both at

2a)|^-a)2 ^^2' propagate in phase with the driving frequency,

it is necessary for them both to adjust their wavelengths so that the

microscopic polarizations, a, and the frequencies satisfy Eq. (4.7).

In the region of the p resonances there are three places where

a changes sign. Two of these regions are very narrow and correspond

to exact resonances (labeled a and c on Figure 4.3). The laser fre

quency, 0)^^, may be in either a negatively or positively dispersive

region. When pumping the two-photon 4d resonance it is in a

negatively dispersive region; in the two-photon 3d resonance case it

is in a positively dispersive region. Constructively interfering
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wavefronts can only occur when the indices of the laser photons and the

produced emission allow phase matching to occur. This can happen in the

narrow resonance frequency bands since the index takes on a very wide

range of values over this very narrow frequency region. This is not,

however, PFVIM emission because it produces an exact resonant frequency.

Instead it is ASE or SHR emission. In the region between the two

resonance frequencies there is another place thatachanges sign

(labeled b). This is no longer a resonance frequency, and the PFWM

process will find a frequency location where the indices allow the

conditions in Eq. (4.7) to be satisfied.

Some controversy as to where the phase-matching point occurs has

been seen (Krasinski, 1985). If the medium at the laser frequency had

an index of exactly one, so that a(w|^) was equal to zero, the phase-

matching point for the generated PFWM light would occur exactly at the

zero crossing point. However, x^^^(w) is nearly zero at this point
because the dominant contributions are from the nearby 3p fine structure

levels which are nearly equal and of opposite sign (Shen, 1984). So even

though the phase-matching condition is satisfied, there is no source term

for this frequency and no emission will be produced at this frequency.

Since the laser photons can never have an index of exactly one in the

medium, this is not experimentally a problem. The experiments in the

next section demonstrate the existence of the phase-matched axially

propagating PFWM process.

B. The Experiments

Three of the four experiments to be described were performed

in conjunction with work discussed in Chapter III involving the axial
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propagation of SHR emission generated in two-photon excitation to

virtual states near the 3d or 4d states. The experimental setup is

shown in Figure 3.2 (p. 49) except that only the forward emission

was examined.

In Figure 4.4b, the emission from the 4d-3p transition region
o

is shown. The laser is detuned by 0.1 A to the high energy side of

the 4d two-photon resonance and left unfocused. Here the emitted

light is collected by a quartz lens and focused into a spectrometer.

Thus, one sees a wavelength profile of the entire beam, including

both axial and conical emissions. Note the two outer peaks at

A = 5684.2 A and 5689.7 A which are near the 4d-3p.|^2 ^*^"^^3/2

transition wavelengths, respectively. Notice the conspicuous

additional peak in between the expected lines at an intermediate
o

wavelength A = 5686.1 A. In Figure 4.4a a small (0.3 cm) aperture has

been put in the forward beam with all other conditions remaining

constant. The two outer peaks disappear while the center peak

remains unchanged. Since the photons in the outer peaks no longer

enter the spectrometer when the aperture is in place, they are

conical FWM signals that result from PP.«1M which is generated through

angle phase matching, and not SHR emission which travels down the

axis of the laser as described in Chapter II. A forward SHR emission

is not expected because of the suppression effect described in

Chapter II. This middle peak is attributed to the axially phase-

matched FWM process described in the previous section.
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Emission from sodium 4d-3p transitions, (a) Axial com
ponent only, large peak at 5686.1 A is an axially
propagating PFWM signal, (b) axial and conical components
combined, outer peaks are conically phase-matched PFWM^
signals from the 4d-3p3/2 (5688 A) and 4d-3p]/2 (5683 A),
respectively. P = 1 .5 lorr, E = 5 mJ/pulse, 6 = +0.1 K.
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As a test of the appropriateness of the FWM model, one can

ascertain whether the four colinear vectors satisfying Ak = 0 at
O

A = 5686.1 A satisfy the conditions set forth by Eq, (4.7), In this

case:

^2 = 1 7587 cm ^ = 5686.1 A = -2.7 x 10"^^ cm^
a)|^ = 1 7274 cm ^ = 5788.8 A a(a)|^) = -4.2 x 10 cm^

2a)|_-a)2 = '•6962 cm"^ = 5895.6 A

A computer program was written to calculate the dispersion of

sodium in any frequency region. It was assumed that the entire

population of atoms remained in the 3s ground state, so that only

one-photon allowed transitions from this state had to be included in

the sum term of Eq. (4.9). The accuracy of a is limited by the

accuracy of the oscillator strengths which averages approximately

20%. The dispersion for frequencies and were determined and

are listed above. The right hand side of Eq. (4.7), which sets the

conditions for axially phase-matched PFWM, has a numerical value of

-16 2-1 .1 X 10 cm . The quantity is equal to (2a)|^-(02)a(2w|^-a32) The

wavelength of the complementary beam at frequency (2tj|^-a32) is fixed
O

at 5895.6 A due to energy conservation principles. Therefore,

a(2a)|^-a)2) must be equal to -1 .1 x 10"^®/(2w|^-(jJ2) = -6.6 x 10"^^ cm^
if Eq. (4.7) is to be satisfied. If one uses the computer program

to calculate the dispersion curve in this frequency region (2a)|^-(jj2),

a equals -6.6 x 10"^^ cm^ at 5894.7 A. Within the resolution of the

spectrometer, this wavelength and the (2a)|^-a)2) wavelength calculated
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O

at 5895.6 A are indistinguishable. This is a nonresonant wavelength

and should, therefore, be visible in spectrometric scans of this

wavelength region.

The wavelengths assigned for and assume that the laser

frequency, remains at its vacuum wavelength while in the sodium

vapor zone. In fact, this is not the case. At the laser frequency

the quantity a{a)|^) is negative which means that is slightly

shorter than it would be under vacuum conditions. Therefore,

20)^-0)2 would have a slightly shorter k vector, or equivalently a

slightly longer wavelength while in the vapor zone. If one looks

at the scans of the axial beam in the region of (Figure 4.5),

one notices a small "lump" in a region around 5894.5 A which may very

well represent the fourth wave in the axial FWM process that contains
o

= 5686.1 A. Although this lump is small it must be remembered

that many routes access the ground state through the 3p states, and

it is not possible to isolate the part resulting only from the

process described above.

Figure 4.6a shows the axial emission from the 3d-3p levels

when tuned exactly to the 3d two-photon resonance in an unfocused

geometry. The outer peaks at x 8185 A and 8197 A have an ASE

component to the Sp-j^^ ^^3/2 respectively. Again, the
O

small peak in between at 8188.6 A is the phase-matched axial PFWM

signal. Following the procedure described above in the 4d case,

within the resolution of the spectrometer, Eq. (4.7) is again

satisfi ed.
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Axial emission of sodium in region of 3d-3p transition
in an unfocused geometry when tuned to the two-photon
3d resonance. Sodium pressure (a) 2 torr, (b) 3 torr.
The outer peaks in both figures are combined ASE and SHR
emission from the 3d-3p3/2 and 3d-3p-|/2 states,
respectively. The center peak at 8188.6 K is an axial
PFWM si gnal .
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Figure 4.6b shows another case of axially propagating PFWM out

of the 3d state using an unfocused geometry, this time under con

ditions of higher sodium vapor pressure. Notice that the axial four-

wave mixing signal is actually larger than the ASE/SHR emission peaks

found to either side. As explained in Chapter III, the ASE is

suppressed by the a.c. Stark effect. The PFWM signal is less affected

by the shifting of resonances since it is already a nonresonant

process. To confirm that this emission was actually PFWM, a search

was made for the complementary wave at In the region of
o

5895.5 A (yellow) a complementary axial emission was found. Both

axial emissions at ̂ 2 and disappeared when the pressure was

lowered to approximately 1.5 torr.

Figure 4.7 shows emissions associated with the 3d-3p levels

at various laser detunings under a focused geometry. In Figure 4.7a

the laser is tuned exactly to the two-photon 3d resonance and focused

into the center of the heat pipe by a 35 cm focal length lens. The

axial FWM peak at a = 8189.3 A is quite large. When the laser is
O

detuned 0.4 A (Figure 4.7b) to the high energy side of the two-photon

resonance, the axial FWM piece is even larger than the emissions on

either side of it. It is also closer to the right hand side peak

than it was at zero detuning. However, when detuned by 0.7 A as in

Figure 4.7c, the axial FWM piece has disappeared while there remains

a weak signal near the expected resonance positions.

Since the laser beam is focused, it is not clear to which

process the outer peaks should be attributed. The two outer peaks



8197 A 8185 A
WAVELENGTH (ANGSTROMS)

Axial emission in region of 3d-3p transition in sodium
under a focused geometry at various laser detunings from
two-photon 3d resonance, (a) 0 A, (b) 0.4 A, (c) 0.7 A.
P = 1 .5 torr, E = 0.6 mj/pulse. Outer peaks are due to
ASE and SHR emission to 3po/2 ^Pl/2' '"®spectively,
with some component of angle-matched PFWM. Center peak is
axial PFWM. The shift in relative peak spacing is due to
population transfer changing the index of refraction of
the medium and thereby changing the conditions for phase
matchi ng.
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have a wider spectral profile than the corresponding ASE peaks in the

unfocused geometry. This fact along with the shifting of the relative

spacing between the center and outer peaks leads to the conclusion

that one does not see a pure SHR or ASE process for the outer peaks.

Instead, it is a mixture of the conical PFWM signals, SHR emission,

and ASE. Since the laser beam is focused, the concept of well-defined

cone angles for FVIM processes becomes less meaningful. Krasinski et

al. (1985) have briefly reported this phenomenon in a paper dealing

with other aspects of this system under similar experimental con

ditions. However, they did not realize the mechanism for the

production of the axial portion of their signal which this study has

shown to be axially phase-matched PFWM. Applying Eq. (4.7) to test

the axially propagating four-wave mixing model becomes impractical

since the wavelength of the axial PFWM peak cannot be accurately

ascertained. In addition, there is evidence that under the con

ditions imposed by a focused geometry, population transfer to the 3p

states has occurred. This evidence consists of spectral scans of

backward 3p-3s emission. If no population transfer occurs, emission

of this frequency (exactly resonant ASE) would be totally absorbed

by the medium. The amount of transfer radically alters the index of

the medium, and the simple model where all atoms remain in the

ground state becomes inadequate. This evidence is presented in the

second section of Chapter V.

Axially phase-matched PFWM in an unfocused geometry can be

demonstrated further by examining another path from near the 4d
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two-photon resonance to the ground state. This path goes by way of the

4p states and avoids the 3p states completely. Here is light gen

erated from the near 4d to the near ^9^12 ^^1/2 and is in the
O

infrared range with a = 23,300 A. The wave at frequency

is in the UV range where and 4p2^2-3s transitions have
o  o

A = 3302.3 A and 3302.9 A, respectively. Since the spectrometer used
O

for the UV data has at best a resolution of 0.3 A, it is difficult

to spectrally resolve components of axial FWM and regular angle-

matched FWM processes. The spectral resolution possible for the
O

23,300 A light was substantially worse. However, qualitative

differences can be seen in Figure 4.8 for the UV process. Figure 4.8a

shows the whole UV beam, both axial and conical emissions.

Figure 4.8b shows only the axial part, while Figure 4.8c shows only

the conical emission, where these results were obtained through the

use of pinhole and disk beam stops, respectively, as described

earlier. Comparing Figure 4.8b and Figure 4.8c to Figure 4.8a, it

is evident that there are at least four signals involved in the

spectral scan in Figure 4.8a, two axial peaks and at least two

conical peaks. Because of phase-matching considerations the axial

and conical components cannot have the same wavelengths. However,

they can be close together because the oscillator strengths of the

4p-3s transitions are very weak. Since there is no indication of a

backward UV beam, the forward beam can only have FWM processes

associated with it. Since one sees a definite pair of peaks

associated with the axial parts of the signal, these must be axial
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Figure 4.8. Ultraviolet PFWM signals from sodium 4p-3s transition
(a) Total forward emission, (b) axial emission only,
both peaks due to axial PFWM, (c) conical emission
only, four peaks due to conical PFWM. P = 0.8 torr,
E = 1 mj/pulse, 6 = +0.4 A.
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FWM emissions rather than ASE or SHR signals, while the conical

emission at slightly different wavelengths represent the angle-

matched FWM si gnal .

But why are there two axial peaks instead of the one observed

in the previous two cases? This can be explained if one examines the

oscillator strengths of the 4p-3s transitions; they are very weak

compared to the 3p-3s transitions (see Table 1.1, p. 10). If one

calculates the dispersion in the region about the emission there are

two positions where a((jj|^) = which are very close to the

resonant frequencies. One is between the resonances, the other is to

the high energy side of the other cases examined,

the oscillator strengths connecting the upper states to the ground

state were very strong. This pushes the other phase-matching

position (the one not between the resonances) away from the region

of the lower resonances and towards the next higher resonance state.

However, if phase matching occurs far from the p states, any FWM

generation will be very weak since the nonlinear susceptibility

(3)X  (^2), becomes very weak far from the resonances (Shen, 1984). As

was discussed in Chapter I, the source term for this other frequency,

the polarization P(a)), is proportional to x^^^(a)), P(u) will also be

vanishingly small and no detectable signal will be produced at this

other phase-matching frequency. Thus one expects to see two axially

propagating FWM signals near the 4p states, but only one near the 3p

states. The four peaks associated with the 4p-3s transition have
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been reported in the literature by Hartig (1978), but again like

Krasinski, he did not recognize the mechanism for their production.

C. Conclusions

This study has led to the discovery of a new mechanism whereby

phase-matched axial FVIM processes may occur. These are FWM processes

that do not use the angle adjustment to achieve phase matching, but

rather take advantage of the dispersive qualities of the medium near

resonances to match indices. This type of index matching results in

propagation of PFWM emission down the axis of the laser beam in the

forward direction. These emissions have been noted in the literature,

but this is the first time they have been explained satisfactorily.



CHAPTER V

ADDITIONAL FINDINGS

A. Influence of A.C. Stark Effect on Backward Stimulated

Hyper-Raman Profiles as a Function of Direction of

Detuning from the Two-Photon 3d Resonance

in Sodium Vapor

In Chapter II the suppression of forward stimulated hyper-

Raman (SHR) emission due to parametric four-wave difference mixing

was demonstrated. In doing the experiments necessary to demonstrate

the suppression effect the laser was detuned from the two-photon 3d

resonance, to both the high energy and low energy sides, and the

forward to backward SHR emissions were compared. While analyzing the

spectra taken it was noticed that the backward emission, which

because of phase-matching considerations is composed of ASE and SHR,

or SHR alone, had a peculiar asymmetric suppression of peaks depend

ing on the direction of the detuning.

The emissions studied had wavelengths corresponding to

transitions from on or near the Sd^^^ 3/2 ""esonances to the 0^
°  o

3/2 at A - 8185 A and 8197 A, respectively. When the laser
was tuned to the low energy side of the 3d states it was noted that

the intensity of the 3d-3p.|^2 emission was always more suppressed

than the intensities (Figure 5.1b). The opposite would

occur when detuned to the high energy side of the two-photon 3d

87
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Figure 5.1. Backward SHR emission from 3d states to 3p3/2 and 3pi/2
states, respectively, at different laser detunings.
(a) On resonance, (b) 0,3 A to the low energy side,
3pi/2 transition suppressed, (c) 0.5 A to the high
energy side, 3p3/2 transition suppressed.
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resonance; the 3d-3p2^2 was reduced in intensity more than the

peak at 8185 A (see Figure 5.1c).

The asymmetry of peak suppression due to the direction of

incident laser detuning was puzzling, and consistently reproducible.

It was some time before the reason for the asymmetry became evident.

The reason became more obvious in light of the work done in

Chapter III where the a.c. Stark effect was shown to cause the

suppression of ASE.

The a.c. Stark effect causes either the apparent splitting or

shifting of atomic levels because of the interaction between an

electromagnetic field and an atom. The linear a.c. Stark effect is

proportional to the product of electromagnetic field intensity and

the dipole matrix element connecting two states, and occurs when

resonant radiation couples two states. When the frequency of the

radiation is far off resonance the effect becomes quadratic in the

field and is inversely proportional to the detuning of the photons

from the resonance frequency (Bakos, 1977; Autler and Townes, 1955).

Whether the photons causing the effect have a greater or

lesser energy than the transition energy between the states deter

mines the direction of the shift (Bjorkholm and Liao, 1975; Hurst et

al., 1975). If the photon energy is less than the transition energy

the dominant term in the denominator (l/(w^-a))) is positive and the

states are pushed apart. A schematic diagram of the process can be

found in Figure 5.2. The radiation can be thought of as emanating
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Figure 5.2. The direction of shifts due to the a.c. Stark effect due
to direction of photon energy detuning, (a) Low energy
detuning causes states to be pushed apart, (b) high
energy detuning causes states to be pulled together, and
(c) exact resonance causes an apparent splitting of
states which is in actuality a rapid oscillation between
the energy 1evels .
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from either the upper or lower state. Each direction creates a

virtual state (dotted line) that is also shifted. Transitions to

these virtual states are much weaker than the actual shifted resonance

states, but they may be seen.

If the photon energy is greater than the resonance energy, the

states are pulled together since the denominator is negative

(Figure 5.2b). The limit of this process is when the radiation is

exactly resonant with the transition. The "virtual" states now

correspond to the resonance levels and the literature refers to a

'splitting of the state" (Autler and Townes, 1955; Bjorkholm and

Liao, 1965; Mizushima, 1964). In fact, the a.c. Stark effect may be

more appropriately called the Autler-Townes effect since they were

the first ones who worked out the details of the process. Although

experimentally it appears as though a single state is split, it is

actually rapid oscillations between these levels that give that

appearance. The oscillation rate is the Rabi frequency and the

magnitude of the a.c. Stark splitting is twice the Rabi rate. When

a cw laser is used to create the splitting these levels may actually

be mapped out. In a pulsed laser system like the one used in all of

the experiments described in this study, the Stark shift is smeared

into a range from zero (at the beginning and end of a laser pulse) to

2fij^ (at the peak of laser pulse intensity) where is the one-photon

Rabi rate between the states. Instead of experimentally observing a

distinct splitting one observes a large broadening of the resonance.

The a.c. Stark shift (a ) can now be used to explain the backward SHR
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emission asymmetry discussed earlier. If one tunes the incident

laser to the red (low energy) side of the two-photon 3d resonance

(see Figure 5.3a), SHR is emitted between the virtual state and both

the ^'^1/2 labeled wl and a)2. If one redraws these

transitions from the upper states (dotted lines) it is easily seen

that while a>l is on the red side of both of the 3d-3p transitions, w2

is to the blue side of the 3d-3p2y2 transition, but to the red side

of the 3d-3p^^2 transition. As a result, wl pushes the 3d states

away from both of the 3p levels, while w2 pushes the 3d-3p^^2 levels

even further apart, while pushing together the 3d-3p2y2-

effect is to have a total Stark shift which is greater for the

3d-3p^^2 transition than it is for the 3d-3p2^2 Since the
Stark shift is larger for the Sd-Sp^^^ transition, it has a lower

transition rate and will, therefore, be suppressed in intensity

compared to the case where the laser is tuned exactly to the two-

photon resonance. The exact opposite occurs when tuned to the blue

(high energy) side of the resonance. Both ul and a)2 tend to push

the 3d-3p2^2 together, while col pushes the 3d-3pi^2 states
apart and pulls the 3d-3p2^2 together. The net effect is to

have the Stark shift greater for the 3d-3p2y2 transition, and to

suppress its transition probability with respect to the Sd-Sp^^^

emission. Put in other terms, when the laser is detuned to the red

o

side of the two-photon 3d resonance the 8185 A emission should be
o

more suppressed than the 8197 A emission when compared to intensities

at zero detuning. When detuned to the blue side the opposite should

occur.



3d5/2, 3/2
93

«

•

4

0)1

0)2
3P3/2

3p
1/2

3s
1/2

0)1

0)2

3d5/2,3/2

3p3/2

3p1/2

3s
1/2

Figure 5.3. Schematic of backward SHR emission out of 3d states
illustrating the radiation responsible for the asymmetric
suppression of the 3p states as a function of the
direction of pump laser detuning due to the a.c. Stark
effect.
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This is exactly what the wavelength scans in Figure 5.1 show.

One expects the intensity of both peaks to be decreased when detuned

from resonance, but if one does not include the a.c. Stark effect it

is expected that both peaks are affected by the same amount. It is

only when one takes the a.c. Stark effect into account that this

asymmetry becomes understandable. The a.c. Stark effect in general

complicates all studies of atomic resonance phenomena involving strong

electromagnetic fields that are near resonance, whether these fields

are externally supplied or generated within a nonlinear medium itself.

While ignoring the effect greatly simplifies many theoretical problems,

it in fact makes the correspondence between theoretical prediction and

experimental results less clear.

B. Influence of Population Transfer on Axial PFWM from

the Sodium Ground State to Higher Excited States

One of the strong processes observed when tuning the laser to

the two-photon 4d resonance is an axially propagating four-wave

mixing process (FWM) that involves two laser photons to near the 4d
O

states, an IR photon in the 23,000 A range that connects the near 4d

to near 4p, and a UV photon returning to the 3s ground state (see

Figure 5.4). This UV emission is in the 3303 A range. It has

conical components in addition to the axial ones (as explained in

Chapter IV), and it propagates only in the forward direction, the

direction of the laser photons. The lack of backward UV emission is
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4d

(R

laser
4p

UV

laser

3s

Figure 5.4. Diagram of radiation involved in the production of
axially propagating UV PFWM emission out of the 4d state,
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strong evidence that a nonresonant FWM process is involved rather

than a resonant phenomenon such as ASE or SHR emission. Under

certain conditions the axial portion of this UV light displayed a

rather unusual behavior. If one counterpropagated two laser beams

instead of passing a single beam through the nonlinear medium so

that the pulses overlapped in the center of the vapor zone of the

heat pipe, one observed that a hole developed in the center of both

of the UV beams when tuning across the two-photon 4d resonance. The

total UV production went down by a factor of from two to nine depend

ing on vapor pressure and laser intensity.

When the mirrors adjusting the spatial overlap of the beams

were adjusted so that no overlap occurred (the beams went through

slightly different regions of the sodium vapor), UV production

returned to normal. When one of the beams was slightly time delayed

so that the spatial overlap of the beams occurred outside of the

vapor region, a hole appeared only in the delayed beam. Axial UV

production in the first beam to pass through the medium remained at

normal intensities.

Spatial profiles of the UV emission were taken by a one-

dimensional photodiode array (Reticon) to get relative intensity

measurements. These are illustrated in Figure 5.5 where the laser is

tuned exactly to the two-photon 4d resonance. Figures 5.5a and 5.5b,

taken when the sodium vapor pressure was approximately 5 torr, show

a decrease in UV production by a factor of nine between the spatially

overlapped and nonoverlapped counterpropagating laser beams. In



Spatial intensity profiles of UV PFWM emission from
sodium 4p-3s levels with nonoverlapped and overlapped
counterpropagating beams, (a) No overlap, (b) over
lapped (scale 2.5 x (a)), P = 5 torr, (c) no overlap,
(d) overlapped, P = 2 torr. All figures are to the
same horizontal scale.
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Figure 5,5c and Figure 5,5d, the pressure is reduced to about two

torr and the decrease in UV production is only by a factor of two.

As shown schematically in Figure 5.6, the laser beam is

divided into two counterpropagating beams by a 50/50 beam splitter.

The beam paths are initially adjusted so that the two beams reach

the center of the heat pipe at the same time. A delay line in either

direction allowed adjustment of the degree of beam overlap in time,

while mirror adjustment controlled spatial overlap.

This study has shown that this severe reduction in UV

production when counterpropagating laser beams both spatially and

temporally is due to the transfer of population to some state (3p,

4p, 4s, or 3d) other than the ground state (3s). This transfer would

change the dispersive qualities of the sodium vapor thereby spoiling

the phase-matching conditions necessary for this particular axial FWM

to occur.

Evidence for population transfer rather than some other factor

such as an interference phenomenon is as follows. If one adjusts the

time delay of one of the laser beams, it is possible to get a con

dition where the initial laser pulse and the counterpropagating pulse

do not overlap temporally in the heat pipe vapor region. The laser

pulse is approximately 6 ns long, which is equivalent to approximately

180 cm of optical pathlength. If one adds approximately 200 cm to the

optical path to one beam, the beams can then be made to counter-

propagate, but they will traverse the vapor region at different times.

If the sodium atoms return to the ground state after the first pulse
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passes through, one would expect UV production to be the same when

the second pulse passes through the medium.

Some decrease in UV intensity in one direction may be expected

since the beamsplitter does not give equal intensity at the laser wave-
0

length of 5788 A. However, since the sodium atoms do not care from which

direction the laser photons come, one would expect similar behavior

in either direction. Nonresonant processes occur quickly, on the

-15order of 10 seconds, and persist no longer than the laser pulse

itself. In contrast, resonant phenomena may take longer since the

electron has a state in which it may remain for a time. In fact,

evidence has been found in the case of UV production that nonresonant

FWM processes persist on a shorter time scale than the laser pulse

length. Measurements with a fast photodiode show that at full width

half maximum the laser pulse is "^6 ns long, while the UV pulse is

only 4 ns (see Figure 5.7).

When the delay line was put in one of the beams so that the

counterpropagating pulses did not overlap in the vapor region, the

outcome remained the same as when the initial laser pulse and

counterpropagating pulse were overlapped exactly. UV production in

the time-delayed direction was diminished by a factor of '^5 or

greater.

Because of resonance radiation trapping, the effective

lifetime of an electron in an excited state in an alkali can be on

the order of microseconds. This is long enough for any atoms that

have been transferred to higher energy levels by the initial laser



J'*" •»<•••%*

A

f-v—

ime profiles of pulses taken with a fast photodiode,
a) Laser pulse (FWHM = 6 ns), (b) axially propagating
V PFWM signal (FWHM = 4 ns), P = 2 torr, E = 2 mJ/pulse.
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pulse to still be in the higher energy state when the delayed beam

passes through. Under these conditions one would not expect axial UV

production in the counterpropagating direction. As explained in

Chapter IV, population transfer changes the refractive index of the

medium and will change the phase-matching point at which axial FWM

process will occur. If this point is moved closer to the zero cross-

(3lover point where is close to zero (see Chapter IV), no

polarization source term will exist for the production of the axial

UV emission. This experiment provides evidence that under conditions

of high vapor pressure and strong laser stimulation that a significant

portion of the atoms are transferred out of the ground state. This

in turn affects the dispersion of the medium as described in

Chapter IV, and may effectively prevent processes that depend on index

properties of the medium such as axially phase-matched four-wave

mi xi ng.

C. General Conclusions

The total nonlinear response of sodium vapor to laser stimulation

is a complicated problem. Although this study has revealed some

interesting and new phenomena that can be explained in the context of

theoretical models, it has also left many unanswered questions.

Processes not included in the preceding experiments include such

phenomena as unexplained peaks that may or may not finally be

attributed to some secondary nonlinear process induced by frequencies

initially produced by the laser photons. There is also the unusual
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pressure region around 0.04 torr where the backward SHR from the 3d

state exhibits a peak near resonance instead of the characteristic

dip seen both at higher and lower pressures caused by the a.c. Stark

effect.

The anomalies witnessed when tuning the laser near a one-photon

allowed resonance are another topic not pursued here and are left for

someone else to pursue. The nonlinear response of sodium vapor has been

studied by many experimentalists and theorists over the last few

decades, yet a complete model for its behavior is not yet available.

There has often been a plethora of unexplained lines and a conspicuous

lack of lines that by all accounts should be present. However, this

study has illuminated much of the nonlinear response of sodium vapor

when stimulated by a laser tuned to or near the two-photon 3d or 4d

resonances. It has shown the importance of including the Stark effect

in theoretical models that involve resonances. It has demonstrated

the suppression of three-photon SHR processes that are also linked by

one-photon allowed transitions. It has also shown that four-wave

mixing processes do not always have to have a conical emission to obey

phase-matching requirements. This study has answered a few questions

and raised a few more.
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