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Intensive demands have arisen to characterize nonlinear

optical properties of materials for applications involving

optical limiters, waveguide switches and bistable light

switches. The technique of Pulse Delay Modulation is

described which can monitor nonlinear changes in

transmission with shot noise limited signal-to-noise ratios

even in the presence of large background signals. The

theoretical foundations of the experiment are presented

followed by actual measurements of beam depletion due to

second harmonic generation in a LiIO3 crystal and two-photon

absorption in the semiconductor ZnSe. Sensitivity to

polarization rotation arising from the Kerr Effect in carbon

disulfide, saturable absorber relaxation in modelocking dyes

and photorefractive effects in ZnSe are demonstrated. The

sensitivity of Pulse Delay Modulation is combined with

Fabry-Perot enhancement to allow the measurement of two-

photon absorption in a 0.46pm thick interference filter

spacer layer. Also included is a study of nonlinear optical

limiting arising from dielectric breakdown in gases.
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CHAPTER 1

INTRODUCTION

There are intensive demands to characterize nonlinear

optical properties of materials for applications in

lightwave technology. Semiconductors along with a growing

number of laboratory synthesized crystals are prime

candidates for active media in practical devices such as

optical limiters, waveguide switches and bistable light

switches. The experimental work herein seeks to expand the

investigative capabilities needed to characterize current as

well as prospective nonlinear optical materials. A

technique is described.which can monitor nonlinear changes

in transmission with shot noise limited signal-to-noise

ratios even in the presence of large background signals.

This dissertation is organized in the following way.

Chapter 1 discusses the historical background while

providing the framework and motivation for this work. In

Chapter 2, the theoretical foundations for the experiments

are presented followed by actual measurements of beam

depletion due to second harmonic generation (SHG) in second

harmonic crystals (e.g. LiIO3) and two-photon absorption

1
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(2PA) in semiconductors (e.g. ZnSe). In the course of this

research, the Pulse Delay Modulation (PDM) technique

described in Section 2.9 was developed as a tool for

characterizing optical nonlinearities arising from both X2

and x( processes. In addition, polarization rotation

arising from the Kerr Effect in CS2 , saturable absorber

relaxation in modelocking dyes such as Malachite Green and

photorefractive effects in ZnSe are presented as a

demonstrations of the versatility and sensitivity of our

experimental technique. It should be noted that since PDM

was originally developed with the specific goal of

monitoring 2PA in semiconductor materials, the majority of

this volume is dedicated to that end. Chapter 3 introduces

a detailed perturbation calculation of double beam two-

photon absorption inside a Fabry-Perot cavity. Transmission

lineshape and signal enhancement are used to compare this

theory with experimental measurements made on a Fabry-Perot

interference filter with ZnSe as the spacer layer. Temporal

coherence of the laser source and its effect on Fabry-Perot

transmission are also discussed. One of the important

applications of the nonlinear optical properties of

materials is optical limiting for sensor protection. In

Chapter 4, a study is presented using nonlinearities arising

from dielectric breakdown in gases.
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Only within the last few years has there been

significant progress toward a consensus among theoretical

calculations on the subject of two-photon absorption in

semiconductors. Early predictions of the two-photon

absorption coefficient 0 by Basov[1], Keldysh[2],

Braunstein[3], Mitra[4] and others disagree by orders of

magnitude. Similar discrepancies can be noted among a

number of published experimental papers. Weiler[5] refined

earlier theories to carefully include the band structure so

that experiments could be directly compared to theory. In

1984, Wherrett[6] used second order perturbation theory to

introduce a scaling rule predicting non-resonant two-photon

absorption coefficients in direct gap semiconductors based

upon photon frequency, energy gap and other tabulated

material parameters such as the Kane momentum parameter and

the refractive index n. These theories have shown good

agreement with direct transmission measurements made in a

number of semiconductors by VanStryland, etal[7-9], at the

fundamental (1.06pm) and second harmonic (0.532pm) of the

Nd:YAG laser. Accuracy of these data is the result of years

of rigorous investigation into the pitfalls responsible for

errors in previous studies. By utilizing a tunable high

repetition rate dye laser, PDM demonstrates the potential to

further support theory with two-photon spectroscopic data

over a broad wavelength range including 0.532pm and 1.06 m.

Due to its inherent sensitivity, development of the PDM
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technique also represents a major breakthrough in the

ability to isolate two-photon absorption from competing

nonlinear effects such as photogenerated free carrier

absorption and thermally induced nonlinearities.

Section 1.1

Prior Two-photon Absorption Methodology

The two-photon fluorescence technique pioneered by

Kaiser and Garrett[10] in 1961 and later improved by

Braunstein and Ockman[4] produced the initial experimental

data supporting the existence of nonlinear absorption first

predicted by Goppert-Mayer[11] in 1931. Both research

groups employed Ruby lasers to excite a nonlinear material

and an off-axis monochrometer to gather spontaneous emission

appearing after two-photon absorption. Although this method

was successful in verifying two-photon absorption, obtaining

an absolute value for the two-photon absorption coefficient

proved most difficult. Single photon fluorescence data had

to be used to estimate the small conversion efficiencies

commonly encountered in condensed matter. (The authors were

willing to admit marginal agreement between theory and

experiment considering the assumptions and simplifications

made during analysis.) A ratiometric method of concurrent

excitation by fundamental and second harmonic light from the

same source has also been proposed as a means of reducing

uncertainties in quantum efficiency.
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Braunstein and Ockman[4] in their first paper on two-

photon absorption in CdS suggested a variation of the direct

transmission method aimed at obtaining spectroscopic data

over an extended spectral range. This nondegenerate two-

photon absorption technique observes the attenuation in the

spectra of broadband incoherent emission from an arc lamp

induced by nonlinear coupling with an intense ruby laser

source. Another variation replaces the incoherent light

source with picosecond continua generated from Raman bands

in water[12] or other liquids. Approaches of this type are

powerful in terms of time-resolved spectroscopy. Tunable

dye lasers have also found application as the broadband

source in similar experiments with considerable improvement

in signal-to-noise ratio.

Unlike the direct transmission method which measures

small changes in a large transmitted light intensity, novel

calorimetry and photoacoustic techniques directly monitor

the relatively large changes in absorbed energy. These

techniques have long been recognized for their sensitivity

to linear absorption and arrived on the nonlinear absorption

scene in the late 1970's[13-17]. Absorption measurements

could be performed at lower irradiance levels than ever

before. The lack of reproducibility arising from sample-

detector geometry and associated calibration are drawbacks

of these sensitive absorption measurement schemes.
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Measuring sample transmission characteristics remains

the most direct approach to quantifying absorption although

great care must be exercised to insure accurate

results. In the case of linear absorption, a ratio of

output to input irradiance obeying the equation

TL - 0 - ( - R) 2 e-aL (1)
Ii

is all that is necessary to determine the linear absorption

coefficient a. Here, L is the path length, R is the surface

reflectivity and multiple reflections have been neglected.

Single beam two-photon absorption obeys the equation

d -(a + SI)I (2)
dz

where z is the interaction length in the direction of

propagation and I is the power per unit area or irradiance.

This equation follows from Maxwell's Equations when a

nonlinear polarization is included and is derived in Section

2.3 of Chapter 2. Nonlinear absorption differs from its

linear counterpart in that the total amount of light

absorbed is a function of the input. The nonlinear

absorption coefficient 3 must therefore be obtained by

measuring the attenuation over some range of irradiance.

Since the product $PI will typically be much smaller than a

for irradiances below a few megawatts per square centimeter,

pulsed lasers have been essential to induce measurable two-

photon absorption with the exception of the
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photoconductivity measurements of Seiler, etal[18]. Nearly

20 MW/cm2 is required, for example, to cause a 1% change in

transmission due to two-photon absorption in a 1 millimeter

thick sample of Zinc Selenide (3f~ 5.5 cm/GW at X = 0.532 m

[8]) according to Eq.2. Irradiance levels of 20 MW/cm2

therefore represent a lower limit of detection for standard

direct transmission methods. At least one order of

magnitude in irradiance is typically necessary to accurately

fit Eq.2 to experimental data. At approximately 200 MW/cm2 ,

the measurement is often complicated by the presence of

competing nonlinearities such as free carrier absorption,

self-lensing and optical damage. These factors along with

inaccurate and erroneous pulse characterization methods have

been responsible for many of the discrepancies in published

values of (3 as illustrated in Figure 1.

Figure 2 illustrates a typical single beam transmission

setup. A sample S is positioned in the beam path and a

detector Dl collects light which has passed through the

sample. A second detector D2 collects a fixed percentage of

the incident light from a beamsplitter as a reference. Data

points taken over a range of inputs can be compared to the

solution of Eq.2 and an absorption coefficient 0 obtained.

Separate measurements of pulse width, spot size at the

sample and absolute energy allow the detector outputs to be

converted directly to irradiance. A plot of transmittance
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Figure 1 Two-photon absorption coefficient j3 vs year for

GaAs and CdS
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Figure 2 Single beam transmission experiment
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versus input irradiance 1(0) as calculated from the solution

of Eq.2 takes the form

T = TLT (3)

where TL comes from Eq.1 and Ta is the nonlinear

transmission given by

TN= +(4)

with

=(1 - R) I (0) (1 - eaL) (5)

The inverse of T yields a straight line with a slope

proportional to the two-photon absorption coefficient (3 and

an intercept determined by linear absorption and Fresnel

reflection losses. This, however, turns out to be an

incomplete description which can lead to over-estimation of

$. In practice, data from two-photon absorption experiments

in semiconductors can maintain quasi-straight line behavior

with increasing irradiance through competition between free

carrier absorption and distortion of the incident pulse.

Since nonlinear absorption is irradiance dependent, the beam

is depleted more at its peak than in the wings. Thus, the

irradiance is reduced as the pulse passes

through the sample by virtue of a broadening in time and

space. For a pulse which is Gaussian in both time and

space,
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T=TL 2 fdx ln(1 +Qe2) (6)

VQ o

which decreases less rapidly than Eq.3 with increasing I.

The absorptive effect of free carriers represents a

significant contribution to the total sample absorption as

the incident irradiance approaches the material damage

threshold. Electrons in a semiconductor move from the

valence band to the conduction band when incident photon

energy is absorbed. When a significant number of free

carriers are generated, there is a competition with other

nonlinear absorption processes. Accordingly, Eq.2 must be

revised to account for free carrier absorption:

d= - (a + fI + aN )I (7)
dz

where a is the free carrier absorption cross section and N

is the time dependent number density of carriers. For

electrons generated by two-photon absorption, N obeys the

differential equation

dN _-2 - yN (8)
dt 2M

Here, y is the decay rate and spatial diffusion can be

ignored for pulse widths in the nanosecond regime or

shorter. The first term represents carriers generated by
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two-photon absorption while the second accounts for a

variety of nonradiative and radiative decay mechanisms

eventualy leading to the ground state. Eq.5 has the

solution

N(t) = e-Yt fdt/fI 2(t') eYtI (9)

For the case where the temporal envelope I(t) is much longer

than the decay time y-', N is proportional to I2. Since

this dependence leads to a third order effect, its

contribution becomes significant at high irradiance. When

y1 is long compared to the pulse width t,, N is proportional

to I2t,. Thus, the inclusion of free carrier absorption and

integration over spatial and temporal coordinates provides a

more complete theory describing attenuation at high

irradiance. The detection method described in Chapter 2 has

the sensitivity to allow the use of low irradiance and a

short pulse width therefore free carrier absorption can be

neglected.

While free carrier absorption becomes important only at

high irradiance, refraction due to free carriers can be

observed even at relatively low irradiance[19]. Bound

electron effects described by the real part of x( also make

a contribution to an overall refractive index change. These

nonlinearities spatially alter the refractive index across
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the illuminated region creating a self-induced lens within

the material. The change in phase $ of the electric field

due to free carriers and bound electrons, respectively, is

governed by the differential equation

- = -a N + n2 1 (10)
dz

where ar is the change in refractive index per unit

photoexcited charge carrier density N and n2 is the

nonlinear refracitve index defined in terms of Re[X 3 ] .

While the free carrier contribution is always negative, the

bound electron contributions can have either sign. Since $

is proportional to the wave vector k and therefore to the

refractive index, Eq.10 also describes the change in

refractive index An. An overall positive An has

catastrophic implications. As the beam propagates, focusing

increases the irradiance which, in turn, causes stronger

focusing, etc. This can lead to a collapse or filamentation

within the material as illustrated in Figure 3a and damage

results. In contrast, if An is negative, the light is

defocused during propagation through the medium as in Figure

3b. In either case, these effects can lead to an apparent

decrease in transmission due to beam spreading upon exiting

the material.

In a controlled situation, self-lensing can be applied

in optical limiting experiments (see Figure 4). Here,
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Figure 3 Effects of n2 > 0 and n2 < 0
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Figure 4 Optical limiter
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defocusing reduces the irradiance on a detector placed at an

image plane by perturbing the matched focusing geometry of

the relay optics. Figure 5 illustrates this effect in CdSe

with spatial profiles of transmitted picosecond laser pulses

taken by a vidicon camera placed 10 centimeters behind the

sample. The low power beam and its Gaussian fit are shown

in (a) reduced by a factor of 10 for graphing purposes while

(b) shows the perturbed beam along with a calculated fit

based upon the Gaussian decomposition method[20]. When such

refractive effects occur in nonlinear absorption

experiments, errors may be introduced from a failure to

collect all transmitted light. The effect shown in Figures

4 & 5 where light spills over the outer edge of the detector

at high inputs will show up in data as an apparent decrease

in transmission. This can cause an over estimation of two-

photon and free carrier contributions and could explain some

discrepencies in 2PA data shown in Figure 1.

Given that the onset of this nonlinearity could be made

to occur at sufficiently low irradiances, the potential

exists for protecting the human eye or an optical sensor by

reducing the on-axis irradiance. However, limitations such

as low detector damage thresholds coupled with optical gains

in excess of 106 found in well-corrected imaging systems

prohibit currently existing optical limiters from preventing

damage to imaging sensors.
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Figure 5 Beam defocusing in CdSe
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Well characterized temporal profiles of incident

radiation are essential to the accurate characterization of

any nonlinear phenomena. Commercially available photodiodes

can provide resolution to around 30 picoseconds using

electronic sampling techniques. Streak cameras offer

somewhat better temporal resolution. As researchers moved

to shorter pulses in order to minimize free carrier

contributions, pulse width assessment relied almost

exclusively on second harmonic autocorrelation techniques.

Pulse duration is implied by deconvolution of

autocorrelation data assuming a particular temporal profile

such as Gaussian or single-sided exponential. In most

cases, however, a typical measurement includes a large

number of individual pulses (104-108) with some distribution

or fluctuation in pulse width inherent to modelocked laser

systems. VanStryland[21] has shown that statistics can play

an important role in the interpretation of autocorrelation

data and proposed a method of minimizing laser noise.

Observations such as this cast further doubt on the accuracy

of previous measurements. Chapter 2 will discuss how PDM

can augment present pulse diagnostic techniques by

generating derivatives of the autocorrelation and displaying

an empirical sensitivity to pulse coherence.
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A final source of error common to direct transmission

experiments arises from detection methods. Conventional

photodiodes restrict resolution of small absorptions as a

result of detector surface nonuniformity, noise currents and

data acquisition error. As a consequence, there is usually

only a narrow range of irradiance levels between the lower

limit of detection of a change in transmittance and the

sample damage threshold. The technique described in Chapter

2 works at frequencies outside the region of high noise in

the laser system to significantly increase sensitivity to

changes in transmission.

In addition to sources of experimental error, other

drawbacks have slowed progress toward a complete

understanding of nonlinear absorption. Specifically, the

irradiance requirements of many two-photon absorption

methods can be met by only a limited number of intense

sources including Nd:YAG, Nd:Glass and Ruby lasers. These

essentially nontunable lasers restrict two-photon

spectroscopy to a few isolated wavelengths and their

harmonics. Dye lasers, on the other hand, exhibit

continuous tunability over quite large spectral regions.

Currently available dyes have been made to lase from the UV,

through the visible and into the near-IR. Although

incompatible with the direct transmission method as applied

in the past, the dye laser has the potential of becoming a
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powerful tool for studying two-photon spectroscopy with a

more sophisticated detection method such as PDM.

The technique of Pulse Delay Modulation (PDM)

introduced herein is an extension of the direct transmission

method toward greater sensitivity. A double beam dual

modulation scheme allows background-free detection of

transmittance changes at power levels far below material

damage thresholds. Since PDM employs a tunable dye laser,

this technique can produce an absolute value for the two-

photon absorption coefficient 1 across a broad spectral

region with proper calibration. This calibration could be

performed at X = 0.532 m where reliable data already

exists.



CHAPTER 2

PULSE DELAY MODULATION TECHNIQUE

Of the various experimental techniques developed for

measuring two-photon absorption, direct transmission has

proven the most successful in spite of its inherent

difficulties. At the root of these difficulties is

detection sensitivity. In order to achieve measurable

changes in transmission, current detection schemes require

irradiance levels which introduce additional nonlinearities

that mask the two-photon absorption. In addition, these

irradiance requirements severely restrict the number of

suitable laser sources and their associated wavelengths.

The goal of this experimental work is to develop a modified

direct transmission technique with enhanced sensitivity,

broadband wavelength capability and the ability to minimize

or discriminate against other optical nonlinearities.

In recent years, ultrasensitive Raman scattering

techniques have arisen from an interest in characterizing

the microscopic properties of surfaces, interfaces and

ultrathin films [22-36]. These techniques were developed to

overcome two major obstacles in detecting weak Raman signals

26
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in thin films: 1) poor signal-to-noise due to fluctuations

in existing laser sources such as dye lasers and 2) strong

background signals from, for example, thermal

nonlinearities. Shot-noise-limited sensitivity was achieved

by using high frequency amplitude modulation to shift the

detection frequency outside the noise bandwidth of the laser

source. While this approach eliminates noise due to laser

fluctuation, thermal signals remained which were 103-104

larger than the signal of interest. By including frequency

modulation, Raman techniques gained the two-fold benefit of

eliminating thermal backgrounds while addressing the highly

dispersive nature of Raman scattering. Signal-to-noise

ratios greater than 5 have been achieved for the detection

of Raman gain on monolayers [28] .

While Raman techniques are effective in investigating

highly dispersive nonlinearities, they are completely

insensitive when applied to interactions which are

nonresonant. Optical frequency modulation will produce no

signal when used to examine broadband, nonresonant optical

nonlinearities since a change in transmittance (or similar

quantity) with optical frequency is required to produce a

signal at the modulation frequency. In Chapter 2 we

introduce the technique of Pulse Delay Modulation (PDM) for

the investigation of a number of broadband optical

nonlinearities which borrows noise reduction techniques from
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the Raman gain experiments to achieve shot-noise-limited

detection. This excellent signal-to-noise capability

augments a novel scheme of modulating the irradiance while

keeping the pulse energy (fluence) constant. Therefore, the

irradiance dependence of an optical nonlinearity can be used

as a means of detection. Note that this automatically

discriminates against thermal background signals which are

fluence dependent.

Chapter 2 derives the general wave equation from which

an expression for the change in transmission due to any

nonlinearity can be obtained. The following sections

address individual cases of interest and detail the

experimental implementation of AM & PDM for observing second

harmonic generation, two photon absorption, the Kerr effect

and saturable absorption. An example is also presented of

how PDM can be used as a laser pulse diagnostic tool.
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Section 2.1

The General Nonlinear Wave Equation

In this section, a general wave equation is derived

from Maxwell's Equations which governs the propagation of

light through a nonlinear medium. This equation can be used

to determine the change in transmission due to two-photon

absorption, second harmonic generation, the Kerr Effect and

saturable absorption.

The interaction of electromagnetic radiation with

matter is described by Maxwell's Equations (cgs units)

Coulomb's Law

V D = 41pe

Faraday's Law

VxE = -. a
C at

Ampere-Maxwell Law No Magnetic r

c at c

along with the constitutive relations

D=E+4% P ; 3= p .

Monopoles

0

This derivation begins by defining an electric field

E (r, t) given by

E (rmt) = 1[(r ,t ,) ei(0t-r) + c.c] (12)

where k is the wave vector and o is the angular frequency.

The polarization P is represented in a similar fashion:

P(r,t) = [P(r,t,) e-i(t--) + c.c]

(11)

(13)
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By convention, P is also be written as

p = PL + pNL

where P' and Pe are the linear and nonlinear contributions,

respectively. Both linear and nonlinear optical effects are

introduced through a power series representation of the

polarization in terms of the electric field. Complex

susceptibility tensors x n) are used to describe a wide

variety of dispersive and absorptive optical properties.

The individual vector components of 6L are

L( ,t, X) = (w) - 9j(r,t,W) (14)

In the context of this work, particular interest will be

given to second and third order effects:

(2) (r,t, m+n) = 'X (Wm+n, Wm,(n) (rt, m) k (rt, n) (15)

and

,km+n+p)=X l (Wm+n+p' (m' On0 )P
Fy(r, t, Wm) g (r, t, wn) t2r, t, w,) (16)

A self-consistent solution is sought to a wave

equation derived as follows from Maxwell's Equations (2-1).

Taking the curl of Faraday's Law

(xVxE = -cS-(V xB) (17)
C at

and making a substitution from the Ampere-Maxwell Law with

J = 0 and g= 1 gives
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Vx V x V = -1 2D
c2 at2

1 a2

= 2- at- [ E + 4  pL + 4 1pNL]

which leads to a wave equation governing the electric field

in a nonconducting, nonmagnetic media:

Vx(1 + 42 ) - ] E (r, t) =-2Uap2'(rft)
Cat 2  

c 2 at2

(18)

In order to simplify Eq.18, first consider Coulomb's Law:

V- D = 47rPext (19)

or

V- [E + 41P] = 4 [Pfree + pp,,,

where the free charge density pfr.e is taken to be zero. In

general, this is an excellent approximation for fields where

the variation in the transverse dimension is slow compared

to X, so that V -E - 0. From this slowly varying envelope

approximation and the vector identity

V x V x E= V(V-E) - V2E (20)

the first term on the left of Eq.18 becomes -V2E. In

evaluating this term, derivatives of the electric field with

respect to the radial coordinates x and y along with the

second derivative with respect to z (taken as the

propagation direction) may be neglected under the slowly

varying envelope approximation[37] such that
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V2E -[2Ak + k2E I(21)
aza

Thus, Eq.18 becomes

2ik + k2lE - (1 + 4 ) 2] 4 2 pNL (22)
az c2 c2

Equating the real and imaginary parts of Eq.22 yields two

equations, one which defines the refractive index n:

k2 = (1 + 4iRe[X(1 ]) 2= (n) 2  (23)
C C

and a second which governs the attenuation or gain of the

electric field:

2ik '(z,(a) - -4tj2 Im[x) 1 ]E + 47t2pNLaz C 2 c

or

(, _ ()_--z)_ 2xi12 P(z) (24)
az 2 kc 2

where a = kC 2 Im [x () ] is the linear absorption coefficient.
kc2

The following sections apply Eq.24 towards a solution for

the electric field and the transmitted irradiance in the

presence of optical nonlinearities such as second harmonic

generation, two-photon absorption, the Kerr effect and

saturable absorption.
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Section 2.2

Second Harmonic Generation

The initial experiment in nonlinear optics consisted of

generating the second harmonic of light from a Ruby laser

focused into a quartz crystal [38]. Variations of this

technique enjoy wide usage today both as methods of

generating coherent light a new frequencies and as a tool

for ultrashort laser pulse diagnostics. As will be seen in

Section 2.7, this well characterized nonlinearity can serve

as a baseline against which our two-photon absorption

measurements can be compared.

Second Harmonic Generation (SHG) is a special case of

sum and difference frequency mixing with q, = = o and +n

- 20 from Eq.15. Here, the case of two-beam Type I SHG in a

negative crystal (LiIO3 ) will be examined. The total

electric field, including the two input beams and the second

harmonic, is given by

3N(z, t) = 1[i(z, () ei-(0t- -) + (z, () e-i (t- A -z) +

; (z,2 .) ei(2wt-k3.r + c.c. . (25)

The nonlinear polarizations due to these fields are
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P"(z,t) = [01L(zc)e6)( ~t(kk ) + P-(z, )e-(t -,--r) +

(z,2 )s-l 2- )r) + cc.] (26)

Thus, from Eqs. 24, 25 & 26, three coupled differential

equations governing the three fields can be written:

2ni 2PNL(i(k3 -k - 1.r (27a)

= - 2niQ2 pNL(z, ) DE i 3e -k2 J'r (27b)
dz k2 c 2 2

M(z,2o) 2li(2Q)2 PNL (z, 2 o)e-ek - 3J- (27c)
az2 k3c2

where linear absorption is neglected. Because of the

symmetry properties of the tensor t 2 ), the nonlinear

polarizations are commonly expressed in terms of the d

parameter. (The derivation of d parameters for particular

crystal classes is beyond the scope of this work but can be

found in the literature [39-42].) Thus,
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NL (z, ) = 4 dfft3 (z,2() (2,'-() (28a)

NL (z, ) = 4 deff3 (Z, 2w}) Z'1 (z, -w) (28b)

NL (z, 2W) = 4 dff?1(z,w)92 (z, ) (28c)

Substituting these polarizations into the appropriate wave

equations gives

a(z) _161202

az kc2  deff 3 (z) *(z) (29a)

a(z) 16ixec2~(z) 16i03(zd * (z) (2 9b)
az k2 c2  d*(z)

_ 16 k (c 2 d 9 W (z) F (z) (29c) (3Z k3c 2  f1

where we assume phase matching, i.e., Ak = k3 - k2 - k. = 0.

Note that Eq.29c can be directly integrated assuming

negligible beam depletion [, 2 (z) ~~ ,2(0) ] . The solution

is (93 (0) = 0)

(z) - 16 (2 ) 2df2 dff 1)(0) z (30)
k3c
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To obtain the irradiance at 2o, Eq.30 is multiplied by its

complex conjugate. Using Ii = (nic/8n)|I|J2 leads to

A13 (z) = I3(z) ~ CI1(0)I2 (0)z 2  (31)

where C = 5l27~d ff and k = (2nni) /Xi.
nf2nh2 2c

The corresponding change in irradiance of a beam at the

fundamental frequency o follows after a substitution of

Eq.30 in Eq.29a:

af () 1024122 2

az klk3c d 1(04 )2(®) 2* (0) Z (32)

Multiplying through by * and integrating leads to

I1(z) I(0) 1 - I2(0) z2j

or

A11 (z) = I1(z) - I1(0) - -ICi1 (0) 12(0)z
2  (33)

Comparing Eqs.31 and 33 we see that the magnitude of AI1(z)

is one half of 13(z) and opposite in sign. This

agrees with a physical interpretation of second harmonic

generation. From a conservation of energy standpoint, the

creation of a photon at 2w results from the simultaneous

annihilation of a single photon of frequency o from each of

the two input beams.
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Section 2.3

Two-photon Absorption

Two-photon absorption was first observed experimentally

by Kaiser and Garrett[10] in 1961. Implications of this

discovery were quickly recognized. Since one-photon and

two-photon transitions follow different selection rules[43],

two-photon absorption becomes a valuable compliment to

linear absorption spectroscopy.

The next higher order term (N=3) from Eq.16 describes

a large family of optical nonlinearities including two-

photon absorption. Replacing PE with P(3) in Eq.24 and using

E = 3 + E2 leads to a large number of terms on the right

hand side consisting of various combinations of A and A.

In anticipation of our detection scheme, we will consider

only the wave equation governing 1. Terms with the same

complex exponential as 1 are 8 Z (* and Z, 1 *. Of

these, only the former need be considered since the

detection scheme described later in this chapter is

sensitive only to the presence of both beams. Thus, the

wave equation of interest from Eqs.2-6,14 is

8a (z)  2

az 2 k c2 X (3) 'ee(z)(()(z

(34)
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Physically, this equation described the loss seen by 8 due

to the presence of ( (Im[X( 3)] for two photon absorption) or

the phase change of 8 due to the presence of + (Re [X 3) for

nonlinear refraction). We will deal only the two-photon

absorption at this time. Multiplying Eq.34 by 1* generates

the coupled beam two-photon absorption equation

d11 (z) = I() - 1I1(z) I2(z) (35)
dz

where 1 is the two-photon absorption coefficient defined as
961X202 3= = k9 c2 ImX(. In the small depletion limit 1 2(z)k1c

I2(0)], Eq. 35 has the solution (neglecting .linear absorption)

I1 (z) = I(0) exp[-p1 2 (0) z] (36)

which, for small two-photon absorption, reduces to

I1(z) W I1(0) [1 - a I2(0) z] (37)

or, in terms of a change in irradiance,

A1 (z) = I(z) - I(0) 3 -pI1(0) 12 (0) z (38)

Eqs.33 from Section 2.2 and 38 above reveal an

interesting similarity between second harmonic generation

and two-photon absorption. These equations imply that the

x(2) induced loss of energy at the fundamental for SHG can

mimic x(3) losses due to two-photon absorption. In both

cases, this loss is proportional to the product I1" I2. Our

goal is then to design a transmission experiment which is

sensitive to this quantity.



39

Section 2.4

Experimental Apparatus

This section introduces a temporal autocorrelator shown

in Figure 6 capable of measuring small changes in

transmission. Such a setup allows the temporal overlap

between I, and 12 to be varied continuously thus changing

the magnitude of the product I112. This principle of

autocorrelation is used extensively to obtain information

about laser pulse temporal duration. Amplitude modulation

and a noncollinear geometry facilitate the elimination of

the large background component of the transmitted

irradiance. This arrangement will be used as a basis for

implementation of Pulse Delay Modulation in Section 2.9.

A Coherent model 599-04 folded cavity dye laser

produces a continuous train of modelocked 3 picosecond

pulses at a repetition frequency of 77.6 MHz and an average

power of 120 mW. Modelocking is achieved by synchronous

pumping from a Coherent CR 10-SG acousto-optically

modelocked argon ion laser. (The acousto-optic modulator is

configured to allow lasing when no voltage is applied thus

spoiling the cavity Q twice in one complete cycle. Thus,

the modelocker frequency is 38.8 MHz.) The main dye laser

beam is separated into equal amplitude excitation and probe

beams using a beamsplitter (BS). The fixed path length of

the excitation beam traverses a retroreflecting corner cube
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Experimental SetupFigure 6
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(CC) and an electrooptic modulator (EOM) placed between

polarizers (P1, P2). The probe beam is directed into a

right angle prism (RAP) mounted on a translation stage (TS)

and steered by plane mirror M1 toward the sample. The beams

are made parallel so that they converge to a common volume

at a small angle (
3
ful ~ 60) when focused by a single

biconvex 38 millimeter focal length lens (FL). Each beam

waist was characterized spatially by 5 pm pinhole scans and

found to have a full width half maximum of 30 pm at focus.

After passing through focus, the probe beam is refocused

onto a PIN photodiode (PD) by a collecting lens (CL) while

the excitation beam is terminated at a beam block (BB).

Requirements on the photodiode are that it have a bandwidth

sufficient to detect the EOM frequency um = 9.7 Mhz, low

noise and a high quantum efficiency. The detector output is

fed to lock-in L1 for signal processing.

The path followed by the probe beam is designed to

provide the continuously variable delay t between excitation

and probe pulses arriving at the sample. Pulses of a few

picoseconds can be completely separated temporally with a

negative delay, brought to coincidence and separated again

with a positive delay by relatively small probe beam path

length changes since the conversion factor from the temporal

to spatial domain is 3.3 picoseconds per millimeter.
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Since the irradiance of the excitation beam is directly

modulated, the total irradiance within the sample will also

be modulated. Therefore, although the probe beam is not

initially modulated at um, any modulation of the probe beam

detected by the photodiode is evidence of nonlinear beam

interaction within the sample.

Section 2.5

Electrooptic Modulation Scheme

A key element of the experimental arrangement is the

electrooptic modulator and polarizer pair (P1,P2) shown in

Figure 7. Although the laser beam is linearly polarized due

to Brewster angle orientation of the dye jet within the

laser cavity, polarizer P1 is positioned at the input of the

modulator to correct for any ellipticity induced in passing

through the beamsplitter and corner cube. Thus, the output

of P1 is well polarized in the x-direction. The

electrooptic modulator is an Inrad KDP crystal designed for

use at 632.8 nm. For a uniaxial KDP crystal which has the

crystal group symmetry 12m, the modulator is designed such

that the crystal axes x' and y' are oriented 45* with

respect to an applied field along the x-axis for use as a

modulator. For the case of amplitude modulation, the input

polarization is also along the x-axis. The phase
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EO modulation schemeFigure 7
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retardation F induced by the crystal as a function of

applied voltage V is given by[44]

r =C(no - ne) - r63d (39)

where r63 is the pertinent electrooptic coefficient, 0 is

the laser frequency, L is the crystal length, d is the

distance between electrodes and no, n, are the ordinary and

extraordinary crystal refractive indices, respectively.

Ignoring the common phase shift, the output field after

passing through the crystal has components in the x' and y'

directions given by

E, = Eoeir ; Ey, = E (40)

The total field after passing through a second polarizer P2

oriented parallel to P1 is the sum of the x-components of

Eq.40, i.e.,

EX -iE (e - 1) (41)

which corresponds to a normalized output irradiance of

= I I=.L=cos1] = cos2[4-" l(42)
10 EQ It 12 J2kVxJ

where

VU _2n 3ro3

(43)

is the voltage yielding a retardation of m. Amplitude
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modulation is achieved by first biasing the crystal to a

fixed retardation F0 = in/2 with a DC voltage which results

in a 50% transmission as shown in Figure 8, i.e., circular

polarization. (Since the particular crystal being used was

cut for X = 632.8 nanometers, a DC bias of 120 volts was

necessary to achieve static quarter wave retardation for X =

598 nm used in our experiments.). A sinusoidally modulated

AC voltage then causes a nearly sinusoidal modulation of the

transmitted intensity.

Superimposing an AC voltage of the form

V = 2 V, [1 + COS ((nmt)] (44)

induces a change in refractive index such that the incident

electric field "sees" a near-sinusoidally varying

retardation between zero and n/2. Thus, the irradiance of

the excitation beam is

Ie = IeoCOS2(4[1 + cos (dmt)])

= 2I141 + cos([1 + COs (0mt)]

= 2I,41 - Sin2(COS (mt) (45)

which can be decomposed using the Bessel function identity

sin(xcosy) = 2E (-1) J2 n+1(x) cos[(2n+1)y] (46)
n=o

For x = it, the Bessel function has values
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Figure 8 Voltage Modulation of EO crystal
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J() = 0.567 ; J3 ( = 0.069 ; JS(Z) = 0.002

Therefore, Eq.44 can be approximated by

sin[jcos (y)] - -cos (y) (47)

so that final expression for the irradiance of the

excitation beam exiting the second polarizer P2 is

I e zIeo[1 + cos (a)mt)] (48)

A divide-by-four counter coupling the argon laser modelocker

and the electrooptic modulator driver provides a modulation

frequency [, = 9.7 MHz and maintains a stable phase

relationship such that the same number of laser pulses

(eight in our case) are contained in one complete modulation

cycle. Figure 9 illustrates the modulated excitation pulse

train (the non-smoothed output is not real but caused by the

digitization of the computer program).

Section 2.6

Signal Processing

In this section, the signal output of the lock-in

amplifier is calculated and the various types of noise are

considered which contribute to the overall signal-to-noise

ratio. The power signal-to-noise ratio is calculated for

the case of two-photon absorption induced changes in

transmission.
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Modulated Excitation pulse trainFigure 9
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Note that the detector PD integrates the energy in each

laser pulse. Take for example the case of 2PA from Eq.37

where we use the notation probe and excitation introduced in

Section 2.4. The energy of the transmitted probe pulse

after interacting with the excitation pulse over a distance

L is

Energypuise = frdrdOdt[I,(O,r,t+t) - 3I(O,r,t+z) I 0 (O,r,t) L]

(49)

where the delay ti between pulses is included as introduced

in Section 2.4. Let I, and I. be represented as follows:

Ip (O,r,t) = Ip 0 U(r)A(t)

Ie(0,r,t) = IeoU(r)A(t)2j[1 + cos(amt)]

recalling that the probe pulse is a delayed image of the

excitation pulse and that IQ is modulated at o4 according to

Eq.41. U (r) and A(t) are the spatial and temporal profiles

of each pulse, respectively. Rewriting Eq.49 in terms of

the change in pulse energy after integration gives

AEnergypu1 0 = -eoIIpol [1 + cos ((amt) ] L tp R G() (50)

where R = fdofrdru2(r) is equivalent to the beam overlap
0 0

area,

G() =-f dt A(t+i) A(t) (51)

is the normalizable temporal integral, t, is the pulse
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width, K is a time much greater than tp but much less than

of and the bracketed term containing cos( t) has been

pulled outside the time integral since it remains constant

over a time long compared to K. Note that the product

Ipa- B- tp can be identified as the energy of the probe pulse.

Since the current comes from a sum of high repetition rate

pulses, Eq.50 can be expressed in terms of average power by

multiplying by the pulse repetition rate. Thus,

APoweraverage = AEnergypu108 x PRF (52)

- -I eoL2 [1 + cos ((amt) ] (Energyprobe x PRF)G(r)

where Energyprob. x PRF = (Average Power) probe. The signal

current i,(t) is now obtained by multiplying Eq.52 by ?I e

where T is the detector quantum efficiency, e is the

electron charge, and ho is the photon energy:

Ai, (t) = - IeoL [1 + cos (()mt) ] [PProbe]G(' ) (53)

Note that the factor Pprobe represents the DC current iDC

and is proportional to the signal current amplitude. With

a = 5.5 cm/GW, an excitation irradiance of 1 MW/cm2 , an

interaction length of 180 pm (see Appendix C), a detector

quantum efficiency of 0.2 and an average probe power of 50

mW at X = 598 nm, the photodiode/amplifier combination (gain

= 100) produces a current modulation depth of 9 pA at the

9.7 MHz detection frequency.
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The signal current from the photodiode (PD) passes

through narrow band gain circuitry and is then processed by

a Princeton Applied Research model 5202 lock-in amplifier

(L1) locked in phase with respect to the modulation

frequency of the EO modulator. This specialized lock-in can

synchronously detect signals up to 50 MHz. A modulation

frequency 9.7 MHz was chosen to shift the detection

frequency outside the region of high noise for the

synchonously-pumped dye laser. Spectrum analysis shows that

synchronously-pumped dye lasers typically has a noise

spectrum which rolls off rapidly above approximately 1

MHz [45]. Noise in the low frequency region is due mainly to

fluctuations in the pump laser and mechanical instabilities.

Lock-in L1 which is locked in phase with the 9.7 MHz

modulation frequency performs the electrical analog of the

integral

1T

iL =Tf dt gain - Ai, (t) -h6) (t) (54)

-=T

where h(t) is the gain profile of the lock-in illustrated in

Figure 10 and represented in equation form by

n=+m

h0 (t) = E 2 rect [ (wmt + 2n) + 4] - 1

_ 4 sin{ (2n + 1) [t mt + 0] } (55)

Itn-O (2n + 1)

-4 E -1 ncos {(2n + 1) wmt} ()=2

itn=O (2n + 1) 2

Here, T is the lock-in integration time of 1 msec, o( = 9.7
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MHz is the modulation frequency and $ is the phase factor

adjustable from the lock-in front panel. The 78.6 MHz pulse

repetition frequency allows the lock-in to average

approximately 105 pulses during one integration time T.

Combining Eqs.2-43,44,45, we have the lock-in signal

T

' cos { (2n + 1) cat}
iL = E fdt [ 1 + cos (cmt) ] (-1) n 1

= rr~ T(2n + 1)
2o

(56)

where = gain $ Ie0 L-1e -P P(t) . The integrand of Eq.56

is shown graphically in Figure 10. Separating Eq.56 into

two integrals gives

T

n () -)n S in n + w~mT
- -) dt cos { (2n +.1) wmt} = -1

Tn.o (2n +1)T ~ (2n + 1) (n + (mT
2

and
T

1 . - Cos { (2n + 1) wmt }-) (-i)fdt cos (omt)c (2n + 1)
n=oT (21+1)

(-1) sin{ (n + 1) wmT} sin{nmT} (n 1)
2 (2n + 1) (n + 1)(wmT 1nmT

2 1 + Sin{C)mT} (n = 0)
2 emT

Since O4T > 1, the sin (x) /x terms are negligible, therefore

iL - 2 = ngainpL-ePprobe '(t)

(57)

which is proportional to the probe power and excitation

irradiance.



57

Lock-in Gain Profile and Signal CurrentFigure 10
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The ability to detect small signals is highly

dependent on the noise inherent to the detection scheme. In

our case, 1/f noise can be ignored compared to other noise

sources since the detection frequency is in the megahertz

range. Johnson noise, also referred to as thermal or

Nyquist noise, has a mean square current of[46]

-W 4g2 kTAv
R

(58)

where k is Boltzman's constant, T is temperature in Kelvin,

Av is the bandwidth and R is the resistance. At room

temperature (T = 298 K), a detection bandwidth of 1 kHz and

a 50 load resistance, the mean square Johnson noise current

is 3.3 x 10-15 A2 .

Shot noise is the inevitable fluctuation caused in the

photodetection process by the discrete nature of the

electrons and is independent of frequency. For photodiodes,

the mean square shot noise current in a bandwidth Av is

given by[47]

lan = 2 (gain) 2 eiDCAv = 21 (gain'e) 2Av..P. (59)

where Av = T~1 = (1 msec)~-1 = 1 kHz is the lock-in bandwidth.

For the same band width and gain, the mean square shot noise

current is 2.2 x 10 1 A2 with an average probe beam power of

50 mW. In comparing this value to that of Johnson noise, we

find that shot noise is the dominant noise mechanism in our
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experiment. The power signal-to-noise ratio is then given

by

S = = (2leoL) 21Pp (60)
N powe,in2 8hAov

With 3 = 5.5 cm/GW, I. = 1 MW/cm 2 , an interaction length of

180 pm, quantum efficiency of 0.2, an average probe power of

50 mW and a lock-in bandwidth of 1 kHz, the calculated

signal-to-noise ratio from Eq.51 is 7.5 x 103. Signals

shown in Section 2.7 are consistent with this calculation

although the signal-to-noise was not directly measured.

Section 2.7

Experimental Data

The basic experiment involves recording the signal from

lock-in Li as a function of relative temporal overlap t

between the excitation and probe pulses. From Eq.57, the

lock-in signal is of the form

SLi (c) = constant x G(t ) (61)

and is proportional to AIp. Since the change in probe

irradiance for second harmonic generation and two-photon

absorption have been shown in Sections 2.2 & 2.3 to have the

same functional form, the lock-in signals for these two

nonlinearities should be identical in shape differing only

in magnitude. Using this signal representation, we now

experimentally examine the signal S(t) for second harmonic
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generation and two-photon absorption to verify this

assertion.

Second harmonic generation is a well characterized

nonlinear process which we will use to benchmark our

experimental technique. Figure 11 shows the second harmonic

(X = 299 nm) signal S" (t) as measured by a photomultiplier

tube (PMT) placed at the bisector of the angle between the

excitation and probe beams. The sample is a 1 mm thick

Lithium Iodate (LiIO3) crystal oriented to its nonlinear

phase matching angle. In a noncollinear geometry neither

fundamental beam strikes the tube directly. Therefore, the

PMT "sees" a truly background-free signal by virtue of its

position and the presence of Schott RG-8 short wavelength

bandpass filters placed in the PMT housing aperture.

Consequently, amplitude modulation was not necessary for

this measurement. The PMT output drives the y-input of a

chart recorder with a voltage proportional to the production

of second harmonic photons. (Reverse bias of the PMT

results in a negative going signal.) The x-axis is the

position of the prism (RAP) in the probe arm of the

autocorrelator.

Figure 12 shows the signal Ss"G(t) with amplitude

modulation only from the photodiode-lock-in combination

recorded concurrently with the PMT signal and represents the
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SHG vs ti (photomultiplier)Figure 11
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SGH vs ti (photodiode)Figure 12
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loss at the fundamental. The choice of lock-in phase allows

a negative-going signal to be associated with depletion of

photons in accordance with the physical interpretation

presented in Section 2.3. Figures 11,12 show a direct

correspondence between production of second harmonic and

depletion of the fundamental.

Consider replacing the second harmonic crystal with a

two-photon absorber. Zinc selenide (ZnSe) has been chosen

since its 2.8 eV energy gap is greater than the energy of

our 2.06 eV laser photons (A = 598 nm). This material has

good visible and infrared light transmission

characteristics, a large nonlinear optical coefficient and

is an important optical material. Our sample is

polycrystalline material grown by chemical vapor deposition

to a thickness of 3 mm. Figure 13 shows the lock-in output

STPA(t) as a function of delay ti maintaining the same

instrument settings used in generating the second harmonic

signal of Figure 12. A comparison of Figures 12,13 confirms

that two-photon absorption and second harmonic generation do

indeed exhibit the same temporal dependence. Note also the

excellent signal-to-noise ratio even when detecting a change

in probe irradiance of
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TPA vs ti (photodiode)Figure 13
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® = i3I eL = -5.5cm/GWl MW/cm2  l80Lm = -2 xlO'4 (62)I

Section 2.8

Pulse Delay Modulation

Although we have verified experimentally that high

frequency amplitude modulation can eliminate noise due to

laser fluctuations, thermal nonlinearities arising from the

presence of residual linear absorption by, for example,

sample impurities or defect sites can lead to interactions

between the excitation and probe beams which effectively

represent another source of noise. The change in

temperature caused by the modulated excitation beam can

shift the band edge of a semiconductor which, in turn,

modulates the linear absorption seen by the probe beam.

This can occur on a nanosecond timescale and therefore is

not eliminated by the high frequency amplitude modulation.

Also, since these thermal effects are fluence dependent

processes, amplitude modulation does not remove their

contribution. However, the effect of thermal interactions

can be removed from the detected signal by introducing a

second type of modulation. The elimination of thermal

backgrounds is accomplished by modulating the temporal

overlap between excitation and probe pulses while keeping

the energy or fluence constant. This modulates the
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nonlinear interaction through the total irradiance while

keeping the total energy unmodulated thus filtering out

thermal nonlinearities.

Consider the effect of mounting the corner cube (CC)

located in the excitation beam on an audio speaker as shown

in Figure 14. Motion of the speaker cone will vary the path

length in this autocorrelator arm such that a temporal

overlap modulation of the excitation and probe pulses occurs

at the sample. More specifically, let the speaker be driven

sinusoidally at an audio frequency oa < (<cL (a = 2ir x 100Hz)

with a temporal amplitude At = s/c, where 6 is the spatial

displacement of the speaker away from rest. When the

temporal modulation depth At is small compared to the

temporal structure of the pulse, S(t) can be expanded in a

Taylor series about some fixed delay to as

S (t) = S[z0 + ATCOS((mat) ] dm [S ) A] )cos (meat)
m=O th

(63)

S(t) is represented by an infinite series of cosines whose

amplitudes are proportional to the mth derivative of S(t)

times (6At)m . Since the high frequency lock-in L1 has a

bandwidth of 1 kHz (T1 = 1 ms), the output from L1 contains

the modulation frequency co and can be processed by a second

lock-in L2 referenced to an integer multiple of the speaker
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Figure 14 PDM setup
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frequency. The output signal from lock-in L2 is given by

S'()= [[d [ (o3 ,
m=On=OdI (2n + 1) T2

fdtcos (m at)cos [(2n + 1)Caat] (64)

where T2 is the lock-in integration time of one second.

Since &aT2 > 1, the integral in Eq.58 approaches zero except

when m=2n+1, thus

S' (T) 1 dm [S (-o]2 m (65)
2 dI m

Figures 15,16 show S' (ti) obtained from our LiIO3 and ZnSe

samples using the pulse delay modulation technique for m=1,

i.e., the first derivative. A comparison of the calculated

derivative (see Figure 17) from Figure 11 and the measured

signal of Figure 14 confirm the derivative operation of PDM.

We have experimentally observed up to and including m=4 or

fourth order signals in ZnSe as shown in Figure 18. Note

that the m=4 or fourth order signal is lost in the noise

since the signal strength is decreasing as Atm. The

versatility of this technique to monitor the various

derivatives of the autocorrelation function is extremely

useful in characterizing pulsewidths.
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PDM signal for SHGFigure 15
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PDM signal for TPAFigure 16
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Figure 17 Calculated vs measured PDM
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Figure 18 Experimentally Measured Derivatives using PDM
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Figure 19 PDM vs Temporal Overlap
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Referring to Figure 19, the physical interpretation of

the signal obtained by PDM is as follows. As the speaker

moves from x (O) to x(+) and back to x (O) during the first

half of the reference frequency cycle and from x (O) to x(-)

and back to x(O) during the second half of the cycle, the

lock-in integrates the change in signal due to the

difference in temporal overlap between x(O) and the speaker

extrema. This therefore amounts to taking the derivative of

S (t ) (at x (O) in this example) when the speaker excursion is

much less than the spatial width of the pulse.

Let us examine the total energy incident on the sample:

U=f - eE2 dV (66)

Take, for example, the electric field

E(r,t) = Eeeia(t -k-r) + Epei(mt -k ) + c.c. (67)

with frequency o and propagation vector k. The square of

Eq.67 generates a variety of terms. The total energy of two

like pulses separated in time by a delay t is independent of

t since the cross terms average to zero over space and time.

However, the total irradiance

Total = I(t) + Ee(t + r)1 2  (68)

= Ie(t) + I~ (t + t) + V2E8 (t) - E,*(t + T) + c.c.

is a function of T. The total irradiance is greatest when

the pulses are coincident (t = 0) and falls as Iti
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increases. Thus, the audio speaker serves to modulate

irradiance dependent nonlinear interactions without

modulating fluence dependent interactions. Aside: Peak-to-

peak speaker deflection can range from several wavelengths

to as much a 1 mm. Speaker deflection can be measured as

follows. The excitation and probe beams are brought to a

common focus at a 25 m pinhole. Their divergent

diffraction patterns are made to fall on a screen placed

approximately one foot behind the pinhole. The diffraction

patterns overlap spatially and form interference fringes

when the pulses are coincident in time within their

coherence time. If a photodiode is placed at either a peak

or valley of the interference pattern, speaker displacement

can be measure by counting the number of peaks and valleys

in each half cycle and multiplying by the laser wavelength

(X = 0.598 pm).

In positioning the intersection of the excitation and

probe beams inside our sample, a strong background signal

was noted which changed as a function of depth along the z-

axis. Figure 20 shows STPA(t) as a translation stage moves

the ZnSe sample along the z-axis with the pulse arrival time

adjusted for maximum signal, i.e., z = 0. Note three

prominent features; one at each surface and a third in the

bulk. At the sample surface, this background signal is

strong enough to swamp the two-photon signal as illustrated
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Figure 20 AM Modulated Depth scan at t = 0
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Figure 21 Lock-in L1 Signal vs t with Beam Overlap

Positioned near the Sample Front Surface
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by delay scan shown in Figure 21. Here, only a small

remnant of the two-photon signal can be detected near zero-

delay. A second depth scan shown in Figure 22 was performed

with the delay path adjusted such that the excitation pulse

leads the probe pulse in time by more than ten pulse widths.

Note that the three features from Figure 20 remain. This

response is indicative of impurities and/or defects,

features commonly associated with material grown by chemical

vapor deposition. Since thermal effects are slow on the

timescale of the dye laser pulsewidth, no delay dependence

is present on a picosecond time scale. In fact, this signal

remains even when the probe pulse leads the excitation pulse

with a delay corresponding to the laser cavity round trip

time of 13 nsec. A third scan shown in Figure 23 is made

activating the speaker and setting the delay to maximize the

PDM signal. According to Figure 15, this maxima occurs

where the slope of S(t) is greatest rather than at t = 0.

Surface features disappear leaving the smooth response of

two-photon absorption. In addition, no signal is present

when ti is large. This series of measurements clearly

demonstrates the ability of PDM to eliminate thermally

induced nonlinear interactions between the excitation and

probe beams.
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Figure 22 Depth scan (t = -10 tg)
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Figure 23 Depth scan with PDM near zero delay
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Section 2.10

Applications of AM Modulation and PDM

Modulation techniques are useful in investigating a

number of other material responses. Among those discussed

here are the Kerr effect and saturable absorption.

Kerr Effect

Polar liquids, particularly CS2, have been of special

interest in the study of optical switches and self-lensing

phenomena. A large polarizability along the molecular axis

leads to an anisotropic refractive index when molecules are

forced into alignment by an external electric field.

Molecular reorientation can be studied by analyzing the

polarization state of a probing beam as it interacts with

birefringence induced by an excitation beam. In this

section, an example of the sensitivity of PDM has been

applied to measurement of the Kerr effect.

Linearly polarized excitation and probe beams are

incident on a CS2 sample with their electric field vector

directions separated by 450 as shown in Figure 24. The

probe field EP experiences a small phase retardation if it

arrives during the time in which the molecules remain in an

ordered state induced by the excitation field E0. The

change in transmission through a polarizer-analyzer serves

as a measure of the induced ellipticity on the probe beam.
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Figure 24 Apparatus for measuring the Kerr Effect in CS2
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This probe irradiance increases along the y-axis and

decreases along the x-axis according to[48]

AI (T) fdtIt + t) sin 2 [ 1 4(t)] (69)

where

t t- t'

4(t)«-if-dt I,(t')e TL (70)

Eq.69 then takes the form of a third order autocorrelation

in the field intensity. Here, TL is the time during which

the molecules randomize their orientation and is temperature

dependent. TL has been measured by others[49] to be 2 psec.

Figures 25 & 26 show the change in transmission AT, and the

PDM signal as measured in a CS2 sample. Note that

difference in signal amplitude on either side of t = 0 of

the PDM curve shows more distinctly the asymmetry due to the

finite molecular reorientation decay time using 3 psec

excitation pulses.

Saturation

AM modulation can aid in the measurement of

transmission bleaching and recovery times in saturable

absorber dyes such as Malachite Green and DODCI. These dyes

are commonly used in femtosecond lasers systems to aid in

the modelocking process. Saturation occurs when the rate at
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Figure 25 AM in CS 2
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Figure 26 PDM in CS 2
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which electrons are promoted into an excited state exceeds

the rate at which they return to their ground state. The

exponential decay of the population difference between upper

and lower states can easily be observed in S(t) signal of

Figure 27 where the coherent artifact clearly marks zero

delay or t = 0. Deconvolution of this data gives a decay

time of 2.1 psec consistent with documented

measurements [50]. Since the signal is changing very slowly

in the neighborhood of the population difference peak, the

accompanying PDM signal in Figure 28 representing the

derivative of Figure 27 is quite noisy and provides no

useful information.

Section 2.11

Pulse Diagnostics

Preceding sections of this chapter have introduced the

application of PDM to the observation of second harmonic

generation, two-photon absorption, the Kerr effect and

saturable absorption. This section will examine yet another

application of PDM which focuses on the temporal

characteristics of laser pulses. The autocorrelation method

employed in the previous sections is discussed in greater

detail and modeled from the standpoint of statistical pulse

width fluctuations as well as the contribution of noise.

This modeling serves as an aid in evaluating laser pulse
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Figure 27 AM Transmission of Saturable absorber



+6 +12 +18

(psec)

107

0
rlH

H to
E-'H

-6 0 +24

DELAY



108

Figure 28 PDM Transmission of Saturable absorber
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coherence. The coherent properties of lasers are known to

lead to scattering from dynamic gratings produced by the

photorefractive effect[51]. This chapter ends with a

demonstration of the sensitivity of PDM to such scattering

as an another method by which the coherence properties of

modelocked laser pulses can be determined.

Autocorrelation

Since the fastest rise time of state-of-the-art

oscilloscope/photodiode combinations is approximately 30

psec, it is impossible to resolve ultrashort laser pulses in

the time domain using currently available devices. However,

it is possible to resolve pulses in the spatial domain. A

laser pulse will have a spatial width proportional to its

temporal width. The autocorrelation method of pulse width

measurement makes use of interferometric techniques to

provide the spatial resolution necessary to temporally

characterize even the shortest available laser pulses.

The general form of the second order autocorrelation

function is defined by

g2f() - dt(IE(t) + E(t + T)12)2 (71)

and can be measured, for example, by collinear Type-I second

harmonic generation techniques[52]. Here, t is an
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adjustable time delay realized experimentally by altering

the length of one autocorrelator arm (see 2.4). To resolve

the "fast" variations in the autocorrelation defined in

Eq.71 requires controlling the spatial variations on a scale

of roughly 1/10 that of the shortest wavelength present.

Other forms more commonly measured are the time-averaged

autocorrelation function

<g 2 (T) > = 4 f d'' f dt (|E (t) + E(t + T' ) 2)2 (T og1 ) (72)
T T -

and the background-free autocorrelation

G2(T) = dt <IE(t) E(t + T)2> (73)

measured using noncollinear Type-I or Type-II second

harmonic generation. Note that Eq.73 has the same form as

'P(r) from 2.6. Each of the functions above are symmetric

about t = 0 and have a width related to the functional form

of E(t). Determination of pulse width from experimental

data therefore requires deconvolution assuming a particular

shape for the field envelope. Deils, etal., have

investigated this topic in great detail[53]. Although many

authors in the past have assumed Gaussian field envelopes

and deconvolved autocorrelation functions to determine pulse

width, computer fits to measured data show better agreement

with sech2 and single-sided exponential function. The

following discussion deals with the influence of pulse width
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fluctuation on the interpretation of observed

autocorrelation functions.

Pulse Width Fluctuation

For simplicity and clarity, let us first examine the

background-free second order autocorrelation used in all

preceding measurements:

G2T (T) = f dt IE(t)1 2 1E(t + T)12 (74)

where to is the temporal width of the pulse intensity

envelope and all pulses are assumed identical. For example,

a single sided exponential shaped pulse yields an

exponential G2 (t) with width 2t0, a Gaussian shaped pulse

yields a Gaussian G2 (t) of width ft0 and sech2 pulses yield

a sech2 G2 (t) of width 1.55t0 .

The sensitivity of synchronously-pumped modelocked dye

lasers to modelocker frequency, cavity length and pump laser

fluctuations suggests that individual pulses may not be

identical[54,55]. In fact, these instabilities may lead to

pulses of varying widths or shapes. In general, pulse width

measurements average over a large number of pulses. If the

pulse width varies in a time short compared to the time

required to measure the autocorrelation function, the

experimentally observed autocorrelation will be a weighted
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average of individual pulse autocorrelations of differing

width. Assuming the pulse shape remains constant, the

observed autocorrelation function is then given by

G2bs, (T ) = fdr G2 (T) P (TO) (75)

0

Here, t is the variable delay between fields, To is the

pulse width of the field intensity envelope for a given

pulse and P (to) dt0 is the probability that an individual

pulse has a width between to and to + dt0. This probability

is normalized to unity according to the particular P(t0 )

distribution chosen, i.e., fdtP(T0) = 1 . Since G2 ,,(t)
0

depends upon the square of the optical intensity, shorter

pulses are weighted more heavily in such an average as will

become evident later. Thus, G20bs(t) tends to peak up more

near t = 0 than does G2 ,0 (t) for an individual pulse.

Although individual pulses may differ in temporal shape

and width, observations of pulse trains from synchronously-

pumped dye lasers indicate that the energy per pulse is

essentially constant. This assertion can be experimentally

justified by observing laser output with a linear detector

and noting that, while long term fluctuations may be as high

as 10%, pulse to pulse energy fluctuation is negligible.

The detectors used in these observations integrate the pulse

energy due to their limited response time and are

insensitive to pulse width or shape. Thus, an assumption of



114

constant energy takes the form

f dt IE (t)1 2 = F (constant) (76)

We now evaluate G2obs(t) and G2av(t) for various pulse

shapes and pulse width distribution functions shown in Table

1. In order to make comparisons between various G2 (T) 's,

the average pulse width is held constant such that

tav = fdt0 [tO-P (t0)] . Figure 29 shows G2 obs,(t) (solid line)
0

for Gaussian pulses with a Gaussian shaped pulse width

distribution centered about ta, = 10 units and a 1/e2 half

width of 10 units. G2 av('t) is show as a dotted line. The

distribution P (t0) is bounded by some lower limit Ti below

which the probability of obtaining a pulse shorter than the

inverse bandwidth goes to zero. The upper bound t is

chosen such that the average pulse width Tv is centered in

the distribution. The integral for G2Os,(t) is relatively

insensitive to this upper bound for reasons explained later.

Similar results are obtained for Gaussian shaped pulses

with a rectangular P(to) (solid line) as shown in Figure 30.

Once again, G2tav(t) is show as a dotted line. Here the

pulse width is assumed to vary from 2 to 18 units or by a

factor of 9. Doubling this pulse width variation still

gives a good fit to an exponential but halving the variation

results in a distribution which is between a Gaussian and an
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Table 1
Normalized Pulse Width Distributions

_ o 

- av 2
Gaussian e av

+ rf [U - L
U + tL

Rectangles [ThtaJ

tav = ~ (tZv+ 'tL)



116

Figure 29 Autocorrelation of Gaussian P (t) with Gaussian

Probability Distribution. G2 bS, (t) (solid

line), G2tav(t) (dotted line).
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Figure 30 Autocorrelation of Gaussian P(t) with

Rectangular Probability Distribution. G2ob (t)

(solid line), G2
tav(T) (dotted line).
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exponential. A pulse width variation of six or greater is

needed to obtain a reasonable fit. The exponential shape of

G2 0b8(t) is primarily determined by the width of the

distribution P(t). It should be noted that the model

presented here does not exclude having a distribution of

single sided exponentials. Averaging the autocorrelation of

single sided exponentials over a distribution of temporal

widths also yields a curve barely distinguishable from an

exponential except that for wide distributions a small

background is present. Such backgrounds are normally

attributed to optical noise or slight optical misalignment

in the case of autocorrelations with background.

Consider now the effect of pulse width fluctuations on

the "fringe-resolved" autocorrelation Eq.71. The term

"fringe-resolved" refers to the collinear case where the

delay t is moved with a resolution such that the

constructive and destructive interference between the fields

yields fringes. For this example, we use an electric field

with a Gaussian envelope whose frequency changes linearly

with time (linear chirp) as shown in Figure 31.

E(t) = E0 e e *(77)

This type of frequency chirp is found in many modelocked dye

and solid state lasers. Chirp comes about because, as the

medium lases, the refractive index of intracavity components
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Figure 31 Linearly Chirped Electric Field of pulse
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changes due to nonlinear effects. Thus, the optical path in

the cavity changes dynamically and shifts the frequencies.

Chirp may also arise from dispersion in intracavity

elements. After integration over t and considerable

manipulation, the autocorrelation function Eq.71 takes the

form

[-- ... ) 2 _( ..T..) 2 2

G2 ('t) = E0
4 /'irT0 1 + 2 e T* + e To* e-(U=)cos (2ot)

~_I( -)2 1(T)= 2 (78)
+ 2e * e 4 cos ((r + 8a))

~I ( 2 1 )

+ 2e 0 e - cos (W --Ma 2)

With the constant energy restriction Eq.76, Eq.78 can be

rewritten as follows:

F2  F-(z 2 ( )22
G2 ( = lF 1 + 2e To + e o e-( o) cos (2G T)

2 Via
3t (YT ) -1 2 

o(79)

+ 2e T e ' ocos (WT + 7a92)
_1(.)2 1 2

+ 2e T e - cos (W - %a2)

Consider now the observed autocorrelation G2 obB(t) for

Eq.79 when the pulse width distributions from Table 1 are

imposed. G 2 ob(t)'s with no chirp (x = 0) for each

distribution are shown if Figure 32,33. Figures 34 show the

corresponding G2 To(t) where t0 = tav. Shown also for

completeness in Figure 35,36,37 are the numerical

integrations of Eq.71, using Eq.76 for a = 0.2. Note that

G2 obS(t) is narrower than its corresponding g2 (t) at tav for

both functions.
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Figure 32 Fringe-Resolved Autocorrelation G 2 ,b (t) of

Gaussian Pulse with Rectangular Probability

Distribution.
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Figure 33 Fringe-Resolved Autocorrelation G2 .b,(t) of

Gaussian Pulse with Gaussian Probability

Distribution
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Figure 34 Fringe-Resolved Autocorrelation G2 0 (t) of

Gaussian Pulse.
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Figure 35 Fringe-Resolved Autocorrelation G 2 ObS9(t) of

Gaussian Pulse with a = 0.2 and a Rectangular

Probability Distribution.
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Figure 36 Fringe-Resolved Autocorrelation G2,b (t) of

Gaussian Pulse with a = 0.2 and a Gaussian

Probability Distribution.
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Figure 37 Fringe-Resolved Autocorrelation G2 , (t) of

a Gaussian Pulse with a = 0.2.
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Coherence

Background-free autocorrelations of synchronously-

pumped modelocked dye laser pulse trains typically contain a

sharp central spike flanked by a broader shoulder of

variable width. Pike and Herscher[56] have shown that this

general shape can be realized by spectrally filtering

thermal radiation and then passing it through a shutter

which defines a temporal intensity envelope. Take the

example of a field

V(t) = T(t)-Q(t) (80)

made up of an envelope function T(t) whose intensity T2(t)

defines the pulse width and an ergodic Gaussian random

variable Q(t) of zero mean describing noise. A(t) can be

described by its first-order autocorrelation function

=) F () _ <Q(t) Q(t + T)> (81)
1(0) ~7(0)

Since Q(t) is ergodic, its time integration can be replaced

by an ensemble average. Therefore, the Gaussian moment

theorem yields

<IQ(t)121-|Q(t + t)12> = P2(0)- [1 + Iy(t)|2] . (82)

For the case of second harmonic generation, the

autocorrelation function is given by

G2 ( L)= G,2 (t)-rO2 (0)' [1 + |(t) |2] (83)

where Gp 2 (r) is the autocorrelation of IT(t) 12 and the

bracketed term is the autocorrelation of the noise. The

broad base of the autocorrelation has a temporal width
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associated with the pulse width and the width of the so-

called "spike" GN2 (t) carries information about the spectral

bandwidth or coherence. This section introduces a variation

of the PDM technique which confirms the relationship between

the "spike" and pulse coherence.

Shown in Figure 38,39 are the background-free second

harmonic autocorrelation of nearly bandwidth-limited 3

picosecond pulses from our synchronously-pumped dye laser

and the corresponding PDM signal in ZnSe. In this case, an

intracavity tuning element has been used to restrict the

lasing bandwidth. Note the absence of a distinct central

spike as well as the similarity between the corresponding

collinear fringe-resolved measurement shown in Figure 40 and

the calculated fringe-resolved autocorrelation Figure 31.

This establishes the nearly total coherence of the pulse,

i.e., no chirp is present. Figures 41,42 illustrate S(t)

and the PDM signal when the bandwidth limiting intracavity

element is removed or misaligned. A 300 femtosecond spike

rides on a 3 picosecond wide Gaussian base. The

corresponding fringe-resolved autocorrelation shown in

Figure 43 has the character of a pulse which has a linear

chirp as discussed in 2-11.2 (compare with Figure 35).

These observations support the conclusion that our pulses

are coherent over the central feature only. Further data

strengthening this conclusion will be presented in Chapter 3
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Figure 38 Background-free Second Harmonic Autocorrelation

of restricted bandwidth 3 psec dye laser

pulses.
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Figure 39 PDM Signal in ZnSe for restricted bandwidth

laser pulses.
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Figure 40 Measured Collinear Fringe-Resolved

Autocorrelation of restricted bandwidth laser

pulse.
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Figure 41 Background-free Second Harmonic Autocorrelation

of dye laser pulse with intracavity tuning

element removed (unrestricted bandwidth).
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Figure 42 PDM Signal in ZnSe for laser pulse with

unrestricted bandwidth.
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Figure 43 Measured Collinear Fringe-Resolved

Autocorrelation of unrestricted bandwidth

laser pulses.
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when these same pulse shapes are transmitted through a

Fabry-Perot interference filter. Having established these

conditions by well characterized means, let us now examine

an alternate method for observing this phenomena.

Two Beam Coupling

The formation of dynamic diffraction gratings in

nonlinear media has been the subject-of extensive

investigation [51,57]. These gratings are formed when two

mutually coherent beams are coincident on a sample at an

angle 0. These multiple beam phenomena depend critically

upon the coherence of the individual pulses involved.

Experimentation with the PDM detection scheme has revealed a

sensitivity to coherent scattering arising from gratings

produced by thermally induced refractive effects in our

sample material. The sensitivity of the shot-noise-limited

PDM technique allows the observation of this two-beam

coupling phenomena even for very weak absorption induced

gratings.

Recall from 2.9 that when lock-in L2 has its phase $ =

0, the detection cycle begins when the speaker is at x(0).

Consider now the signal from lock-in L2 when the detection

phase $ is shifted by 90*. The integration now occurs from

x(+) to x(-) during the first half cycle and from x(-) to
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x(+) in the last half cycle. While the change in irradiance

averages to zero during each cycle, a net scattering of

light can be detected when $ = /n as explained here. When

two temporally coherent beams overlap spatially, they

produce an interference pattern whose period depends upon

the wavelength and the intersection angle. This

interference pattern writes a grating in the material within

the interaction volume. In the case of a two-photon

absorber, conduction electrons produced in the high field

regions of the interference pattern modulate the local

refractive index. The light then scatters efficiently since

maxima in the field interference pattern correspond to

minima in the modulated refractive index (see Figure 44).

Consider the effect of translating the corner cube on the

interference pattern. As the path length of the excitation

arm of the interferometer changes by one half wavelength for

a fixed delay to, maxima goes to minima and minima goes to

maxima. Since the grating is long-lived on the time scale

of the pulse width yet short-lived in terms of coal, the

pulse width modulation period, the grating stays in-phase

with the interference pattern. During the first half of the

modulation cycle, the grating has a velocity +v and during

the second half, a velocity -v as shown in Figure 45. Since

the scattering angle depends upon the magnitude of the

velocity vector, light is scattered, for example, from beam

p into beam e when v is positive and from beam p into beam e
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Figure 44 Interference pattern versus modulated index n
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Figure 45 Grating velocity during modulation cycle
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when v is negative. As long as the irradiances of the two

beams are different, there will be a net scattering into the

detected beam. Figure 46 & 47 shows typical quadrature

signals obtained in ZnSe when the laser cavity contains one

and three plate birefringence filters, respectively. In

each case, shape and width of this quadrature signal

corresponds directly to the "coherence spike" observed in

the autocorrelation.

The presence of a coherence effect is supported by two

important observations. First, this quadrature signal can

be eliminated by setting the polarizations of the probe and

excitation beams perpendicular to one another, a condition

in which no interference can take place. In addition, no

signal is observed in quadrature during second harmonic

generation. The absence of absorption prevents the

formation of a grating within the material.
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Figure 46 Quadrature PDM signal corresponding to Figure 38
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Figure 47 Quadrature PDM signal corresponding to Figure 41
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CHAPTER 3

TWO-PHOTON ABSORPTION IN A FABRY-PEROT

The prospect of thin films as active elements in

bistable optical devices is attracting considerable

attention as the field of optical computing matures.

Photonic analogs of the diode, transistor and their

associated family of logic operations have been demonstrated

using thermally induced bistability in multilayer thin films

interference filters exposed to CW laser illumination[58-

62]. However, the relatively slow switching times

associated with thermal nonlinearities represent severe

limitations on data processing speed. This chapter explores

the application of PDM to the observation of transmission

changes arising from "fast" nonlinearities in these

interference filters.

Since a thin film represents a reduction in interaction

length L of over three orders of magnitude with respect to

the bulk ZnSe samples studied in Chapter 2, signal strength

was expected to fall toward the lower limit of detection.

Therefore, two distinct concepts working together were

necessary to produce a 2PA signal with good signal-to-noise.

161
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The dual modulation scheme discussed in Chapter 2 is

retained for its sensitivity in observing small transmission

changes while discriminating against large thermal

nonlinearities. The experimental sensitivity experienced

for bulk samples can be regained in a thin film by the use

of a resonant Fabry-Perot effect. The measurements

described later in this chapter are made on an interference

filter formed by a 0.46pm spacer layer of ZnSe sandwiched

between multilayer dielectric coatings of high reflectivity.

The irradiance within this spacer layer is greatly enhanced

by multiple reflection thus directly increasing the

transmission change by effectively increasing the

interaction length. The combination of the modulation

technique and the Fabry-Perot interference phenomena allows

detection of signals corresponding to calculated single-pass

changes in transmission of 10~8.

Section 3.1

The Fabry-Perot Cavity

A Fabry-Perot cavity is formed when any two reflective

surfaces are aligned with one another as shown in Figure 48.

When the optical path length nLcosO' corresponds to an

integer multiple of 4X, a standing wave is set up between

reflective surfaces r1 and r2. This resonance condition

corresponds to the well known Fabry-Perot transmission

maxima. Summation of the waves At to the right of r2 leads
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to an expression for the normalized transmission 3 as a

function of angle 0, reflectivities R1,2, absorption

coefficient a, wavelength X and spacing L:

2
S2 12 aL

- (A ) = (1 - R) 2 e (84)
IAI 2 m=0 (1 - Ra) 2 + 4Rsin2

where

(At)m = A (1-r1 ) (1-r2 ) rlmr2 meim8 e,-2A(m+l)sL

R = V/KR2L

-_ 4nLcos6 1

and

r 1 |2 = Ri

The internal irradiance of a single beam on resonance

can be derived in a similar manner to Eq.84 by summation of

the field amplitudes at an arbitrary point within the

cavity. From Figure 48, the circulating amplitudes are

(Acirc)p = A 1- r ; (Acirc)1 = Ai 1-r I e i8 -fz/c)

(Acirc)2 = Ai 1 -Trrle'

(Acirc), = Ai 1 -Yi r r2e1(26 - z/c)

(Acirc)4 = Ai VI1-rr2 /2e 218

where r = r1, r' = r2, rr' = R, tt' = T, R + T = 1,

and absorption is neglected for purposes of illustration.
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Figure 48 Fabry-Perot Etalon
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The sum of (Acirc)m can be broken into two geometric

progressions which lead to

(A = A [ + R e ito]- z/ )(85)
circ~ot i 1 - R eis

With Ai = A0  -R and Icirc = I(Acirc)totI2 , the irradiance inside

the cavity is

Icirc = Io (1-R) 1 + R + 2'cos((8-ez/c) (86)
1 - 2Rcosa + R2

On resonance, S = 2mn where m is an integer. Therefore,

ICirC (res) =1I0 1 + R + 2 1/Rcos(oz/c) (87)
1 - R

When a spatial average is done over the cavity length z, the

cosine term vanishes, thus

ICif (res) = 1 + R (88)

Since 2PA is proportional to the square of the internal

irradiance, the Fabry-Perot effect can greatly enhance the

2PA signal as R -+ 1 (in practice by more than 103) . However,

total absorption losses remain small enough to permit an

analytical solution to the 2PA equation in the small

depletion limit.

The results derived in Eqs.84-88 apply to continuous

illumination. Experimentally, the input consists of a train

of finite duration pulses which contribute less than an
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infinite number of terms to the sums in Eq.84. The

criterion for an acceptably "long" pulse is set by the value

of m for which truncation of the series approximates an

infinite sum. Roychourdi[63] has shown that Eq.84 converges

for m 2N, where N is the finesse 1cy/ (1-R) . In our case,

a 3-psec laser pulse width divided by the cavity round trip

time t0 = 2nL/c = 8 fsec implies m ~ 375 while 2N = 310 for

R ~ 0.98. Therefore, we can expect the maximum possible

Fabry-Perot effect from our thin film filter when exposed to

the picosecond laser pulse train.

Section 3.2

Nonlinear Absorption in a Fabry-Perot Cavity

Having discussed the linear aspects of the Fabry-Perot,

this section is devoted to two-photon absorption within the

cavity. Two-photon absorption arises from the third order

nonlinear polarization P(3). For the incident beams p,e and

their reflections pr,er shown in Figure 49, P(3) is

proportional to

[tPcos$, + ZCOS4e + tpyCOSOp + rcos4 er]3  (89)

where the $s are the electric field phases given by
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4p= -kycosO' + kxsin&' - opt

40e = -keyCOs* - kxsin$l1' 1 - (et

$pr = krycos' + krxsinO' - op t

*er = ker yCoS*/ - kez X Sin* --er t

Terms proportional to cos 4,, i.e., those having the same

phase as 9P, sum to give

Note that for the special case where- 9' = r' and k = k

which we consider here, terms with a phase

40 + "p= - *01 =

lead to an additional 4 9 per -

Thus, the third order polarization for normal

incidence, i.e., beams p and pr are counter-propagating

leads to the wave equations

= -a - K ,[ 2 + 2+ 2 + 2$ 2I + 5$' (90a)

=-z~2[ +2e M + 2p2 + 2er (90b)

along with similar equations for beams e and er. Under the

assumption that nonlinear losses are small, Eqs.90 can be

solved using the trial solutions
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Figure 49 Probe and Excitation beams and their

corresponding reflections in a Fabry-Perot.
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((z) = (0) exp[ikp - - z = Xt (0) (91a)

(z) = r (O) exp(-ik, + + a z = Xjr 1 (0) (91b)

where k, is the propagation constant of beam p, b1 and b2 are

constants to be determined, and X,X, represent phase change

and loss in the forward and backward directions,

respectively. If Eqs.91a,b are substituted in Eqs.90a,b

respectively and differentiated, we have

=b- =K([ 2 (z) + 2t2 (z) + 2pr2 (z) + 201 2 (z)]) (92a)

b2~ = K([r2 (z) + 2?r2 (z) + 2r2 (z) + 28 2 (z)]) (92b)

after canceling terms common to both sides. Assuming the

nonlinear absorption is small, we take the incident beams

p,e propagating to the right as

re,, (Z) -,, (0) e-Iaz

and the reflected beams propagating to the left as

ger,pr (Z) r,pr (0) eiUZ

and perform the spatial averages of Eq.92 over the sample
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length L. The various terms are

L

0

-~fdz ea2 = t 2~z(0)
0

4r~er2 ( ) /,2 (o)

((z)z

= [,(0)(,(0)r (0)]
e( t) r

eSL - 1

(93)

(94)

,(0) dz e

e L - 1
(95)

The final expressions for b1 and b2 are

}b1 = 4 K 1 -aL[ 2 (0) + 22 (0) +

21r2 (0) + 2 (0) + (0) ) (0) a
0Z« (0) j

(96a)

and

ab a = K 1 _aL L2 2 (0) + 2 2 (0) + 2 *(0) (0) Ze +

[avr2 (0) + 2Zr 2(0)]eaL]

In the limit of small 2PA, the field ratios

(96b)
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r (0) e (r(0)

(O) /e (0)L9

can be used to simplify Eqs.96a,b. Thus,

bl= 2[ eEL(1 + 2R2e-aL)[I(0) + 21. (0)] (98a)

b2 = $ ' -PL](2 + R2e-aL)[I (O) + 21e(0)] (98b)

and

bi + b2 = 10 1 - e -aL (1 + R 2 e-aL) 31I (0) + 21(0)](98c)
2 a(1

where 13, the 2PA coefficient, has been defined in terms of

K as p= 61iK.
nc

In order to proceed, we must determine the field ratios

JI/ and '/r; the first allows the internal irradiance in

Eq.98 to be expressed in terms of the input irradiance and

the second defines the transmission of the Fabry-Perot.

From Figure 50, the boundary conditions are

ix (Ra -Ec) =0 ; x (E - E$) =0

-(Da - DC) = 0 ; -(D - D) = 0

where fi is the unit vector normal to the interface and the

subscripts a,c,s differentiate between air, cavity and

substrate, respectively. These boundary conditions lead to



Ea + Ea' = Ec + Ec" ;

Ea a na Ea = nc (Ec - E

E' + Ec = E

nf (E' - Ec") = n,E

In combination with , ' = X r, and 9," = XZ "', the field

ratios are

9-c _

a

2

nc+1

n-n. - nc x
nc + 1 n$ + nc

4n1

(n + nr) (n0 + 1)

nl- -n -n _

nc + 1 no + nc

1 1-Rp$

Dne

(1- R1 ) (1 - R2 ) 1
D (n./nc)

where

(101)

and

4nc

and 1 - R1 = .
(n + 1) 2

Using Eq.99, the ratio of incident to intracavity

irradiance is

174

(99)

(100)

D c [-n cxx = 1 - R
ne +1 n, + nc

n c + 1I ns + ne
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Figure 50 Electric field boundary conditions.
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IP -n = 1 - R1

Ia jI - R/2aXrI 2  (101)

1-R 1

1 + R1 R2 e - 2a+b+b)L - 2 1R2cos (2kpL) e-'(20 + bl + b2)L

1-R1

1 - VR Re (2a+b+b)L 2  + 4 RRs 2 (k L) e-(2V + b + b)L

Using the substitution Rd= R2e-aL and expanding the

exponential for small b gives

Ip 1-R 1
Ipa 2 Ra(b1 +b 2)L]

(1 - Ra)21 - 2 l- R J+ 4Ra sin2 (kpL) (1 - 1(b1 + b2 )L)

1 - R1

(1 - Ra) 2+ 4RaSin2 (kL)

x - (b1 + b2 ) LRa[1 - R + 2R (b1 + b2 ) Lsin2 (kL)] (102)
(1 - Ra) 2 + 4Rasin2 (kL)

A final rearrangement and substitution gives

I__OW_1 
- R_

Ip, (1 - Ra) 2 (1 + Fasin2 (kpL)) 2

X1 - (b1 + b2 ) LR[1 - Rd + 2sin2 (k L)] (103)
(1 - R) 2 (1 + Fsin2 (k L)) 2

where

4R 6

(1 - Ra) 2

Since Eq.103 will be used in the expressions for b1 and b2

from Eq.98 to convert from internal to incident irradiance,

the second term in the bracket can be neglected such that
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p,e poeo1 (1 - Rg) 2 (1 + Fsin2 (k,eL) (104)

Thus, the final expressions for b1 and b2 from Eqs.98,104

are

b 1  _ I e-aL [(1 + 2R2eL-a) (1 - R1) IP0 + (105)
aL (1-R) 2( + FBsi 2(kL) )(1)

2 (1 + 2R2 e-aL] (1 - R2) Ie
(1- R6) 2 (1 + Fsin2 (kL) )

b2 -$ 1 - _ L (2 + R2 L-a) (1 - R1 ) +I
cmL [(1 - R.) 2 (1 + Fsin2 (kL)) (16

2 [2 + R 2e-aL] (1 - R1) leo

(1 - Ra) 2 (1 + FaSin2 (keL) )

We are now able to calculate the Fabry-Perot transmittance

in terms of the incident irradiance I, from Eq.103:

= 2(1-R1 ) (1 - R2 )Ip o T DI (107)

I _(1 - R1 ) (1 - R2 ) e-&L(1 - b1 L)

Ip (1 - Re) 2 (1 + Fasin2 (kpL) )

(b1 + b2 ) L Ra (1 - Rd - 2sin2 (kpL) )

(1 - R) 2 (1 + Fasin2 (kL) )

Substituting the expression (bi+b2 ) from Eq.105, 106

into Eq.107 and rearranging terms with the approximation
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IX2 = e-(a +b)L e-aL(1 - bL)

gives

It (1 - R1) (1 - R2) a-aL

I, (1 - R5) 2 (1 + Fasin2 (kpL) )

x 1I 1 - e-aL (1 - R1) (1 + R4)2 (1 - Ra)
2  L )(1 - R) 4 (1 + Fasin2 (kpL) )

x( 3I1+ 6 Ieo(108)
1 + Fsin2(kpL) 1 + Fasin2(keL)

+ -i 1 _e -aL (1 - R1)( p+ 2Ieo )
2 aL (1 - Ra) 1 + Fgsin2 (kpL) 1 + Fsin (kL)

Eq.108 contains the contribution from both beams to the

change in transmission of the probe beam. Let us examine

only the change in transmission of the probe due to

excitation beam:

.wT 1 - e-aL (1 - R1)2(1 - R 2 ) pIeoLe-SLAT ( ) a (1 -Ra)3(1 + Fsin2(kL))

1 3 (1 + Ra) 2 -11(109)
(1 + Fasin2 (kL)) (1 + Fsin2 (kpL)) (1 - Ra) 2

or

AT ~ i --aL (1 - R1 )
2 (1 - R2 ) PIeoLe-a t-2 L-1

p:e aL (1 - Ra

w+ 3 (1 + Rh)2(1i
(1 -Ra) 2

where ti ,e-1 = 1 + Fasin2 (k,,,L). Also of interest is the on-
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resonance case (sin 2 (k,,.L) = 0) :

-eR-aL (1- R1)
2 (1 - R2 ) IeoLe-a[ 3 (1 + Ra)2ATp.e es)L (1 - Rg)[3 (1 - R)

(111)

Assuming reflectivities R1 = 0.983, R2 = 0.974 and a =

0.0075 cm~1 determined by fitting the observed linear

transmission lineshape shown in Figure 51 (see Appendix

A,B), the calculated value from Eq.110 predicts AT ~ 4300

p I.L on resonance. This result will be compared to

experiment in 3.3. Recall that AT is proportional to the

signal passed by lock-in L1 as discussed in Chapter 2. The

linear dependence of AT on I, and I, was verified (see

Figures 52,53), although at the highest inputs a small

deviation from linearity was observed. This behavior is

likely- due to a slight departure from the small depletion

limit.

The change in reflection due to 2PA will be second

order in 1I.L as can be seen by examining the one photon

absorption case on resonance:

Ea' 2 _ XX"2- 2 0 R (e~- L_1) 2  (112)
e Ea 1 - VRiR2XXr (1 - Re~"')2

which, for small aL, gives
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Figure 51 Linear Transmission of Fabry-Perot vs angle of

incidence.
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Figure 52 AT vs I*
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Figure 53 AT vs I,
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R .(aL)2 (113)
Res " (1 - R) 2

The same expansion occurs for the case of aL replaced by

OIL. Therefore, the enhancement of absorption in a Fabry-

Perot is determined by the enhancement of the change in

transmission.

Section 3.3

Experimental Results

The experiments described in this section were carried

out on a narrow band interference filter consisting of a

0.46 m thick ZnSe spacer layer sandwiched between two

reflective dielectric stacks all deposited on a 1" diameter

fused silica substrate. Each stack has four periods of

quarter-wave ZnSe/ThF4 layers. The two parallel multilayers

form a simple cavity as shown in Figure 54. Sample

orientation with respect to the probe and excitation beams

is shown in Figure 55. The input beams p and e form an

angle 20 bisected by the z-axis and the sample is rotated

by an angle y about the y-axis. The transmitted beam p is

collected by a short focal length lens and imaged onto a

photodetector. The detection scheme is the same as described

in Chapter 2.
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Figure 54 Interference Filter Schematic
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Figure 55 Sample and incident beam orientation
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Irradiance enhancement can be experimentally verified

by comparing both the signal magnitude and the time delay

dependence of the transmission change obtained for the

filter with that of the bulk ZnSe characterized in Chapter

2. The temporal dependence of the signal will be discussed

first. Recall that when a small delay modulation is used

(approximately 100 fsec compared to the 3 psec pulse width),

the signal from the second lock-in is proportional to the

derivative of the pulse intensity autocorrelation function.

The measurements of transmission vs delay t made on both the

bulk sample (solid line) and the interference filter (dotted

line) are shown in Figure 56. Experimentally, we saw that

the signal enhancement effect is large enough to make S' (t)

for the filter greater than in a bulk sample. Consequently,

the magnitude of the bulk signal has been multiplied here by

a factor of 10 for purposes of qualitative comparison. If

the 2PA coefficient for the CVD ZnSe film is assumed to be

the same as for the bulk sample, the enhancement factor can

be determined from the ratio of these transmission changes

by noting that Eq.111 can be expressed in the form

AT = P IL, where in the case of the interference filter I is

the enhanced irradiance. Thus,

ATi _ IfLif (114)
ATb IbLb
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The interaction length Li, = 0.46 pm while the effective

interaction length in the bulk sample, as derived in

Appendix C, is Lb = 180 pum. Given the ratio Lb/Lier= 380 and

Tif/Tb = 10, Eq.112 gives an experimental estimate of 3800

for the ratio of irradiances If/Ib. Relatively good

agreement between experimentally measured enhancement of

3800 and the 4500 calculated in Section 3.2 are observed

even though the enhancement factor is critically dependent

upon the reflectances of the dielectric stacks and on the

absorption losses in the spacer, neither of which are

accurately known. Additionally, the conclusion that the 2PA

coefficients for the film and bulk are equal is, at best,

true only to within a factor of two.

A noteworthy feature of Figure 56 is the difference in

signal shapes. Structure associated with the broad Gaussian

base of the autocorrelation in bulk measurements is absent

in the filter data. In order to further verify this

behavior, the three-plate birefringent filter in the laser

cavity was deliberately misaligned to produce non-bandwidth-

limited pulses, i . e., short coherence width with respect to

total pulse width. Contrasting the PDM signal in the filter

with that of a bulk sample (see Figure 56) confirms that

enhancement occurs only over the coherence width of the

pulses. This coherence width was determined by separate

fringe-resolved autocorrelation measurements. In order for
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Figure 56 AT vs delay ti for interference filter (solid

line) and bulk sample (dotted line).
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the probe pulse to "see" enhancement by the excitation

pulse, it must be present in the cavity during the time in

which the excitation pulse is enhanced, i.e., within the

coherence time of the probe pulse. This is also necessary

for the excitation pulse to "see" the enhancement of the

probe pulse. Thus, 2PA is enhanced only when both pulses

are in the Fabry-Perot cavity within their coherence times.

The lineshape of Eq.110 can be verified by monitoring

the signal as a function of angle. This angular dependence

resides in the wave vector kp,, given by

= 2xn core ' cosy/ (115)
kp,e 2 7f

where sin(O,y) = nnsa sin(O',y') and O,y are the angles

shown in Figure 55. Figure 57 illustrates the best fit to

Eq.3-27 with O8,, = 22.20 and FWHMfiltr = 2.210. Since T., = t

has been confirmed experimentally (see Figures 58 & 59),

Eq.110 predicts a cubic dependence of AT on the linear

transmission lineshape T. Figure 60 shows a plot of AT

(solid line) and the cube of the linear transmission curve

(dotted line) as functions of angle 4. Overlap of the

curves in Figure 60 verifies Eq.110. (The asymmetry in the

wings of the signal are most likely due to the phase of

lock-in Li being slightly off optimum.) In addition,

angular measurements show no shift in resonance peak due to

nonlinear refraction. At low irradiance levels the density
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of photogenerated carries is expected to be low, keeping

this type of nonlinearity negligible. This assertion can be

checked by making the substitution n -+ n + ' n 2I in the

lineshape function x. Using n2 = 1013 cm2 /W [64] and the

enhanced irradiance I a = 109 W/cm2 , the expected change in

refractive index is approximately one part in 104. Thus,

the shift in resonance due to nonlinear refraction is

negligible.

Thermally induced nonlinear refraction is present both

in linear and nonlinear measurements, and, with tight

focusing, these filters exhibit bistability[58]. However,

we monitored the linear lineshape (angular dependence) for

irradiance levels up to a factor of 2 above the level used

in the data presented here and saw no shift in resonance

angle. By nature, the PDM technique is insensitive to such

slow cumulative changes in sample properties.
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Figure 57 Fit of -~ to linear transmission data
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Figure 58 Linear transmission vs angle (probe)
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Figure 59 Linear transmission vs angle (excite)
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Figure 60 AT vs angle
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CHAPTER 4

PRACTICAL APPLICATION OF NONLINEAR OPTICAL LIMITERS

This chapter discusses the application of a passive

optical nonlinearity for optical limiting. The particular

mechanism utilized here is gas breakdown and subsequent

plasma reflection, refraction, absorption and scattering.

The experimental techniques are similar to those used to

characterize other nonlinear limiting mechanisms such as

two-photon absorption or nonlinear refraction.

There is considerable interest in the application of

nonlinear optical properties for optical limiting. The

ideal optical limiter would have high linear transmittance

for low energy inputs- such as scene information and low

transmittance for inputs above some user defined value.

Above this value, the limiter throughput is clamped. In

addition, this ideal limiter would have rapid response

(picoseconds for some applications), broadband response and

have a large dynamic range. Here dynamic range is defined

as the ratio of input energy at which the device no longer

clamps throughput, or the device is permanently damaged, to

the input for which throughput fist becomes clamped. Figure

206



207

61 shows the input-output characteristics of such an ideal

optical limiter. Here we document gas breakdown optical

limiter technology for use in the 8- to 12 m wavelength

regime. The objectives of this work were to benchmark

conventional gas breakdown limiter technology.

Section 4.1

Experimental Apparatus

A Lumonics Model TEA 103-2 CO2 laser was used for all

measurements. This laser produces linearly polarized 100

nsec FWHM gain-switched pulses containing approximately 1

Joule. In an unstable resonator configuration, the cavity

utilizes a diffraction grating as the high reflector and an

output coupler with a rectangular central obstruction.

After propagating through a 100 ft optical delay line,

divergence of the higher order spatial modes leaves a near-

Gaussian spatial profile with a 1/e2 half-width of 0.4" as

shown in Figure 62 and measured with a Spiricon IR detector

array.

The basic experimental setup is shown in Figure 63. A

set of copper turning mirrors direct the polarized beam from

the laser through the delay line and into a variable

attenuator constructed from a pair of thin germanium

Brewster plates. When used in conjunction with a set of

three CaF2 absorbing filters, the attenuator allows for



208

Figure 61 Ideal Limiter Characteristics
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Figure 62 Co2 Laser Beam Profile
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Figure 63 Experimental Setup
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continuous energy variation over approximately three orders

of magnitude. An AR-coated ZnSe beamsplitter placed after

the attenuator directs a portion of the beam to a Gentec ED-

200 pyroelectric energy detector (Dl) for use as an input

energy reference. The remainder of the beam is delivered to

the test article and its throughput imaged by a collecting

lens onto a second Gentec ED-200 (D2). Outputs from Dl and

D2 are fed to a Tektronix 7D20 digital oscilloscope and read

by an IBM 286-AT computer through an- IEEE-488 bus. National

Instruments software handles real-time data acquisition,

display and storage.

Section 4.2

Experimental Approach

4.2.1 Basic Gas Cell

Our gas limiter experiments began by benchmarking the

basic single pass cell arrangement as shown earlier in

Figure 64. The focusing element (Fl) was a f/0.5 germanium

ashpere with an effective focal length of 1.3". A 2x beam

expander was positioned in front of Fl. A spot size of 14

pm (1/e2 half-width) was measured by performing an edge

scans at focus. An off-axis parabolic mirror (PM)

recollimated the beam after passage through the cell. The

lens F1 and the mirror PM form a 2x expander as well. The

gas cell was a 40 cm3 cylindrical aluminum chamber with AR-

coated 0.12" thick ZnSe input and output windows. Before
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each gas fill, the chamber was evacuated for 24 hours using

a mechanical vacuum pump and a liquid nitrogen cold trap.

In the initial experiment, the cell was pressurized to

one atmosphere with research grade xenon gas. The cell was

then exposed to approximately 50 laser shots increasing in

energy from 2 mJ (800 J/cm2 at focus) to 18 mJ (9000 J/cm2 ).

The lowest value for which breakdown occurred was 5 mJ or

2000 J/cm 2 while the highest value for which no breakdown

occurred was 12.5 mJ or 5000 J/cm2 . In terms of a system

application, a more meaningful definition of breakdown

threshold is the lowest energy for which breakdown occurs

100% of the time. Here, the breakdown threshold would be

12.5 mJ. The cell was then allowed to set undisturbed for

several days. Upon retesting, a breakdown threshold of 2.5

mJ was measured. The cell was then pumped out and filled

twice in succession to assure as fresh a gas sample as

possible. A third measurement was then made starting well

above breakdown and decreasing until breakdown ceased.

Again, a 2.5 mJ threshold was observed. An identical set of

tests were conducted using argon in place of xenon. Fresh

gas fills had thresholds in excess of 20 mJ and decreased

with exposure to 15 mJ. The most likely explanation for the

variation between xenon and argon thresholds is the

difference in ionization energy (12.1 eV for xenon and 15.8

eV for argon).
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Figure 64 Simple Gas Cell Configuration
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In reviewing these preliminary measurements, it became

apparent that some type of "conditioning" related to the

breakdown process was the lowering breakdown threshold. To

gain insight into this phenomena, let us review the

mechanisms which govern gas breakdown. The initiation of

breakdown in a gas relies on two steps: generation of

"seed" electrons and the development of an avalanche

ionization process. In the initial absence of free

electrons, as would be the case with- a pure gas, seed

electrons within the focal volume can be produced only by

multi-photon ionization of the atoms or molecules. This

requires very high laser intensity particularly if the order

of the n-photon ionization process is large. In the case of

xenon, n is greater than ten (10) for allowed transitions in

the presence of 10.6 p m CO2 laser photons (0.12 eV). On the

other hand, if absorbing particles or molecules with

ionization energies near the photon energy are present, the

laser intensity required to liberate seed electrons is

orders of magnitude lower than for multi-photon absorption.

With this in mind, we began to look for differences in

the "clean" and "conditioned" cell contents. Mass

spectrometer analyses were done on a freshly filled cell and

a cell "conditioned" by breaking down the gas with several

laser pulses. The results are shown in Figure 65. The

"fresh" cell contained xenon (amu 132), diatomic hydrogen
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(amu 2) and a third constituent believed to be pump oil from

the vacuum system. Since "clean" and "conditioned"

breakdown differs by only a factor of three, the "clean"

cell threshold is most likely dictated by the organic

molecules of the pump oil. The binding energies of these

hydrocarbons are smaller than those of hydrogen and xenon

allowing infrared photons to be absorbed more readily.

Additional lines appear between 10 and 30 amu in samples

from the "conditioned cell. These species are believed to

arise from repeated photodecomposition of pump oil and

represent a rich source of electrons to initiate avalanche

breakdown. When a plasma is generated in a gas, large

numbers of free electrons are liberated in the illuminated

region. The plasma becomes highly absorptive when the

electron density N reaches

N = ___(114)

4ne2

where e and m are the electron charge and mass,

respectively, and o is the laser frequency. These electrons

also make a contribution to refractive index of the gas

proportional to their density. Since electron production is

a function of intensity, the Gaussian or Airy intensity of

the light beam at focus causes the beam to "see" a higher

refractive index at its center than in the wings. As a

result, the plasma behaves as a lens by perturbing the

wavefront. The result is a limiting effect at the final
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Figure 65 Gas Cell Contents (a) "Unconditioned" Cell,

(b) "Conditioned" Cell
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image plane in the form of an increased blur size. Data

illustrating this is shown later.

The next series of measurements isolate attenuation

caused by absorption reflection and scattering in a plasma

from nonlinear refractive effects. Two plots of optical

density (OD) versus input fluence are shown in Figures 66,67

where the diameter of the collecting lens in front of D2 is

3" and 5", respectively. Optical density is defined by

OD = log] (115)

where T is the normalized transmission of the limiter. The

collimated 1/e 2 beam diameter output from the cell is 3.3".

For the smaller diameter lens, only the central portion of

the transmitted beam was collected and imaged to fill the

detector active area. As the intensity increases, nonlinear

refraction causes more of the transmitted light to be

distributed outside the aperture of the 3" lens. Evidence

of aperturing at both the lens and detector is manifested in

Figure 66 by an accelerating decrease in transmission

(increase in optical density) for inputs above 50,000 J/cm2 .

With the larger diameter lens, the transmitted light

continues to be gathered and imaged on the detector. Here

the final image was smaller than the detector active area.

This configuration is therefore insensitive to refractive

effects. Note that the plasma attenuation due to absorption
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Figure 66 OD vs Input 3" lens (f/0.5)
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Figure 67 OD vs Input 5" lens (f/0.5)
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saturates at approximately a factor of twenty above

threshold as shown in Figure 67. To interpret this behavior

one must realize that a plasma is much like a fluid. In the

energy regime just above breakdown, a large portion of the

pulse energy is required to initiate and develop the plasma.

The energy actually absorbed after plasma formation is a

small part of what is contained in the plasma. However,

the input can reach a level where the energy in the

remainder of the pulse after the plasma forms is comparable

to or greater than the energy contained in the plasma.

Under these conditions, the plasma will be disturbed and its

density decreased. Such an occurrence is evidenced in the

data by a saturation effect.

A second set of optics (four f/1.0 ZnSe aspheres, focal

length 2.5") were obtained for testing of spot size

dependence and to accommodate the planned variations listed

in Section 4.2. Edge scan data indicates a spot size of 50

m 1/e2 half-width for these f/1.0 lenses. A cubic cell was

fabricated with AR-coated ZnSe windows on 4 sides and a path

length of 4". Using two lenses, a single pass arrangement

was setup and tested as discussed above. We measured a

"clean" threshold of 12 mJ (450 J/cm2 ) and "conditioned"

thresholds as low as 4 mJ (150 J/cm2). Figure 68 shows data

where the breakdown energy was reduced to 3 mJ (100 J/cm2)

when the cell was pressurized to 30 psi above atmospheric
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pressure. This trend is consistent with both theoretical

and experimental studies of pressure dependence. Greater

pressures were not tested due to limitations on window

strength.

Consider next the order of magnitude difference in

breakdown fluence for the two spot sizes tested, i.e., 1200

J/cm2 at 14 m and 150 J/cm2 at 50 pm. First, the

probability of finding a seed electron to initiate an

avalanche is higher in the larger focal volume. Secondly,

the progression of avalanche ionization depends upon

relative gain and loss of electrons and electron energy.

The ionization rate is directly proportional to the rate of

net electron energy gain, which is the difference between

energy gained by inverse Bremsstrahlung (transfer of energy

from photons to electrons) and losses due to collisions,

diffusion and binding- to atoms or ions. Since diffusion

losses will play a stronger role in inhibiting plasma growth

for the smaller focal volume, a higher energy density is

therefore required to cause breakdown. In terms of energy

alone, however, breakdown occurs at 4 mJ for the 50 jm spot

and 3 mJ for the 14 pm spot. From the standpoint of using a

gas cell to protect an optical system, the cell with the

lowest breakdown energy is most desirable since the fluence

on downstream susceptible components depends only upon the

optical gain at those components and the total input energy.
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Figure 68 OD vs Input (f/1.0 lens)
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While breakdown threshold has received the majority of

attention in previous gas breakdown studies, performance

over an extended dynamic range is also an important

consideration in cell design. As shown earlier, nonlinear

refraction plays a crucial role in protection at higher

input energies. Figure 69a,b,c,d document this effect in

the 50 pm cell. Spatial profiles of cell throughput were

recorded by a Spiricon IR detector array placed after the

collecting lens. In each case, the solid line represents a

Gaussian fit to the transmitted beam profile below breakdown

shown in Figure 69a. At twice the breakdown threshold,

Figure 69b shows little change in the beam character except

that the central peak has been attenuated and the wings have

not. At 50 times breakdown, Figure 69c illustrates a slight

broadening of the central peak indicating the onset of

nonlinear refraction. Finally, a significant redistribution

of energy has occurred at 280 times breakdown as shown in

Figure 69d.

Carbon disulfide (CS2) has been studied extensively in

connection with its nonlinear optical properties. Interest

in CS2 as a limiting material for infrared sensor protection

is heightened by the fact that it is one of few transmissive

liquids in the 8-12pm spectral region. The limiting

mechanism in CS2 at these wavelengths is a thermally induced,

refractive index change which leads to self-lensing.
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Figure 69 Spatial Distribution of Laser beam after passage

through plasma. (a) Below Threshold, (b) 2x

above breakdown, (c) 50x above breakdown, (d)

280x above breakdown.
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Thermal lensing in liquids arises from the thermal

expansion of the medium. Response time is associated with

the "acoustic transit time" which is effectively the time it

takes sound to traverse the beam radius [1]. Therefore,

pulse width and focal spot size are important parameters in

determining the effectiveness of CS2 as a limiting medium.

For example, with vound - 1.5 x 105 cm/sec in CS2 , an

acoustic wave requires 17 nanoseconds to propagate across a

beam of radius 25pm. If the input pulse were on the order

of or shorter than 17 nanoseconds, the thermally induced

refractive index change could not be established before the

pulse had exited the focal volume. Implications are that

optimum limiting is expected for pulses which are long with

respect to the acoustic transit time and that the focal spot

size should be minimized to accommodate short pulse inputs.

Since gas limiters have shown a decrease in performance with

increasing pulse width, CS2 may offer an alternative in

dealing with "long" pulse threats.

While pulse width and focal spot size are important

parameters in obtaining optimum limiting performance from

CS2, other design parameters should be considered. A "Z-

scan" method[2] developed to investigate self-lensing

phenomena clearly illustrates a dependence of limiting

performance on focal position within a cell. This method
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can also determine the magnitude of refractive index change

An and whether An is positive or negative. Data taken in

CS2 at 10.611pm indicates a negative refractive index change

An - -2.1 x 10-3 induced by thermal self-lensing. The "Z-

scan" method also demonstrates that optimum performance for

CS2 in terms of initiation threshold and attenuation is

achieved when the focal plane is positioned intermediate

between the cell center and the front window. This

configuration leads to a reduced footprint on the cell input

window. Consequently, the front window becomes more

susceptible to damage.

A comparison of CS2 with gas limiting media shows that

initiation energies are comparable (-~1 mJ for pure CS2 (2]

with a=0.22cm~', -3-4 mJ for xenon [3]) . This threshold

energy, when translated into fluence at the final image

plane where the optical gain is typically >106, still

exceeds the damage threshold of detector materials by more

than two orders of magnitude. A reduction in threshold

limiting energy in CS2 to 150pJ has been demonstrated[2] by

the addition of sulphur (cx~2cm1) at the expense of

transmission. The use of thin cells to regain cell

transmission increases the susceptibility of the windows.
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Section 4.3

Extended Path Limiter

The extended path limiter takes advantage of nonlinear

refraction observed in the single pass experiments to extend

dynamic range. A spatial filter in the form of a slit was

placed in a second cell downstream from the primary gas cell

as shown in Figure 70. Below breakdown, the spatial filter

passes all of the incident light. As the refractive

nonlinearity begins to activate, two aperturing effects

arise. First, the input lens of the second cell will not

collect all of the divergent light from the primary cell.

Secondly, the light which does enter the second cell is no

longer images at the plane of the spatial filter. Data

taken with the extended path limiter is shown in Figure 71.

Note that nonlinear refraction contributes an additional one

OD to the overall attenuation of the gas plasma limiter when

compared to the results of Section 4.2.1.

Section 4.4

Summary of Development Phase

Several observations can be made concerning the

performance of the limiter concepts evaluated. 1) Xenon

yields the lowest threshold of the- gasses evaluated. 2)

"Conditioning" lowers cell thresholds by about a factor of

three. 3) Breakdown fluence and energy decrease with
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Figure 70 Extended Path Limiter Schematic
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Figure 71 Extended Path Limiter Transmission vs Input
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increasing gas pressure. 4) Gases are preferable to solids

or liquids as limiting media in practical devices due to

packaging considerations and self-healing properties.

Section 4.4

Application in Hardware

Figures 72-77 are plots of normalized transmission

versus input energy and the corresponding semilog plots of

optical density (OD) versus input energy for three test

units. Over the range of test energy, the optical density

data (X' s) can be fit to an equation (solid line) with a

functional form

$-log(E/E1 ) E >Ei
OD(E,$,r) = (116)

0 E < E

where $ is the rate of change in OD with input, t is the OD

at initiation and E is the initiation energy. Table 2

lists these parameters for each of the three test units

along with the peak fluence at initiation of the collimated

Gaussian input beam which has its 1/e2 diameter equal to the

entrance aperture diameter. Initiation. thresholds are

defined by the lowest energy at which breakdown occurs 100%

of the time.
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Table 2
Cell Characterization

Front Aperture Fluence
Ei (mJ) At Initiation (J/cm2 ) t

#1 13 2.7 x 10- 0.9 0.4

#2 15 3.1 x 10~' 0.55 0.1

#3 6 1.9 x 10-4 0.74 0.2
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Figure 72 Transmission vs Input Cell #1
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Figure 73 Optical Density vs Input Cell #1
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Figure 74 Transmission vs Input Cell #2
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Figure 75 Optical Density vs Input Cell #2
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Figure 76 Transmission vs Input Cell #3
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Figure 77 Optical Density vs Input Cell #3
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Absolute protection at any input is possible only if

the gas exhibits ideal limiting characteristics, i.e., the

throughput clamps to a constant value independent of input

or, in other words, $ = 1. In general, a practical device

will fall short of this goal for reasons such as dynamic

interaction of the plasma with the laser pulse, aberrations

affecting spot quality caused by the optical elements or

multimode properties of the input beam, temporal pulse

characteristics or loss of gas from the cell over time.

Tabulation of $ can then provide some measure of departure

of a given device from ideal limiting characteristics. Note

that each cell tested has $ < 1. For a given susceptibility

of elements to be protected by the cell, having $ < 1

implies that a certain input energy may be reached where the

cell no longer provides protection. Given the slope $, the

initial optical density 6, the initiation energy E1 and the

energy ED required to 'damage downstream elements, a first

order approximation of the cell protection factor can be

calculated from Eq.116. (Protection factor is defined here

by the ratio of component damage to the cell throughput.)

With the limiter throughput given by

-OD(E,$,86)
E0 (E,$,S) = E-10 (117)

the protection factor at the damage energy is given by

ED OD(ED 0
PF($,S) = = 10 (118)

EO(ED,4, 6)
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This estimate is likely conservative since the data is in

terms of energy throughput and does not take into account

the effects of nonlinear refraction.

Section 4.5

Conclusion and Future Works

Pulse Delay Modulation has been shown to be a sensitive

as well as versatile technique for investigating broadband

optical nonlinearities. Second harmonic generation, two-

photon absorption, the Kerr effect, saturable absorption and

the photorefractive effect have been observed with shot-

noise limited detection sensitivity even in the presence of

large thermal backgrounds. The fact that this direct

transmission method has been developed for use with tunable,

short pulse dye lasers makes the study of nonlinear optical

spectroscopy possible over a broad wavelength range. A

polarization modulation scheme can easily be substituted for

amplitude modulation to accomodate the study of polarization

dependent optical responses. By monitoring linewidth and

signal enhancement, pulse delay modulation has also

permitted two-photon absorption to be observed in thin film

interference filters which are currently under study as

bistable optical switches. The investigation of such "fast"

nonlinearities could lead to the development of optical

computing systems with far greater speed and reliability.
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Appendix A

Calculation of Fabry-Perot Reflectivity

Several iterative steps are involved in determining the

linear absorption of the Fabry-Perot interference filter

used in our experiments. The data we start with is a linear

transmission versus angle measured at the laser wavelength

of ?o = 0.589 prm (data is shown in Appendix B) . By locating

the transmission peak angle, the spacer thickness L can be

found by noting that the transmission is a maximum when

sin2e(48) = 0. From

_6 4 nnLcosO1

where , = as insin j, and with ¬L = 22.20, the spacer

thickness is L = 0.46 pm. From this information, the center

wavelength at 00 angle of incidence can be determined. This

center wavelength is X = 0.602 pm. Center wavelength of

the filter, the laser wavelength, angle of incidence and the

layer materials with their respective refractive indices

provide sufficient information to calculate the

reflectivities of the Fabry-Perot mirror surfaces. The

reflective dielectric stacks are formed by alternating

quarter wavelength (X0/4) thick films of ZnSe and ThF4 with

refractive indices of 2.58 and 1.51, respectively'.
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We use the matrix method of Born & Wolf2 to calculate

the reflectivities of our interference filter mirrored

surfaces. A matrix with elements

M010 = Mi 1 = cos (03) ; Mol = ~=sin($$) ; M1 ,0 = -i p sin(5j)
pi

where

= { cos(j) , p = ncos (e,)

and the angles 0, are determined from Snell's Law. For N

groups of double layers, the total matrix for the stack is

A = (M 1 M2 )N

The reflectivity of the stack is R = |r12 where

= [A0,o + A0 .1 pip - [A1 ,0 + A111p1]
[A0,o + Ao,1pijp + [As,0 + A1,1p1]

Thus, for an incident angle of e = 22.20, we calculate a

reflectivity of R = 98.5% for

Air--> (ZnSe, ThF4) 4-- >ZnSe

Using this same approach, we calculate the reflectivity of

the second stack of the form

ZnSe--> (ThF4 , ZnSe)N-->Substrate

For N = 4,1R2 = 93% and N = 5, R2 = 97.6 %.
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Appendix B

Fabry-Perot Linear Transmission

In this appendix, we use experimental data points along

with Eq. 84 to determine best fit values for absorption aL

based upon angle of incidence and wavelength X and

calculated values of R1, from Appendix A. Shown on pages

265,266 are outputs from MathCad* software used to make

this calculation. The vector T contains points taken from

actual transmission data and G is Eq.84. A best fit was

obtained by minimizing the mean square error MSE. The value

of aL is 0.0075.

MathCad is copyrighted by MathSoft, Inc.
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This program computes reflectivity of a multilayer
dielectric stack. A period is two X/4 layers and N is the

number of periods.

(AIR-->STACK-->CAVITY)

ni := 1 air input angle (rad)

n2 := 2.58 1st layer index 1 .385

n3 := 1.51 2nd layer index
nl := 2.58 cavity index

pl := n1cos(81)
nI

82 := asin -- sin(e1) p2 := n2-cos(e2)
n2
n2

83 := asin -- sin(e2) p3 n3-cos(93)
n3
n3

el := asin -- sin(e3) pl nl-cos(el)
nl

IT it # of periods
82 := --cos(82) 83 := -- cos(83) N := 4

2 2

Matrix Elements

p3

M := cos(B2)-cos(83) - -- sin(B2)-sin(B3)
0,0 p2

-ii
M -- cos(82)-sin(B3) - -- sin(1B2)-cos(B3)
0,1 p3 p2

M := -i-p2-sin(B2)-cos(B3) - i-p3-cos(B2)-sin(3)
1,0

p2

M := cos(B2)-cos(B3) - -- sin(B2)-sin(83)
1,1 p3

N
A := M

[A + A -pl>pl - [A + A -pl]
0,0 0,1_ 1,0 1,1 _

r :=
A + A0  -plp1 + A + A "-pl

_0,0 0,1_ 1,0 1,1 _

2 Reflectivity
R := (Irn) -100 R = 98.288 %
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This program computes reflectivity of a multilayer
dielectric stack. A period is two X/4 layers and N is the

number of periods.

(CAVITY-->STACK-->SUBSTRATE)

nI := 2.58 cavity input angle (rad)
n2 := 1.51 1st layer index 81 := .146
n3 := 2.58 2nd layer index
nl := 1.45 substrate index

pl: nlcos(81)
nl

82 := asin -- sin(81) p2 := n2-cos(82)
n2
n2

83 := asin -- sin(82) p3 := n3-cos(83)
n3
n3

81 := asin -- sin(93) pl := nl-cos(81)
nl

7 f# of periods
B2 := --cos(82) 133 := --cos(93) N := 4

2 2

Matrix Elements

p3

M := cos(B2)cos( B3) - --- sin(B2) -sin(33)
0,0 p2

-i i
M := -- cos(B2)-sin(33) - -- sin(82)-cos(83)
0,1 p3 p2

M := -i-p2-sin(12)-cos(B3) - i-p3-cos(B2)-sin(83)
1,0

p2
M := cos(B2)-cos(B3) - -- sin(J32)-sin(83)
1,1 p3

N
A := M

A + A pl~-pl - [A + A -pl
0,0 0,1 1,0 i,1l

r :=
A + A -plj-pl + [A + A.-pl]
0,0 0,1 1,0 1,1

2 Reflectivity
R :(I) -100 R = 97.426 %
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APPENDIX C

CALCULATION OF LEFF

This appendix calculates the interaction length Leff for

the two intersecting beams based upon the two-photon

absorption equation Eq.31.

Consider two Gaussian beams with axes lying in the y-z

plane intersecting at an angle 0' as shown in Figure 78

where

X+y (C-)

Ip (xy) = I V2  tC-

and

_ x2 + (y cosO' - z sinO')2  
(0-2)

I.(x. Y.Z) = Isoe V (-2

0' is the beam crossing angle inside the material(ZnSe: n =

2.58) and w is the l/e beam radius. Expressing Eq.31 in

terms of power yields

dP = dI -(---)2 "-. .. y2+ (ycose' - zinW')2]
fdA = pdyea

-06-

(C-3)

This integral determines the effective spatial region of the

nonlinear interaction, i.e., beam overlap.

The y- integral is done by expanding the bracketed

expression and completing the square while the x- integral
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Figure 78 Gaussian Beam Intersection
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is trivial. Thus,

[ z s inON j
dP= ~nw12(+cos (C-4)

dz **2(1 + cos2O')

Having expressed the right side of Eq.C-4 in terms of z, the

solution for P.(z) can be obtained by direct integration.

With the origin as shown in Figure 78, Eq.C-4 becomes

L _ zr_ in_

b~p - ap oa2 ( o )fd
L

N- O P I i.W/W erf [ Lsin8
n eo iO 2w(1 + cos2 )

Dividing through by 7tw2

AT - SP Z n (C-6)

Putting this equation in the form AT = 1 IL, we have

L -ff N - .inO'(C-7)
F2sin6

Using Snell' s Law with 0 full = 60,

0' = asi sin(6*) = 2.30 (C-8)
nZnSe

w = 15 pm and L = (sin0'cos0) -1, we find Lff = 180 pm.
w
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