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Wu, Yuan-Yen, Optical Nonlinearities in Semiconductors for Limiting. Doctor of 

Philosophy, May, 1990, 231pp., 1 table, 65 illustrations, bibliography, 129 titles. 

I have conducted detailed experimental and theoretical studies of the nonlinear optical 

properties of semiconductor materials useful for optical limiting. I heve constructed optical 

limiters utilizing two-photon absorption along with photogenerated carrier defocusing as 

well as the bound electronic nonlinearity using the semiconducting material ZnSe. I have 

optimized the focusing geometry to achieve a large dynamic range while maintaining a low 

limiting energy for the device. The ZnSe monolithic optical limiter has achieved a limiting 

energy as low as 13 nJ (corresponding to 300W peak power) and a dynamic range as large as 

105 at 532 nm using psec pulses. Theoretical analysis showed that the ZnSe device has a 

broad-band response covering the wavelength range from 550 nm to 800 nm. Moreover, I 

found that existing theoretical models (e.g. the Auston model and the band-resonant model 

using Boltzmann statistics) adequately describe the photo-generated carriers refractive 

nonlinearity in ZnSe. 

Material nonlinear optical parameters, such as the two-photon absorption coefficient 

£2«=5.5cm/GW, the refraction per unit carrier density crn=-0.8-10~21cm3 and the bound 

electronic refraction n2=-4-10~uesu, have been measured via time-integrated beam 

distortion experiments in the near field. A numerical code has been written to simulate the 

beam distortion in order to extract the previously mentioned material parameters. In 

addition, I have performed time-resolved distortion measurements that provide an intuitive 

picture of the carrier generation process via two-photon absorption. 



I also characterized the optical nonlinearities in a ZnSe Fabry-Perot thin film 

structure (an interference filter). I concluded that the nonlinear absorption alone in the thin 

film is insufficient to build an effective optical limiter, as it did not show a net change m 

refraction using psec pulses. An innovative numerical program was developed to simulate 

the nonlinear beam propagation inside the Fabry-Perot structure. For comparison, pump-

probe experiments were performed using both thin film and bulk ZnSe. The results showed 

relatively long carrier lifetimes (>300 psec) in both samples. A numerical code was written 

to fit the pump-probe experimental results. The fitting yielded that carrier lifetimes 

(recombination through traps), radiative decay rate, two-photon absorption coefficient as 

well as the free carrier absorption coefficient for ZnSe bulk material. 
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CHAPTER I 

INTRODUCTION 

In this dissertation I carefully characterize the nonlinear optical properties of ZnSe. 

Our motivation for characterizing semiconductor ZnSe originates from the idea of building a 

passive optical limiter. Such a device may have practical applications in laboratory eye safety, 

observation of pre-lasing in high energy lasers, optical power stabilization and regulation, or 

as a device in integrated optics. 

An ideal optical limiter is a device which exhibits high linear transmittance for low 

incident irradiance (fluence) and low transmittance for high incident irradiance (fluence) (see 

figure 1.1). Ideally, the output should reach a constant limited irradiance (fluence), which is 

never exceeded, regardless of how large the input may become. This characteristic is 

analogous to the reverse-bias voltage behavior of a Zener diode circuit. There are two major 

parameters in characterizing an optical limiter. The first one is the limiting energy, E^, 

defined as the input energy corresponding to the turning point in the input/output 

characteritic curve given in figure 1.1. The second is the dynamic range (dynamic range) 

defined as the ratio of the device (irreversible) damage threshold to EL. A good optical 

limiter should have a very low limiting energy and large dynamic range, several orders of 

magnitude. I have achieved such an output via passive optical limiting, where the device 

(material) effectively turns opaque in responding to the intense incident light, i.e. the energy 

of the light beam itself blocks the light. In this dissertation, I have studied semiconductor 

limiting devices. Using a ZnSe monolithic (MONOPOL) device, I am able to obtain EL as 

low as 13 nJ (300 W for psec pulses) and a dynamic range as large as 106 (see chapter III for 



details).1*2 

In addition to the low limiting power and large dynamic range, the broad-band 

operation of the optical limiter is also desirable. For monochromatic laser wavelengths, a 

blocking filter designed for the known wavelength seems to be an ideal protection method. 

For several different laser radiations, it is clear that the filter fabrication becomes very 

involved. The search for a limiting method applicable to broad-band laser radiation has not 

been very successful. The underlying difficulty is the fact that several orders of optical 

density changes in the device are required in order to protect the sensor from the powerful 

laser radiation presently available. Again, passive limiting using materials having broad-band 

response may be able to alleviate this problem. Semiconductors may be good candidates for 

this kind of operation, as our theoretical analysis indicates that the ZnSe devices may 

effectively limit the laser radiation from 550 nm to 800nm (see chapter II for details).2 Two 

aspects are involved in building an optical limiter, (a) the optical nonlinear material and (b) 

the focusing geometry. 

The idea of using nonlinear material is to attain irradiance-dependent (I-dependent) 

nonlinearities. There are several methods to obtain I-dependent nonlinearities, such as using 

nonlinear absorption,3 nonlinear refraction1.2-4 and/or nonlinear scattering.5 As mentioned in 

the following chapter, I use the combination of nonlinear absorption and nonlinear refraction 

in semiconducting materials to achieve optical limiting. For example, the I-dependent 

refractive index for a third-order nonlinearity (explained in chapter II) reads 

n = n„ + <U> 

where n0 is the linear refractive index of the material, n2 represents the 3rd-order 

nonlinearity, and EocI1/2 is the magnitude of the electric field. Since the phase of the 

wavefront is related to n by : 
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Fig. 1.1. Fluence output of an ideal optical limiter as a function of the input energy 

or power. 
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$ = 2 £ J L z , (1.2) 
A 

then $ is also proportional to the irradiance of the incident beam as indicated in chapter II. 

Using a Gaussian beam I can create a non-uniform phase distribution on the wavefront, for 

n2<0, as shown in figure 1.2a, to defocus the incoming beam, so that the nonlinear sample 

behaves as a negative lens. A negative n2 is also called a self-defocusing nonlinearity. Of 

course, for positive n2 I obtain self-focusing, and create a positive lens within the nonlinear 

material (see figure 1.2b).6"8 It is desirable to have negative nonlinear refraction in 

constructing a limiter, because optical damage occurs when the energy/area (fluence) that gets 

onto the target exceeds a certain threshold. By defocusing the beam on the observation plane 

via the optical nonlinear medium, I may effectively reduce the fluence (energy per unit area) 

on the target, thus offering protection. 

Since I require high transmittance for low inputs I must have low linear absorption loss. 

We, therefore, use the lowest order nonlinear absorption loss mechanism, namely two-photon-

absorption (2PA). 2PA occurs when the incident photon energy, ftw, is in the range of hw < 

E < 2hw, where E_. is the bandgap energy of the semiconductor. I have also found that in 
S ® 

semiconductors the free carriers produced via 2PA lowers the refractive index thus defocus 

the beam. Here, equation (1.1) needs to be modified to include the carrier induced nonlinear 

refraction (see chapter II for details). Notice that the carrier concentration in the conduction 

band is also I-dependent (see equation (2.28) and (2.29)). These semiconductor nonlinearities 

are highly desired qualities for optical limiters. 

On the other hand, the focusing geometry is also important. The initial experiments 

were performed using the arrangement depicted in figure 1.3. The first lens (focal length f2) 

is used to focus the beam tightly into the nonlinear sample. The second lens (focal length f2) 

is used to refocus the transmitted beam through the pinhole, such that the low-energy pinhole 

transmission is approximately 90%. Such a limiting geometry using a GaAs thin-sample and 
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Fig. 1.2. A Gaussian beam propagates through a sample 

(a) with a negative An(I), (b) with a possitive An(I). 
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aperture has been demonstrated by Boggess et al.,4 and analyzed by Van Stryland et al.9 and 

Hermann et al..10-11 This preliminary limiting geometry shown in figure 1.3 is modified in 

some of our experiments to have tight focusing into a thick sample in order to achieve better 

limiting results (see chapter III for details). 

There is considerable interest in making "thin" optical limiters. Unfortunately the 

optical nonlinearities are too small to be used without optical gain (e.g. focusing) to increase 

the irradiance. I have looked into another mean of obtaining optical gain employing the 

Fabry-Perot effect in thin film interference filter using ZnSe as the spacer layer. Because of 

the lack of phase distortion after the beam propagating through the thin film, we conclude 

that the bulk material is more promising in constructing optical limiters (see chapter V for 

details). 

The principle aim of this dissertation is to study the optical nonlinearities in II-VI 

compound semiconductors, in particular ZnSe, which are useful for optical limiting. This 

dissertation is divided into six chapters. 

Besides the first chapter which briefly explains what an optical limiter is and how it 

works, the second chapter is dedicated to the basic theories used for optical limiting. First, a 

background review of the development history leads the reader directly to confronting the 

current issues in designing and building optical limiters, such as how to use the nonlinear 

absorption combined with nonlinear refraction to keep the irradiance within the 

semiconductor below the damage threshold, and how to utilize the limiting geometry to make 

the device self-protecting etc.. To model the limiting behavior, I derived a set of nonlinear 

differential equations for thin samples, meanwhile, I made an effort to unify the notation 

which associates the microscopic quantities to the macroscopic parameters of the medium. I 

then discuss the nonlinear absorptive (2PA) and refractive (carrier effect) properties 

respectively on the microscopic scale. Theoretical analysis indicates that the band-filling 

model with Boltzmann statistics12 and Auston's model13 both adequatly describe the two-



s 

photon refractive nonlinearity in ZnSe at 532 nm. 

I present the optical limiter characterization results in chapter III. Starting with a thin 

semiconductor slab (~3mm), I soon discovered that the tight focusing and thick sample 

geometry lead to better limiting results — lower limiting energy and larger dynamic range. 

The physics behind this is that by focusing tightly inside the bulk, I first pull the easily 

damaged surface away from the beam focus, moreover self-defocusing may occur well before 

the pulse reach the linear beam focus at high irradiance levels, thus preventing the energy 

from reaching its damage threshold inside the bulk. Utilizing these results, I built a 

MONolithic Optical POwer Limiter (MONOPOL). The ZnSe MONOPOL showed excellent 

limiting features — 13 nJ limiting energy and =* 105 dynamic range using psec pulses. 

Spatial and temporal measurements for the transmitted beam through the MONOPOL are 

presented to show that there are no hot spots in neither space nor time. However, damage 

occured in the ZnSe MONOPOL when using nsec pulses. A theoretical analysis attributes this 

damage to a poor combination of the relatively short carrier lifetime and the cummulative 

thermal effect which causes self-focusing during a nsec pulse. Thus, future research should 

concentrate on searching for materials having longer carrier lifetimes or materials exhibiting a 

negative thermal nonlinearity. Another choice could be hybrid limiters that are combination 

of different nonlinear materials. In the last section of chapter III I develop a set of simple 

scaling rules, which allow us to roughly predict the limiting energy of thick limiters using 

other materials at other wavelengths and different pulsewidths from the well characterized 

ZnSe limiter without solving the complicated wave equations. 

The transmitted spatial and temporal beam profiles as well as the time evolution of the 

transmitted pulse through a ZnSe sample are examined to determine that there is no "hot 

spots" in the transmitted irradiance. The results for the thin sample are qualitatively the same 

as for the ZnSe MONOPOL. With the aid of a set of numerical simulation programs, I 

present, in the fourth chapter, the analysis of material parameters mesured from the beam 



9 

distortion experiments using thin ZnSe samples. Those parameters are in good agreement 

with values given in reference 9 and 14, and in good agreement with the theoretical models 

developed in chapter II. The contributions with the nonlinear refraction and the beam shape 

modification from the 3rd-order and carrier nonlinearities are also observed by means of a 

time resolved measurement using a streak camera. A picture of the dynamic nonlinear 

process in ZnSe is drawn from this measurement. The outcome of this analysis indicates that 

both n2 and the carrier effect result in self-defocusing for ZnSe at 532 nm. In spite of the 

rather low sensitivity to phase distortion, the beam distortion measurement remains a valuable 

technique in characterizing optical limiting materials. 

Besides the bulk semiconductor materials, the interference filter thin film structure is 

also drawing a growing interest. It has been reported that the ZnSe thin film exhibits a strong 

thermal nonlinearity.15*20 With a dielectric stack on each side to enhance the surface 

reflectance, it was hoped that a ZnSe thin film would display a large electronic nonlinearity. 

We launched a series of experiments, including transmission experiments, angle-dependent 

measurements and the pump probe experiments, to study the dynamic nonlinearities in the 

thin film ZnSe. As a comparison, I also performed pump-probe experiments in the ZnSe 

bulk material. In chapter V, I analyze the experimental data for both the ZnSe interference 

filter and the bulk material. The main difference I found between these materials was the 

very large linear absorption loss in the thin film. This loss usually dominated other losses. 

For the amount of energy absorbed by the ZnSe thin layer at 532 nm, I expected to have seen 

both electronic and thermal refractive nonlinearties in the time period of our pulsewidth (30 

psec). The fact that I did not see a refraction index change in the angle dependent 

measurements lead us to conclude that a positive thermal nonlinear refraction conterbalances 

the negative electronic nonlinearity in the ZnSe thin film layer. Additional information, such 

as the carrier lifetime, for both the thin film and the bulk ZnSe is extracted from the pump-

probe experiment, and compared with the reported values from the literature. 
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CHAPTER II 

THEORY FOR OPTICAL LIMITING 

§2.1. Background 

Irradiance-dependent phenomena first used for optical limiting were observed in 

liquids.1-2 In 1964 Leite et al. used self-action (nonlinear refraction) as a means to measure 

low absorption in liquids.3 In 1966 Reickhoff reported irradiance-dependent self-defocusing 

in liquids.4 One year later Leite et al. demonstrated an optical limiter that used thermal 

blooming in nitrobenzene and, along with a spatial filter, regulated the output power of a cw 

Ar laser to 30mW.6 

In 1980 CS2 was tested as a limiting medium with pulses.6 The experiments, using a 

focused geometry similar to that of Leite et al. but with nanosecond pulses, showed that the 

mechanisms that limit the transmission of this device are self-focusing and 

absorption/scattering associated with the resulting laser-induced breakdown.6-7 An apparent 

advantage of liquid-based limiters is that they self-heal, permitting high dynamic ranges 

limited only by damage to cell windows. The response time of CS2 has been shown to be 

~2psec in the visible.8 Even larger nonlinearities were found at 10 £im when C02 pulses were 

used, which demonstrates the potential of extremely broadband operation.9 Additionally, the 

limiting power can be varied by adjusting the concentration of CS2 in solvents. However, the 

critical power Pc is often too high for many applications (e.g., Pc ^ 8 kW at 0.5 /im) and in 

general can only be raised, not lowered, by mixing CS2 with solvents. Large refractive 

nonlinearities (several orders of magnitude higher than that of CS2) have been found in liquid 

crystals; however, this occurs at the expense of speed (response times are usually nanoseconds 

or longer).10"12 When picosecond pulses were used in a comparative study of limiting in 

12 
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seven liquid crystals, Soileau et al. found that two-photon absorption (2PA) was responsible 

for the limiting behavior.13 

Atomic vapors have also been used to build optical limiters. Bjorkholm et al. built a 

device that uses the self-focusing in Na vapor that is due to near-resonant excitation at a 

wavelength of 590 nm.14 This device also exhibited optical bistability (see Chapter V for an 

explanation of optical bestability). 

Some of the largest nonlinearities exhibited to date are in semiconductors.15 

Unfortunately, from the standpoint of optical limiting, these extremely large nonlinearities are 

associated with near-bandgap resonance and thus are in a region of relatively high linear 

absorption. In addition, solids undergo irreversible optical damage. Even so, effective 

limiting has been demonstrated by using other mechanisms. In 1969 Geusic et al. reported 

limiting behavior in Si attributed to stepwise nonlinear absorption with 1.06 nm radiation.16 

Later Boggess et al. showed fluence limiting in Si that was due to a combination of nonlinear 

absorption with a refractive contribution induced by the photoexcitation of free carriers.17 

Power-limiting experiments were conducted by Ralston and Chang in a series of 

semiconductors such as CdS, GaAs and CdSe.18 This was the first report to our knowledge of 

the use of 2PA for optical limiting. In those studies nanosecond pulses were used where 

absorption by the 2PA-generated free carriers was significant. In addition, although this was 

not noted at the time, the refractive-index change caused by the photogenerated carriers was 

strong and also useful in the limiting process. In particular, this defocusing limits the 

transmitted fluence. Another type of limiter, which uses the combination of 2PA and 

nonlinear refraction at 10 nm, was developed by Walker et al..19 This device relies on the 

etalon properties of the nonlinear sample, and the device also exhibits regions of bistability.20 

While this device has the advantage of not requiring a spatial filter (i.e. it is a true power 

limiter as opposed to a fluence limiter), the range of input energies over which limiting is 

obtained is small. Boggess et al. were the first to use the combined effects of 2PA and carrier 
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defocusing to obtain optical fluence limiting.21 The geometry used was to focus picosecond 

1.06 /un pulses onto the surface of a thin sample of GaAs (=;2mm thick), refocus the beam, 

and monitor the transmission through an aperture. Since the damage-prone surfaces are 

subject to the maximum fluence of the input pulses, the range over which these devices 

function without incurring damage is low. What we have found is that, if thick samples are 

used, the large nonlinearities of the semiconductor can actually be used to prevent damage.22 

The trick is simply to focus the light tightly into the bulk of the material. Nonlinear 

absorption combined with nonlinear refraction keeps the irradiance within the semiconductor 

below the damage threshold, and the device is self-protecting. 

We used this combination of nonlinearities to build monolithic optical limiters for the 

visible using ZnSe and ZnS which are ^ 3 cm long with spherical surfaces at each end.22 

These limiters work exceedingly well for picosecond inputs for which carrier absorption is 

negligible while carrier defocusing is still strong.23-24 The device acts as a unity-power 

inverting lens for low inputs. For high inputs the beam is depleted by 2PA and is defocused. 

The laser used in the picosecond experiments is a passively mode-locked Nd:YAG laser with 

a single pulse switched out. Residual linear absorption of ^0.3 cm - 1 in the chemical-vapor-

deposited ZnSe causes the linear transmission at low inputs to be ^30%. The limiting begins 

at =i 10 nJ input, which corresponds to ~ 300 W. The devices were tested up to few hundred 

microjoules input, demonstrating a dynamic range (the ratio of the damage enegy over the 

limiting energy) of greater than 104. However, the device was not tested to destruction, and 

it should withstand pulses of a few millijoules input. In the next chapter we will describe in 

greater detail the operation of this device, its limitations, and possible extension to other 

wavelengths by using the results of a fundamental study of 2PA and self-refraction in several 

semiconductors. 

One problem now is that for a material thick compared to the depth of focus, the wave 

equation can no longer be separated into two propagation equations, one for the irradiance 
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and one for the phase. This makes even numerical solution difficult. However, we find that 

the analysis of thin limiters qualitatively describes the operation of thick limiters. In what 

follows we will derive the basic differential equations for a thin limiter. Meanwhile, we will 

establish a model to show how the limiter works and how the macroscopic quantities relate to 

the microscopic processes. 

§2.2. Light-Medium Interaction « The Propagation Equations 

As will be seen, the primary limiting mechanisms in semiconductors are two photon 

absorption (2PA) and 2PA-induced free-carrier refraction, in a broader sence, both are light-

matter nonlinear interactions. The light pulses used in our experiments are at a wavelength 

such that the energy of two quanta of light promotes one electron from the valence band to 

the conduction band. In this section, we will use MKS units, unless otherwise stated. 

Generally the wave equation deduced from Maxwell's equations is, 

~ ^ ~dt?~
 =

 dt '
 ( 2 A ) 

where E is the electric field vector, D is the dielectric displacement vector, J is the current 

density vector and fi = /x0 for nonmagnetic material. The dielectric displacement function D 

has the form: 

D - e0 E + PL + P1"* , (2.2) 

L NL where P denotes the linear polarization vector, P denotes the nonlinear polarization vector 

and e0 is the dielectric constant in free space. Since the polarization is related to the electric 

field by the dielectric susceptibility 

X(E) - x « + X® E + x « |E| 2 + ... (2.3) 

as 

P(E) = e0 E X(E) = PL + P1™* , (2.4) 

the linear part of the polarization can be written as 
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PL = e0 X
(1) E , (2.5) 

and the nonlinear part of the polarization as 

\ e0 X
(3) |E| 2 E , (2.6) 

where we ignored the higher order effects and used the inversion symmetry property of the 

medium (i.e. = 0.26). The current density J is a sum of terms given by 

J . jcond + !«* + jP°l + Jmae . (2.7) 

In equation (2.7) Jcond = a E (a is the conductivity) is the current density of free electrons 

which are usually referred to as the electrons created by linear absorption in the optics 

literatures. J6*' is introduced into the system from an external source and is zero in this case 

(i.e no external source). is the current density arising from the linear polarization. 
at 

Since this term is already included in the dielectric displacement function D by PL (see 

equation (2.2)), we will disregard it here. And Jmag=cVxM is the current density arising 

from electron spin. M is the magnetization vector. This last term is negligible in optical 

wave interactions with media because of the relatively small magnetic field in the light 

wave.25 Therefore, equation (2.7) can be reduced to 

J = jcond ma E . (2.8) 

Here, a is real and represents all the phenomelogical losses that lead to linear losses including 

linear absorption, linear scattering and linear absorption by excited carriers. It also includes 

linear refractive index changes from carriers. This is explained in more detail in the 

following paragraphs. Now, we rewrite the dielectric displacement function D in equation 

(2.1) by using the relationship 

e E = e0 E + PL , (2.9) 

for the linear response of the material. We obtain a wave equation as follows: 

» (2-10) 

where e is the real dielectric function. On the right hand side of equation (2.10) is the source 
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for nonlinearity which is the major concern of this dissertation as it is related to the 2PA-

excited nonlinearities. Now we separate V2 into transverse and longitudinal parts as V2 = 

V2 + and represent the field and the polarization as 
T dz2 

E » E0 Re[exp[i(wt-n0kz)]] (2.11) 

and 

PNL = -P.1®1, Re[exp[i(wt-n0kz)]]. (2.12) 

We will use the complex notation that the electric field E=E0/2 exp[i(wt-n0kz)] and the 

polarization PNL=-P0
NL/2 exp[i(wt-n0kz)] in our calculation. Substituting equations (2.11) 

and (2.12) into equation (2.10), applying the slowly varying envelope approximation (SVEA) 

and transforming the equations into a retarded time frame (see Appendix A where t is 

replaced by t'-nz/c and z by z'), we obtain the wave equation as follows : 

NT 
V 2

T
 EO - 2 1 no k -Q*- - 1 w a E o = H w2 Po • (2-13) 

It is useful to convert the quantities in equation (2.13) into observable absorptive and 

refractive components as done in Appendix B. For instance, we define a complex 

conductivity complex which can be expressed in terms of the linear absorption coefficient a, 

FCA cross section a^ and the index change per unit carrier density cn through 

"complex = aT - i cr- = ( a + cr^ N ) n„ £ - i2 e0 n0 cxn N , (2.14) 

where n0 is the linear refractive index, w is the optical frequency, and cT and o- are the real 

and imaginary parts of the complex conductivity respectively. We can also define a complex 

dielectric function £complex as (see Appendix B) 

^complex = er + i e i w i * h Complex = " i w (^complex " 0 . ( 2 -15 ) 

where er and £j are the real and imaginary part of ecomplex respectively. The real dielectric 

function e and the real conductivity function a in equations (2.8), (2.10) and (2.13) are equal 

to the real part of complex and the real part of crcomplex correspondingly,25 i.e. (see Appendix 

B) 
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(2.16) 

Note that the real part of ecompiex is related to refraction and the imaginary part of ecomplex is 

related to absorption. Here, we have explicitly included the possibility of photogenerated 

carrier absorption and refraction through terms and crnN, where N is the carrier density, 

and an denotes the change of refractive index per unit carrier density (i.e. the units of an are 

cm3). Note that nonlinear effects are implicitly included in the linear complex conductivity 

through the density of excited carriers which is irradiance dependent as discussed below. The 

3 rd-order susceptibility x ^ can be written as 

x(3) = Xr(3) + j x.(3) 5 (2.17) 

where is related to the 2PA coeffient £2 and x r ^ is related to the 3 rd-order nonlinear 

refractive index by (see Appendix B): 

* » - 2 ^ , 2 and x r
(3 ) = 

(t) ' l ' (2.18) 

Here Xi® and x r ^ a r e the imaginary and real part of x ^ respectively. /91 is the refractive 

index change caused by non-carrier effects such as the bound electronic nonlinearity and it is 

proportional to the more generally defined nonlinear refractive index n2 through relations, 

and n2 (esu) = 
c 

c n
0 1 

40 x MKS 
(2.19) 

n, and 7 are defined by (also see equation ( 1 . 1 ) ) , 

n = n0 + n2 < E 0 • E 0 > = n0 + y |E0 | 2 = n0 + 7 I . (2.20) 

The consequent wave equation expressed in terms of all the measureable quantities now has 

the following form: 

SE v 2 t Eo " 2 i n o k ~ i n o k ( a + ^ N ) E , + 2n0 c a N k2 E 0 

"o [2fil + i /?,] | E | 2 E 0 (2.21) 
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Equation (2.21) is the complete expression for the nonlinear wave-matter interaction 

needed for our purposes, because it includes the beam transverse diffraction (V2
TE0), linear 

absorption (ce), 2PA (yS2), free carrier absorption (cr^N, where N is the photoexcited carrier 

density), refraction due to photoexcited carriers on N, and refraction due to bound electrons, 

ionization of impurities effect etc. oc x r ^) - However, this equation does not have an 

analytical solution. Besides, it is difficult to obtain a full numerical solution without 

sophisticated techniques etc.. 

Nevertheless, Akhmanov et. al.27 found that if the sample thickness is short compared 

with the depth of focus of the beam and also short compared to the distance it takes for 

induced phase distortion to become an amplitude distortion inside the sample, then we can 

assume that, inside the sample, the beam only suffers amplitude changes, and phase changes 

which do not interact or propagate, i.e. V2
TE0 is small. This is also called "external-self-

action". External, here, refers to the fact that the nonlinear phase shift of the beam is only 

detectable after the beam propagates out of the sample. Fortunately, the results of the thin 

sample nonlinear propagation is qualitatively the same as for the thick sample propagation 

experimental results for moderate input powers. Moreover, there are some new approaches to 

attack the thick medium problem, such as the small-signal-thin-lens method recently 

developed by Shiek-Bahae et. al.28 and the application of the fast Fourier analysis to facilitate 

the numerical simulation of the "internal-self-action".29 However, at the present time, we 

only concentrate on developing the thin sample approximation analogy, that is neglecting 

V2
TE0 in the wave equation (2.21). Writing the electric field as 

E0 - A e'* (2.22) 

with the irradiance given by 

I = 
no e o c 

|E0| 2 , (2.23) 2 

equation (2.21) can be separated into its magnitude and phase parts (see Appendix B) as, 
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^ • - a l - ^ P - a ^ N I (2.24) 

and 

(2.25) 

where Ŝ1I, as mentioned before, arises from the non-carrier effect, and 7XN is the free carrier 

contribution to the nonlinear refractive index change which is negative in II-VT compound 

semiconductors. ^ is deduced to be (also see Appendix B) 

u n e 2 c P 
7 . an N - P , (2.26) 

n 2 n 0 m v c w 

where P includes the intra- and inter-band contributions to the nonlinear index of refraction 

(see the Auston model introduced in section 2.4.1). If we take into consideration the band 

filling effect (see the bandgap resonant nonlinear index of refraction in section 2.4.2), the P 

factor can be written as: 
P 2 2 

P = P „ P (2.27) 
g Eg - (h «)* 8 wg - w2 

where Eg=ftwg is the semiconductor band gap energy and Pg is a scaling constant. For Pg = 1, 

equation (2.26) corresponds to the Auston model.32 If P = 1 (i.e. long wavelength 

approxamation where w—>0), the phase change can be interpreted by the classical Drude 

theory, i.e. the linear carrier movement in the conduction band, alone.41 

Usually in II-VI group semiconductors, the real part of x^> i.e. arises from the 

bound electronic nonlinearity, ionized impurities and anharmonic motion of carriers.30 But 

with our experimental conditions, we may simplify the term y9xI in equation (2.25) by the 

following arguments. First of all, our experimental results can be explained well by the two-

photon-induced-carrier-refraction model, so that we neglect impurities in our sample. 

Secondly, the anharmonic motion of carriers is zero theoretically in the parabolic-band 

approximation.31 We assume it is small in our analysis and, therefore, we neglect this term. 

The bound electronic effect was ignored in the past because it was considered to be 

significant only when the photon energy is well below the semiconductor bandgap.30 This is 
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not the case in our experimental condition. Using the newly developed Z-scan technique, we 

are able to measure n2 due to the bound electronic effect to be ~-4-10-11 esu at low incident 

irradiance levels.53 The most innovative discovery is that the bound electronic oscillation 

leads to a negative index of refraction change in some of the II-VI semiconductors instead of 

the traditional understanding of a positive contribution. We will discuss the bound electronic 

effect in ZnSe in chapter IV when we perform the beam distortion measurement. 

So far, we have thoroughly discussed the nonlinear wave equation as well as the 

relations linking the conventional parameters, such as the complex conductivity Complex» 

complex dielectric function ecomplex, and the susceptabilty x. to their observables, such as a, 

f)2, n2 and a^ etc.. Another aspect of the problem is the mechanism for the free carrier 

generation. As far as our experimental conditions are concerned, the excited free electron 

population is subject to change according to the rule49 

4 N , ° l + 4 ! ! (2.28) 

dt fiu 2fiw K ' 

For the irradiance levels (psec operation) where 2PA governs the nonlinear process and the 

effects of carriers produced by linear absorption are negligible (see explanation in Chapter 

IV), the carrier generation equation is reduced to 

dN $212 
(2.29) 

dt 2 h oj' 

For the incident beam irradiance less than a critical value Icr, the FCA term in equation 

(2.24) is neligible, therefore, equations (2.24), (2.25) and (2.29) can be solved analytically.31 

For the case of 2PA dominant carrier generation, when y?2 1=0^ N, i.e. the FCA is 

comparable to the 2PA, Icr is determined by inspecting equation (2.24) and (2.29) as:33 

I a a 2 V ^ f "px , (2.30) 
Tp (1 - R ) 

where the temporal and spatial integration has been approximately taken into account. For 

the second harmonic of NdrYAG laser radiation, h u = 2.34 eV (green), pulsewidth rp = 30 

ps, and the sample reflectance R = 0.21 as well as the FCA coefficient <7™ =* 2-10"18 cm2, the 
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typical value of Icr is about 5.6 GW/cm2.34 The maximum intensity used in our experiments 

was about a factor of five less than the calculated I^, indicating that absorption due to 

photogenerated carriers should be negligible. This assersion is also confirmed by the 

numerical simulation done in Chapter IV. But, FCA will be significant when experimenting 

using nsec pulses, because for the same irradiance level we would have much more energy in 

a nsec pulse than in a psec pulse, and more carriers would be created by the nsec pulse. 

Since the transmission change and the photoexcited carriers are both caused by 2PA, 

the value of Icr is independent of and inversely proportional to the pulsewidth rp. That is 

one of the the reasons for using psec laser pulses instead of nsec pulses to obtain 2PA 

coefficients. If longer pulses are used FCA can dominate. Also free carrier diffraction 

becomes more important. 

The transmission, T, is specified as the energy transmitted through a sample, divided by 

the incident energy. In the case of uniform continuous wave (cw) illumination this can be 

described equally well in terms of transmitted and incident irradiances. From the foregoing 

discussion, we find the irradiance inside the sample and transmitted through the sample, 

I(z,r,t), by integrating equation (2.24), to be31 

I(z,r,t) » O - j y , (2.31) 
[ 1 + q(z, r, t)] 

where q(z,r,t) = /?2/a (1-R) 1(0,r,t) (l-e"aB). Inside the sample j=l, and outside the sample 

z=L and j=2 since there are two surfaces. z=0 refers to the position of the sample front 

surface. To include the Gaussian profile effects in our theory, we assume the incident beam 

has a Gaussian shape both in time and in space : 

1(0,r, t) = 1(0) e " ( r / w ° ) 2 ~ ( t / r P ) 2 , (2.32) 

where w0 and t0 are the half widths at the 1/e points of irradiance in space and in time, 

respectively. The incoming beam has energy 



f2?r - o o - o o 

66 r dr dt 1(0, r,t) = I0 W
2 w0

2 rp . 
0 J O J - o o 
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(2.33) 

where I0 is the peak on-axis irradiance. The transmitted energy ET is 

«2?r - o o - o o 

ET * 69 I rdr dt I(z,r,t) 

34 

7Tw0
2 rp e~aL (1-R) P 

J - o o 

du ln(l + q(L,0,0) e"u2). (2.34) 
jS/a (1 - e"aL) 

To find the transmittance, we divide the transmitted energy by the incident energy and obtain 

the energy transmittance31 

x = 2 a e~aL (1 - R) 
jiS I0 Vff (1 - e"aL) , 

, o o 

du ln(l + q(L,0,0) e""2) . (2.35) 
0 

This expression can be evaluated numerically. 

Phase information is needed at the sample exit plane in order to model the beam profile 

of the pulse and its propagation. We now integrate equation (2.25) by using equation (2.29) 

for N and equation (2.31) (j=l) for the irradiance to obtain an expression for the phase :31 

.t 

(2.36) $(L,r,t) = $(0,r,t) + ln[l + q(L,r,t)] + J w t j ; df Fx(t') , 
J - o o 

where 

Fj(t) = a ln[l + q(L, r,t)] - 1 - (2.37) 
1 + q(L,r,t) 

Equation (2.31) (j=2), (2.36) and (2.37) together completely describe the electric field at the 

exit plane of the sample. They are the differential equations describing the light-medium 

nonlinear interaction with measurable parameters. 
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§2.3. Absorptive Nonlinearity 

2PA can become the dominant loss mechanism for semiconductors subjected to intense 

laser light in the frequency range hw <Eg< 2hw, where w is the laser frequency and Eg is the 

energy bandgap. In deriving the working differential equations, we adopted the 2PA 

coefficient, P2, as a macroscopic quantity. Now, we are going to address some of the 

microscopic aspects of this issue. In this section each quantity is described in cgs units 

according to tradition unless otherwise mentioned. 

Early in 1931, 2PA theory was introduced by Goppert-mayer.36 However the 

experimental observation was not possible until lasers were available. In 1961, Kaiser and 

Garrett reported their experimental results on 2PA measurements.36 Since then, a number of 

different models have been proposed to calculate nonlinear absorption coefficients. The 

variation between these models focuses on how to choose a small set of dominant transition 

paths among the infinite number of them for electrons and the various choices of the 

intermediate states as accounted for by different authors. 

Most of the schemes proposed are based on the traditional interaction Hamiltonian and 

Bloch states37 except the Keldysh model.38 The Keldysh model treats the nonlinear 

absorption in semiconductors as a high frequency extension of the d.c. Zener (tunneling) 

effect that had been used to describe breakdown in these materials. He assumed that the 

electronic transitions occur between states in nonparabolic bands that had been Stark shifted 

by the time varying electric field of the incident beam. He thus obtained formulas that could 

apply to all orders of absorption processes using only first order perturbation theory. 

The model of Braunstein and Okman 89>40 assumes all bands to be parabolic and 

isotropic, and there is an intermediate state (C' band in figure 2.1) lying in a higher 

conduction band of the cyrstal. A typical transition in such a scheme is shown in figure 2.1. 

The electron first makes a virtual transition to a higher lying conduction band C and then a 

second transition to the main conduction band C. Due to the short time spent in the upper 
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band, it is permitted within the limits of the uncertainty principal that the transitions need not 

independently conserve energy. 

Basov41 proposed a band structure which contains a set of light and heavy hole valence 

bands and a single conduction band as shown in figure 2.2. Transitions may occur from each 

of the two valence bands to the single conduction band. Several papers published later have 

made corrections on Basov's original theory.42-44 One major correction is to include the 

exciton effect. 

The scheme put forward by Pidgeon et al.4S has become the theoretical background of 

Weiler's model46 and later Wherrett's scaling rules47 for multiphoton absorption. Using a 

three-band model shown in figure 2.3. for zincblende semiconductors and allowing for 

possible spin-orbit splitting of the valence band, this model appears to resemble Basov's. 

However, the main difference relies on the description of the wave functions and the electron 

momentum matrix elements between these functions in terms of the Kane momentum 

parameter (see equation (2.68)).48 The 2PA coefficient thus calculated could be separated into 

a weakly material-dependent scaling term and a strongly material-dependent function of 

photon energy to energy gap ratio. 

Van Stryland et al.49 performed measurements in ten different semiconductors. Their 

results showed that the theory of Weiler gives an excellent prediction for the absolute values 

of 2PA coefficients in zincblende semiconductors. Van Stryland et. al. also showed that 

previous experimental measurements of /S2 were high due to FCA (i.e. in the case of I not 

much less than Ic) and beam defocusing (small area detectors were used in those 

measurements). Exciton effects may be important for materials near resonance (2huxzEg), as 

for ZnTe. The scaling rules for multiphoton absorption as developed by Wherrett also show 

excellent agreement with experiment and provide a means of predicting relative 2PA 

coefficients for a variety of materials and wavelengths. Therefore, the two-band parabolic 

model is a very close approximation to the more complicated theory, such as Weiler's theory. 
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Fig. 2.1. Band structure and transition scheme used by Braunstein and Ockman to 

model two photon absorption in semiconductors. The electron first makes a virtual 

transition to a higher lying conduction band C and then a second transition to the 

main conduction band C. Due to the short time spent in the upper band, I t is 

permitted within the limits of the uncertainty principal that the transitions need not 

independently conserve energy. (After Ref. 40) 
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/YT\ 
Fig. 2.2. Band structure and transition scheme used by Basov to model two photon 

absorption in semiconductors. Transitions include both allowed-allowed and allowed-

forbidden types from each of the two valence bands to the single conduction band. 

(After Ref. 41) 
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Q / 

Fig. 2.3. Band structure and transition scheme used by Pidgeon et al. to model two 

photon absorption in semiconductors. Typical two photon absorption transitions are 

shown. (After Ref. 45) 
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We found, in modeling semiconductor optical limiters, that the 2PA coefficient given 

by Wherrett's scaling rules results in a reasonable prediction of the limiter performence. 

Therefore, it is beneficial to outline the basic principles of Wherretfs scaling rules in the 

following. 

The problem of predicting an absorption coefficient is basicaly a problem of describing 

the interaction of light with matter from a microscopic point of view. Consequently, we 

establish the detailed model on the basis of the interaction of an electromagnetic wave with an 

electron. The interaction Hamiltonian for a single electron is 

e A P - - A 

2 

(2.38) JB!_ 
2 m ' 

where $ and A are the scalar and vector potentials associated with the wave. The usual 

convention at this point is to work in the Coulomb gauge where $ = 0 and V-A = 0. Since p 

and A are actually operators then 

(p • A) = | (V-A) V = f [A • Vtf - t/> (V-A)]. (2.39) 

Using V-A = 0 and p • A = A • p, the interaction Hamiltonian becomes 

a cx2 A 2 
Hint = - ^ 7 7 A • p + . (2.40) m c 2 m c2 

For the time varying electromagnetic field we may write 

E(t) = E0(w) e"iwt + c.c. and E = - 1 (2.41) 

where "c.c." stands for complex conjugate. Thus we may obtain the time varying interaction 

Hamiltonian (it is also called the associated interaction of Hamiltanian) 

Hint = H ( w ) + c-c-. (2.42) 

with 

e En(a;) 
H ( w ) = T m w " e"lWt • p ' (2-43> 

where n is a unit vector in the direction of the electric field and the term containing A2 in 

equation (2.40) is negligible for the perturbation is small. For an electron transition from the 

initial state, i, to the final state, f, the matrix element of the interaction Hamiltonian can be 
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written as 

HB - <r I Hto, I i) - ft . p0 , (2.44) 

where the momentum matrix element pfl = (f j p | i). In terms of the radiation intensity, the 

matrix elements are then 

Hfi = -®- 2 ff I 
n 0 c ft • Po , (2.45) 

i m w 

where n0 is the refractive index of the medium, and the intensity is related to the field in cgs 

units by, 

n„e , . 
1 = l 7 |Eo1 * (2-46) 

Given the condition of Eg/2 <fuo< Eg, the electrons in the valence band can make transitions 

to the conduction band via an intermediate state. Within the context of the semiclassical 

perturbation theory, such a transition per unit time following Fermi's Golden Rule is, 

W2 - ^ E |M (k) |* S(ECV (k) - 2 h «) . (2.47) 

Here the summation is over all possible transitions between the valence (v) and conduction (c) 

bands per unit volume. The electron wave vector is k, and M ^ is the effective matrix 
cv 

element for the two-photon transition. In terms of the associated interaction Hamiltonian (see 

equation (2.42)), M ^ may be written as 

M (
c
2
y
} = Hca Hav [Ecv (k) - ft w]1 . (2.48) 

a 

Intuitively, equation (2.48) reveals a physical picture where an electron is to be excited from 

state v to state c in two steps. As a consequence of the energy conservation law, the two-

photon absorption coefficient can be stated as 

( 2 - 4 9 ) 

within the context of the Wherrett's scaling-rule model. For calculating W2, the functional 

dependence of the 2PA coefficient may be expressed as : 
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p F 2 f e | . (2.50) 
P 2 v ' S c 2 n0

2Eg
 2 [ E g J 

In equation (2.50) Ep is related to the transition matrix element and is nearly material 

independent. The function F2, as calculated for two simple parabolic bands, is given by 

(2-51) 

The conustant of proportionality, 4?re4/(2m)1/2c2 in equation (2.50) found in the experiments 

is (3.1±0.5)-103, where Eg and Ep=(2mPK
2)/ft2 are in electron volts and £2 is given in 

centimeters per gigawatt (PK is the Kane parameter, see equation (2.68)). This relationship 

has been verified by the experiments conducted by Van Stryland et. al.49 in ten different 

direct-gap semiconductors, so that we will use it in our analysis. 

§2.4. Refractive Nonlinearity 

As mentioned before, the primary effect of optical limiting in semiconductors is 

achieved via the combined effects of nonlinear absorption and the change in index of 

refraction due to photogenerated carriers. Degenerate-four-wave-mixing experiments 

(DFWM) have shown that there are third- and fifth-order nonlinearities occuring on different 

time scales in ZnSe.60 By applying moderate laser beam intensity (carrier concentration 10H 

cm"3), they observed a fast x ^ followed by a slower x ^ effect. The time-resolved 

nonlinear-index of refraction measurement by means of an optical multichannel analyzer 

(OMA) and streak camera demonstrated that the nonlinearities result in self-defocusing 

processes in ZnSe at intensity arround 1.3 GW/cm2 (see reference 51). This is consistent with 

the previous work done on CdSe where 2PA created carriers were assumed to cause a negative 

change in the refractive index.31-52 However, employing the Z-scan technique to ZnSe,63 we 

found that the nonlinear refractive index follows a third-order nonlinearity at low intensity 

(20 MW/cm2) and fifth-order nonlinearity above 1.0GW/cm2. Although all the experimental 

results indicate a negative shift in the index of refraction, the order of the nonlinearity has to 
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be differentiated by the intensity level and the carrier concentration involved. For instance, 

the third-order effect in the Z-scan experiment may be attributed to the bound-electronic 

effect53 at relatively low intensity because An a I.64 On the other hand, at high excitation 

intensity, An a 741
2, and the effect becomes the dominant mechanism. Based on this 

knowledge, we successfully modeled the nonlinear beam propagation after the sample by 

assuming that 2PA created free carriers and the bound electronic oscillation are responsible 

for the nonlinear refractive index. All these three experiments have effectively provided us 

with a fairly complete picture of the microscopic processes involved in semiconductor optical 

limiting. 

Since there are several nonlinear processes competing in the optical limiting behavior, it 

is desirable to extend equation (2.20) in order to include all factors which contribute to the 

change of the nonlinear index of refraction : 

An = Anjt}, + An^^ + ... + An j^ + An^^ + ... + An2Carr;er + An^j^g,. + ... , (2.52) 

where the subscript Hth" and "be" represents the thermal and bound electronic contribution to 

the refractive index change respectively, and "carrier" the carrier contribuiton to An. To 

write the change of the index of refraction for the case of linear absorption only, we have, 

»oo 

An,tll = 
dn a h w - Ee 

0 
2th dT p Cv h u 

which, for a Gaussian input pulse, yields 

dn <* VflTp fiw -
dT p Cv hw 

I dt (2.53) 

dn a Vx rn ft u - E , _ _ 
^n2th — HT n C ti r.1 0 ~ T2th ̂0 » (2-54) 

J n 

where ^ is the material thermal optical coefficient, p is the density of the material 

(gram/cm3) and Cv is the specific heat. The factor (ft w - Eg)/(ft w) accounts for the fraction 

of the excess energy above the bandgap that causes phonon vibrations. The assumption here 

is that excited carriers do not decay to the valence band within the experimental time. The 

constant VxrD is from the intensity integration with respect to time, where we used a temporal 
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Gaussian profile. The index refraction due to linearly generated carriers reads 

I d t . (2.55) 

n0 m w2 " w Jo 

Again, for a Gaussian input pulse, yields 

An2carrier = " ^ ^ ft = ^carrier *0 ' (2.56) 
n0 m w2 n w 

where m* is the electron-hole effective mass. For the case of 2PA dominant, 

© 

P dt (2.57) 

,.oo 
_ dn @2 2 ft w - Eg 

An4th - d T p C y 2 h w 
0 

and 

,oo 

- - " V . P [ I» d t (2-58) 
Jo 

2 ?r e2 p Pz 
Carrier ~ * , 1 h i,) 

n„ m w2 z n w j q 

This time the fraction of the excess energy producing heat is written as (2 ft w - Eg)/(2 ft w). 

For a Gaussian input pulse, we may write 

dn h Sx/2 rp 2 ft u - E 2 _ 2 r S 9 ) 
A n * h ~ dT p CY 2 ft 0 "l4th (2'59) 

and 

A 2 7T e2 T» @2 ^ f / 2 r p , 2 T 2 /-n\ 
^n4carrier ~ • , 2 ft D 0 = ^4carrier ' (2.60) 

n0 m w2 j L n u ) 

where the constant (7r/2)1/2rp comes from the integration of the square of the intensity with 

respect to time. Note that the right hand sides of equations (2.53) through (2.60) are in cgs 

units, however, the "t I" terms on the very right hand sides in the above equations are in 

MKS units. From now on we will use cgs units unless otherwise stated. 

To further reveal the connection between the absorption and the refraction in a given 

material, a quantum mechanical treatment is required. It is well known that the generation of 

an optical plasma can result in a strong modification of the complex conductivity crcomplex(w) 

in a semiconductor. Traditionally, we use the complex dielectric function €compiex(w) t 0 
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replace acomplex(o;). The connections between ecompiex(w) and crcomplex(w) are given in 

equations (B.18) and (B.19) of Appendix B. To estimate the change An(w) due to such a 

plasma-generation process we assume relatively low carrier density so that many-body effects 

are negligible." In an intrinsic semiconductor with a cubic symmetry and a direct bandgap 

structure, the real and imaginary parts of the dielectric function are given by30 

e r ( W ) - l = - ^ d»k V f r r ^ V k E» ( k ) i 
4 ^ 2 _ / ( E n ) " 1 ^ — + 

n 

47r#2e2 

m2 

n,n' 

and 

^ 4tt3 [ f ( E n ' } ' f ( E n ) ] IPnn'l 2 (En - En') [(hJ)2
 - (En - En')2] ( 2 , 6 1 ) 

I 0 [f(En') - f(En)] |P n n ' | 2 6(hu> - En - En'), (2.62) 

n,n' 

where n and n' are the electron states in the conduction and valence bands respectively, pnn' is 

the momentum matrix element for a direct transition between states n and n'. En(k), En'(k) 

are the energies of the electron states in these bands, f(En), f(En') are the carrier distribution 

functions, and m is the mass of a free electron. The first term in equation (2.61) is the intra-

band (i.e. Drude free carriers) contribution to the dielectric function, the second term 

represents the inter-band contributions (band-blocking). Besides the inter-band absorption in 

the imaginary part of the dielectric function, we have neglected the FCA (i.e. the intra-band 

absorption which is proportional to A2) in equation (2.62), because FCA is relatively small 

using psec pulses. There are several approaches describing the bandgap resonant nonlinear 

refractive index stemming from the above equations. Auston30-32 calculated the nonlinear 

refractive index change directly from the real part of the dielectric function. However, 

Miller et. al.15 obtained their expression for An from the imaginary part of the dielectric 

function (note that the real part of ecomplex is related to refraction and the imaginary part of 

ĉomplex ^ related to absorption). Now we discuss the following : 
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A. Auston's model 

B. Bandgap-resonant nonlinearity with Boltzmann statistics 

C. Other contributions to bandgap resonant nonlinearity 

2.4.1. Auston's Model 

The Auston model30-32 may be interpreted in the light of the classical Drude free 

electron (intraband) and Lorentz oscillator (interband) theories that the change in the real part 

of ecomplex(w) due to the generation of a density of N free electrons is accompanied by the 

simultaneous elimination of a density of N bound oscillators resonant at wg. 

The real part of the dielectric function in equation (2.61) is just the quantum 

mechanical representation of the carrier distribution function for the Auston model. To gain 

further insight into the qualitative features of er(w), we consider the case of a direct-gap 

semiconductor in which the contribution from a single isotropic valence and conduction band 

dominate. At very low carrier temperatures and in the absence of light, the incremental 

change in cr(«) is given as30'32 

A «r (w) = -
 4ffNe* 

®eh 
1 1 

U}2 (J2 - W2 
(2.63) 

8 

In the above equation, the first and second term in the large parentheses can be identified as 

intraband (Drude free electron model) and interband (simple harmonic oscillator model, 

band-blocking) contributions, respectively. For small absorption (i.e. small £5(w)) we have eT + 

Aer ^ ( n + An )2), where An is the optically induced change in the refractive index, deduced 

to be, 

A n K . l J L M 4 ^ . . (2.64) 
n 0 w 2 m e h W g " W 

Here An is equal to the classical Drude model 2?rNe2/nw2m*eh multiplied by a resonant 

enhancement factor w2
g/( w2

g - w2 ) as shown in equation (2.27). If w « wg, An reduces to 
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the classical Drude expression. Good agreement has been obtained using this model to 

interpret our beam distortion measurements with ZnSe (See Chapter IV). 

2 . 4 . 2 . Bandgap-Resonant Model w i t h Bol tzmann S t a t i s t i c s 

This model is based on the following mechanisms15 

1. Incident photons from the laser create free electrons in the conduction band and holes 

in the valence band. 

2. These induced carriers relax rapidly into a thermal distribution (i.e. a quasi equilibrium 

state). The carriers decay from this distribution with a single recombination time 

which is much longer than the previous intraband relaxation time. 

3. Saturation of absorption may occur because of the partial blocking of possible 

transitions due to the carrier population. This absorption change modifies the 

refractive index experienced by the incident photons. Notice that the reduced 

absorption occurs at frequencies above the pumping frequency. 

From the Kramers-Krfinig relations, we may write the change in the refractive index at 

photon energy fiw as15 

A n (hw) = 
7T 

r OO 

he 
I < 2 - 6 5 ' 

0 (hw Y - (ftw)2 

where Aa(hw) is the change in the absorption coefficient at energy hw and can be derived 

from the imaginary part of the dielectric function ej(w) in equation (2.62) by employing the 

definition ct(w)=wei(w)/n(w)c. For allowed direct-gap transitions in the vicinity of the bandgap 

Eg and for photon enrgy hu above the bandgap energy30 

* A X I ( f i w - E e ) i A 
A a (w) a -AN —7s exp 

n oj 
- /V ( * " - E r ) (2.66) 

m c K B T 

where nhc is the reduced effective mass, /ihc = (mc mh)/(mc+mh) (mc and mh are the 



37 

conduction- and heavy-hole-valence-band effective masses, respectively). 

The integration in the Kramers-Krftnig relation denotes that the absorption change at 

any photon energy will alter the index of refraction throughout the entire spectral range, and 

that the magnitude of An(hw) is subject to the weighting factor l/((fca/)2 - (fiw)2) in the 

integrand. Miller et. al .1 5 showed that with this model the nonlinearity is given by, 

Mhc (fcd-Eg) &n(u) - - ^ 5 its. i 1 j 
3 me mc h2 n0 K B T (fiw)2 mc K B T 

(2.67) 

where PK is the Kane momentum matrix element,40 and (2mPK
2)/ft2 a 20eV ± 20% in all 

semiconductors. The expression for PK is given by : 

pK = i , (2.68) 
3 Mhc 

and the function of J(dhc) is defined as the integral: 

j <«%j) - \ 
.oo 

x e~x 

0 x + 

dx, (2.69) 

and 

- hw ,2 70) 
hc K B T mc

 K ' 

The approximations taken to obtain expression (2.67) are 

(1). | hw-Eg | « E g and K B T « E g . For ZnSe experimenting at A=532 nm and at room 

temperature, the two inequalities are naturally satisfied. 

(2). A parabolic band structure. Van Stryland et. al. have shown in reference 30 that the 

differences between the parabolic and nonparabolic theories are minor for 2PA. 

(3). The neglect of the free hole population and the An due to the band blocking from the 

light hole band to the conduction band. The contribution from the free hole population is 

verified negligible in InSb55 and in ZnSe (see equation (2.84)). However, the depletion of 

electrons in the valence bands is comparable to the electron blocking effects in ZnSe (also see 

equation (2.84)) though it is insignificant in InSb.55 
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(4). The use of Boltzmann statistics. Tooley63 showed that for the carrier density lower than 

1016 cm"3 in InSb, Boltzmann statistics are applicable. We thus deduced for ZnSe the 

corresponding carrier density should be 1.2-1018 cm - 3 (see equation (2.87) and the discussion 

followed). 

For a linear absorber, the generated carrier density is ANC = a(fcw)Irp/ftw, whereas, 

ANC is given in equation (2.81) for a two-photon absorber. Therefore, it is convenient to 

define a new parameter o^c, the index change per carrier (or refractive cross section), as 

so that we can examine the material refractive nonlinearity without considering how the 

carriers are generated. Here the subscript, he, and the supperscript, B, refer to the source of 

the nonlinearity due to the blocking of electronic transitions from the heavy hole valence 

band to the condution band if the carrier population is in a Boltzmann distribution. 

Assuming single photon absorption and n=n0+An with An=72carrierI, we obtain 

_B = " ^carrier „ J 2 ) 

nc a rp 

for r p « rR . 

So far, this model has been widely used as a theoretical background to interpret 

bandgap-resonant refractive effects in a variety of materials. In 1981, Miller et. al.16 fitted 

their wavelength-dependence measurement of n2 in InSb at 77K by using this semiempirical 

theory (see figure 2.4). It is worth pointing out here that since there is an error of a factor of 

two in expression (10) in Ref.15, the magnitude of the theoretical fitting in Ref.15 is 2 times 

smaller than the experimental data. However, when Wherrett et. al.B5 later included the light 

hole band contribution (i.e. electron transitions from the light band to the conduction band as 

well as the consequent band blocking) the theory was found to agree well with the 

experimental data. Intensity-dependent refraction in CdHgTe is studied by Hill and Miller.59 

Their successful modeling based on Miller's bandgap resonant saturation model15 plus the 

intrinsic Auger recombination process predicted a I1/3-dependence of the nonlinear refractive 
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Fig. 2.4. Measured n2 and absorption coeffient a as a function of photon energy fiw 

for InSb, compared with theory for n2 calculated using measured a and the bandgap 

resonant model with Boltzmann statistics (see expression (2.67) and after Ref. 15). 
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index. The bandgap resonant model is also employed to interpret the nonlinear refraction at 

the absorption edge in InAs between 68 and 90K by Poole and Garmire.60 Good agreement 

between theory and experiment is obtained by including the light hole band contribution. In 

CdSSe semiconductor-doped glasses, the photorefractive nonlinearity can be explained in 

terms of the band-filling model with Boltzmann statistics also.61 Kar et. al.62 used the band-

filling model to determine the refractive cross section (i.e. refraction per carrier pair) 

spectrum for ZnSe polycrystal, which is in good agreement with their single-photon-

nonlinearity experimental results from 450 to 476 nm as well as our two-photon measurement 

at 532 nm (see the next section for detail).62 

2.4.3. Other Contributions to Bandgap-Resonant Model 

(i). Transition blocking from light hole band to conduction band 

The valence band structure for a cubic II-VI compound semiconductor is similar to III-

V compound semiconductors which typically consist of a heavy-hole, a light-hole and a split-

off band. The contribution to the refractive nonlinearity from the split-off band is negligible 

because it is far away from the top of the valence band. But, the contribution from the light-

hole valence band is found comparable to the heavy hole valence band contribution in InSb.65 

It is apparent from Ref.15 and the section above that the only nonlinear refractive index 

considered arises from the blocking of transitions from the heavy hole valence band to 

conduction band as 

a rr5- • J hc mc 

fihc _ fto>-Eg 
m c K-B T 

(2.73) 

However, there is also a nonlinear refractive contribution from the blocking of transitions 

from the light hole valence band to conduction band. By inspection and replacing fihc with 

liic in equation (2.73), we can write 
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MrH- e-») 
Experimental evidence shows that in InSb at a temperature 77K and 5pm radiation, 

is almost 80% as large as c^c.
55 In InAs, at temperature 68K to 90K using A= 3.096 fxm, the 

Light hole contribution accounts for more than 40% of the observed nonlinearity.60 The ratio 

of c^c to ofc against photon energy for ZnSe at room temperature using 532 nm is shown in 

figure 2.5. Apparently the light hole contribution is comparable to the heavy hole 

contribution in most of the spectral regime other than the bandgap resonant frequency. 

(ii). Plasma effect 

The induced free carriers in the conduction band will also contribute to the nonlinear 

refraction. This is also one of the terms included in the Auston model. The expression is, as 

stated in the previous section from the classical Drude theory 

ANC e2 

€i due to plasma ^ * «• (2 .75) F n0 me w2 

This effect does not have the strong bandgap resonance and is smaller in general 

compared with the components from the blocking of transitions. Using l/me*=4PK
2/(3Eg 

h2), and refering to the blocking of electron transitions as of, we obtain a ratio40'63 

ei due to plasma 

of " h u , J(dhc)' <" 6 > 

The plasma effect stands a chance to become significant when KB T (note KB 

T=0.026eV at room temperature) is comparable with the bandgap energy Eg or the excitation 

photon energy is well away from the resonant frequency (i.e. J(dhc) is comparable with 10"2). 

For example, Tooley observed that with InSb at 80K and using the CO laser line at 1882 

cm -1, the plasma contribution is dominant at total carrier densities in excess of =* 5-1016 

cm-3.63 This is probably caused by the saturation of band blocking, i.e. the thermal carrier 

population occupied all of the energy bands on the bottom of the conduction band, therefore, 

reducing the index change from blocking of further transitions; however, the free carrier 
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effect of £; due t o pi„ma will add a small but constant amount to the change of the refractive 

index at all carrier densities. Eventually, this contribution will be significant, as Tooley has 

observed.63 Figure 2.6 shows the curve of A n , ^ versus hw. 

(iii). Free hole contribution and electron depletion 

After the electrons are excited into the conduction band, free holes will be left behind 

in the valence band. These free holes will also affect the refractive index in a way 

resembling the plasma effect as mentioned above except with a much larger effective mass. 

From the density matrix, the free hole populations are related to the free electron 

concentration ANC by:55 

AN. AN. 
(2.77) AP H = ANC j ANr 

c _ _ _ ^ A P i c _ _ f 

1 + (mj /mh) 1 + (mh /m,) 

where APH and APF are the density of heavy hole and light hole carriers respectively. The 

consequence of creating free holes is the depletion of available electrons in the valence bands. 

This depletion exibits similar resonant features to the electron-transition blocking but have a 

different scale factor due to the different effective masses. 

(iv). Other considerations for An using bandgap resonant model with Boltzmann statistics 

To sum up all the contributions to the nonlinear refraction on the basis of Boltzmann 

statistics being adequate for describing the equilibrium distribution of photoexcited carriers 

within the conduction band and valence bands, the change in refractive index is given from 

equations (2.75), (2.77) and (2.67) by:65 

An = 
m„ 

-27re2
 r ANe 

n0w
2 

APU 

1 + Z 

mu 
APL 
m, 

1 + Z ^ J(du) 
me

 n ' ], (2.78) 

where 
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Fig. 2.5. The ratio of the refractive index change per generated carrier for heavy hole 

valence band to conduction band blocking to that for light hole valence band to 

conduction band blocking plotted against photon energy. Notice that the bandgap for 

ZnSe material is about 2.67 eV. 
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Fig. 2.6. The spectrum of the refractive index change due to plasma effect. Here the 

plasma is generated via two photon absorption at a fixed input intensity. Notice that 

there is no resonant effect when the incident photon energy approaches to half the 

bandgap energy (Eg~2.67 eV for ZnSe). 
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4 niA P xr 

6~Vff ft2 K b T • ( 2 J 9 ) 

Equation (2.78) shows the contributions to An of the three types of carriers that are 

photogenerated: electrons (ANC), heavy holes (APh) and light holes (AP,). The first term in 

each component represents the effect of the shift in plasma frequency as a direct result of the 

increased free-carrier population. The remaining terms are the transition blocking or 

saturation contributions: two arising from free-electron blocking of transitions from the light 

and heavy valence bands to the conduction band and two more representing the consequence 

of hole generation within the two valence bands, i.e. the depletion of available electrons. 

Applying this model to InSb, one finds that the second and third components in 

equation (2.78) are negligible compared with the first term of the electronic contributions.56 

In this case, the change in refractive index is directly proportional to the density of free 

electrons generated in the conduction band. Thus, it is appropriate to define a parameter, 

refraction per unit carrier density which excludes the free-hole plasma in the valence bands 

and the saturation resulting from electron depletion: 

An 2 jt e2 

°n e ANC n0 w2 mc 
1 + Z (2.80) 

In InSb, for 77K operation at 5.5 jum wavelength, crne = -1.76-10"18 cm3 for low carrier 

density (ANC =<1016 cm3), and the magnitude of the induced nonlinear response is 

determined by the value of ane and the excited free electron population ANC. 

2.4.4. Two-Photon Refractive Nonlinear it ies 

Up till now, we have discussed refractive nonlinearities caused by single-photon 

excitation. However, in the ZnSe experiment with 0.532 /xm radiation, the incident photon 

energy satisfies the inequality, hw < Eg < 2hw, hence, for psec pulses, the carriers are created 

by two-photon interband absorption at relatively high irradiance as 
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P, I2 

ANC = r p ( 2 .8 1) 

where the 2PA coefficient P1 is given by equations (2.50) and (2.51). 

By replacing AN in equation (2.64) with equation (2.81) we obtain the dependence of 

An on the incident photon energy from the Auston model (see figure 2.7): 
. , . 2 7T ANC e2 w2 

A n(w) S-; r g—r-
n 0)2 meh - w2 

oc T J - t t . (2.82) (h w)» 
1 

The material parameters for ZnSe we used here are given in Table 2.1. At fiw = 2.34 eV and 

Eg = 2.67 eV for ZnSe, we calaulated the diffraction per unit carrier density to be 

ffn=-1.2-10"21 cm3 from the Auston model, which is in good agreement with our experimental 

data (a factor of 1.5 greater than our experimental data, see Chapter IV). 

Substituting AN created by 2PA into equation (2.67): 

AnM = &£• me ? K i L _ T v ' 3 me mc h2 n0 KB T (ftu;)2 
/xhe (Jto-E,) 

m c ^-B ^ 

a (ft a>)3 * 
fihc (fiw-Ea) 

m„ K* T (2.83) 

We see the same functional dependence of An(fiw) versus photon energy (figure 2.7) for the 

bandgap resonant model with Boltzmann statistics. As mentioned before, since the only 

contribution considered here is the blocking of transitions from the heavy hole valence band 

to the conduction band, the magnitude of the nonlinear response is naturally lower than the 

value calculated from Auston's model, i.e. at ft«=2.34eV, the calculated an ~ -0.6-10"21 cm3. 

Using the complete equation (2.78) for An, the relative importance of all the terms can 

be deduced at A = 0.532 pin for ZnSe: 

A n - ^ ^ ( o l 6 ' ( 1 ^ . 0 7 + 1 . 9 8 ) ) ^ ^ ( l t 7 . 6 6 ) + J _ a + U 3 ) ] . ( 2 . g 4 ) 

Notice that, unlike in InSb, the saturation due to the depletion in the heavy hole 

valence band (the 2nd term in the 2nd component) is almost comparable with the band 
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blocking from electron transitions (the 2nd and 3rd term in the 1st component). If we take 

into consideration the difference in the ratio, (mh/mc)3/2 zt 10 for ZnSe and 153 for InSb, 

this may be readily explained, because the refraction change per unit carrier density for 

electron depletion in the heavy hole valence band is proportional to (mh)~3/2, i.e. chh a 

(mh)~3/2, while c^c oc (mc)~3/2 is the blocking of electron interband transition. The ratio of 

mh £hh._ 

and 

4 
- 3 / 2 = _ L f o r ZnSe (2 .85) 

% = for InSb . (2.86) 
he 

Hence the light hole contribution to the refractive index change is more significant in ZnSe 

than it is in InSb. 

For the purpose of comparison, equation (2.84) gives an ~ -1.95-10"21 cm3 for ZnSe at 

532nm. If we consider the electron effect only (i.e. contributions from free electrons in the 

conduction band and bolcking of electron-transitions from two valence bands to the 

conduction band), crn will be -1.43-10-21 cm3. An in equation (2.78) and An accounting for 

electron effect only versus photon energy are also plotted in figure 2.7 respectively. 

All the above calculations from either the approach put forward by Auston, or the band 

filling model with Boltzmann statistics provide us with crn's of the same order of magnitude 

as our experimental data. Considering the error bars in our experiment, we can state 

confidently that the classical Boltzmann statistics are applicable under our experimental 

conditions. Evidence to support this assertion can be drawn from the effective density of 

states argument. It is well known that the effective density of states in the semiconductor 

conduction band is proportional to the effective mass and temperature, i.e.64 

^3/2 

(2.87) N C = 2 
2 7T meh K B T 

h2 



48 

TABLE 2.1. 

Material Parameters For ZnSe and InSb 

ZnSe InSb 

mc 0.16 me 0.014 m, 

mj 0.145 me 0.016 m, 

mh 0.78 me 0.4 me 

phc - CTlc > ̂ lc 

e 

7f ~ 2 °hc ~ 3.5 

3 7hh ~ 4 °hc - 0.1 ahc 

=* 4r cr,, - 1 

12 ° l c = 200 
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Nc is the maximum number of carriers in the conduction band for using the simplified 

Boltzmann statistics to analyze the carrier dynamics in a semiconductor. For the number of 

carriers greater than Nc, we must use the Fermi-Dirac statistics. At room temperature, Nc is 

~1016 cm-3 for InSb.55 From Table 2.1 we know that (mch )ZnSe ~ 10 (mch )InSb, so that the 

effective density of states for ZnSe at room temperature is ~1.2-1018 cm-3. This is slightly 

higher than the maximum value of N~7-1017 cm-3 calculated from our numerical fitting (see 

Chapter IV). In addition, good agreement is obtained between crn~-1.43-10"21cm3 calculated 

using this theoretical model with Boltzmann statistics and c7n~-0.8-10-21cm3 extrapolated from 

the beam distortion measurements (see Chapter IV). Thus, Boltzmann statistics is applicable 

under our experimental conditions. 

The curves in figure 2.7 show a remarkably flat response for An over most of the 

region of 2PA (Eg < 2hux 2Eg) and this flat region becomes our theoretical ground to predict 

the wide band operating feature of the semiconductor optical limiters. This is as expected, 

since above the two-photon resonance the efficiency of 2PA starts to decrease, while the 

refractive index due to blocking of electron transitions increases with frequency. The 

combined result of these two effects is that An varies by less than ±25% over the range 0.57 < 

(ftw/Eg) < 0.94, corresponding to 500 < A < 810 nm for ZnSe. For shorter wavelengths, An 

becomes very large as the bandgap resonance is approached, but here the linear absorption is 

also large, so that there is no application for power limiting in that wavelength region. This 

broad band operating feature needs to be verified using tunable lasers and experimenting at 

different wavelengths. 

§2.5. Chapter Summary 

In this chapter we reviewed the dominant mechanisms for nonlinear processes in direct-

gap semiconductors as applied to the optical limiting devices discribed in the next chapter. A 

set of differential equations are obtained to analyze the limiting behavior in semiconductors. 
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In deriving this set of equations, we established the understanding of relations connecting the 

macroscopic measurable quantities with their microscopic conterparts. It is determined that 

the optical limiting behavior results from the combined effect of 2PA and the induced-free-

carrier refraction. Theoretical analysis indicates that the band-filling model with Boltzmann 

statistics adequately describes the two-photon refractive nonlinearity. Moreover, a broad-

band nonlinear refractive spectrum is predicted, though further experiments are required to 

verify this prediction. 
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Fig. 2.7. The spectrum of the refractive index change calculated from different 

approaches for ZnSe. Here the free carriers are produced via two-photon absorption 

at a fixed input intensity, a: An including the free electron plasma, free hole plasma, 

blocking of electron transitions and electron depletions in Lie conduction band; b: An 

including free electron plasma and blocking of electron transitions; c: An calculated 

from the Auston model; <± An calculated from the bandgap-resonant model proposed 

by Miller et al.. 
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CHAPTER III 

CHARACTERIZATION OF OPTICAL LIMITERS 

§3.1. Introduction 

We have characterized optical power limiters to determine the limiting energy, EL, the 

dynamic range (DR) and so on at different wavelengths and pulsewidths. The limiting 

behavior results from the material nonlinearities and depends on the limiting geometry. The 

material nonlinearities we have used in semiconductors are the combination of nonlinear 

absorption and nonlinear refraction from both the carrier effect and the bound electronic 

effect. For a given material and fixed wavelength and pulsewidth, the limiting effect largely 

depends on the optical geometry, such as the focal length of f a in figure 1.3 and sample 

thickness. 

In this chapter, we discuss experiments conducted using II-VI compound 

semiconductors at 532 nm with psec and nsec pulses. First, we introduce the experimental 

apparatus and arrangement. Second, we discuss the results for characterizing the bulk 

material limiters (3mm and 10mm ZnSe), where we discovered that the disadvantage of thin 

sample devices is their low dynamic range. Since the light is focused onto the sample surface 

to get a low limiting threshold, the fluence is high on the damage-prone surface, and 

irreversible damage occurs within 1 or 2 orders of magnitude of limiting energy.4 A method 

to alleviate this problem is to use thick samples (thickness larger than the depth of focus) and 

to focus into the bulk of the material, reducing the irradiance on the damage prone surface. 

This study of limiting in ZnSe with 30-psec, 532-nm pulses shows that the resulting internal 

self-action (2PA plus free-carrier self-defocusing) protects the bulk material from optical 

damage for short pulses.7 In addition, we found that the minimum limiting energy occurs 

when we focus near the front surface of the sample and the maximum dynamic range is 

56 
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obtained when we focus close to the back surface of the sample. Simple scaling relations were 

determined from our results that link the limiting energy and the dynamic range to the 

focusing geometry and sample dimensions.8 These scaling rules are further verified by our 

recent limiting experiments with a variety of semiconductor materials at different 

wavelengths.9 These relations were also used to design a monolithic optical power limiter 

(MONOPOL) optimized to have maximum dynamic range and minimum limiting energy 

using ZnSe. This device limits at an input energy of 10 nJ (300 W) for 30 psec pulses and has 

a dynamic range greater than 104. Moreover, a thermal analysis indicates that thermal self-

focusing may occur in the MONOPOL using nsec pulses which is consistent with the 

experimental observation. 

§3.2. Experimental Apparatus 

Since we concentrated on the study of wide-gap II-VI compound semiconductors, such 

as ZnSe and ZnS etc., which have their bandgap ranging from 2.4 to 3.7 eV, the frequency-

doubled Nd:YAG laser (2.34 eV at 532 nm green light) was chosen to be the laser source. 

Figure 3.1 shows the basic optical limiting experimental layout. 

Our laser system is a microprocessor-controlled, passively mode locked Nd:YAG laser 

(Quantel International YG-40) that produces single amplified pulses of energy up to 7 ml per 

pulse at 1.06 /xm when operated in the TEM00 mode. A second harmonic generator (SHG) 

KDP type II crystal is placed in the path of the beam to double the laser frequency. The 

SHG's maximum conversion efficiency has been experimentally determined to be 30% when 

the crystal is operated in a moderate energy level (e.g. non-saturated region, less than 6 mJ), 

then the maximum energy in the green could reach above 1.5 mJ. In this non-saturated 

region, the pulsewidth in the green is a factor VI smaller than it is in the infrared.10-11 

Theoretically, if the pulsewidth is 30 ps (HWl/eM of I) in green, the obtainable maximum 

irradiance would be of the order of thousands of GW/cm2 (terawatts/cm2) for a typical 
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experimental beam spot size, 20 /un (HWl/eM of I). From the analysis done by Woodall,11 

the irradiance for 2PA to become observable by the current detecting techniques is 200 

MW/cm2 when the material 2PA coefficient p is 5 cm/GW. Therefore, it is clear that psec-

pulsed lasers produce sufficient irradiance at the desired wavelength to cause a detectable 

change in transmission with two-photon absorbers. In addition, a simplified analysis may be 

achieved by neglecting the carrier recombination and diffusion during a pulse, as the psec 

pulse is much shorter than these times, e.g. the carrier recombination time —Ins in ZnSe.27 

The pulsewidth of our laser could be varied between 40 and 150 ps (FWHM) at the 

fundamental frequency (1.06 /im), by selecting etalons of varying thickness as the output 

coupler. This variability in pulsewidth enables us to discriminate irradiance-dependent 

nonlinearities from fluence-dependent nonlinearities as discussed by Boggess et al..12 

Since the pulewidth fluctuates from shot to shot, the width of each pulse was monitored 

by measuring the ratio R of the square of the energy of the fundamental (1.06 /xm) pulse to 

the energy of the second harmonic (0.53 /im) pulse that was produced in a LiI03 

crystal.11-13"15 This ratio is directly proportional to the laser pulsewidth, provided that the 

temporal pulse shape and the spatial profile remains unchanged (Indeed, the 1/2 Hz laser 

system we used gives excellent and stable spatial Gaussian-shape beam profiles). This ratio 

was calibrated by measuring the pulsewidth using nearly background-free second-harmonic 

autocorrelation scans while accepting only pulses having a fixed ratio R within ±15% of the 

preset value. Autocorrelation scans are performed each time we change the dye solution in 

the passive modelocker of our laser and also performed every day before taking data, in order 

to find the average pulsewidth as the reference pulsewidth later during the experiments. 

Beam spatial profiles are determined by pinhole beam scans in HWl/eM of I (I will use 

this definition throughout my dissertation unless otherwise mentioned). The half-angle beam 

divergence was extracted to be 0.38+24% milliradians from a series beam scans at 1.06 ^m. 

This amount of beam divergence is neglegible in propagation within the length of the optical 
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benches we are using. Hence, in practice, we take the beam as collimated Gaussian beam 

before it passing through any distorting elements (for instance, lenses). 

An attenuator , which consists of a calcite polarizer and a rotatable halfwave plate, is 

placed behind the SHG to provide a continuously adjustable energy output. Two dielectric 

mirrors with high reflectance at 1.06 fim but good transmittance at 532 nm follow the SHG, 

to minimize the transmitted 1.06 nm light. Two large-area-Si detectors are included in the 

basic transmission measurement layout, one monitors the input energy, another collects the 

transmitted beam. Each detector is equiped with a green-spike filter in front (i.e. a filter 

with a 10 nm band pass centered at 532 nm). The large detecting area on the second detector 

turns out to be crucial in collecting all the defocused beam due to nonlinear refraction and 

accurately determining 2PA coefficients.16 Linearity of each detector is checked by 

measuring the ratio of voltage on the tested detector against one well calibrated detector. This 

is also called a dummy-power-dependence run (i.e. without a nonlinear medium in the optical 

paths) . 

Data aquisition is initiated from the microprocessor, via an analogue-to-digital 

converter, controlling the laser, the detectors and the stepper-motors, which are either 

connected to the rotating half-wave plate in power-dependent experiments or to a translation 

stage in beam scans, autocorrelations etc.. Usually, each data point is the average of four to 

five shots. Plotting, printing and data modification routines are used for data processing and 

result analysis. 

Optical limiting experiments are typically basic transmission measurements (measuring 

absorption) and refraction mesurements (using pinhole in front of the transmission detector) 

with different spot sizes and pulsewidths. Details of the limiting device layouts are given 

along the experimental results in the following sections. 
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§3.3. Optical Limiting with Bulk Materials 

The schematic of a thick optical limiter is shown in figure 3.2. The samples were 

polycrystalline ZnSe, with parallel polished entrance and exit faces. The limiting energy and 

the damage energy, ED, were measured for various distances AZ' between the sample front 

surface and the beam waist using 532 nm light. This was done for two sample thicknesses L 

(L = 10 and 3 mm) and two focusing lenses (f « 37 and 75 mm, producing measured focused 

spot radii in air of 8 and 14 /im half-width 1/e2 maximum, respectively). 

Figure 3.3 shows the output of a 10-mm thick limiter device using an aperture placed a 

30 cm behind the second lens (curve c in figure 3.3). The limiting was proved to be only 

weakly dependent on the focal length of the second lens and the distance to the aperture. 

Also shown is the limiting effect of 2PA by itself when all the transmitted energy is collected 

(curve b in figure 3.3). The primary limiting mechanism (fluence limiting, as shown of curve 

c in figure 3.3) is seen to be defocusing because the transmitted energy is clipped to a plateau 

by the aperture placed in front of the detector as the input power increases. Using limiters in 

this configuration with picosecond 0.5-jzm pulses and tight focusing, we have obtained 

limiting energies down to 14 nJ, corresponding to a peak power of a 400 W. By varying the 

position of the beam waist relative to the semiconductor sample, the limiting energy could be 

varied from 14 nJ upwards, giving a continuously variable Zener-diode type of action. 

Figure 3.4 shows the limiting characteristics when focusing at different depths inside the 

10-mm thick sample of ZnSe with a 37-mm focal length lens, where AZ' is the relative 

distance from the sample front surface to the linear-optics beam waist. As can be seen, the 

lowest limiting energy, 14 nJ, is obtained by focusing on the front surface of the sample. 

From the experimental results, we find that this thick limiting geometry gives 

something extra. Not only is the irradiance reduced on the surface but for high inputs the 

2PA depletes the energy in the incoming beam and the carrier defocusing increases the 

minimum beam spot size in the bulk. All those effects combine to prevent the intensity 
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inside the bulk from reaching the damage threshold. This happens while a low limiting 

threshold is maintained. Unfortunately, equations (2.24) and (2.25) of the thin sample 

approximation are no longer valid, and a quantitative description is difficult. What happens 

can be qualitatively described as follows. 

At low inputs, the thick limiter acts linearly, as does the thin limiter. For inputs near 

the thin limiter's threshold, the thick limiter behaves linearly except in a region near the focal 

position as determined by linear optics. Only in this region (within the focal volume) does 

the irradiance become high enough to have significant 2PA along with subsequent carrier 

defocusing. Moreover, for tight focusing geometry ( f j = 37 or 75 mm, w0 ~ 8 or 14 /im 

HWl/e2M of I), the beam confocal length (ZR = 7r wQ
2/A) is very short compared to the 

sample thickness. Thus it is not suprising that the threshold remains constant to within a 

factor of 2-3 as the position of focus within the thick limiter is varied. This is shown 

experimentally in figure 3.5, where the limiting threshold is plotted as a function of the 

position of the linear focus with respect to the front surface of a 1-cm-thick ZnSe slab. It is 

interesting to notice that when focusing outside the sample, the limiting energy raised 

dramatically. This is because the limiting energy depends on the number of the carriers 

exctited. Focusing in front of the sample, there will be no chance to create carriers because 

the beam diverging rapidly inside the bulk. So does focusing behind the sample. At higher 

inputs the irradiance becomes large enough to have significant 2PA well in front of the linear 

focal position. This has two consequences. First, the beam at focus will be depleted, making 

it more difficult to damage. Second, and more importantly, the negative phase change 

induced on the wave front by the photogenerated carriers negates the beam convergence 

before focus. The beam is defocused, and damaging irradiances are never reached within the 

material. The dynamic range is now limited only by front-surface damage. In principle this 

threshold can be made arbitrarily high by making the optics larger. 
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Figure (3.5a) shows the limiting energy as a function of AZ' for both samples with the 

f = 37 mm lense. Besides the minimum limiting energy of 14 nJ for the 10-mm sample, a 32 

nJ limiting energy was observed for the 3-mm sample. The limiting energies when focused 

on the rear surface are similar for both samples. The data for the f = 75 mm lens showed a 

similar response but with limiting energies between 3 and 5 times greater (see figure 3.6). For 

each position AZ', the device transmission was measured for increasing energy until the front 

surface was damaged. 

Single-shot damage occurred at a wide range of fluences attributed to variations in 

surface quality, as the general condition of the surface was poor. Assuming that a well-

prepared surface would give a constant damage fluence (or irradiance), we can show the 

variation of the DR with AZ' by using the fact that ED is directly proportional to the beam 

area on the front surface of the sample. In figure (3.5b) we show this version of the DR 

plotted versus AZ' for the 10-mm-thick sample and 37-mm focal-length lens. This shows 

that the optimum condition for a large DR is when the focus is as far into the sample as 

possible (i.e. in this case on the rear face of the sample). This is consistent with what we have 

shown in figure 3.4. Using a previously measured damage threshold, we estimate that with 

carefully prepared surfaces the maximum DR would be > 104. The DR was also measured 

for the 3-mm-thick sample with the same lens and the 10-mm-thick sample with a 75-mm 

focal-length lens. The behavior was similar for all configurations. However, the absolute 

value of the DR was found to be strongly dependent on the configuration. The 3-mm sample 

gave a maximum DR that was a factor of 20 smaller than for the 10-mm sample with the 

same lens. The f-number (f/n0) used is an even more important factor in determining the 

DR. The maximum DR for the 10-mm sample with a 75-mm focusing lens was almost 102 

smaller than for the 37-mm lens with the same sample. 

Limiting experiments were also performed in a 10-mm thick sample of ZnSe with 

nanosecond pulses of 532-nm light. With nanosecond pulses the limiting power is actually 
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Fig. 3.5. (a) Plots of limiting energy, for both 3-mm- and 10-mm-thick ZnSe slabs, 
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(b) DR, a w„J / E l , is plotted as a function of AZ'. Where w0 is the spot 

size on the sample front surface. The true DR (ED /EL) is approximately 

1.3 times of this number. 
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reduced. This is true because for a fixed irradiance longer pulses create more free carriers, as 

shown by equation (2.30) (AN oc rp), which more effectively defocus the beam; thus the 

fluence at some distance toward the far field will be limited. In addition, free-carrier 

absorption can become important. Figure 3.7 shows the limiting energy obtained with 

18-nsec FWHM 0.53-/xm pulses focused into a 10-mm-thick ZnSe slab as a function of the 

linear-optics focal position. The limiting energy is less than 2 / J when the beam is focused in 

the bulk corresponding to a peak input power of less than 100 W. Again, the device was self-

protecting in the bulk. 

These results allowed us to conclude that tight focusing and longer sample lengths are 

desirable in bulding a low-energy, large-dynamic-range limiter. 

§3.4. Optical Limiting with Monolithic Devices 

3.4.1. Experiments Using Psec Pulses 

Based on the bulk-material-limiting results, we designed and constructed monolithic 

optical limiters. This device consists of a solid cylinder of material with spherical surfaces as 

the end faces. The curvature of the surfaces is such that the input beam focuses in the center 

of the device and is recollimated upon exit (see figure 3.8). In choosing this, we have 

optimized the DR. of the device for the given f-number, in that the front surface is as far 

from the beam waist as is posible. Two such devices were made; one of ZnSe, the other of 

ZnS. 

The ZnSe device is made of chemical-vapor-deposition-grown polycrystalline crystal. 

It is 32-mm long and 12 mm in diameter. The performance was determined by placing it in 

the path of the beam. The output of the frequency-doubled single-pulse mode-locked 

NdcYAG laser was collimated to a spot size w0 (HWl/e2M of I) of 1 mm and directed into 

the device. A further 100-mm focal-length lens was placed at the output of the limits to 

focus the output onto a pinhole-detector arrangement as in the previous experiments. In this 
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Fig. 3.8. A schematic diagram of the monolithic optical limiter (MONOPOL) showing 

optical paths for low (solid line) and high (dashed line) inputs. 
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case the low-energy (1-nJ) pinhole transmittance was 65%. Thus we are monitoring primari ly 

the output fluence. The resulting input-output characteristic for the ZnSe MONOPOL is 

shown in figure 3.9. The limiting input energy, EL, is 10 nJ which corresponds to 300 W for 

30 psec FWHM input 0.53-/xm pulses. 

We have calculated the DR of the ZnSe MONOPOL to be 510s, using a conservative 

estimate for the surface-damage threshold of 10 GW/cm2. The device was not tested to 

destruction, but it was successfully tested up to input energies of 100 (iJ, so that a minimum 

DR of > 104 may be confidently stated for 30-psec pulses. From the input energy where the 

input-output curve first becomes horizontal, up to the maximum tested energy, the 

transmitted on-axis fluence changed by only a factor of 3. This corresponds to an average 

slope dET/dEin ~ 3-iO"4 (figure 3.9). The maximum energy transmitted was 3 nJ, while the 

low-energy transmission was 10%. Optical damage to the bulk of the material is prevented by 

the combined effects of beam depletion due to 2PA and carreir defocusing before the focal 

position determined by linear optics. This monolithic limiter is thus self-protected against 

high-irradiance picosecond pulses. 

3.4.2. Experiments Using Nsec Pulses Thermal Effect 

It was expected that the device would also be self-protected against nanosecond pulses, 

as was true when we focused less tightly into plane-parallel ZnSe samples. Unfortunately, 

however, both monolithic devices suffered bulk damage. Many researchers have found that 

thermal effects in II-VI compound semiconductors give rise to a positive nonlinear refractive 

index.1-17"19 Our analysis shows that self-focusing resulting from the thermal effects may be 

responsible for the bulk damage. 

Self-focusing occurs when the input energy is greater than a certain threshold. This 

threshold energy Ec, for a pulsed laser, in the case of linear absorption created carriers is 
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expressed as3*20 

(+00 

7r(1.22 A)2-*,,., ^ 
< 3 - » 

where Ec is defined as one half of the total energy in the pulse, and T0(t) is the time-

dependence of the function with a unit amplitude. For a Gaussian pulse, this integration will 

simply yield a constant of V*rp in front of the original integrand. 

In the case of nonlinear absorption created carriers, the thermal self-focusing threshold 

will be both intensity- and energy-dependent, for the 2PA depends on I and the thermal 

effect on the total energy. Usually, it takes a rather tedious procedure to determine this 

threshold. But, since the critical energy for the linear case is well defined, what we can do is 

to find the functional relationship between each physical quantity in a very intuitive and 

simple way. 

As mentioned above, one simple way is to find the threshold at which the natural beam 

diffraction, 6 = 1,22A/2n0r, is balanced by the phase variation, dc, required to achieve a total 

internal refletion where medium I has index n0 and medium II has index n = n0 + 74th P (see 

reference 21). This gives a self-focusing threshold for the 2PA case22 

0.2) 

where the units for 74th, A and rp are cm4/W2, cm and sec. respectively. Employing 74th = 

1.47 • 10"13 rp (cm4/W2) calculated from equation (2.59), A = 0.532 • 10"4 cm and rp = 12 • 

10"9 sec., we obtain [Ec • Ic] = 1800 J-W2/cm2. 

When we focus extremely tightly, as in the monolithic device, the focal volume 

becomes so small that the temperature change due to the nonradiative carrier decay gives rise 

to a thermal nonlinearity, which in ZnSe and ZnS is a self-focusing nonlinearity. The beam 

waist, w0, in the middle of the ZnSe MONOPOL is designed to be ~l^m. For a diffraction 

limited beam, the maximum value of w0 could be 2 fxm. We define the focal volume having a 
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length L two times the Rayleigh range, i.e. L ~ 12 /jm for w0 = 1 /un. The damage occured 

at an input power of =;60W. The input beam spot size is 1.5 mm and the corresponding 

intensity is only 850 W/cm2. The beam suffers an energy loss from linear absorption alone on 

the way to the focal volume. Thus, the actual energy within the focal volume is 0.8 /J , and 

the corresponding intensity is 1.2 GW/cm2. For such a high irradiance level, 2PA becomes 

the dominant nonlinearity and Eabaorbed ~ /JIL-0.8 /J. As a consequence, only 0.8% of the 

energy is absorbed by the medium in the focal volume. Therefore, the energy can be 

considered as a constant, 0.8 /J , along the z-axis inside the focal volume. 

Now, comparing the product of [E • I] = 0.8 / J * 1.2 GW/cm2 = 960 J-W/cm2 with the 

threshold product of 1800 J-W/cm2, we find that they are different by a factor of 2. In 

practice, this is a very close match taking into account the measurement errors for input 

power and focal volume. We conclude that self-focusing may occur. 

The temperature rise due to the absorption is calculated by solving the diffusion 

equation 2S>24 

P C V ^ = Q , (3.3) 

where Q represents the input heat flux and the term Kg V2T is removed because we assumed 

there is no thermal diffusion during the pulse (note Kg is the thermal conductivity). More 

detailed discussion about the heat diffusion will be presented later in this section. For a heat 

flow, Q, with a Gaussian profile in time, the temperature rise, AT, in the focal volume, has 

the form 

AT = Eabsoibed , (3.4) 
" 0 L 

which gives a value of 94 K. Here, we take the focal volume as a cylinder with a length, L, 

and a radius, w0. Consequently, the thermal contribution to the change of refractive index is 

Anth = f | AT , (3.5) 

which yields Anth ~ 0.009, and a 1.27 rad. phase distortion by using 5n/3T = 9.11 -10"5 
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K"1.26 Again, this is a fairly large phase variation to cause the beam to converge toward a 

self-focus. However, according to the theoretical calculation, A n ^ ^ ^ scales the same with 

respect to input as An4th does except A n ^ ^ , . has the opposite sign (see equations 

(2.57)-(2.60)). On top of this, the magnitude of 74carrier is greater than that of 74th. The 

question arises as to how the self-focusing can ever overcome the carrier defocusing and lead 

to damage, since they scale identically. However, the dynamics of the two processes are quite 

different for pulses that are comparable or larger than the carrier decay time. This dynamics 

tends to increase the thermal nonlinearity and decrease the carrier nonlinearity as carriers 

decay and give energy to the lattice, indicating the possibility for the self-focusing to take 

over in the competition. 

Experimenting with the ZnSe device using nsec pulses, we found that the excited 

carrier induced nonlinearities are subject to relaxation.18'26 Two major relaxation times are 

correlated to this problem. One is the carrier recombination time, rR ~ Ins,27 and the other is 

the thermal diffusion time, r t h , defined as the time taken for the temperature to drop from its 

initial value to its half value. Following a standard procedure, we solved the heat diffusion 

equation: 

p c v | = K , V 2 T (3.6) 

by applying the Fourier transform. The solution is23-28 

r2 

T ( r ' , ) = 7 7 T F T e x p 

2 W0 

^ 7 + 4 D t 
(3.7) 

Letting the left hand side of equation (3.7) equal to TJ2, we obtain the expression for r t h , by 

examining the on-axis value of the right hand side giving 

r t h = 4 D W°2 • ( 3-8 ) 

r t h is spot-size dependent. Substituting the material parameters for ZnSe, (Ks = 0.18 W/K-

cm, p = 5.3 gram/cm3 and cv = 0.35 J/gram-K°, 24 '25), we found r t h varies from 26 ns to 104 

ns when the beam spot size varies from 1 to 2 (tin. Therefore the thermal diffusion is really a 
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quasi transient process since r th is comparable with the pulse width, 12 nsec HWl/eM. On the 

other hand, we still can perform a relatively simple analysis to interpret what happens during 

the interaction of the ns pulse with the medium. 

Considering the carrier-recombination-time of 1 ns, we devide the pulse into sequential 

time slices (narrower than 1 ns) with a 1-ns interval in between two neighboring ones. From 

the carrier-recombination point of view, we can treat each time slice as a fi-pulse with a finite 

input energy as we assume the carriers created by the previous time slice will decay nearly 

completely at the moment the next time slice arrives. For each decayed carrier an amount of 

energy, 2ftw-Eg, is emmitted simultaneously and nonradiatively. This energy consequently 

agitates vibrations in the surrounding lattice and produces heat. Since the thermal diffusion 

time is at least 26 ns, at the moment the second time slice passing by, the medium is still 

experiencing a large portion of the residual heat generated from the previous S-pulse. Hence, 

as time progresses, the later pulse slices will encounter not only an instantanious carrier-

defocusing effect but also an accumulative thermal-focusing effect. In addition, the longer 

the pulewidth, the more carriers created and decayed during the pulse. This mechanism leads 

to a reduction in carrier-defocusing and an increase in thermal-focusing when the later part 

of the pulse travels through the medium. At some point in the pulse, the thermal self-

refraction will eventually win over the carrier-defocusing, leading to a beam collapse followed 

by the generation of a very high temperature in an extremely small focal volume. 

To prove this theory experimentally, we did Z-scan measurements (a single beam 

measurment to determine the magnitude and the sign of the nonlinear refractive index29) 

using the pulse trains from our 1/2-Hz Nd:YAG laser with the ZnSe material. Such a pulse 

train cotains seven or eight 30-psec pulses separated by 7 nsecs. The results showed a self-

defocusing characteristic instead of the self-focusing refraction. The reason we did not see 

the self-focusing effect may be attributed to the higher average intensity in a pulse train than 

that in a real nsec pulse with the same amount of total energy. Because of the intensity-
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dependence of the 2PA, this difference may effectively reverse the competing processes and 

result in the opposite sign of the refractive index. Future work is required to resolve this 

problem including Z-scan measurements and/or time-resolved experiments employing a 

streak-camera-vidicon system (see the next section) using real nsec pulses. Of course, the 

thermal self-refraction can be reduced by focusing less tightly into the bulk of the sample, as 

the number of carriers is intensity-dependent. However, the limiting energy will be raised as 

a trade off. Other choices could be hybrid limiters (see the next chapter), or materials having 

a longer carrier liftime, or materials exhibiting negative thermal nonlinearities. 

§3.5. Temporal and Spacial Responses 

3.5.1. Temporal-Integrated Spatial Responses 

(i). Experimental aparatus and arrangement 

The temporally integrated spatial response can be measured by placing an Optical 

Multichannel Analyzer (OMA) in the path of the beam. One of the advantages of the OMA 

beam scan versus the regular pinhole beam scan is the "single-shot image formation" (in the 

conventional pinhole beam scan, there are more than forty data points in one scan curve, and 

each point is a four-shots average). 

In our experiment we used an EG&G PARC OMA-2 system,30 which is a 

microprocessor controlled multichannel optical detector and visual display system, consisting 

of the 1215 console, the 1216 detector controller and a 1254 silicon intensified vidicon 

detector. The silicon vidicon detector target consists of a disk of silicon 16 mm in diameter, 

with a microscopic array of several million photodiodes on it. The diodes have a common 

cathode and isolated anodes, which are selectively addressed by the scanning electron beam. 

The beam serves both to read out the signal from the target, and to recharge it. When light 

falls upon the target, electron-hole pairs are generated, which recombine to deplete the 

surface charge. As the beam scans the depleted area, a recharging current is sensed by the 
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preamplifier, and integrated for one complete channel in the preamplifier to convert current 

back to charge. The silicon intensified vidicon differs from a regular one in that it has an 

electrostatically focused image intensifier prior to the vidicon target. The OMA-2 silicon 

vidicon detector is scanned over a 12.5 mm X 12.5 mm square area by an electron beam 

approximately 25 pm in diameter. Therefore the spatial resolution of a vidicon tube is ^ 25 

/xm, which is corresponding to 25 /xm/channel when we read from the contoller monitor. To 

check the manufacture's calibration data, we performed a pinhole-diffraction experiment and 

obtained the same value, 25 pm/channel. The spectral response of the vidicon tube ranges 

from 380 nm to 700 nm. The dynamic range of the vidicon detector is typically 10,000 : 1, 

and possibly 16,000 : 1. A typical OMA-2 system connection is depicted in figure 3.10, and 

the experimental set-up is shown in figure 3.11, where we used the 1/2 Hz frequency-

doubled Nd:YAG laser. The relatively slow repetition rate of the laser allowed us to perform 

effective single-shot experiment, using manual mode operation. 

(ii). Experimental results 

The beam profiles were measured for a number of input energies, and at three 

different distances, Az = 0.3 m, 1.3 m and 2.8 m, behind the ZnSe MONOPOL (Az denotes 

the distance between the sample and the transmission detector). There were no lenses or other 

devices between the limiter and vidicon. However, a virtual pinhole, 0.4 mm, was generated 

in front of the vidicon target during the experiment. This was done with the aid of the 

software provided by the OMA console, i.e., to take the spatial integration only over a 

number of channels (a channel contains a number of raws of photodiodes), which is 

equivalent to placing a pinhole prior to the target detector. It was found that the limiting 

energy converged towards the 10 nJ measured in the lens/pinhole arrangement as the 

observation plane moved towards the far-field, which is as expected. For larger propagation 

distances, the fluence is more uniformly distributed over space than in planes closer to the 
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limiter, but in no instance was the off-axis fluence found to be greater than on-axis. 

If we place the vidicon tube =* 2.8 m behind the ZnSe MONOPOL device (toward the 

far field) we see the fluence-limiting characteristics of figure 3.12. Here the temporally 

integrated spatial energy distribution is shown as a function of position for input energies 

from 13 nJ to 61 /xJ. For the data shown, no filters were changed in front of the vidicon. As 

the input energy is increased, the energy simply gets spread out in space, limiting the fluence 

and thus protecting the sensitive vidicon photocathode. 

The amplitude of the transmitted signal in figure 3.12 is scaled according to a limiting 

curve done at the same distance Az=*2.8m with the same experimental conditions (see figure 

3.13 curve C). In this limiting experiment the vidicon is replaced with a Si-large-area 

detector having a 0.4 mm pinhole attached in front. Acctually, limiting curves vs the input 

energy in figure 3.13 were taken at other two distances, Az = 0.3 m and 1.3 m, also. The 

highest transmitted fluence was measured when the detector is placed at the closest distance 

(Az=0.3 m, curve A in figure 3.13) from the MONOPOL. After the input energy exceeds the 

limiting energy, EL = 73 nJ, the transmitted fluence starts dropping. This may ascribable to 

the near-field effect (the input beam spot size is =; 0.9 mm so that the Rayleigh range =; 4.8 

m). At larger propagation distances, the limiting curves gradually converge to the ideal 

limiter input-output chacteristic curve shown in figure 1.1. Each limiting curve in figure 

3.13 was taken with a corresponding set of fixed neutral density filters in front of the 

transmission detector. These limiting characteristics are consistent with what we observed in 

the beam spatial profiles measured using the vidicon. 

If we look just the on-axis portion of this light through the virtual 0.4-mm aperture 

using a 2.7mm ZnSe sample, we get the output characteristics shown in figure 4.3. Although 

this was done with a 2.7-mm-thick ZnSe slab, the result qualitatively resembles the 

MONOPOL limiting characteristics. Now, we see clearly the beam distortion due to the 

carriers created by 2PA. The detailed analysis will be given in the next chapter when we 
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present our numerical analysis. 

3 . 5 . 2 . Temporal and S p a t i a l R e s o l v e d Responses 

(i). Experimental aparatus and arrangement 

So far we have only demonstrated spatially that the on-axis fluence is effectively 

limited, and at higher irradiance levels there are no "hot-spots" in fluence off-axis. Other 

questions remains, such as how the transmitted pulses evolve as the time progresses, whether 

the irradiance is as effectively limited as the fluence or if it contains sharp peaks in time, and 

what the temporal distributions look like at different beam radii from the beam center. To 

address the question of the extent of power or irradiance (as opposed to energy or fluence) 

limiting, a 2-psec-resolution streak camera (Hamamatsu CI587) was incorporated into the 

system.31 This time the vidicon tube is placed behind the camera to record and store the real-

time image taken by the camera. 

The streak camera consists of a universal streak tube incorparating a MicroChannel Plate 

(MCP), input and output optics, a high voltage power supply, a gating generator, and a plug-

in generating the sweeping voltage for the streak camera. The diagram of operation principles 

is drawn in figure 3.14. The incoming light is collected onto the slit of the input optics, so 

that the slit image of the input signal is formed on the photocathode plane of the streak tube 

via an 1 : 1 telescope in the input optics. The photocathode converts the slit image into an 

electronic signal, which is accelerated while passing through the accelerating electrode. At the 

moment when the electron image enters the deflecting field, a high-speed ramp voltage is 

applied to the deflecting plates to sweep the electron image from top to bottom. This sweep 

here must be carefully synchronized with the electron image. Finally, the electron image is 

projected onto the microchannel plate (MCP), magnified electronically, applied to the 

phosphor screen, converted back to a light signal again. After travelling through the output 

relay lenses, this light signal will get onto the recording optics, such as a film or a Vidicon 
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tube. As a result, the streak camera turns a temporal process into a spatial image (streak 

image), for which the time axis is directed from top to bottom and the space axis is oriented 

from left to right. With the aid of the software provided by the OMA console, we are able to 

divide the streak image on the vidicon tube into several horizontal tracks. Each track contains 

a number of channels. Hence, we have choices, either measuring the spatial profiles at 

different times by orienting the vidicon vertical axis parallel to the camera time axis, or 

recording the temporal distributions at various radii of the beam by orienting the vidicon 

horizontal axis to the camera time axis. 

The experimental arrangement is depicted in figure 3.15. In making actual 

measurements, it is necessary to consider the delay time introduced by the photodetector used 

to generate the trigger signal (such as a silicon pin-diode) as well as the delay times of the 

delay unit and associated connecting cables. Therefore, an optical delay path of 30 ~ 40 ns 

(9 ~ 12 m) is provided between the light impinging on the trigger detector and the light 

impinging on the slit surface. The adjustment of the trigger delay time is performed by a 

delay unit and the variable optical delay (The delay of light passing through air is 3.0 ns/m 

and that of signals travelling through normal coaxial cable is approximately 5 ns/m). Starting 

signals are originated from the internal trigger on the OMA console to the 1/2 Hz Nd:YAG 

laser. A small part of the laser firing is directed onto the streak camera trigger-in through a 

photodiode, which converts light pulses into electric signals, and a cable delay-line to start the 

camera sweep unit. For the zero-time-delay reference, we directed a portion of the input 

beam (~4%) away from passing through the nonlinear material. The nonlinear beam (after 

the sample) and the reference beam are so timed that they will impinge the camera entrance 

slit at about the same time. Moreover, aberations of the beam were minimized by exercising 

careful control over the combination of MCP gain on the camera unit and the beam intensity 

(subject to the neutral density filters in front of the entrance slit) on the photocathode of the 

streak tube. 



86 

1 4 
/ 

W LO 

V 

o x> p 
•*-* 

J* 
a 

<D 

O 
.s 
'u, 
a 
c 
.2 
u 
<D 
a 
O 
rr 
<r! 
#ci) 
°C 



87 

uj 2 

a 

2 5 

O q 

j c ! 
OJO 

o 
x ; 

oo 

CS 
O 
o 

2 
a> 

CJ 
0 
1 

aJ 
<D 

rt 

00 

.5 
*co p 

4-» 
S3 
>> 

C 
CD 

<D 
a 
x 
a> 

o 
J 3 
H 

C3 
CD Ut 

<D 

a 
o 

00 
G 

<u 
00 

a 
u< 

< 2 
d> 

X ) 

C3 
a 

>* 

T3 

00 
c 
o 

T 
o 
o 

>> X ) 

C3 u* 
<D S 
c3 
o 

CO 
CD 

.2? « 
(-U £» 

PS 
c 
00 

u 
<u 
00 
00 

o • g 

• > 
o 

* 0 
<0 
CO 
P 

o 
m 

. O 

* u 
ctf > 

cd 

oo 
a 
o 

to 

T3 
C 
C3 
u. 
O 

8 o 
u 
a 

S 
o 
o 

Cj 
<D 

• O 

JG 
H 

C3 
C 
00 

o 

o 
a> 

4 3 
00 

o 
* o 
.2 
* 3 
o 

<D 
J 3 
h 

cd 
Ut o s 
CS 
o 

CS 
o 
c 

v* 
O 

I 

<D 

' S 

a> 
£ 
c3 
o 

00 
CS 

• m* 
* o 
a 
<D 
a 
CD 

* 0 

O 
0 0 
ti 
rt 

• C 
a 

^ o 

o 
<D 

a 
o 

o 
a 

a s m 
cd 

00 
G 

<D > 

a 
o 
o 

X ) 
3 

o 
v-< 
cd 

CO 
C 
O 

O 
a 

13 , 

S 
cd 

CD 
•C2 

* a 
o 
S 

o 
a 

CD u, a 

o 
£ <D 
u 
3 
to 
C3 
a 

S 



88 

5.6nJ 

7.4psec 

R(mm) 

Fig. 3.16. Spatial energy distribution at 2.8 m behind the ZnSe MONOPOL at various 

times as detected by the streak-camera-vidicon system for an input energy of 5.6 nJ. 



89 

E = 8 . 1 w J 

- 2 0 2 

R(mm) 

Fig. 3.17. Spatial energy distribution at 2.8 m behind the ZnSe MONOPOL at various 

times as detected by the streak-camera-vidicon system for an input energy of 8.1 /jJ. 
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E=26 uJ 

7.4 psec 

R (mm) 

Fig. 3.18. Spatial energy distribution at 2.8 m behind the ZnSe MONOPOL at various 

times as detected by the streak-camera-vidicon system for an input energy of 26 pi. 
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E =15 .2 ixJ 

9.3psec 

R(mm) 

Fig. 3.19. Spatial energy distribution at 11 cm behind a thin (3-mm-thick) ZnSe 

sample at various times as detected by the streak-camera-vidicon system for an input 

energy of 15 /J , showing similar features as measured for the ZnSe MONOPOL 

device. 
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E=20/i J 
Reference 

£ 3-0 

-60 - 4 0 - 2 0 0 

Time(psec) 

Fig. 3.20. Temporal energy distribution at 2.8 m behind the ZnSe MONOPOL at 

various positions in the beam. A refrence pulse indicating the zero time and the 

original pulsewidth is shown at the top. 
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(ii). Experimental results 

Sending the pulse through the limiter onto the entrance slit of a 2 psec resolution streak 

camera allows us to look at the spatial and temporal energy distribution simultaneously on the 

vidicon screen (as described in the previous section). What we see at low inputs, shown in 

figure 3.16, is the Gaussian spatial distribution and a nearly Gaussian distribution in time. At 

higher input (figure 3.17), as the puke develops, the energy spreads out in space into two 

wings. At still higher energies, shown in figure 3.18, the energy appears to be nearly 

uniformly spread in space for later times in the pulse. This is clearly advantageous from the 

standpoint of protecting optical components. In order to compare these results with the thin 

sample results, figure 3.19 shows the spatial energy distribution at various times for a 125 /im 

spot radius beam traversing a 0.3 cm thick ZnSe sample and propagating 11 cm in free space 

to the streak camera. While there is certainly a quantitative difference in the output, 

qualitatively the results are remarkably similar. This gives us confidence in using the analysis 

for thin sample to predict some aspects of the performance of thick limiters. 

Figure 3.20 shows the transmitted temporal structure of the output of the ZnSe 

monolithic limiter for a 20-fJ input pulse at various positions in the beam. The reference 

beam shows the position of the center of the pulse in time (i.e. when the beam is detected for 

low input). We see the center far advanced in time and advanced to a lesser degree as we 

look farther out in the beam. The original beam extended only 1 mm. What is happening is 

that at early times in the pulse for high input, 2PA creates free carriers, which defocus 

subsequent parts of the pulse. This defocusing increases with time since the carrier density 

increases with time integral of the square of the irradiance over time as given in equation 

(2.29). Therefore later portions of the beam spread out more in space, and irradiance as well 

as the fluence is limited. 
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§3.6. Scaling Rules and Applications 

The effect of nonlinear beam distortion inside the nonlinear medium itself makes a 

detailed theoretical analysis of self-protecting thick limiters difficult. No analytical solution 

of the nonlinear wave equation is known for this problem, and a numerical solution is 

extremely complicated. For these reasons, we have made some relatively simple 

approximations which allow us to roughly predict the limiting energy, EL, and the DR of a 

thick limiter by knowing the focusing dimensions and without solving the rather complicated 

differential equations. 

3.6.1. Scaling Rules for Focusing-Geometry-, 

Bandgap-, Wavelength- and Pulsewidth-Dependence 

In what follows, we assume that at the limiting threshold, the beam is not strongly 

distorted by nonlinear effects, and that the beam is therefore still essentially a Gaussian in the 

region of the focus. The limiting in the far field is thus caused by only a nonlinear phase 

distortion A$, in this focal region. 

First, from the view of absorptive nonlinearity, if the only limiting process were 2PA 

(e.g., as occurs in many liquid crystals32), the limiting energy would be independent of the 

focusing geometry. This is true since the irradiance I is proportional to l/w0
2 (w0 is the spot 

radius at focus), while the effective interaction length in the sample is the depth of focus, 

which is proportional to w0
2. Thus the product /?IL (L is the sample thickness), is 

independent of the focal length. 

Secondly, if the refractive nonlinearity dominates at the limiting threshold, we would 

have a phase change, A<3> = 2JT An Lrff/A from equation (2.29). Here for a thick limiter, the 

effective interaction length, Leff, is that length over which the beam remains intense. If we 

further assume that the limiting begins when the overall change in phase A$ is of the order 
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of 2ir and occurs within the depth of focus Lrff a* ZR = jtw0
2/A, we have the change in optical 

path length AnL Leff A A. This leads to 

A% a A2/w0
2 . (3.9) 

On the other hand, the refractive index change, An, is also in proportion to the number 

of 2PA-generated carriers, N. This has been shown to be true at least in the case of low to 

moderate carrier densities,33 which is appropriate for the modeling of the onset of limiting. 

From the discussion in Chapter II section 2.4 we have shown three different models which 

give similar limiting spectral features, e.g. there is a flat response in An (varies by less than 

±25%) plotted against wavelength from 500 nm < A < 810 nm, corresponding to 0.57 < fiw/EG 

< 0.94. For shorter wavelengths, An becomes very large as the bandgap resonance is 

approached, but here the linear absorption is also large, so that there is no application for 

power limiting in that wavelength region. However, for the purpose of demonstration, we 

shall concentrate on Auston's model. This yields 

A n a N (Fwj2 1 - (ftw/Eg)2 ' ( 3 J 0 ) 

where EG is the semiconductor energy gap, and material independent and frequency 

independent constants have been incorporated into the constant of proportionality for 

simplicity. The carrier density is given by the integral (see equation (2.28) when ignoring 

linear absorption created carriers and the carrier diffusion) 

N(t>-Jbexp f y 
A 

P(t') exp 
t r 

V J m -oo 
^ ] d f « ^ P r p , (3.U) 

rp and rR are the laser pulsewidth and the carrier recombination time respectively. And /92 is 

the 2PA coefficient, which is proportional to F2(2ftw/Eg)/Eg
3 and F2(x) = (x - l ) 3 / 2 / x 5 . For 

rR >> rp> i-e- short pulse approximation, we may neglect the term exp(-t/rR). Combining the 

above relations, and keeping the frequency and intensity dependent components only gives : 

A . . „ E. (2ftw/Eff - 1)3A 
(t) a rP (foy)s i _ (ftw/EJ2 • ( 1 1 2 ) 
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This is the relation which surprieingly gives the flat response in the 2PA region (EG < 2HU < 

2EG). For a fixed ratio hw/EG in the flat region, using equation (3.12) into (3.9) gives a 

limiting energy E L a I L w0
4 a (FIW)5/2 w0. Thus at a given wavelength, the scaling relation of 

E l with respect to the focusing geometry can be written as 

EL a w0 . (3.13) 

We can see immediatly that tight focusing will result in lower limiting threshold under the 

assumption that 2PA created carrier refraction is the dominant mechanism. However, the 

results for the limiting energies in ZnSe using two different focal-length lenses more closely 

fit an even stronger dependence on spot size (nearly w0
2 see referenece 7). Assuming that we 

focus as far into the sample as possible (i.e. on the sample back surface), we have the limiting 

energy independent of L but proportional to w0. The damage energy ED, however, depends 

on the beam area at the surface, which is proportional to L2/\v0
2. This gives us a dynamic 

range ED/EL as 

DR a L7w0
3 . (3.14) 

The data giving these empirical scaling relations (3.13) and (3.14) are applicable when the 

focusing depth is much less than the sample thickness. Nevertheless, it is clear that tight 

focusing (small w0) and thick samples should provide a larger dynamic range and a lower 

limiting threshold. 

Besides the focusing geometry dependence of EL and DR of thick limiting devices, 

something extra, such as the thick limiter behavior at different wavelengths, pulsewidths and 

semiconductor energy gaps, can be extracted from the carrier concentration equation. If we 

rewrite equation (3.11) as 

N(t)« (3-15) 

by using G(I,rR) to represent a frequency independent carrier generation function, where 
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G(I,rR) » | exp(-t/rR) J P(t') exp(t'/rR) df , (3.16) 

we will obtain the nonlinear refractive index in the form : 

a m \ E r ( 2 ^ / E . - D a / a
 n t 7 , 

An(t)ocG(I,rR) ^ 1 - (fcw/Eg)
2 ' ( ) 

Again, for a limiter operated in the flat region in the spectrum, we can remove all terms in 

(fiw/Eg) from formula (3.17) to simplify our scaling to other semiconductor/wavelength 

combinations. This gives 

An(t) a Gil,rR) a G(I,rR) Eg
7 . (3.18) 

Since we always choose a suitable semiconductor bandgap for the particular optical frequency, 

w, within the operating range, fiufEg acts as a constant. Once again, equating the An deduced 

from the phase change in equation (3.9) with the An from the carrier generation function 

(3.18), we obtain 

GL(I,rR) a Eg
7 A7w0

2 , (3.19) 

where GL is the value of the carrier generation function at limiting. However, A oc (hw)'1 <x 

Eg"1 in our case, giving, GL a EgS/w0
2. The calculation of the carrier generation function is 

simplified in two limits : 

(i) Short pulse limit, e.g. rR » rp, where rp is the pulsewidth; 

(ii) Long pulse limit, e.g. rR « rp. 

For the short pulse limit, we can ignore recombination, and GL (t =; oo) a IL
2 rp, 

where IL is the peak limiting irradiance which can now be given by 

(E„)B/2 

(3.20) 
wo V r p 

and thus, the limiting energy is determined by (also see equation (3.13) for short pulse 

approximation, where we only considered the beam spot size dependence of the limiting 

energy): 
e l a (Eg)5/2 w

0 • (3-21) 
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Note for longer pulses, carrier generation is more efficient and IL decreases, however, EL 

increases as the square root of the pulsewidth. In the long pulse limit, the performance is 

expected to be degraded by the effects of carrier recombination. In this case, G(t) a IL
2(t) 

r R , so that the peak limiting irradiance and energy are 

(E K )=A 

and 

IL a 1 ^ = (3.22) 
wo vtr 

E L a ( E g ) « A w 0 - J jU. (3.23) 

Note that performance is reduced from the short pulse limit by a factor of (^AR ) 1 / 2 , e.g. the 

limiting energy is higher using longer pulses than shorter pulses by a factor of (T^AR)1/2. 

Otherwise, the scaling is identical. 

Clearly then, narrow-gap semiconductor limiters should work in the infrared better 

than the ZnSe visible limiter we tested. There is, however, one further restriction in that the 

focused spot size for any given f-number optics is proportional to A, i.e., w0 a Eg
_ 1 . Thus, in 

the case of diffraction-limited focusing we have 

E L a ( E G ) 3 / 2 Vfp (short pulse limit) (3.24) 

and 

EL OC (Eg)
3/2 (long pulse limit) . (3.25) 

3.6.2 Application to Other Limiting Experiments 

In addition to ZnSe with 532 nm picosecond pulses, a number of other limiting 

experiments have been performed. In this section we will compare our results of limiting in 

ZnS, in ZnSe with longer pulses, and with other materials at appropriately longer wavelengths. 

First, a ZnS monolithic limiter was tested using 532 nm picosecond pulses as mentioned 

in section 3.4. The dimension of the ZnS device is slightly different form the ZnSe 

MONOPOL so that, accounting for the different refractive indices (n0 = 2.4), the calculated 
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(by linear optics) spot sizes in the centers of both devices were the same. The behavior of the 

ZnS device was qualitatively similar to that of the ZnSe device; however, the limiting energy, 

E l , measured under similar conditions was 120 nJ, a factor of 12 higher than for ZnSe. A 

reason for the large difference in limiting energies is the dependence of nonlinear refraction 

on bandgap energy. For the same laser frequencies (hu) = 2.34 eV), ZnS has energy gap 3.66 

eV as opposed to 2.67 eV for ZnSe. Therefore, for identical pulsewidths and irradiances, 

EL(ZnS)^[Eg(ZnS)/Eg(ZnSe)]7 EL(ZnSe) by applying relation (3.18). The measured limiting 

energy for ZnSe device was ~ 10 nJ, thus we predict EL ~ 91 nJ for ZnS, which is in 

reasonable agreement with the experimental value of 120 nJ. 

Limiting experiments were also performed in a 10-mm thick sample of ZnSe with 

nanosecond pulses of 532 nm light. The limiting energy is shown in figure 3.7 in section 3.3 

as a function of the beam waist along z. Comparing with the picosecond results when the 

waist is in the middle of the sample, we see that the nanosecond pulses produce a limiting 

energy of 2 /J , as opposed to 40 nJ for psec pulses. The appropriate equation for the 

picosecond data is (3.21), whereas, for the nanosecond data the long pulse approximation, 

equation (3.23), is more suitable. Substituting for rp (FWHM ~ 20 ns), w0 (3.2 fxm) in each 

of these equations, and assuming a 1 ns recombination time, we estimate 

EL(nsec)^40EL(psec)^l .6 jJ, again, in good agreement. We estimate the 1 ns recombination 

time from the pump-probe experiment (see chapter IV) and the degenerate four wave mixing 

experiments.27 

Limiting at 1.06 /xm with picosecond pulses was also observed in CdTe.34 The results 

are plotted in figure 3.21. This sample was 3 mm thick, so we compare our data with the 

data obtained in thick ZnSe using 0.532 (j,m psec pulses. To make this comparison, we apply 

equation (3.21) as the short pulse limit is valid for both cases. Accounting for the different 

spot sizes (w0 = 11 /xm for CdTe, w0 = 8 /im for ZnSe), pulsewidths (FWHM = 45 ps for 

CdTe, 30ps for ZnSe) and energy gaps (1.44 eV for CdTe, 2.67 eV for ZnSe), the predicted 
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limiting energy in CdTe is calculated as 27 nJ, while we measured EL ~ 35 nJ, once again in 

very close agreement. 

In figure 3.22, we show limiting curves for InSb with 10.6 /im radiation from a C02 

laser.34 This experiment involved a rather different experimental configuration than the 

previous data, the spot size was 60 pm and the sample length was 1 mm, so that the limiter 

was not truly "thick". The observed limiting energy, using an aperture in the beam to detect 

on-axis fluence, was 4 fjJ with a 170 ns (HWl/eM) pulsewidth. It was decided to compare 

this with the nanosecond ZnSe data, as both results are in the same long pulse limit, and 

equation (3.23) applies to both cases. However, scaling was difficult to do in this case, as the 

limiter was not thick, and there were difficulties in predicting the recombination time, which 

is almost certainly carrier-density dependent. Using a best-guess of ~ 5 ns34 for the 

recombination time, and L/Leff ~ 4, we obtain a scaled EL of 0.6 /zJ, considerably smaller 

than the 4 / J observed. Although this result is probably good withth in one order of 

magnitude, the uncertainties make the scaling unreliable in this case. It is worth noting that 

we are extrapolating both the 2PA coefficient and the nonlinear refraction over three orders 

of magnitude, while assuming that there is no excited state absorption, to obtain this result. 

§3.7. Chapter Summary 

To conclude, we have characterized a number of semiconductor limiting devices and 

have shown that, for single 30-psec pulses, the devices are self-protecting. The mechanisms 

for the limiting behavior are mainly 2PA induced free-carrier refraction as well as the band-

blocking effect. By employing a thick limiter geometry, in which we focus tightly into the 

semiconductor material, we have greatly extended the dynamic range (DR) of these devices. 

The MONOPOL device shows a dramatic improvement over previous picosecond passive 

optical limiters in that the limiting power has been reduced to =d0 nJ, which corresponds to 

—300 W for the picosecond pulses used, and the dynamic range is greater than 104. In the 
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case of nanosecond operation, limiting powers below 100W were obtained. We have 

determined that there are no high irradiance regions (hot spots) anywhere in the transmitted 

pulse. Since 2PA is broadband, these devices are also broadband. For example, the ZnSe 

devices should work from 500 to 850 nm. We have developed simple scaling rules to predict 

limiter performance with different geometries, wavelengths, and pulsewidths. Initial 

experiments have verified these scaling rules. Also, from our study of the bandgap energy 

dependence of 2PA and the scaling of the resulting nonlinear refraction with wavelength, we 

expect that limiters using narrow-gap semiconducting media will have considerably lower 

limiting inputs in the infrared. In addition, thermal self-focusing effects have been 

investigated when using nanosecond pulses. Our analysis showed that bulk damage occurs 

when the ccumulative thermal effect dominates the almost instantaneous carrier defocusing 

effect. A potential remedy for this problem is to search for materials having a negative 

thermal nonlinearity or materials having a longer carrier lifetime. 
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Fig. 3.21. Input/output characteristics of a 3-mm-thick polycrystalline CdTe limiter 

with 1.06 fan, 40 psec pulses. Each curve corresponds to a different AZ'. 0 - AZ'-O; 

A - AZ'=0.73 mm; + - AZ'=1.27 mm and x - AZ'=1.82 mm. AZ'=0 gives the lowest 

limiting energy of =̂ 18 nJ (500 W). The linear-optics beam spot size was 11 /im (after 

Ref. 33). 
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Fig. 3.22. Input/output characteristics for a I-mm-thick InSb limiter at room 

temperature with 10.6 jim, 170 ns (HWl/eM) pulses. The linear-optics beam spot size 

was 60 /im (after Ref. 9). 
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CHAPTER IV 

NUMERICAL SIMULATION OF NONLINEAR BEAM PROPAGATION 

§4.1. Introduction 

Studying the propagation of laser light can be an important tool to obtain fundamental 

insights into the nonlinear mechanisms occuring in optical limiting materials. For example, an 

intensity induced change of refractive index in semiconductors causes a nonlinear phase 

change in the beam during the propagation in the material. Since the nonlinear phase change 

is imprinted on the beam, this affects the beam shape in the near and far field via 

propagation after the sample. The shape of a transmitted beam in the far field or near field 

bears useful information of the material nonlinearities, such as the sign (i.e. self-focusing or 

self-defocusing nonlinearity) and the magnitude of the refractive nonlinearity. However, the 

nonlinear phase change needed to cause an observable beam distortion generally requires high 

intensity laser beams and/or large material refractive nonlinearities. 

Numerous techniques have been applied to the measurement of a refractive 

nonlinearity. Nonlinear interferometry1'2, degenerate-four-wave mixing3, nearly-degenerate 

three-wave mixing4 and elipse rotation measurements6 are sensitive techniques, but demand 

relatively complex apparatus. Beam distortion measurments are applicable to high intensity 

laser-medium interactions.7'8 The larger the nonlinearity, and the more distinct the beam 

structure modifications observed, the more accurate the numerical fitting using the following 

wave propagation analysis. Therefore, the beam distortion measurements are particularly 

suitable for the characterization of power-limiting materials. Recently a new technique, Z-

scan, has been developed by Sheik-Bahae et. el.,6 which is very sensitive to small amounts of 

beam distortion. We will mention the Z-scan measurement results when some complementary 
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information is needed, otherwise, it is a subject for future research. 

In general, beam distortion measurements include two steps. First, we experimentally 

record the transmitted beam passed through a nonlinear material and propagated through free 

space, where we can observe qualitative information to determine the sign of the nonlinearity 

(see figures 4.3, 3.16-3.19); Second we extract quantitative information, such as the nonlinear 

absorption coefficients /92, the bound electronic refraction n2, the coefficient of diffraction 

per unit carrier density etc.,7"12 by means of numerical simulation to the nonlinear beam 

propagation. The experimental procedures and results have been discussed in chapter III, so 

that we will concentrate on discussions of theories related to nonlinear beam propagation, 

numerical methods as well as results of the numerical simulation. 

§4.2. Theories for Nonlinear Beam Propagation 

Methods for calculating the laser beam propagation have been advanced substantially in 

the past two decades. Typically the simulation to the nonlinear beam propagation is a two-

step procedure. First a laser beam (both Gaussian in time and in space) gets distorted (in 

phase, amplitude, or both) when propagating through a nonlinear medium. The way in which 

the intensity profile and the phase profile interact through the material nonlinearity is 

governed by the nonlinear wave equations discussed in Chapter II. Second, the distorted 

beam propagates from the medium exit plane to the observation plane through free space. 

The nonlinear beam propagation in air follows the Huygens-Fresnel principle discussed in 

references 13 and 14. For cases where the thin sample approximation is applicable, there are 

several simplified analytic solutions.11,15>17>18 A brief review of those solutions will help to 

highlight the generality of the basic simulation approach used in our beam distortion analysis. 
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4.2.1. Exact Gaussian Decomposition Method 

In 1979, Weaire et al. employed the "exact Gaussian decomposition" method to solve the 

problem of a laser beam propagating through a thin slab of nonlinearly refracting material.11 

They decompose the complex electric field at the sample exit plane into a series of Gaussian 

components. Each Gaussian beam can be propagated to the observation plane, by taking 

advantage of the ABCD matrix method in linear optics, and superposed at the observation 

plane as 

-1/2 

E(r, z) = E(0 

In this formula: 

00 

0 

1 + exp[- ikr2 

wm (z) 2Rm (z) 
iPm(z)] . (4.1) 

wm , the beam radius of the m th Gaussian beam component is given by 

wm (z) = wm (0) 1 + 

1/2 

The radius of curvature of the m th Gaussian component is 

Rm (z) - 2 1+ 

and 

Pm (z) = -tan"1 

M -

(4.2) 

(4.3) 

(4.4) 

where the parameter dm is the diffraction length (i.e. the Rayleigh distance) for the m th 

Gaussian component and difined as 

dm = 
7T Wm (0) 

(4.5) 

This method provides us with a fast and analytical way to compute the beam profiles at 

the observation plane, but it is restricted to small nonlinear absorption. 
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In this method, the nonlinear material is treated as a Gaussian-shaped phase 

transparency. Using this model, Weaire et al. deduced the third-order nonlinearity of InSb, 

x(3) =* 10~2 esu, by fitting the beam in the far field (using cw 10 fan radiation at room 

temperature).11 Moreover, Williams et al.19 measured the electronic Kerr effect. By 

calculating the peak-phase-retardation in the far field, they obtained n2 values for Si02, NaCl 

and CS2 at 1.06 jim consistent with values obtained using other techniques. 

4.2.2. Far-Field Profile Calculated from the Diffraction Theory of 

Aberration 

Hermann17-18 derived a solution which combines the typical two-step numerical 

simulation (propagation through the nonlinear medium and propagation in free space) into 

one analytical expression shown below in equation (4.6). By including a power dependent 

coefficient, p, to account for the absorption in a thin nonlinear medium, Hermann applied the 

diffraction theory of aberration22 to deduce the radial dependence of the far-field 

problem.17-18 Actually, this is a modified version of the Huygens-Fresnel theory14 which we 

will discuss next. The normalized intensity distribution of a beam of initial width w0 

aberrated by a thin nonlinear layer (L) has been shown to be proportional to z~2I in the 

vicinity of the low-power focus with 

„oo 

«P; % A) - I F(x) J0(tfx) exp[i (p F(x)2 - A x2)] x dx | 2 (4.6) 
0 

where the following definitions apply : 

a). The radial coordinate at the far field, r, has been scaled as \&=2r/w0£, and £=z/Rd with Rd 

standing for the diffraction length. 

b). The radial coordinate at the exit face of the medium, r', has been scaled as x=r'/w0. 

c). The shape of the transverse profile of the incident field amplitude is contained in F(x). 

d). A is the scaled parameter representing the spatial displacement from the linear (low-power) 
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focal plane in the axial direction. 

e). The nonlinear coefficient, p, is defined as p-vP5/Pr Where v is the beam shape parameter 

which measures the transverse spread of the incident beam, Pj is the scaled power of the 

incident beam, and Px is a scaling power given by 

Pj = 7r n0 w0
2 a [1 - exp(-otL) k n2]-1 (4.7) 

Nonlinear absorption can also be included by slightly modifying the diffraction integral. 

However, the present model is unable to account for dynamic processes, such as time-

dependent behavior (when using pulsed lasers) associated with FCA in semiconductors. 

Using this theoretical model to construct the optical power limiter, Hermann discovered 

that the power limiting behavior of the nonlinear medium depends markedly upon the ratio of 

nonlinear refraction to nonlinear absorption coefficient.18 

4.2.3. Huygens-Fresnel Theory for Beam Propagation in Free Space 

All the models we discussed above have some sort of restrictions on the input beam 

amplitude, the degree of nonlinear absorption or the steady state approximation. Considering 

the power limiting application, high intensity and large nonlinear absorption are essential to 

our experiments, therefore, the most versatile method is to solve the propagation problem in 

two parts. After having solved the irradiance and phase distortion at the back of the 

nonlinear sample, we must propagate the beam to the observation plane using the Huygens-

Fresnel diffraction formula.13-14 The coupled differential equations have been discussed in 

detail previously, so that we will concentrate on the Huygens-Fresnel theory here. 

Following the guidline given by Goodman,14 we first consider a number of 

mathematical preliminaries that form the basis of the later derivations of the diffraction-

theory. 

In free space, the time-independent wave equation is also called the Helmholtz 

equation: 
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( V2 + k* ) U(P) - 0 . (4.8) 

For a monochromatic wave, the field may be written as 

U(P) = U0(P) exp[-j <f> (P)], (4.9) 

where U0(P) is the amplitude and $P) is the phase of the complex electric field at point P. 

Using Green's theorem, we will be able to express the field at any point Pj in terms of the 

"boundary values" of the wave on any closed surface surrounding that point: 

1 u ( p x) - 4 7 
au 
an 

exp(jkr10) 

'10 

- U 
an 

exp(jkr10) 

* 1 0 

ds . (4.10) 

Equation (4.10) is also called the integral theorem of Helmholtz and Kirchhoff. Choosing 

proper boundary conditions in the case of diffraction by a plane screen, we obtain the 

Huygens-Fresnel principle. In particular the field amplitude at point (x2 ,y1) in rectangular 

coordinates is (see figure 4.1) 

.oo 

Uf r^y j ) = 
*00 

-oo» 
h(xx ,y1\x0 ,y0) U(x0 ,y0) dx0 dy0 , 

-oo 

where the weighting function is 

1 exp(j k r10) 
h(xx ,yx ;x0 ,y0) 

j A z 

(4.11) 

(4.12) 
' 1 0 

and the electric field of the incident light (also called the light source) is represented by U(x0 

,y0). Note, approximations here are based on the assumption that the distance z between the 

light source and the observation plane is very much greater than the maximum linear 

dimension of the light source. In addition, the obliquity factor cos(|, r10)~l by assuming that 

the distance z is much greater than the maximum linear dimension of the beam distribution 

on the observation plane (see figure 4.1), where the accuracy is within 5 percent if the angle 

(|, r10) does not exceed 18°. Under similar conditions the quantity r10 in the denominator of 

the weighting function is approximated as z. However, the quantity r10 in the exponent 

cannot be replaced simply by z, for the resulting errors will be multiplied by a very large 
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number k. As a consequence, the phase error may be much greater than 2n radians. 

However, the different approaches to simplify the exponential term in the weighting factor 

will introduce two diffraction integrals distiguished by the Fresnel diffraction region (or near 

field region) and the Fraunhofer diffraction region (or far field region). 

(i). The Fresnel approximation 

The critical part of the Fresnel approximation is to replace the spherical wavelets by 

quadratic surfaces, i.e. for 

2 

< 1 (4.13) N*M y i - y 0 

we have 

rio = z 1 + 
x i " xo 

.2 r .2 
y i - y0 

~ z 1 + i M yi - y<> 

1/2 

(4.14) 

Clearly, the accuracy of such an approximation requires certain bounds on the relative sizes of 

the light source, the observation region and the distance z. As a sufficient condition for 

accuracy, we require that the maximum phase change contributed by the neglected-next-

higher-order term in the binomial expansion in equation (4.14) be much less than 1 radian. 

This condition will be met if the distance z satisfies 

2,3 ^ f x [ ( X l " x° ) 2 + ( y i " yo)2lmax 2 • (4.15) 

Replacing the weighting function's exponential part in the integral (4.11) with the 

approximation (4.14), we obtain the Huygens-Fresnel propagation formalism as 
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U ( x l i y i ) - 2 £ ^ . x p ' fe'V+Vi*) 

,00 *00 
|U(x0,y0)exp 

J - 0 0 J - 0 0 
} h ( x ° 2 + y ° 2 ) exp - j ^ ( V o + y ^ o ) dx0dy0 . (4.16) 

To convert the Fresnel integration into the cylindrical coordinate, we need to use the 

formula29 

.2% 

exp 
f 
JO 

^ i' 
cos(< 0̂-< 1̂) 

27rr
1r0 

Az 
(4.17) 

where JM is the n th-order Bessel function, and 

(4.18) Xj = r ; cos 0; and y; = r; sin ^ with i=l or 2 , 

as well as 

x0
 x i + y0 yi - ro r i cos(^o " ^1) • (4-19) 

At the observation plane which is a distance z from the light source, the Fresnel integartion in 

the cylindrical coordinate has the form13 

E ( L + z > r i , t ) = 2 » s ^ M 
exp 

J*V 
Az 

»oo 

J o r o dr 0 EjL t
r0 , t - | j e xp 

J*V 
Az 

27rr1r0 

Az 
, (4.20) 

where E^L,r0,t-^j is the electric field at the sample back surface which can be derived from 

equations (2.31) and (2.36) in chapter II. Moreover, the cylindrical symmetry has been taken 

into account in deriving equation (4.20). 

(ii). The Fraunhofer approximation 

If the more stringent restriction 

z > >
 k ( x 0

 2 + y 0
 2 ) m a x 

(4-21) 

is adopted, we will be able to remove the quadratic phase term (this term will be basically 

unity over the entire light source region) in the Fresnel integration (4.16), and further 

simplify the diffraction equation 
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u(x, , y i ) = ^ A F 1 e x p j H ( X l ' + y* 2) : k 

OO -OO 

J I 
J -OO* -( 

U(x0 ,y0) exp 
OQJ -OO 

-j — J Az e x p[- j (xi xo + yi y0)j dx0 dy0 . (4.22) 

This is referred to as Fraunhofer diffraction or far field diffraction, and it is the Fourier 

transform of the light source distribution U(x0 ,y0). The Fraunhofer diffraction can be 

readily deduced from the more general Fresnel diffraction by removing the quadratic 

exponential term. In practice, if the distance from the sample to the observation plane is 

much greater than the Rayleigh distance zR, the Fraunhofer condition is satisfied. 

At optical frequencies, the conditions required for the validity of the Fraunhofer 

diffraction equation can indeed be severe. For example, at a wavelength A=532 nm (green 

light), and the beam spot size of 500 /xm, the typical observation distance z must satisfy z » 

1.5 m, which may exceed the length of our optical benches. Therefore, in beam distortion 

measurements, we would rather choose using near field diffraction, or choose the alternative 

of reducing the beam spot size on the sample. There are other reasons why looking in the 

near field is useful as we will mention later. In setting up this type of measurement, we 

always have to find the optimum compromise between the beam spot size, the sample 

thickness (to ensure the validity of the thin sample approximation), the dimensions of the 

collecting optics (such as the streak camera or the vidicon tube), as well as the observation 

distance. We use the Fresnel diffraction theory in what follows. 

§4.3. Numerical Simulation 

In our experiments, we usually measured the near field distribution of the transmitted 

beam, so that we will concentrate on the Fresnel diffraction situation. 

During the experiments, we measured the time integrated quantities, fluence or energy. 

Even in the time resolved measurements using the streak-camera-vidicon combination, we 
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still had to integrate the image over the response time of the streak tube (2 psec). The 

fluence is given by 

F(L+z, rj) - ^ 
t 

| E(L+zsr15t') | 2 dt', (4.23) 

- t 

where t=oo for a single pulse. The total fluence will require an integration over the entire 

pulse, i.e. from -oo to +oo. The simulation program is written in PASCAL computer 

language. Considering the size of the RAM storage, the program is divided into two parts, 

one part deals with the beam propagation inside the sample, another part solves the 

propagation problem after the sample. Those two programs (included as appendices at the 

end of this dissertation) can be operated separately or sequentially by a BATCH file. 

4.3.1. Simulation of Nonlinear Beam Propagation inside the Sample 

We derived the differential equations in the nonlinear medium in chapter 2. Here for 

convenience, we recopy equations (2.24), (2.25) and (2.29) for the thin sample approximation. 

dI(%z
r,t) = I(z, r, t) - /?2 I(z, r, t)* - <7̂  N(z, r, t) I(z, r, t) , (2.24) 

I(z, r, t) - ^ N(z, r, t) (2.25) 

and 

dN(z, r,t) /?2«Z»M)2 

dt 2 h w • 

As the laser beam is measured to be Gaussian both in space and in time, the different 

amplitudes at different positions and different moments have to be taken into account when 

integrating the differential equations. The numerical program is given in Appendix C. 

The entire pulse is treated as consisting of 61 time slices, the amplitude of each slice is 

regarded as a constant. Figure 4.2 shows a schematic of how space and time were sliced for 

the numerical simulation. Applying the superposition principle, one single time slice 

propagates through the sample at a time. We then sum over all the transmitted slices at the 
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observation plane. The number of slices was so determined that the transmitted fluence 

changes less than 0.5% adding 25% more slices by narrowing each slice. The medium is 

initially in equilibrium, i.e. there are no free carriers in the conduction band. As a time slice 

passes through the sample, carriers are created and they remain locally for the duration of the 

psec pulse. For ZnSe, the carrier recombination time (600ps-lns)23 is much longer than the 

picosecond pulse, therefore, no carrier decay occurs during the entire 30-ps pulse. As each 

time slice travels through the medium sequentially, carriers accumulate. The later part of the 

pulse will encounter a larger number of free carriers than the earlier part of the pulse does, 

therefore, it will encounter a greater nonlinear phase change (see equation (2.25)). All the 

three differential equations are solved simutaneously one step in the z-direction at a time, 

unless we can employ the analytic solution given in equations (2.31) and (2.36) by neglecting 

the FCA. 

The sample is divided into 30 thin slabs in the z-direction . We assume the carrier 

diffusion is negligible within the pulse, that is, the carriers excited in one z-slab do not 

mingle with carriers in another z-slab. Thus from equations (2.24) and (2.25), we see that the 

carrier concentration N is proportional to l/(l+/92I0z)2, where A is a constant. It is an 

advantage to use 2PA to construct optical limiters, because, for small I0, N is independent of z 

and the medium can be uniformly excited. 

In the r-direction, since the thin sample approximation is employed, there is no 

propagation of the transverse phase change within the nonlinear sample (i.e. the phase change 

does not propagate far enough to become an irradiance change). This assumption greatly 

simplifies the numerical treatment, because, this way, we are able to separate the beam in the 

radial direction into thin rings (typically 150). Each thin ring travels through the medium 

without interacting with any other radial ring. It is like a 6-function in the r-direction (30 ps 

long in time), traversing a thin cylinder (a hollow cylinder) oriented in the z direction. It 

excites carriers inside the cylinder and interacts with the carriers already exsiting inside the 
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cylinder only (see figure 4.2). 

The input beam intensity at the sample entrance plane is Gaussian both in space and in 

time, but it has a flat distribution in phase. However, the transmitted beam intensity versus r 

at the sample exit plane may not be Gaussian due to nonlinear absorption. It is interesting to 

notice that the phase profiles versus r at the exit plane are a set of inverse Gaussian 

distributions for low irradiance. The Gaussian shape comes from the N-dependency on I2 in 

equation (2.29), and the negative sign is from the self-defocusing nature of the carrier effect 

in equation (2.25). For the sake of time-resolved analysis, we propagate each transmitted 

time slice individually into the near- or the far-field using the Fresnel integration formula. 

Finally, we integrate contributions from all the time slices to find the fluence at the 

observation plane. Note, before using the Fresnel integration formula, we must convert the 

intensity and phase profiles into complex electric field distrbutions versus r at the sample exit 

plane. 

4.3.2. Simulation of Nonlinear Beam Propagation in Free Space 

Having obtained the distorted beam at the sample exit plane, we may perform the 

Huygens-Fresnel integration of equation (4.20). The numerical program for solving this 

integration is given in Appendix C. In performing the integration, we need to find the 

number of points needed per he phase change at the observation plane. Considering the self-

defocusing situation, we extended the computational spatial profile at the sample exit plane to 

three times the input beam radius, i.e. w ^ w ^ . Consequently, the radial range for the beam 

at the observation plane is taken as 

w i - 3 w» 1 + 

2 

Ek' 
Zr 

(4.24) 

by following the linear optics for Gaussian beam propagation.14 The summation of all 
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contributions across the source plane must take account of the relative propagation phase 

shifts along the different paths d (see figure 4.2). The maximum propagation phase shift, 

$m a x , for Tj = Wj is shown at point Px in figure 4.2. where the phase shift from the point P01 

propagating to Px is $1=(27r/A)-drnax. Likewise, the shift from the point to Px is $2 

==(2ir/A)-dmin. Since d is given by 

.2 

d - zL 

then 

r i " r o (4.25) 

(w. - w„)2 (w, + wn)
2 

2 zL
 and d ^ = z L + 2 zL • ( 4-2 6 ) 

The maximum propagation phase shift at point Px can be expressed as 

2 w w 

* m « - * a - * i - ( 2 j r ) . (4.27) 

In practice, we found that 150 points are sufficient to give a convergent solution for the 

Huygens-Fresnel integration from ro=0 to r0=oo. In our calculation we have used w0 = 3-w^ 

=il500/xm, wx ~ 1500jim, zL = 12cm - 55cm and A=0.532jum. To determine the number of 

points we must sample for each 2x-propagation-phase shift, for $m a x = 28-2x using ZLcs30cm 

in equation (4.27), we have 
$ 

150 = (number of points for each 2jr-shift) . (4.28) 

The number of points we need for each 27r-phase shift is 5 to 6 on average. However, the 

central Fresnel zones (which extend over a small r range) contain significantly more points on 

average. The smaller Fresnel zones for larger r contain fewer points. 

Since it takes a relatively long time to numerically calculate the Huygens-Fresnel 

integration, several numerical methods have been considered.24 For instance, the Gaussian-

Laguerre integration method requires fewer points to calculate in the r-direction, but for a 

Gaussian spatial distribution, the integrand is a non-converging function.26 The optimum 

compromise between speed, memory required for computing, simplicity in programming and 
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applicability is to choose the Simpson method.24 Running this propagation program using this 

method, it takes about 25 minutes on an IBM 386 PC (for 150 points on the object plane, 50 

points on the observation plane and 60 time slices). 

4.3.3. Extracting the Parameter of An/carrier from the Beam 

Distortion Measurement 

The experimental results are presented on carrier-self-defocusing in ZnSe at different 

irradiance levels with a 30 psec frequency doubled N&YAG laser. The results for ZnSE 

MONOPOL were briefly stated in Chapter III (see figures 3.16-3.20 and 4.3). and the 

experimental arrangement is also discribed in detail in Chpter III. In the experiment the 

output pulses from the Q-switched and modelocked Nd:YAG laser were focused to a spot 

diameter of about 550/xm on a 3-mm thick ZnSe slab. The transmitted pulses were collected 

by the vidicon-OMA system 55 cm behind the sample, which is really the near field region 

compared with the beam confocal length, zR = 2tn0
2/\ = 178 cm (where w0 is the beam spot 

size HWl/eM of I). The vidicon scans the beam profile in one dimension, x, through the 

center of the beam (y=0) (essentially a pinhole beam scan of aperture 0.4 mm).26 The sample 

is placed at the focal point of the input lens to ensure a plane wavefront incident onto the 

sample. 

The experimental curves were taken at three different laser intensities : 1= 0.029 

GW/cm2, 0.3 GW/cm2 and 2.7 GW/cm2 (see dotted curves in figure 4.3). There is basically 

no observable change in beam shape at the lowest intensity from that observed without the 

sample (i.e. no nonlinearity). At the intermmediate intensity level, 0.3 GW/cm2, a beam 

broadening is observed. The most pronounced modification to the original beam shape occurs 

at an irradiance level greater than 1 GW/cm2, indicating a strong self-defocusing 

characteristic. Notice, all the curves are normalized at r=0 for the sake of clarity. 
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The computational curves at these three irradiance levels are shown in figure 4.3 with 

solid lines. What we did is a single parameter fit, (i.e. diffraction per unit carrier density an), 

since the other parameters were presumably well characterized by the authors of references 13 

and 21 (ct=0.3 cm-1, yS2=5.5 cm/GW and n2~-4-10_11esu). We will discuss the 3rd-order effect 

later in section 4.3.6 where we will verify that it is significant and it is negative too. Besides, 

for psec pulses, FCA effect is small as o^NIc-c^I2 (see reference 23). Recall equation (2.25), 

d$ 
dz 

and 

= I - Ti N (2.25) 

d£ _ d_ 
dz ~ dz 

w - n z 
c 

l ^ [n z] and n = n0 + I + an N . (4.29) 

For negligible (i.e. n2 negligible), and 

^ L « N (4.30) 

the refraction per unit carrier density is readily obtained, from equation (4.29), as 

- l x I • (4.31) 

Other parameters used in this fitting are : the sample length L=2.7mm, the laser wavelength 

A=0.532pm, the beam spot size on the sample entrance surface are 520 /mi in x-direction and 

578 jum in y-direction (HWl/eM of intensity). We find the best agreemnent between the 

theory and the experiments is obtained for P=2.61, where P is given in equation (2.23). For 

ZnSe, the resonant factor, Eg
2/(Eg

2 - (hw)z), is ^4.3, for Eg ~ 2.67 eV.13 Thus the 

enhancement factor, Pg, is deduced to be 0.6 (see Chapter II for discussion). From the same 

set of fitting curves, the value of an is extracted to be -0.8-10-21 cm3 (for 7^3.95-lQ"16 cm2) 

using n2 = -4-10-11 esu (or ~ -7.3 cm/GW for ZnSe at 532 nm), which is consistent with 

the crn obtained from the Z-scan measurements (see figure 4.9).6 The calculated carrier 

density at the center of the beam spot on the sample front surface for the three different 

irradiance levels are 3-1014 cm'3, 2.6-1016 cm"3 and 6-1017 cm-3, respectively. These carrier 

densities are determined by integrating equation (2.29): 



1 2 5 

f +oo 

J 9 M . d f / 4 3 2 \ 
_oc i + q(o, 0, t') • <4-32> 

Since the maximum carrier density here is on the same order as the upper limit of the carrier 

density for the transition from Boltzmann statistics to Fermi statistics, no degenerate states, 

i.e. no saturation needs to be considered (see section 2.4.4).27 In addition, the carrier 

recombination and diffusion are neglected as stated earlier. 

The fitting, in general, is good for all three irridiance levels. The small discrepancy at 

the highest irradiance may be attributed to the lack of including of FCA. Besides, the beam 

quality may also affect the measured results, such as the astigmatism in the original beam or a 

slight curvature in the incident beam wavefront etc.. 

The peak phase change undergone for the beam found, by integrating equation (2.25), 

is AfcavSjI-fjNLai -21 at intensity I=2.7GW/cm2 using an = -0.8-10"21 cm3 and n2 = -4-10"11 

esu (here /31 a n2). This peak phase change is corresponding to a 3.3-wavelengths distortion 

(note that the distortion is calculated as An-L=(37/2?r)-A). Considering the maximum value of 

intensity is located at the middle of the pulse, the calculation of the term of 71NL~-16 is 

done by taking half the value of the number of carriers generated by the entire pulse. This is 

an approximate way to calculate the effects of the phase distortion and accounts for the fact 

that there is no energy at the end of the pulse to "see" the phase distortion. The third order 

nonlinearity n2 in ZnSe is almost four times the magnitude of n2 for CS2,
28 and its 

contribution to the total peak phase change is calculated to be -5.3 using /91I~4(kLIa;n2/c
2n0 

at I=2.7GW/cm2 (Here n2 is in esu, all the other parameters are in MKS units). This 

calculation tells us that n2 contributes approximately one third of the peak phase change to 

the beam distortion. The effect of the 3rd-order nonlinearity on the beam distortion will be 

studied in a greater detail later in this chapter. 
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4 . 3 . 4 . Beam S p a t i a l P r o f i l e i n t h e N e a r - and F a r - F i e l d 

In the previous section we discribed the measurements at a fixed distance at different 

irradiance levels. But what will happen to the beam spatial profiles if we vary the distance 

while keeping the beam intensity constant ? To answer this question, computer simulations 

have been done to demonstrate the nonlinear behavior of the beam profiles at a set of 

different distances. 

The propagation behavior of the beam after the nonlinear medium is rather complicated 

because the radial dependence of the transmitted intensity has a very complex nature. 

Needless to say the time dependence of the transmitted beam bears the same degree of 

complexity. For simplicity we first look at the time-integrated self-defocusing, and then 

investigate the time evolution of the beam profiles. Figure 4.4 shows the computer 

calculations of how the time-integrated intensity profile develops after the nonlinear medium 

at different distances z. 

The fluence profile, F(z+L, r), is shown for increasing values of z when the nonlinearity 

is £2=5.5cm/GW, an=-3.34-10~21 cm3, /31~0, zL=12cm, wo=530/im, rp~30ps and the input 

intensity is 1.27GW/cm2. In our model we have assumed that the beam profile inside the 

nonlinear medium always remains Gaussian. Immediately after the sample we still have an 

approximately Gaussian intensity profile. Farther behind the sample the profile starts to 

broaden and an intensity minimum develops in the center of the beam. As z increases 

further, this intensity minimum in the center becomes more pronounced. This distinct feature 

is the main reason why we choose the near field measurements to study the material 

nonlinearities. However, in the intermediate distance between the near field and the far field, 

the intensity minimum dissappears, and the hollow feature is gradually blurred out by losing 

the contrast of the two spikes and the middle dip. When we approach the far field, however, 

an intensity spike starts to appear in the center of the beam, and in the far field this spike 

becomes the dominant part of the beam profile. This beam profile, as shown in Figure 4.4(e) 
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and 4.4(f), will remain unchanged in the far field. To illustrate the significance of the 

confocal parameter zR=7rw0
2/A in self-defocusing, we have in figure 4.4 shown for each z-

value specified the corresponding distance in terms of the confocal parameter zR. The case of 

self-focusing is shown in figure 4.5. In the far field it is difficult to tell the difference 

between self-focusing and self-defocusing. This is why we do our measurements in the near 

field. 

4.3.5. Numerical Simulation of the Time-Resolved Spatial Profile 

Measurements 

At the same time we calculate the fluence profile in the near field, a set of files are 

generated by the program, that record the intensity profiles at each sequential time slice (i.e. 

before performing temporal integration). Hence, we are able to simulate the time-resolved 

spatial profiles, mentioned in chapter III, using the same program. A qualitative fitting is 

shown in figure 4.6, where we can see that at early times, the beam shape is Gaussian. But as 

the pulse develops, carriers accumulate and cause more phase distortion and, therefore, beam 

distortion in the near field, in the later part of the pulse. As can be seen the intensity 

minimum at the center of the beam becomes pronounced, and the spikes on each side of the 

middle-dip become higher and narrower. At even later times, the energy in the pulse appears 

to be nearly uniformly spread out in space. Again, this calculation used the same parameters, 

given in section 4.3.4, £2=5.5cm/GW, an=-3.34cm3, ^ - 0 , zL=12cm, wo=530/xm, rp^30ps and 

I=1.27GW/cm2. 

We made an effort to quantitatively fit the data, however, with the time-integrated 

results obtained through the streak-camera-OMA system, we obtained a fitting which is 

somewhat wider than the experimental curve. We attribute this to the nonlinear response of 

the streak camera photocathode and/or errors in the energy calibration. It is worth 

mentioning here that, the calibration parameter for the streak-camera-OMA system is 
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33.4+1.7 pm/channel. This calibration has been varified by fitting the experimental curve 

within an error of 6% when the sample is removed. Hence, to improve the experimental 

results, more caution should be taken in future experiments about the intensity incident onto 

the camera photocathode to ensure linearity. 

Another problem to quantitatively simulate the time-resolved experimental results is the 

time jitter. With the shortest time scale on the streak camera (300ps/15cm), the time jitter is 

around ±20 ps. This made it difficult to determine the zero-time of the pulse, particularly 

when a large nonlinearity is present. That is to say, we either need a shorter signal (much 

shorter than the 30 ps pulse we used) to mark the zero reference of our pulse, or we need a 

virtually jitter-free system to record the experimental data. Even so, the time-resolved 

measurements as well as the qualititive numerical fitting enable us verify our prediction that 

the 2PA excited free carriers are partly responsible for the self-defocusing behavior in 

pollycrystailine ZnSe when using 532 nm light. 

On the other hand, when high intensities are involved in the self-defocusing 

experiments with pulsed laser, the time dependence of the transmitted intensity may differ 

significantly from the time dependence of the incident intensity. The experimental results 

using a MONOPOL are shown in figure 3.20, where the energy distributions as a function of 

time are plotted at different radii from the center of the beam. An apparent "time advance" 

is observed near the center of the beam due to the nonlinear refraction from 2PA generated 

free carriers which accumulate during the pulse. This can be understood as follows. As the 

center portion of the beam has much higher intensity, strong absorption occurs even before 

the middle part of the pulse arrives (remember the pulse is also a Gaussian profile in time). 

This optical absorption creates a large number of free carriers, which diffract later portions of 

the pulse to the wings of the beam, a "time delay" therefore appears in the wings of the beam 

and a "time advance" in the center (see figures 3.17-3.20 and 4.6-4.7). While the intensity is 

much lower at the very edge part of the incident Gaussian beam, neither strong optical 
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E - 990 /iJ 
(b) 

11.5 ps 
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Fig. 4.6. The spatial energy distributions measured at 11 cm behind a 3-mm ZnSe 

sample at various time detected by the streak-camera-vidicon system (a) the 

experimental data and (b) the qualitative numerical simulation. 
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absorption nor refraction would occur, so that the temporal profile of the edge-portion of the 

transmitted beam basically follows a Gaussian distribution. A numerical simulation of the 

transmittance of the 3-mm-thick ZnSe slab (see figure 4.7) shows the basic characteristics of 

the experimental results shown in figure 3.20 using the MONOPOL, providing an even clearer 

picture for the time dependence of the transmitted pulse. (Note, this simulation was done by 

rearranging the set of I versus r files at different time slices). In figure 4.7(c), the "time-

delayed" transmitted beam has a higher magnitude than the input beam assuming no 

nonlinearity at r=540^m-810/im. This can be explained by the dynamic-carrier-refraction 

process during the pulse. Since it takes time for the carriers to build up in the central portion 

of the beam, the diffraction of this energy (which is large in the beam center) is delayed. 

The time-integrated effect of the transmitted energy in the intermediate radii leads to a 

superposition of the energy diffracted from the center and the local energy of the incoming 

beam. This superposition gives a higher magnitude than the local incoming beam as shown in 

figure 4.7. 

4.3.6. The Third-Order Effect 

The newly developed technique, "Z-Scan", revealed that at relatively low irradiance 

levels, the self-defocusing in ZnSe is dominated by a S^-order effect, the ySxI term in 

equation (2.25) of chapter II, i.e., the refractive index is proportional to I.6'15'21 The 

magnitude of this nonlinearity has been determined from a set of "Z-scan" experimental 

results (see figure 4.8 and 4.9 for a typical "Z-scan" curve and the straight line in figure 4.9 

gives the value of n2), to be n2 = -4-10"11 esu or /91=-7.3 cm/GW at A=532 nm. The origin of 

this 3rd-order nonlinearity is the bound electronic oscillation.6 It is important and unusual 

that the bound electronic effect results in a negative nonlinear refraction. It had always been 

assumed that the bound electronic nonlinearity leads to self-focusing (i.e. na>0). Since in our 

beam distortion experiments we always observe self-defocusing, we assumed that the effects 
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of n2 were negligible. The Z-scan results showed, for the first time, an electronic n2<0, and 

we have now added this to our calculations. The sensitivity of the beam distortion 

measurements reported here is not as good as for the newly developed Z-scan and did not 

allow us to differentiate between 3 rd- and 5th-order nonlinearities due to the limited 

irradiance range of the experiments. At this stage, we may evaluate the effect of this 

3rd-order nonlinearity, n2, on the beam distortion measurements using our simulation 

program. 

First of all, we test the free carrier contribution to the beam distortion by eliminating 

n2 and keeping all the other parameters the same as in the calculation for figure 4.3. The 

numerical fitting curve computed using an = -0.8-10"21 cm3 shows too large a discrepancy as 

compared to the experimental data at 1=2.7 GW/cm2 (see figure 4.10). A reasonable fit is 

obtained for the value of crn = -1.6-10"21 cm3 (see figure 4.11 for the numerical simulation at 

both 0.3 GW/cm2 and 2.7 GW/cm2), which is twice as much as the an we used in 

combination with the nonzero n2 value. This tells us that the n2 contribution to the beam 

distortion in ZnSe is approximately 50%. This estimate is within 35% error as compared to 

the calculation for peak phase change due to the bound electronic effect in section 4.3.3 

(where we obtained that the n2 contribution is accounted for one third of the distortion). 

However, without the free-carrier contribution (crn = 0), using doubled n2 value (n2 = 

-8-10"11 esu) or even tripled n2 value (n2 = -12-10"11 esu), we do not obtain a good fit. The 

contrast of the two spikes versus the middle dip is too small at I=2.7GW/cm2 (see figure 4.12). 

For this reason, we can conclude that both the carrier induced nonlinearity and the 

bound electronic nonlinear refraction are important in passive semiconductor optical limiters. 

While the n2 effect only leads to a beam broadening at the propagation distance of 55cm, the 

carrier effect is responsible for both the beam broadening and the hollow feature in the center 

of the beam spatial profile at high irradiance levels (approximately above 1.5 GW/cm2). 
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via 2PA and the bound electronic n2. The data (dots) was fitted (solid line) with Pz = 

5.8 GW/cm, n2 -4-10"11 esu and an - -0.8-10"21 cm3. 
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Fig. 4.9. Plot of An (measured using Z-scan technique with a 2.7-mm ZnSe sample) 

as a function of the input irradiance (squares). The slope of the extrapolated straight 

line gives n2 = -4-10"11 esu (after Ref. 6). 
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I=2.7GW/cm2 

1.6 

. 0.8 

« 0.4 

-2.4 •1.2 0.0 1.2 
Radius (mm) 

Fig. 4.10. The experimental data (dashed line) is the same as shown in figure 4.3 (c), 

but the numerical fitting used different material parameters : = 5.5 cm/GW, n2 = 0 

and cn == -0.8-10-21 cm3. Apparently, n2 contributes significantly to the beam 

distortion. 
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+ + I=2.7GW/cra2 
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Fig. 4.12. Same experimental data (dashed lines) as shown in figure 4.3. To show the 

n2-contribution to the beam distortion, we used different material parameters in the 

numerical simulation (solid lines) : pz = 5.5 cm/GW, an = -0.8-10"" cm3, and n2 = 

-8-10"11 esu (curve a) and n2 = -12-10"11 esu (curve b). 
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Moreover, at low irradiance levels where the S^-order nonlinearity governs the nonlinear 

process, there is no observable change in the beam shape. The Z-scan sensitivity of the 

technique allows measurements at these low irradiance levels. While this highlights the 

insensitivity of beam distortion measurements to phase distortions of less than A/4, the 

technique remains useful for quantifying large refractive nonlinearities, such as those required 

for optical limiting. 

4.3.7. The Free Carrier Absorption Effect and the Residual Linear 

Absorption Effect 

In chapter II we argued that for picosecond pulses, the free carrier absorption is 

negligible, because the typical irradiance level used in our experiments is much lower than the 

critical value of approximately 5.6 GW/cm2, calculated from equation (2.30). We check that 

assumption here by asking, what would the transmitted beam look like if we include the free 

carrier absorption term in the nonlinear beam propagation equation (2.24) inside the sample ? 

Figures 4.13 and 4.14 show the distorted beam in the near field with various FCA coefficients 

• c7ex= 0' 2.3 *10 18, 2.3 -10~17, 2.3 -10-" and 1 • 10"16 cm2 using two different pulse widths, 

30 ps and 100 ps. As the theory predicted the longer the pulsewidth, the more free carriers 

created and the more diffraction occur in the transmitted beam. The results for lOOps 

pulsewidth (figure 4.14) have higher and wider transmitted beams in the near field for the 

largest a H o w e v e r , using both 30 psec and 100 psec pulses, a „ did not affect the results 

for < 10"17 cm2, which is ten times larger than the theoretical estimate of ~ 10"18 cm2 

(see figure 4.13). 

We also tested the refractive effect due to carriers generated by linear absorption with 

o=0.3cm-1. By including the term, al/hw in equation (2.29), we calculated the beam profile 

at the observation plane, and no significant change is observed in the beam distribution as 

expected (see figure 4.15). This calculation further confirmed our assumption that the 
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(b): solid line. 

(c): cross. 
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Fig. 4.13. Computer simulation using 30 ps pulsewidth at intensity of 1.27 GW/cm2 to 

show the free-carrier-absorption (FCA) effect on the beam distortion. The 

calculation is done by varying the FCA coefficient and using other parameters fixed 

as given in section 4.3.7. (a) Beam distortion due to 2PA and FCA effects only (i.e. 

no refraction effect), where aex=1.0-10-16 cm2 has been used as the FCA coefficient, 

(b) Distortion due to 2PA and carrier-refraction effect, (c) Same as (b) plus FCA 

effect (^=2.3-10"18 cm2), (d) Same as (c) with <7^=2.3-10"17 cm2, (e) Same as (c) 

with 0^=1.0*10"16 cm2. 
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Fig. 4.14. Computer simulation using 100 ps pulsewidth at intensity 

to show the free-carrier-absorption (FCA) effect on the beam 

calculation is done by varying the FCA coefficient and using other 

as given in section 4.3.7. (a) Beam distortion due to 2PA and FCA 

no refraction effect), where aex=1.0-10"16 cm2 has been used as the 

(b) Distortion due to 2PA and carrier-refraction effect, (c) Same 

effect (aex=2.3-10~18 cm2), (d) Same as (c) with aex=2.3-10-17 cm2, 

with crex=1.0*10~i6 cm2. 

of 1.27 GW/cm2 

distortion. The 

parameters fixed 

effects only (i.e. 

FCA coefficient, 

as (b) plus FCA 

(e) Same as (c) 
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Fig. 4.15. Computer simulation of the refraction effect due to linearly excited carriers. 

All the parameters used here are the same as given in section 4.3.7. 

(a) Beam distortion due to absorption effects and due to carriers created by two-

photon-absorption (2PA) only. 

(b) Beam distortion due to absorption effects and carriers created both by 2PA and 

linear absorption. 
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refractive effect due to residual linear absorption is negligible in the polycrystalline ZnSe. 

§4.4. Chapter Summary 

In this chapter, we performed numerical simulations of the time integrated beam 

distortion measurements for the transmitted beam through a ZnSe sample at X-532 nm in the 

near field. We also performed a numerical simulation of the time resolved measurements. 

From those calculations we found that the set of parameters, P2 = 5.5 cm/GW, an = 

-0.8-10~21cm3 and n2 = -4-10"11 esu (or fit the experimental data well for 

ZnSe. Those parameters are in excellent agreement with the parameters obtained in 

references 13 and 6 using the Z-scan technique. In addition, those parameters are very close 

to the theoretical models discussed in chapter n . For example, the value of <rn of -1.2-10"21 

cm3 is calculated from the simple Auston model for ZnSe at 532 nm while we measured 

-0.8-10~21cm3 (within 33%). As to the modification to the beam shape, we determined that n2 

contributes nearly 50% of the beam broadening (negative nonlinear refraction) and an makes 

up the rest at about 3GW/cm2. From the numerical calculations we also conclude that the 

residual linear absorption and FCA have negligible effect on the beam distortion using psec 

pulses. Finally, we have found that the beam distortion experiment is a powerful tool for 

characterizing large optical nonlinearities in optical limiting materials. 
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CHAPTER V 

DYNAMIC NONLINEAR PROCESSES 

IN ZnSe INTERFERENCE FILTER AND BULK ZnSe 

§5.1. Introduction 

We have demonstrated in the previous chapters that ZnSe bulk material exhibits large 

optical nonlinearities under strong laser irradiation. It is also interesting to study the optical 

nonlinearities of ZnSe thin film structures. There is considerable interest in the possibility of 

using thin films for optical limiting and sensor protection. The ZnSe Fabry-Perot (FP) 

interference filter has been used as an optical bistable device.3"8 Here optical bistability (OB) 

refers to a process where a system exhibits two possible output states for identical input 

conditions (see figure 5.1). Similarly, a material is said to exhibit optical bistability (OB) if 

two stable states of transmission or reflection exist when illuminated by a light source of a 

particular intensity.1 OB in a FP etalon usually results from either intensity-dependent 

nonlinear refraction or intensity-dependent nonlinear absorption.1.2 Both thermal refractive 

and absorptive OB have been reported in ZnSe FP interference filters.3"8 It is well known 

that electronic nonlinearities take place on much shorter time scales than those for the thermal 

effect (psec or less for 2PA induced carrier refraction vs microsecond time scales for thermal 

effects). This fact leads to the possibility of obtaining faster OB using electronic 

nonlinearities. Particularly, with the FP structure as a feedback cavity, the internal irradiance 

can be enhanced many fold (see the next section for an explanation), so that low-power, 

room-temperature OB operation on a shorter time scale might be possible. 

In this chapter, we first derive some basic equations for the laser beam propagation in 

the nonlinear FP device. We then discuss the transmission and angle-dependent measurements 
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using the ZnSe interference filter. To further understand the origin of the dynamic nonlinear 

processes inside the ZnSe thin film interference filter, we performed psec pump-probe 

experiments using both a thin film ZnSe sample and bulk ZnSe material for comparison. A 

brief review of the carrier recombination mechanisms is presented to assist us in 

understanding the nonlinear processes in both the bulk ZnSe and the thin film ZnSe 

interference filter. In bulk material, we have observed 2PA, and nonlinear refraction due to 

both bound electrons and free carriers. However, in the thin film structure, we have not 

observed the bound electronic nonlinearity. The data does not unambiguously show 2PA in 

the FP since the residual linear absorption is so much larger in the thin film than it is in the 

bulk material. The linear absorption induced nonlinearities may overwhelm the 2PA 

nonlinearity. Possible linear absorption induced nonlinearities are the thermal effect and 

carrier refraction from one photon absorption (1PA). The nonlinear absorption that we 

apparently observe may be due to linear absorption followed by FCA. In addition, the 

thermal nonlinear refraction is significant in the thin film structure and it may compete with 

the carrier effect resulting in no observable nonlinear refraction. As we will show, we see no 

nonlinear refraction within our detection sensitivity. 

§5.2. ZnSe Interference Filter and Nonlinear Beam Propagation 

5 . 2 . 1 . Sample 

The interference filter consists of two high-low index Ap/4 (~50 nm) stacks with a 2A 

(~400 nm) ZnSe spacer layer in between (see figure 5.2). A transmitting glass substrate is 

fixed on one side of the filter (2mm thick float glass). The filter was thermal-vapor 

deposited on the glass substrate. Besides its main transmission peak at 500 nm, it has an 

additional transmission peak which is nearly at 532 nm, as shown in figure 5.3. The stacks 

are ZnSe for high refractive index and thorium fluoride (Th3F4) for the low refractive index 

p 



149 

(a) 

(b) 

Fig. 5.1. (a) The transmission and (b) reflection response for an etalon exhibiting 

bistability. 
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R ZnSe R Glass 

B 

Fig. 5.2. Schematic of filter construction : (A) ZnSe spacer region of optical thickness 

2\p (=*400nm); (B) reflective stack of high- and low-index materials each of optical 

thickness Ap/4 (~50nm); (C) transmitting substrate (e.g., 2mm of float glass). 
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Fig. 5.3. Transmission spectrum of the ZnSe interference filter, a TVD spacer ^ 514 

nm optically thick (after Ref. 13). 
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material. 1S>15 

5.2.2. The Enhancement Factor 

The transmission T of a conventional FP interference filter or etalon is9 

T 
TH 0 

1 + F sin($/2)2 ' t5-1) 

where T0 is the transmission at the resonance peak, F=4R/(1-R)2 is the cavity finesse and R 

is the stack reflectance. If there is a nonlinear medium in between the cavity mirrors (stacks), 

the optical-field induced refractive index change will be intensity dependent, therefore, the 

round trip phase retardation $ will also depend on intensity.10 For example if n=n0+'yl then, 
as shown in chapter III, 

® — *0 ĉav > (5.2) 

where Icav represents the irradiance inside the cavity, and $ 0 and K are both constants. The 

average internal cavity intensity is related to the incident intensity, Iin, by11 

T 
Icav = Iin cjT' (5-3) 

where T is the linear transmittance of the etalon. For a linear absorber sandwiched in 

between the surfaces, 

r . a L e-aL (1 - R) 
T (j _ e-aL) (i + R e-«L) ' <5-4) 

where a is the linear absorption coefficient. For small absorption it is seen that 

r 1 - R 
C t = T T r - (5-5) 

This results in a small error even for very high absorption (in this sample, a is measured to be 

525 cm -1 to 700 cm"1, see reference 12 and 13) since the spacer layer is so thin. Actually, 

for R~0.96, Icav calculated using equation (5.5) only results in a small error ( < 0.1%) 

compared with Icav computed using equation (5.4). The much larger value of a in this sample 

(525 cm 1 - 700 cm 1) compared to the bulk ZnSe (a=0.3cm-1)14 may result from the 

broadened band structure in the deposited layer of ZnSe (i.e. almost amorphous). This 

broadened band structure may be caused by defects and impurities in the thin layer and/or 
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the grain boundaries. Substituting equation (5.5) into equation (5.3) and assuming small aL, 

the average internal intensity reads 

Uv - ^ T • (5.6) 

The intra-cavity intensity is enhanced by a factor of a( l + R)/(I - R). However, the 

enhancement for 2PA in the FP cavity reads ~(1 + R)2/(l - R)2 as 2PA in the beam 

attenuation equation (see equation (2.24)) is proportional to I2 (see reference 15). Since the 

bandgap of ZnSe (2.67 eV) allows 2PA of 0.532/xm light, excited carrier absorption (i.e. FCA) 

in conjunction with the residual linear absorption could also be present but the irradiance 

used for the psec pulses is too low for this to occur. Therefore, we expect to see enhanced 

nonlinearities due to 2PA and/or FCA via 1PA or thermal nonlinearities or a combination of 

these. 

5.2.3. Nonlinear Beam Propagation Inside the FP Cavity 

Consider a FP resonator filled with a two-photon absorber. We assume that plane 

monochromatic light impinges on the resonator. To simplify our discussion, we assume that 

there is no nonlinear refraction, i.e. the resonance in equation (5.1) is maintained before, 

during and after the pulse. This appears to be true as we show in section 5.3.3. where we 

conclude that the refractive index change is small since we observe no angular shift in the 

angle-dependent measurement. The stack of dielectric coatings on each side of the FP 

resonator are characterized by their electric field transmission and reflection coefficients t l s t2, 

r1 and r2 respectively. Ingnoring absorption, these are 

n„ - n. 
r ! = M d ' i - J ' - V i . (5.7) 

n. - n, 
r, = — and t, = 

2 n j + n2
 2 V r2 • (5.8) 
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A convenient way to treat this problem is to assume there are two beams, represented 

by E1L and E2L counter-propagating inside the resonator (see figure 5.4),16 where E2L is the 

reflected field by the second surface of the resonator located at z=L. The relationships 

between the input, output and reflected fields are governed by the electromagnetic field 

boundary conditions : 

E l = ^ [£io " r i E2ol Er = £ [E20 - r, E10] and ET = i [E1L + r2 E2L] . (5.9) 

The internal fileds are related by 

Eio 51 e i l exP(_ i k L), E2L = r2 E1L and E20 = E2L exp(-i k L) . (5.10) 

For a two-photon absorber with residual linear absorption and ingnoring FCA, the 

differential equation is given as in equations (2.24) and (2.25). However, for two coupled 

beams counter-propagating inside a resonator, we have to derive the differential equations 

from the original wave equation (2.13) and the nonlinear polarization in equation (2.6). For 

simplicity here we only consider the 2PA-related term, and later, the linear absorption term 

can be simply added to the equation since it is linearly dependent on the electric field. 

Substituting equation (2.6) into equation (2.13), neglecting the transverse Laplacian according 

to the thin sample approximation, and also ignoring the nonlinear refraction inside the FP 

cavity as a result of no observable angle shift in our measurements, we obtain a 

proportionality as : 

~j~ a ~ Xj(3) I E
0 I 2 Eo > (5.11) 

where we assume that this is the Im(x^) = to give absorption and E0 = E1L + E2L is the 

superposition of the two counter-propagating beams inside the resonator. In practice, we 

must calculate the internal electric fields, E1L and E2L, on the etalon back surface first, 

because the transmitted electric field ET is the only parameter related to E1L and E2L. We 

then deduce the internal electric fields, E10 and E20, on the etalon front surfase using 

equation (5.10). Multiplying equation (5.11) with E1L and equating the real part of the 
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equation only, it yields 

d | ^ l <*-Xi(3) [ I E a I « • m I Eu, I »• I E a l I , (5.12) 

where m=2 for the beam propagation inside the FP resonator. However, later in section 5.4, 

we will use m=l for perpendicular polarization of the pump and probe beams and m=2 for 

parrallel polarization of the two beams. Similarly, for the backward propagating beam 

d 1 « *.(3) I I E2L | < + m I Ea, I M En, I »]. (5.13) 

Since the internal field is bounded by two surfaces, we have to find a self-consistent 

solution which contains the phase information. Since we ignored the nonlinear refraction in 

deriving equation (5.12) and (5.13), the phase information carried by the internal field will be 

the same as a conventional FP filter. Thus, we are able to obtain the solution for the internal 

field by solving the differential equation for attenuation in terms of intensity while 

sustaining the linear phase information. 

Taking into account the proportionality constant in relations I oc | E0 | 2 and /S2 oc Xi
(3) 

as well as adding the linear absorption term into equation (5.12), we obtain the differential 

equation for the forward propagating beam in terms of intensity 

- f a - = ~a j i l " Pt PIL + m riL • (5.14) 

In like manner, the reflected beam intensity can be deduced as follows 

dlor 2 
" - a 2L - @2 P2L + m hh !IL] ' (5.15) 

where 

- ( ^ j I E l t I ! »nd I2L - | E a | » . (5.16) 

Equations (5.14) and (5.15) with the boundary conditions together describe the nonlinear 

beam behavior of an inteference filter with a FP structure. 

Assuming that the change in transmission were solely caused by 2PA, and the residual 

linear absorption is aL=0.021,13-14 we developed a numerical code utilizing the differential 

equations (5.14) and (5.15) in conjunction with the boundary conditions given by (5.9) and 

I 1L 
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(5.10) to analyze the transmission measurements data (see section 5.3.2). The computer 

program is given in Appendix D. It "exactly" solves equations (5.14) and (5.15) along with the 

boundary conditions in equations (5.9) and (5.10). This program is to our knowledge the first 

such calculation. The novel part of the calculation was to start with the output and calculate 

the input. 

§5.3. Transmission and Angle-Dependent Measurements 

5 . 3 . 1 . E x p e r i m e n t a l Se t -Up 

The experimental configuration for transmission and reflection measurements is 

basically the same as described in chapter in and figure 3.1, except that we mount the sample 

on a micro-step rotational stage (resolution a one tenth of a degree) in order to perform 

angular dependent measurements. In addition, a reflection monitor is placed at an angle to 

the sample normal plane whenever it is needed to measure the sample reflection. The on-

resonance angle (44.1° for P-polarization and 39.8° for S-polarization) is determined by 

finding the maximum transmission while rotating the sample. The beam (532 nm) incident on 

the sample is focused to 16 /un (HWl/eM for intensity). 

5 . 3 . 2 . T r a n s m i s s i o n and R e f l e c t i o n Measu remen t s 

(i). Experimental results 

The experiments were performed with 30 ps and 100 ps pulse widths using both P- and 

S-polarization (Figures 5.5-5.8). The sample is placed at the resonance angle (i.e. peak 

transmittance) when performing the transmission measurements. The detector behind the 

sample collected all the transmitted light in the experiments (i.e. there was no pinhole in front 

of the detector). 

The transmittance and reflectance are plotted against incident irradiance and fluence 

individually. The change in transmission is greatly enhanced by the FP cavity, because on 
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resonance, the enhancement in internal irradiance Icav, within the ZnSe layer is 

—(1+R)/(1-R)» where R is the stack reflectivity. These results indicate that the transmittance 

is neither purely intensity-dependent (I-dependent) nor purely fluence-dependent (F-

dependent) as evidenced by the fact that neither the curves of T versus I nor T versus F 

coincide for the 30 — 100 psec pulses.17 

The distinct difference between the 30 ps measurements and the 100 ps results (figures 

5.7 and 5.8) may imply that the reduction in transmittance at high irradiance is attributable to 

2PA and/or free-carrier absorption from carriers generated by linear absorption.17 In 

addition, this pulsewidth dependence may also mean that there are fast processes, e.g. decay 

and/or relaxation, occuring on the time scale of 30 ps to 100 ps. 

(ii). Numerical fitting and analysis 

Using the numerical code mentioned in section 5.2 (ii), we obtained very close fits to 

the 30-psec experimental curves (the solid lines in figure 5.5 and 5.6) for both P- and S-

polarization yield an effective 2PA coefficient jffeff within the range of 30 ~ 50 cm/GW. 

This may be only a coincidence because ^ N can "look like" £effI. In the case of single 

photon absorption creating carriers, N reads 

+oo 
(t) a I, (1 - 0 0 

-oo 

w a n ) 
oo 

and the beam attenuation gives 

( 5 1 S ) 

Substituting equation (5.17) into (5.18) then equating equation (5.18) with dI/dz=/SeffI
2/2ftw, 

yields 

^eff = ~fw~ ^ rP i,e" &rffa£7ex> (5.19) 

that is, transmission changes via FCA can resemble the functional dependence of the 

transmission change by 2PA. The difference between these effects is seen in the pulsewidth 
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dependence. For FCA longer pulses would show a larger £rff as seen in figure 5.7. However, 

if the process were purely FCA the plot of T versus F would have the same for 30 and 100 

psec pulses see figure 5.8). 

In the numerical fitting we have included multiple reflections using values Rx=0.968 

and R2=0.957(see reference 12) for front and back surface reflectances respectively 

(compared to the value of R~87% in reference 13). Note, the reflectances obtained by 

reference 12 is calculated using mirrors as the ends of the FP cavity, while the reflectance 

from reference 13 is computed with dielectric stacks at each end of the cavity. However, this 

difference in the cavity reflectance will not qualititively affect the numerical fitting here 

because the purpose of this simulation is to show that both or either 2PA or FCA-via-lPA 

could be responsible for the change in the transmission and reflection measurements. 

5 . 3 . 3 . Angle-Dependence Measu remen t s w i t h ZnSe I n t e f e r e n c e F i l t e r 

(i). Experimental results — P- and S-polarization 

In optically bistable devices, to obtain the hesterisis loop (see figure 5.1) in the 

input/output relations, researchers often make use of the nonlinear FP characteristics to 

achieve an I-dependent resonance shift of the FP. The angle-dependent measurement is 

designed to examine whether this nonlinearity is causing a sufficient angular shift for 

switching action in our experiments. 

The angle-dependence measurements were also carried out with 30ps and lOOps 

pulsewidths using both P- and S-polarization. The transmission of this filter, as a function of 

angle from normal incidence is measured for both P- and S-polarizations for low and high 

incident irradiance levels (see figures 5.9 and 5.10). The peak transmission and width of the 

curve for S-polarization are consistent with the expected higher reflectivities of the four layer 

high-low Ap/4 stacks. The higher finesse for S-polarization actually leads to a larger 

percentage change in transmission for S-polarization than for P-polarization even though the 
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peak transmission is considerably smaller. 

The change in transmission of the FP is not accompanied by an observable shift in the 

angle of peak transmission as seen in figure 5.9 and 5.8. This indicates that the total time-

integrated index of refraction change is small. Since the possible angle shift is at the limits of 

our detection sensitivity, we can only estimate from our data that the maximum possible angle 

shift from the 30ps-pulsewidth data is < ±0.5°. The associated internal angle shift is therefore 

< ±0.19° which gives a change in the refractive index of |An|<±0.0025. From the plots in 

figures 5.9 and 5.10, we see only the nonlinear absorption but do not see any nonlinear 

refraction greater than the above limits. However, as a result of the amount of energy 

absorbed, there must be excited carriers generated either by 1PA or 2PA. The question is, 

how many carriers are generated and should we see an angle shift if an is the same as it is in 

the bulk ? 

(ii). Analysis 

The following calculates the possible angle shift or change in the refraction from the 

amount of energy absorbed. 

The amount of energy absorbed can be obtained from the results of the transmission 

experiment (as shown in figures 5.6 and 5.9) using A=l-T-R, where A represents the 

absorptance, T transmittance and R reflectance respectively. From the experimental curve 

(see figures 5.6 and 5.9) we know that at Ein = 87.5nJ, the absorption is about 41.7%, and that 

at Ejn = 8nJ, the absorption —39%, Hence the difference in the absorbed energy is 

A^abs-=87,5nJ-0.417-8nJ-0.39 = 33.4nJ . (5.20) 

First assuming that each carrier is generated via 2PA, the change in total number of 

carriers should be 

AM _ 33.4nJ _ 33.4nJ , ^ 
A N to ta l ,2PA" 2 f a = 4.68eV " 4 - 5 ' 1 0 (5-21) 

and the carrier concentration 
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N2PA = — — A N t o t ^ P A - 1.4-10" cm - 3 , (5 22) 
(Area of beam spot)-(Sample thickness) 

where the spot size is 16^m and the sample thickness is 0.4 \im. If we use the index change 

per carrier trn = -An/N = -0.8-10"21 cm3 which was obtained from the ZnSe bulk sample (see 

Chapter IV), the index of refraction change via 2PA will be 

A n 2 P A = - °"n • N2PA = - ° . l 1 • (5.23) 

This is almost 45 times greater than the estimated experimental value, | An | <0.0025, from the 

angle-dependent measurement. 

Second, assuming that each carrier is generated by single photon absorption, the change 

in refractive index will be twice as much as Anjp^ for the carrier concentration via single 

photon absorption, i.e. N1PA, is increased by a factor of two : 

A n i P A = ~ ' N i p A = - 0.22 . (5 24) 

Third, if all of the energy absorbed is converted to heat, the nonlinear refraction, An^, 

can be calculated using Anth=[dn/dT]-AT. The difference in temperature, AT, for the two 

energy inputs = 87.5nJ and Ein = 8nJ, is 

A T - ^ r - 5 6 K ° (5.25) 

in the volume V=7rro
2-L=x*16/xm2-0,4/im. It gives 

Anth = 0.005 , (5.26) 

(dn/dT=9.11-10"5 for ZnSe from reference 18) which corresponds to a ±1° angle shift. It is 

interesting to note that this An is only a factor of two greater than the maximum estimated 

An from the angle-dependence measurement. Also note that while the carrier refraction is 

negative the thermal refraction is positive. 

So far, the three values of An, obtained by assuming that the energy absorbed resulted 

in a single nonlinearity and predicted larger refractive index change than observed. All those 

three single nonlinearities indicate an observable angle shift should have been detected in the 

angle-dependent measurements using the ZnSe interference filter. The possibility exists that 
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the negative carrier refraction competes with the positive thermal refraction giving a small net 

An. If this is true, it suggests that the carrier decay time in the ZnSe thin spacer is shorter 

than the pulsewidth resulting in a decreased carrier density and increased thermal 

nonlinearity. Such a short decay time has been observed in other materials when defects are 

created. Thin films are known to have a large number of defects. 

In conclusion, we observed enhanced nonlinearities in the ZnSe interference filter. The 

expeimental evidence and the analysis strongly suggest that a positive nonlinear refraction 

probably thermal counteracts the negative refraction resulting in no observable angle index 

shift in the experimental data. Since the electronic nonlinearity occurs on a much shorter 

time scale than that for the thermal nonlinearity, a time-resolved study may help to explain 

the apparent discrepency between the angle-dependent experimental results and the 

transmission measurement. 

§5.4. Pump-Probe Experiments with ZnSe Interference Filter and Bulk ZnSe 

This psec-pump-probe experiment is designed to time-resolve the dynamic 

nonlinearities, such as the carrier lifetime and relaxation time as well as to find out the FCA 

cross section etc., in the ZnSe inteference filter and bulk ZnSe material. In addition it may be 

able to time-resolve the thermal nonlinearity from the electronic nonlinearity in the ZnSe 

interference filter. The experimental set-up is given in figure 5.11. If the optical pathlengths 

of the pump-and-probe are equal, then the probe pulse will arrive at the sample precisely at 

the same time as the pump pulse and the transmission of the probe will reflect any changes in 

the sample which were induced by the pump pulse. Thus, by mechanically varying the pump 

optical pathlength, the sample may be interrogated (probed) before, during and after 

excitation by 30-ps long pulses. 
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5 .4 .1 . Experimental Set-Up 

In the pump-probe experiment, a single pulse from the frequency-doubled Nd:YAG 

laser is split off and the two pulses are directed into the sample at an angle $ as shown in 

figure 5.11. A large portion of the pulse passes through a beam splitter and is designated the 

pump pulse. The weaker portion of the original pulse is reflected from the splitter as the 

probe pulse. After the two beams come out of the beamsplitter, they pass through two delay 

lines respectively. The pump beam travels through a variable time-delay line which is a 

prism mounted on a mechanical translation^ stage (round trip 350 ps). Since the velocity of 

light in air is approximately 3-10® m/sec, one millimiter change in optical path length 

corresponds to 3.3 psec. Therefore, the temporal resolution for this type of experiment is 

dependent on the optical pulsewidth rather than the mechanical resolution of the translation 

stage. Two lenses are placed in each optical path to focus the beam to provide sufficient 

intensity for 2PA. Using Gaussian-beam propagation rules of linear optics, we proved that 

the beam spot size remains constant at the focal point while varying the optical path length of 

the beam before it gets onto the lens.9 Hence, the sample is placed at the focal point of both 

lenses (see figure 5.11). The probe transmission is monitored after the sample. Necessary 

measures have to be taken to prevent the scattered pump light getting into the monitor in 

order to obtain a clean signal. To increase the detecting sensitivity, we focus the pump beam 

down to 200 /zm (HWl/eM of intensity) with a lens of f=100cm, and the probe beam to 100 

/an with a lens of f=50cm. By doing so, the probe only detects the center portion of the 

pump beam where the nonlinearity is the largest. A half-wave plate is inserted in the pump 

beam that changes the polarization from S to P when necessary. The energy ratio of the 

pump to the probe pulse (> 250) is so determined that the probe beam intensity is very small 

compared with the pump intensity. This way no nonlinear effect on the pump beam needs to 

be considered from the probe beam. 
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5.4.2. Determination of in Limit of Weak Absorption 

from the Pump-Probe Experiment Using Bulk Material 

In the pump-probe experiment, the detected signal is the probe transmission, so that it 

will be benefitial to examine the functional dependence of the probe pulse transmission 

through the nonlinear medium. In the following discussion, we will concentrate on the case 

of perpendicular polarization between the pump and probe beam, as there is no complication 

from the grating formation using parallel polarization of the two beams (see figures 5.12 vs 

5.13). 

The excitation pulse and the probe pulse can be written as : 

Ie (z=0,t) = 1^ exp (t - rD)2 
T7~ 

(5.27) 
1 - p r l and Ip (z=0,t) - 1^ exp 

P J 

where rp is the pulsewidth, tjj is the relative delay of the probe pulse vs the excitation pulse, 

and Ie and Ip denote the excitation pulse and probe pulse intensity respectively. If 2PA, FCA 

and free-carrier refraction are the dominant mechanisms for nonlinear absorption and 

refraction, then by inspection of equation (5.14) and (5.15), replacing I1L with Ie, I2L with Ip, 

and a with (a + N) and letting m=l for the perpendicular polarization, we obtain a set of 

coupled differential equations describing the excite-probe experiment. For a very weak probe 

beam, 1^ » 1^ : 

= "(<* + °ex N) Ie - Ie
2 , (5.28) 

-fc = -(<* + °ex N) !p - ft2 h lp (5.29) 

and 

dN 
DT~" R N R ~ N » (5.30) 

where 7C is the decay rate. At low carrier density, the carriers decay exponentially through 

traps in the energy gap and the decay rate, 7C, is independent of the carrier density. 

However, the decay rate, 7C, may become density dependent at high carrier concentration. 

As in the case of radiative recombination, 
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Tc " 7cc + 1R N , (5.31) 

where 7CC represents the exponential decay component, and 7R is the radiative recombination 

rate (see section 5.4.3 for explanation). 

Note, in all the experimental results using the bulk ZnSe sample we observed a long 

gradual decay (see figure 5.12 and 5.13). We may explain this long decay as follows. At 

zero-delay, a strong absorption (2PA and FCA here) caused by the excitation pulse leads to 

the lowest probe transmission. A large number of free carriers are consequently created in 

the conduction band. Those carriers rapidly find themselves relaxed into a thermal bath at 

the bottom of the conduction band, as described in the previous chapters. The generation of 

these free carriers in the conduction band lowers the material refractive index immediately. 

The carriers in the thermal distribution will enventually return to the valence band via either 

nonradiative or radiative recombination (see section 5.4.3). However, as long as they stay in 

the conduction band, they may be measured by the delayed probe pulse via FCA (for 

perpendicular polarization). The longer the probe delay, rD, vs the excitation pulse, the fewer 

carriers are left in the conduction band and the less FCA occurs, therefore the less 

transmission reduction is detected. This is the origin of the long gradual slope in the probe 

transmission at later delay times. In order to calculate the FCA cross section ^ from the 

pump-probe experimental results, we need somehow to eliminate the 2PA effect. Considering 

that 2PA is an instantaneous process, after the pump pulse is over, 2PA between the pump 

and probe does not exist any more. Therefore, at later delay times (longer than the 

pulse width), we may be able to manipulate the probe transmission data to obtain a^ . 

For delay times such that the excite and probe no longer overlap the probe transmission 

change is subject only to FCA. Integrating equation (5.30) with respect to time, we obtain the 

total number of carriers generated by the excitation beam via 2PA to be 

KT _ h ^*72 Tp leO
2 

2 hw ' (5.32) 
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where we ignored carrier decay and used the small absorption approximation, i.e. N(z)~N(0) 

and Ie (z) ~ Ie (0). Now substituting equation (5.32) into equation (5.29) and integrating 

(5.29) with respect to z and t respectively, we can obtain the change in probe fluence 

transmission ignoring decay 

IATI PPA = v^72rpIeQ2) V ^ r ^ I ^ L 
1 1 F C A 2 h u Fp (0) 

êx i h V^/2 rD Ieo2) L 
= 2 T T • (5-33) 

where the input probe fluence is defined as 

FP <°) " [ JP (0.1) d t " V* rp 1^ . (5.34) 
J - D O 

At zero delay, the probe fluence transmission change due to 2PA alone reads, by integrating 

equation (5.29), 

I A TI _ @2 Vjr/2 rp IeO p̂O L J 
' I 2PA Fp (0) = T l P z 60 L • <5-35> 

The ratio of equation (5.33) to equation (5.35) is a function of only given 1^ and r : 

I A T I FCA . IGO 
| AT | (5-36) 

Air A 

However, at zero delay, the probe transmission change read from the experimental data 

in figure 5.12 is the sum of the AT due to both 2PA and FCA. Moreover, the AT read from 

the long delay times (see for I~3.7 GW/cm2 at rD ~ 250 psec in figure 5.12) includes a decay, 

which is probably the radiative decay (see the next section for a explanation). Therefore, to 

obtain |AT| due to FCA alone by looking at long delays, we need to eliminate the carrier 

decay effect from the experimental data. What we do here is to extrapolate the probe 

transmission at finite time delays (see point b at rD ~ 250 psec in figure 5.12) back to zero 

delay. This gives us the transmission change due to FCA. Since zero delay is defined as the 

time when the pump pulse completely overlaps the probe pulse (see point a in figure 5.12), 

only half of the carriers have been generated by the first half of the pump pulse. Hence, the 
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transmission change due to FCA is one half of the extrapolated value mentioned above. We 

then subtract the value of the FCA-induced transmission change from the total transmission 

change at zero time delay to get |AT| due to 2PA at rD « 0. The 2PA induced transmission 

change is calibrated by numerically fitting the pump-probe experimental data (see figure 

5.12). This fitting yields /?2^4.5cm/GW that is within 18% of the value of /92~5.5cm/GW 

given in reference 14 (see section 5.4.4). The FCA cross section thus obtained for ZnSe bulk 

material at 532nm is ^2.510"18 cm* at I=1.2GW/cm2. This is of the same order as the value 

computed from a numerical simulation of the pump-probe experimental curves (see figure 

5.12) to be presented in section 5.4.4. 

5.4.3. Review of Recombination Mechanisms 

Besides the FCA cross section, the carrier lifetime may be deduced from the excite-

probe measurements. Before analyzing the experimental results, a brief review of the 

recombination mechanisms is given below. 

A number of mechanisms have been suggested to account for the recombination of 

electrons and holes in semiconductors.20 These processes can be classified as follows : 

1. Direct recombination or recombination through defects/impurities. 

2. What ways the photoexcited-carrier energy is deposited during the recombination. 

The answer to the first question leads to three posibilities : 

i). Direct interband recombination, i.e. an electron in the conduction band returns to the 

valence band in a single transition and releases a photon. 
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ii). Recombination through trapping centers and recombination centers located in the 

energy gap, where trapping centers are mainly impurities (temperature dependent), but 

recombination centers result from impurities, dislocations and other mechanical imperfections 

of the crystalline lattice. Usually, trapping centers interact only with one carrier type, but 

recombination centers interact with both electrons and holes.20 Under low temperature (80 K 

for InSb) and low laser intensity, trap recombination is most likely to occur.21-22 

iii). Surface recombination (including grain boundaries). Carriers return to the valence 

band through traps and dangling bonds located at the surface. Surface recombination 

becomes important when the sample thickness is reduced to a lower limit. A chacteristic 

parameter to assess the quality of the surface with respect to the bulk is the surface 

recombination velocity, s, defined as : 

s = 1 lD 
1 1 
t " T (5.37) 

where 1D is the ambipolar diffussion length, t is the carrier lifetime at the surface and T is the 

lifetime in the bulk. In III-V compound semiconductors, s may extend from 100 to 10® 

cm-sec-1.24 The experimental value for InSb as measured by MacKenzie et. al. is 2.8-105 

cm-sec 1.23 Writing the hole lifetime as rh in an n-type semiconductor, for example, it can be 

shown that for srh » L (the sample thickness), surface recombination is dominant. However, 

if srh « L the excess carriers will expand into the bulk of the material and therefore, surface 

recombination is negligible.19 

The approaches to release the excess energy of the excited carriers can be listed in the 

following categories : 

a). Radiative recombination. For relatively high incident intensities and low operating 
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temperatures, this type of recombination becomes significant.21'22 When an electron directly 

recombines with a hole, the result may be the emission of a photo whhich thereafter may be 

absorbed to originate another electron-hole pair, cause stimulated emission or leave the 

crystal. For dominant with radiative recombination, the generation of excited carriers for an 

intensity, I, at any point in a crystal is expressed as 

dN a I „ VT» 

d > (5-38) 

where N is the number of generated carriers and is the radiative recombination rate. 

Thus, for continuous wave (cw) radiation, we may obtain a steady-state solution for the 

excited carrier density as 

N 11/2 • (5-39) 

For a nondegenerate semiconductor, the radiative carrier lifetime has been experimentally 

shown to be carrier density dependent.22*25 Notice here, the photogenerated carrier density 

N, is P/z-dependent, therefore, the nonlinear refraction, An = an N, is also F/2-dependent. 

By including the radiative recombination : 

n = n0 + An = n0 + nR V-h (5 4 0) 

for relatively high carrier densities and cw laser sources, where nR is the nonlinear refractive 

index related to the radiative decay process. For example, 7R has been measured as 2.43 -10"9 

to 3.27-10"10 cm3-sec_1 in InSb at 77 K° for cw CO laser wavelengths.20-26 For pulsed sources 

the transient solution is needed. 

b). Auger recombination (nonradiative recombination). This is a three-body effect, 

typically involving two electrons with one hole or two holes with one electron. Energy 

released by recombination is used to kick an other free electron into a higher state in the 

conduction band or move a hole into deeper states in the valence band, to keep energy 

conservation (see figure 5.14).22-27 At room temperature, Auger recombination is significant 
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Fig. 5.14. Auger recombination, (a) Two electrons (A and B) in conduction band 

have a finite probability of colliding, resulting in the destruction of an electron-hole 

pair, (b) Same process as in (a) but for hole-hole collisions (after Ref. 27). 
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in narrow gap semiconductors. For large gap semiconductors, it requires high excitation 

intensities to observe Auger recombination.215 As with radiative recombination, the Auger 

effect is also intensity dependent. For cw radiation, the number of carriers N in an Auger 

process is proportional to I1/3,25 therefore the nonlinear refraction, An = oa N in the Auger 

recombination processes is also I1/3-dependent. For cw radiation 

n — no + nA > (5.41) 

where nA is the Auger-recombination-related refractive index. As in the radiative 

recombination case, the Auger recombination rate is also excess-carrier-density dependent. 

Auger recombination has been reported from 2PA-generated-carrier decay in InSb and 

Te at room temperature using nsec pulses (the laser radiation wavelength is 10/im).28'29 Of 

course here the index-dependence on intensity is I2/3 for 2PA instead of I1/3 for single 

photon absorption. In narrow bandgap semiconductors, such as InAs and GaSb, Auger 

recombination may exist at moderate excitation levels. However, in large bandgap 

semiconductors, such as ZnSe, the Auger recombination is negligible at our excitation levels. 

Again, a transient solution is needed for pulsed sourses. 

c). Multiphonon recombination (nonradiative recombination). The energy given out by 

a decaying electron is transformed into thermal energy via lattice vibrations. 

Typically, this type of recombination is accomplished in two steps. First, the electrons 

are promoted by incident photons into higher states in the conduction band. Due to intraband 

electron-electron scattering, they experience a phase relaxation, then through a rapid intra-

band relaxation and acoustic phonon emission, form a thermal distribution at the bottom of 

the conduction band.30 The phase relaxation time is also called the dephasing time, T2, 

ranging from 50 fs to few psecs in semiconductors.31 Often the dephasing time and the 

intraband energy relaxation time cannot be distinguished. The energy released during the 

energy relaxation leads to single phonon or multiphonon vibration and produces heat in the 
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lattice. Eventually, all the electrons, from where they are in the thermal bath, return to the 

valence band either via radiative or Auger recombination or recombine through traps. 

Usually, recombination refers to interband processes and relaxation to intraband scatterings. 

The three recombination processes do not dominate simultaneously but depend on the 

carrier concentration, incident intensity, temperature and band structure of the semiconductor. 

5.4.4. Experimental Results with ZnSe Bulk Material 

These experiments were conducted with the ZnSe bulk material at 0.532 /zm using a 30 

ps pulsewidth. We did experiments with both parallel and perpendicular polarization in the 

bulk sample of ZnSe (figures 5.12 and 5.13). 

(i). Perpendicular polarization 

Using perpendicular polarization to eliminate any possibility of forming amplitude 

gratings, the experiments were performed at irradiance levels of 0.3 GW/cm2, 0.6 GW/cm2, 

1.2 GW/cm2, 2.4 GW/cm2 and 3.7 GW/cm2. The probe transmissions are plotted in figure 

5.12 against the probe delay. The dotted lines are the experimental results, and the solid lines 

are discussed below. 

Again, a long decay is observed in all of the experimental curves. At lower intensities 

(below 80 nJ), the decay has a very flat slope, indicating a relatively shorter decay at low 

carrier densities. At higher intensities, we see a bigger slope varying with the carrier 

densities. Theoretical analysis shows this carrier-density dependent recombination is mainly 

due to the radiative decay (since the Auger recombination can be pretty much ruled out in 

the wider bandgap semiconductor material) *2 In addition, a dip in probe transmittance was 

observed around the zero-delay using the bulk ZnSe sample. This is attributed to 2PA. 

A numerical code was written to simulate the pump-probe experiments with ZnSe 

using perpendicular polarizations. There the coupled differential equations of (5.28), (5.29) 
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Fig. 5.15. Computer simulation of the probe transmission plotted against the probe 

delay time at energy of 250 / J using 30 ps pulses at A=0.532 fim. With larger 2PA 

coefficient, 02 = 5.5 cm/GW, the dip around the zero-delay has a greater reduced 

transmission than using = 4.5 cm/GW. This may indicate that the transmission dip 

is the consequence of 2PA from the excitation pulse. 
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Fig. 5.17. Same as in Fig. 5.15 with varying radiative recombination coefficients, 7 R . 

It has shown that 7 R is a sensitive parameter in fitting pump-probe experimental 

results. 
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and (5.30) are solved with Gaussian pulses. The numerical fitting program is given in 

Appendix E. 

The best fitting to the experimental results are obtained with the parameter 

combination : £*4.5cm/GW, o=0.5 cm"*, =7-10-« cm*, 7R=5-10"® cm3/S and rcc = 1 ns 

(figure 5.12) at various intensities (the pulsewidths are around 31 psec HWl/eM of intensity). 

The 2PA coefficient 02, and the linear absorption coefficient a are in good agreement with 

the values given by Van Stryland et. al. (i.e. £2=5.5cm/GW and a=0.3/cm)." The FCA 

coefficient is also comparable with the value given in reference 13 for thermally deposited 

ZnSe coating material, ~ 10"" - 10"" cm* at 532nm. The radiative recombination rate, 

7R, is of the same order as the reported value.33 The nonradiative carrier lifetime rcc is 

estimated from our pump-probe experiment and the DFWM measurement.32 

Different parameter combinations were tried to explore the influence of each parameter 

on the overall probe transmission. Fixing all the other parameters, and increasing p2 to 5.5 

GW/cm2, zero delay dip becomes deeper at high intensities (see figure 5.15). Changing the 

FCA coefficient only, we found that at the same intensity level, smaller FCA coefficient 

aex — 10 18 cm2 leads to a faster recovery of the transmission curve (see curve (A) in figure 

5.16). The larger FCA coefficient (cr^ ~ 7-10~" cm2) results in a very flat probe 

transmission tail (see curve (C) in figure 5.16). The radiative recombination determines the 

slope of the probe transmission at long delay time at I=3.7GW/cm2 (see figure 5.17). 

However, 7R does not affect the fitting at low carrier densities (where the energy is below 80 

fJ). In addition, we also observed that the numerical fitting does not vary by replacing rcc = 

Ins with 7"cc = 400ps for the limited delay range of our experiment. 

(ii). Parallel polarization 

This experiment was performed at irradiance levels of 1 GW/cm2 (60/iJ), 1.16GW/cm2, 

4.16GW/cm2 (250 /J) and 5.8GW/cm2 (350/iJ) using a 27 ps pulsewidth with pump beam 
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parallel to the probe beam (see figure 5.13). An interference grating is detected in the bulk 

medium (see the uprising peak at zero delay in figure 5.13). Though the determination of the 

microscopic mechanism of this grating (absorption or index grating) requires further 

experimental evidence and discussion, the formation of the grating can be explained easily in 

a phenomenalogical way as below. 

Long before zero delay, there is no overlap of the pump and the probe pulse, so that 

the transmission (~ 60%) only reflects the linear absorption. As the probe pulse approaches 

zero delay, overlap of the two pulses occurs. At irradiance levels above lGW/cm2 before zero 

delay, when the first part of the pump pulse encounters the probe pulse, a carrier grating is 

formed. This grating will deflect a portion of the pump pulse into the propagation direction 

of the probe pulse. Therefore, a transmittance of greater than one is observed before the zero 

delay. However, the 2PA effect and the FCA effect overcome the diffraction effect near 

zero delay. The reduction in transmission results in the dip after the zero delay. At later 

times (no beam overlap), a slow decay is detected as in the case with perpendicular 

polarizations. 

It will be interesting to do intensity dependent measurements at several fixed delay 

times in the future in order to determine the origin of the grating. 

5.4.5. Experimental Results with ZnSe Interference Filter 

This experiment was conducted with a ZnSe interference filter at 0.532 /un with a 30 ps 

pulsewidth. We only examined the interference filter with parallel polarization of the two 

beams (figure 5.18). 

We did pump-probe experiments with the ZnSe interference filter at three irradiance 

levels : 0.016 GW/cm* (1/iJ), 0.08 GW/cm* (5/J) and 0.23 GW/cm* (14/J), using 28 ps pulses 

(HWl/eM of I) with a 200 nm radius pump beam and 100 jum probe beam. The energy ratio 
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was set of EpUmp/Epro^>e = 60. The sample was placed at an angle to give maximum 

transmittance (i.e. on resonance). 

We discovered a long lived transmission change (much longer than 300 ps) in the probe 

transmission at all three irradiance levels. However, we did not observe fast decays as we 

expected from the suggession made from the transmission and angle-dependent measurements 

(see section 5.3). This may be ascribable to the relatively long pulse we are using. This 

suggested fast process is seemingly more observable using 15 ps pulses,13 because the shorter 

probe pulse provides better time resolution. Researchers in France did pump-probe 

experiment using ZnSe filter at off-resonance positions.7 Their results obtained from rotating 

the sample to different angles support the assumption, that on a very short time scale that the 

negative electronic effect is counterbalanced by a positive thermal nonlinearity in the filter. 

We may explain the process of the probe pulse interrogating the sample as follows. At 

zero-delay, a strong absorption caused by the excitation pulse leads to the lowest probe 

transmission. A large number of free carriers are consequently created in the conduction 

band. Those carriers rapidly find themselves relaxed into a thermal bath at the bottom of the 

conduction band, as described in the previous section. The generation of these free carriers in 

the conduction band lowers the material refractive index immediately. However, the energy 

released from the relaxation heats up the sample, and changes An in the opposite direction 

gradually as the lattice heats up (50 fs to a few psecs). Heating will continue in the time 

period of r t h a w0
2/4D=d m s e c for ZnSe and the 200 m beam spot size (see equation (3.8)). 

Although these two processes take place on very different time scales, our detector collects the 

time integrated probe transmission only, which allows the thermal An to compete with the 

carrier An. This may explain why we see no angle shift in the angle-dependent measurement. 

Note, that they do not have to exactly cancel. The net An needs to be below our detection 

limit. 
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The carriers in the thermal distribution will enventually return to the valence band via 

either nonradiative or radiative recombination. However, as long as they stay in the 

conduction band, they may measured by the delayed probe pulse via FCA. The longer the 

probe delay, rD, vs the excitation pulse, the fewer carriers are left in the conduction band and 

the less FCA occurs, therefore the less transmission reduction is detected. This is the origin 

of the long gradual slope in the probe transmission at later delay times. Notice that the decay 

slopes are slightly different using various intensities (see figure 5.18). This may imply a 

carrier-density-dependent recombination as discussed in the previous section. The relatively 

complicated structure, grain boundary, dangling bonds and impurities in the sample, may 

contribute to a fast decay. It may not be easy to model the recombination processes in the 

interference filter. But experimenting with bulk ZnSe may help us in analyzing the carrier 

decay characteristics in semiconductor materials. One question here is why the carriers have a 

longer lifetime in the thin film filter than in the bulk material as judged from the different 

slopes. It possibly results from the recombination centers on the surface and traps in the 

broadened band structure in the thin film sample. The recombination center concentration 

and their influnece to the relaxation process depends on the preparation procedure of the 

sample. Generally, recombination centers have a large capture cross section. For instance, 

Bruckner and Kerstan reported a slow recombination process, 300 - 500 ns, in CdS, which 

gives an electron capture cross section of 10"16 cm2 at the recombination centers.33 

A time-resolved experiment using the streak-camera-OMA system to monitor the time 

evolution of a single transmitted pulse from the thin film filter was attempted. 

Unfortunately, due to the small signal-to-noise ratio, the streak camera measurement showed 

no conclusive temporal distortion. 

The experimental results and analysis so far for the ZnSe interference filter are in favor 

of the hypothesis of competing nonlinearities. 
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§5.5. Chapter Summary 

A. We discovered a dominant long decay phenomenon (much longer than 300 ps) in the 

pump-probe experiment with the thin film filter (figure 5.18). We did not observe an explicit 

fast decay as we expected from the conclusion made from the transmission measurements and 

angle-dependent measurements. This may be ascribable to the relatively long pulse we are 

using (~30ps compared with femtosecond to picosecond relaxation times). Moreover, a 

theoretical fitting yielded an effective 2PA coefficient - 30 - 50 GW/cm, which could be 

explained as 2PA and/or FCA in the ZnSe interference filter. Photoluminescence experiments 

and shorter pulses are desired to resolve the fast dynamic process in the ZnSe interference 

filter. 

B. A dip in transmittance was observed around zero delay in the bulk ZnSe (figure 5.12). 

This may be attributed to 2PA and/or FCA. In addition, an interference grating is detected 

in the bulk material (figure 5.13) by making the polarization of the pump and probe beams 

parallel. The origin of this grating (absorption or index grating) requires further experimental 

evidence. 

C. A numerical fitting to the Bulk ZnSe results and a theoretical analysis (perpendicular 

polarization of the pump and the probe beam) was attempted. Besides discovering a long 

dominant decay (> 300 ps), we obtained the radiative recombination rate ranging from 

3.3-10 10 cm3s-1 to 5-10"9 cm3s_1 for ZnSe. This value is of the right order compared to 

published data for InSb, GaAs and CdS etc." So far the best parameter combination in 

fitting the experimantal results is found to be £=4.5cm/GW, a=0.5 cm"1, ^ =7-10"18 cm2, 

7r=5-10-9 cm3/S and rcc = 1 ns (figure 5.12). Future work should include measuring the 

carrier lifetime with a long delay time and intensity-dependent experiments at fixed delay 

times. 
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CHAPTER VI 

SUMMARY 

In this dissertation, we have reviewed the dominant nonlinear processes both 

theoretically and experimentally that occur in direct-gap semiconductors. These 

semiconductors are applicable to passive optical limiting. Experiments to determine 

fundamental nonlinear optical constants were performed along with the theoretical analysis, as 

well as experiments to test and characterize pototype limiting devices. A brief summary of 

our results follows. 

A set of differential equations were obtained to analyze the limiting behavior in 

semiconductors. In deriving this set of equations, we established the understanding of 

relations connecting the macroscopic measurable quantities with their microscopic conterparts. 

It was determined that the optical limiting behavior results from the combined effect of 2PA 

and the induced-free-carrier refraction as well as the bound electronic nonlinearity in ZnSe. 

Theoretical analysis indicated that the band-filling model with Boltzmann statistics adequately 

describes the two-photon refractive nonlinearity. Moreover, a broadband nonlinear refractive 

spectrum was predicted, though further experiments are required to verify this prediction. 

We characterized a number of semiconductor limiting devices and showed that, for 

single 30-psec pulses, the devices are self-protecting. The mechanisms for the limiting 

behavior are mainly 2PA induced free-carrier refraction as well as the band-blocking effect. 

By employing a thick limiter geometry, in which we focused tightly into the semiconductor 

material, we greatly extended the dynamic range of these devices. The MONOPOL device 

shows a dramatic improvement over previous picosecond passive optical limiters in that the 

limiting power has been reduced to =d0 nJ, which corresponds to =*300 W for the picosecond 
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pulses used, and the dynamic range is greater than 104. In the case of nanosecond operation, 

limiting powers below 100W were obtained. We determined that there are no high irradiance 

regions (hot spots) anywhere in the transmitted pulse in either space or time. Since 2PA is 

broadband, these devices are also broadband. For example, the ZnSe devices should work 

from 500 to 850 nm. We developed simple scaling rules to predict limiter performance with 

different geometries, wavelengths, and pulsewidths. Initial experiments verified these scaling 

rules. Also, from our study of the bandgap energy dependence of 2PA and the scaling of the 

resulting nonlinear refraction with wavelength, we expect that limiters using narrow-gap 

semiconducting media will have considerably lower limiting inputs in the infrared. In 

addition, thermal self-focusing effects were investigated when using nanosecond pulses. Our 

analysis showed that bulk damage occurs when the cumulative thermal effect dominates the 

much faster carrier defocusing effect. A potential remedy for this problem is to search for 

materials having a negative thermal nonlinearity or materials having a longer carrier lifetime. 

Moreover, hybrid optical limiting where more than one nonlinear material is used is another 

choice to construct optical limiters having low limiting energy and large dynamic range at 

different wavelengths and using various pulsewidths. 

In order to qualitatively determine the nonlinear optical coefficients of ZnSe we 

performed experiments and numerical simulations of the time integrated beam distortion for 

the transmitted beam through a "thin" ZnSe sample at A=532 nm in the near field. We also 

performed a numerical simulation of the time resolved measurements. From those 

calculations we found that the set of parameters, the 2PA coeffcient £2 = 5.5 cm/GW, the 

refraction per unit carrier density an = -0.8.10"21cm3 and the bound electronic nonlinear 

refraction n2 = -4.10"11 esu fit the experimental data well. These parameters are in excellent 

agreement with the parameters obtained in references 1 and 2 using the Z-scan technique. In 

addition, these parameters are very close to the theoretical models discussed in chapter II. For 
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example, the value of crn of -1.2.10-21 cm3 is calculated from the simple Auston model for 

ZnSe at 532 nm while we measured -0.8.10~21cm3 (within 33%). As to the modification to 

the beam shape, we determined that n2 contributes nearly 50% of the beam broadening 

(negative nonlinear refraction) and an makes up the rest at ~ 3GW/cm2 input irradiance. 

From the numerical calculations we also conclude that the residual linear absorption and FCA 

have negligible effect on the beam distortion using psec pulses. We have verified that the 

beam distortion experiment is a powerful tool for characterizing large optical nonlinearities in 

optical limiting materials. 

All the work discussed above utilized relatively thick optical media (thicker than 

chimin). There is considerable interest in optical limiters that are based on thin films. From 

our measurements of nonlinear optical constants we know that we cannot obtain optical 

limiting in thin film materials without some type of optical gain. For example, we used 

focusing in bulk materials to increase the irradiance. This is not sufficient for a thin film. 

Both 2PA transmission losses and the induced phase distortion from refractive index changes 

are proportional to the thickness of the material. A way to provide more "optical gain" (more 

than simply focusing), is to effectively increase the thickness of the nonlinear thin film by 

placing it in a Fabry-Perot structure (i.e. a thin film interference filter). The on-resonance 

multiple reflections within this structure can make the effective path length much longer. 

However, we concluded after our experiments that the nonlinearities in such structures are 

still insufficient for effective optical limiting. 

To evaluate the Fabry-Perot thin film structure as an optical limiting device, we 

performed a series of experiments using psec pulses at 532 nm to determine optical 

nonlinearities in a ZnSe Fabry-Perot interference filter. We discovered a dominant long 

decay phenomenon (much longer than 300 ps) in the pump-probe experiment with the thin 

film filter. We did not observe an explicit fast decay as we expected from the transmission 

measurements and angle-dependent measurements. Moreover, a numerical code was written 
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to theoretically fit the transmission measurement results. The novel part of the calculation 

was to start with the output and calculate the input. The fitting yielded an effective 2PA 

coefficient /Seff ~ 30 - 50 GW/cm, which could be explained as 2PA and/or FCA in the ZnSe 

interference filter. Because of the fact that there was no net change in the refractive index 

during a psec pulse, we concluded that the ZnSe Fabry-Perot filter is not suitable for an 

optical limiter. However, photoluminescence experiments and shorter pulses are desired to 

resolve the fast dynamic processes in the ZnSe interference filter. 

To compare the carrier lifetimes in the ZnSe thin film filter with the ZnSe bulk 

material, we conducted pump-probe experiments in both materials. A dip in transmittance 

was observed around zero delay in the bulk ZnSe. This may be attributed to 2PA and/or 

FCA. In addition, an interference grating is detected in the bulk material (figure 5.13) by 

making the polarization of the pump and probe beams parallel. The origin of this grating 

(absorption or index grating) requires further experimentation. A numerical fitting to the 

bulk ZnSe results and a theoretical analysis (perpendicular polarization of the pump and the 

probe beam) was attempted. Besides discovering a long dominant decay (> 300 ps), we 

obtained the carrier radiative recombination rate ^5.10"9 cm3s-1 for ZnSe. This value is of 

the right order of magnitude compared to published data for InSb, GaAs and CdS etc.3 So far 

the best parameter combination in fitting the experimental results is found to be 

£2=4.5cm/GW, a=0.5 cm"i, ^ =7.10"18 cm*, 7R=5.10'9 cm3/S and rcc = 1 ns. Future work 

should include measuring the carrier lifetimes with a long delay line and intensity-dependent 

experiments at fixed delay times. 
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The Slowly-varying envelope approximation (SVEA) derives its name from the form of 

the electric field: 

E(z, t) = E0(z, t) exp[ i (wt - n0 k z) ] , (A.l) 

in which E0(z,t) is a complex field envelope which varies little in an optical period or 

wavelength. Here, w is the optical frequency of the pulses, k=w/c is the wave number, c is 

the speed of light in vacuum, and n0 is the linear refractive index of the medium.1 

The first and second derivatives of the electric field are deduced to be 

dE 
dz 

3En . 
~dz " 1 k n° E° exp[i( w t - k n0 z)] , (A.2) 

and 

dm 
dz7. 

32E 

32E„ 5E„ 
dz2 - 2 i k n0 - k2 n0 E 0 exp[i( w t - k n0 z)] , (A.3) 

St2 

d2E0 . 5E0 

V + 2 ' " i r - w ! E » exp[i( w t - k n0 z)] . (A.4) 

The second derivative of the nonlinear polarization with respect to time can be obtained by 

replacing E with PN L in equation (A.4). 

Applying the SVEA to remove all the terms having a second order derivative versus z, 

we obtain the wave equation by putting the rest of the terms together (see equation (2.10) in 

Chapter II), 

V 2 t e 0 
^ • . a E o „ • 5 E 0 
2 i n » k - a T + 2 , " » £ B "5T 
* 

We now transform to the retarded time frame : 

t' = t - ^ A z = z \ f(z\ t ' ) = f(z,t) 

and 

- i w fi0 a E 0 = w2 n0 PN L . 

i t « £ + ! ! o 3 f a n d 3 f = 5 f 
dz' dz c dt dt' at 

(A.5) 

(A.6) 

(A.7) 

Then the general wave equation can be expressed as the following : 
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3Eft (t',z) 

V*x E 0 (f,z) - 2 i n0 k — ^ i u (i0 a E 0 (t \z) = fi0 w* (t\z) . (A.8) 

We are now travling along with the light wave such that the term 3E0/dt is gone. 
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When a laser beam of wavelength 532 nm travels through a ZnSe thin sample, it will 

suffer amplitude attenuation and phase distortion. The attenuation due to linear absorption 

and FCA as well as the phase distortion due to free carriers can be deduced from the wave 

equation (2.13) and the complex conductivity The attenuation due to 2PA and the 

phase distortion due to the bound electronic effect are included in the term PNL in the wave 

equation (2.13). In this appendix, we derive all these terms individually, then add them 

together to obtain differential equations for nonlinear beam propagation. 

A. Beam Attenuation due to Linear Absorption and Phase Distortion due to Free 

Carriers 

The complex conductivity crcomplex in the wave equation is defined as 

^complex= ~ ( B . l ) 

so that a t contributes to loss and to refraction. 

Usually, the conductivity is associated with movable electrons while the dielectric 

function t is related to bound electrons. The Drude model for free electrons is applicable 

here. The Drude theory for the optical frequency conductivity starts with the equation of 

motion for a free-electron driven by an oscillating field : 
if, 

$ 3v m m + — v = - e E0 exp(i u t) , (B.2) 
U l 'col 

where v is the velocity of the electron, m* is the electron effective mass and rcol is the 

collisional time. The solution to the above equation is 

e En r.-i 
v = " — ; exp(i u t ) . (B.3) 

m ( 1 + m r J 
Since 

J - -N e v and J = acomplex E , (B.4) 

the complex conductivity is 



2 0 4 

N e2 rcol 
"complex - * . . • ( B . 5 ) 

m (1 + IW rcol) 

Consequently, the real and imaginary parts of acomplexare 

a = N e 2 rcoi a n d CT. _ N V e2 t cJ 
r m* (1 • r„ , ! ) ' " m ' ( 1 + • < B '6 ) 

At room temperature in semiconductors, the collisional time is about rcol >~ 10"13 to 

10~14 sees, so that (wrcol)
2 » 1 for near infrared to visible frequencies w < 1015 sec-1. 

Therefore, the conductivities can be written in a simplified form as : 

ar m -JL£— a. = N_ei _ (B-7) 
m w2 rcoj m w 

Equation (B.7) relates the optical absorption (or loss in electromagnetics) and the optical 

refraction to the carrier densities in the semiconductor conduction band. 

The relationship of aT to the total linear absorption coefficient a' can be found from the 

wave equation (2.13) in the main text. For the case of plane wave incidence (V2
xEo=0) and 

for the case of no 3rd-order nonlinearity (x(3)=0), the wave equation (2.13) reduces to 
5 E o 

^ n o ^ ~dz~ W ^0 "complex * ( B . 8 ) 

If we let 

E 0 = A e i $ , (B.9) 

by substituting (B.9) into (B.8) and separating the real part from the imaginary part, we 

obtain: 

dA A 
d T " " T 5 7 T a - (B.10) 

and 

d$ _ tt/ipgi 

dz 2 n0 k " (B.l 1) 

The beam attenuation in equation (B.10) can also be written in terms of intensity and a total 

linear absorption coefficient, a ' as : 
d I T 

to = _Q: 1 • (B.l 2) 

Using the relation of I = (n0 e0 c/2) j E0 |2 in equation (2.23) and comparing equations (B.10) 
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and (B.12), the relationship of ax and a' is given by 

0r - a no f • (B.13) 
"o 

As a r is proportional to the carrier density N (see equation (B.7)), then so is a'. We 

find it is convenient to write the total linear absorption coefficient a' as the sum of a linear 

background absorption coefficient a and a free carrier absorption term a ^ N 

flC-o + a . N , (B.14) 

where a „ = e2/(m* «2 rcol) is defined as the FCA cross section. Therefore, a r reads : 

aT = (<X + CTex N ) n o 7T • CB.15) 
MO 

The phase shift of the beam after the beam passes through the medium can be expressed as : 

(B.16) 

where an is the refractive index change per carrier density and aD N is the nonlinear 

refraction due to free carriers. Comparing equations (B.ll) with (B.16) we can see 

ai m 2 e0 u n0 ou N or an N = m
 e ' — N . (B.17) 

2 m e0 w
2 n0 

The second equation in (B.17) is the Drude model for the free-carrier induced refractive 

index change. Some publications often employ the complex dielectric function ecomp]ex in 

wave equations instead of using the complex conductivity acomp]ex. The relationship between 

these parameters in MKS units is 

" c o m p l e x = ~ i w ( ^ c o m p l e x > (B.18) 

where ecompIex is the complex dielectric function that is defined as 

^ c o m p l e x
 = ^ * (B.19) 

Here the real part er is related to absorption and the imaginary part £j to refraction.1 

B. Beam Attenuation due to 2PA and Phase Distortion due to Bound Electronic Effect 
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The 2PA-excited nonlinearities are related to the 3rd-order susceptability. For the case 

of negligible single photon absorption, following basically the same steps as in diriving 

equation (B.8) but keeping the term containing in the wave equation and ignoring the 

term containing a (this is the real conductivity given in the wave equation (2.10)), one gets 

the wave equation for 2PA alone as (see equations (2.13) and (2.5) in the main text) 

Using equation (B.9) and separating the real part from the imaginary part, the attenuation of 

the intensity due to 2PA is given by the imaginary part as : 

where the 2PA coefficient /?2 is defined as 

a w (3) 
• < B - 2 2 > 

The phase distortion due to the bound electronic effect (a third-order nonlinearity) can be 

deduced from the real part as : 

d$ w (3) T n T 

dz = 2 n0
s c2 e0 *

r ' (B-23) 

where is defined as 

^-T^70
x'm- < B - 2 4 > 

Finally, if all the four processes (attenuation due to single photon absorption in 

equation (B.12) and 2PA in equation (B.21), phase shift due to carrier effects in equation 

(B.16) and bound electronic effects in equation (B.23)) exist simultaniously, we get a set of 

differential equations given by 

(B.25) 

and 

d$ a r XT 

I - 7 l N , (B.26) 

where 7 l is defined as 



207 
/ i 0 e 2 c 

h - k - r " 2 5 • (B.27) 
2 m n0 w 

This set of equations is the working differential equations throughout our analysis. 

Notice, the thin sample approximaiton (V2
xEo=0) was applied in the derivation. 
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The nonlinear beam propagation problem is divided into two parts — one is dedicated 

to solve the propagation inside the nonlinear medium (see equations (2.24), (2.25) and (2.28) 

of Chapter II), another is to carry out the Fresnel integration in equation (4.20) of Chapter 

IV. The numerical codes are written in PASCAL. The program for the propagation inside 

the nonlinear medium is called PEULER, because it has used the Euler integration method. 

For negligible free carrier absorption and negligible S^-order effect, there is an anlytical 

solution for propagation through the nonlinear medium, which is given in equations (2.31) 

(2.32), (2.36) and (2.37). Therfore, another numerical code named PANY was written to 

calaulate this analytic expression. The program solving the Fresnel integral is called 

PROPAGATION, where the numerical integration used is the Simpson method. The 

complete numerical codes are given in the following. 
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Program PEuler; 

{$R+} 
{$1 c:\recipes\Hex2 } 
{$1 c:\recipes\PlayMusic} 
type Narray = array [1 ..50,1.. 100] of real; 

Outarray = array [1..50] of real; 
£*3!:**************************^ 
const {for ZnSe sample 4/3/89} 

Prl=50; {# of points on the sample front surface} 
Prl 1=150; {# of points on the source plane or the sample back surface} 
Pr0=50; {# of points on the obs. plane} 
Pz=20; {# of points in z-dim inside the sample} 
Pt=30; Pt00=l; {2*Pt+l=the # of t-slices & PtOO is the starting t-slice} 
rlmax=3; {the R-range on the sample front surface} 
r0max=3; {the R-range on the observation plane} 
c = 3e8; {speed of light in m/s} 
eO = 1.60e-19; {in Colum} 
mO = 9.1 le-31; {electron mass in kg} 
MehO = 0.1263158; 
{effective mass for ZnSe = l ( l /Me +1/Mh), where Me=.16 & Mh=.6} 
nO = 2.74; {index of refraction for CS2} 
n2 = -5e-Il;{esu} 
{Pi is defined by Turbo} 
alpha « 0.3; {cm-1} beta - 5.5; {cm/GW} 
sig = 0; {2.3e-18;} {cm2} 
{This is estimated from DN=beta*I*I*Tp/2HbarOmega with I=lGW/cm2} 
HbarOmega = 3.77e-19; {in joul} 
Omega = 3.5431 el5; {frequency in 1/sec.} 
Lamda = 0.532e-4; {in cm} 
L « 0.3; {sample length in cm} 
ZL = 12.0; {in cm, propagation distance in air} 
T10 = 30; {laser pulse width in ps (HWl/e) } 
WIx = 0.045; WIy= 0.060; 
{beam spot size (HWl/e of intensity) in cm & WI0=WE0/sqrt(2) } 
power = 1.08e7; {input power in W} 
P = 1.0; {fitting parameter} 
$ * * * * * *** * * * 3|C * * * * ** * ** * * it * * ̂  

var 
QQ :char; 
i,j,k,Pt0,counter,counter 1 :integer; 
Rmax,LamdaZ,Pi2LamZ,Zr,Tl,energy,10 :real; 
R,Transmission,Meh,q,betal,gama,gamal,Itr,drl,dz,t,dt,It,Z,AO :real; 
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N :Narray; 
rl,ItrL,PhitrL,F :Outarray; 
filenameA,filenameB,InputFiles,OutputFiles :string[20]; 
datafileA.datafileB :text; 
* * * *** **** * ** ****** * ** * **** J 

procedure entry; 
begin 

writeln('All acquired parameters here are in cm, GW & ps'); 
Zr:=Pi*sqr(WIx)/Lamda; {Reighlay Range} writeln('Zr=\Zr); 
Rmax:=rOmax* WIx*sqrt( 1 +sqr(ZL/Zr)); (Max rO[j] on the observasion plane } 
Tl:=T10*le-12; {convert ps into s} 
dt:=3*Tl/Pt; drl:=rlmax*WIx/Prl; dz:=L/Pz; 
energy:=power*Tl*sqrt(Pi); {convert power into energy in joul} 
IO:=energy/Tl/(WIx*WIy)/Pi/sqrt(Pi)* 1 e-9; {input intensity 10 in GW/cm**2} 
writeln('The input beam intensity is ',10,' GW/cm**2'); 
writeln('When Ein is ',energy*le6,' uj'); 
Meh:=Meh0*m0; {effective mass} 
R:=sqr((n0-l)/(n0+l)); {reflection of the sample surface} 
Transmissions 1-R; {sample surface transmission} 
q:=2/(8.85e-12*n0*c); {2/(epsilon nought * nO * c) and [ML**2/QT] in MKS} 
LamdaZ:=Lamda*ZL; {cm**2} 
Pi2LamZ:=2*Pi/LamdaZ; 
gama:=4*Pi/3*n2/nO; {gama in cm2/KW & n2 in esu} 
gama:=gama* 1,0e6; {gama in cm2/GW} 
writeln('gama= \gama,' cm2/GW & n2= ',n2,' esu'); 
betal:=0mega/(1.0e2*c)*gama; {in cm/GW} 
gamal :=4* Pi* 1 e - 7*sqr(eO)*c*P/(2*nO*Meh*Omega); 

{gamal:=MuO*eO**2*c*P/(2*nO*Meh*Omega) in m**2} 
gama 1 :=gama 1 * 1 e4;{convert gamal into cm**2} 
A0:=2*Pi*ZL/Lamda; 
writeln('How many T-loops do you want to do this time ?'); readln(counterl); 
write('Is this a continuing run (Y/N) ? '); readln(QQ); 
write('where to store the output files (drive:\directory\) ? '); 
readln(OutputFiles); 

end; 

procedure RZdim; 
var DIdz,Dphidz,a :real; 
begin 

for k:=l to Pz do 
begin 

for j:=I to Prl do 
begin 

DIdz:=-ItrL[j]*(alpha+beta*ItrL[j]+sig*N[j,k])*dz; 
Dphidz:=(betal*ItrL[j]-gamal*N[j,k])*dz; 
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N[j,k]:=N[j,k]+((*alpha+*)beta*ItrL[j]/2)/HbarOmega*ItrL[j]*dt*le9; 
Itr L[ j ]:=ItrL[ j ]+DIdz; 
PhitrL[j]:=PhitrL[j]+Dphidz 

end 
end; 

for j:=l to Prl do ItrL[j]:=Transmission*ItrL[j] 
end; 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

procedure calculation; 
begin 

case QQ of 
'n': begin 

rl[l]:=0; F[1]:=0.0; for k:=l to Pz do N[l,k]:=0.0; 
for j:=2 to Prl do 

begin 
F[j]:—0.0; rl[j]:=rl[j-l]+drl; 
for k:=l to Pz do N[j,k]:=0.0 

end; 
Pt0:=Pt00 

end; 
'y': begin 

FilenameA:=OutputFiles+'F.'; 
assign(datafileA,Filename A); reset(datafileA); 
for j:=l to Prl do 

begin 
readln(datafileA,rl[j],F[j]); 
FilenameB:=OutputFiles+'N.'+Hex2(j); 
assign(datafileB,FilenameB); reset(datafileB); 
for k:=l to Pz do readln(datafileB,Z,N[j,k]); 
close(datafileB) 

end; 
readln(datafileA,PtO); 
close(datafileA) 

end 
end; 
counters 1; i:=PtO; 
t:=-3*Tl-dt+(i-1 )*dt; 
while (counter<counterl+l) and (i<2*Pt+2) do 

begin 
t:=t+dt; writeln('i=,,i,', t=',t); 
It:=Transmission*IO*exp(~sqr(t/Tl)); 
for j:=l to Prl do 

begin 
ItrL[j]:=It*exp(-sqr(rl[j]/WIx)); 
PhitrL[j]:=0.0; 
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end; 
RZdim; 
FilenameA:=0utputFiles+'I.'+Hex2(i); 
FilenameB:=0utputFiles+'Phi.'+Hex2(i); 
assign(datafiieA,filenameA); rewrite(datafileA); 
assign(datafileB,filenameB); rewrite(datafileB); 
for j:=l to Prl do 

begin 
F[j]:=F[j]+ItrL[j]*dt*le9; {Fluence in joul/cm2} 
writeln(dataf ileA ,r 1 [ j],ItrL[ j ]); 
writeln(dataf ileB ,r 1 [ j ],PhitrL[j]); 

end; 
close(datafileA); close(datafileB); 
counter:=counter+i; i:=i+l; 

end; 
FilenameA:=OutputFiles+'F.'; 
assign(datafileA,FilenameA); rewrite(datafileA); 
for j:=l to Prl do 

begin 
writeln(dataf ile A,r 1 [ j],F[j ]); 
Z:=-dz; 
FilenameB:=OutputFiles+'N.'+Hex2(j); 
assign(datafileB ,FilenameB); rewrite(datafileB); 
for k:=l to Pz do 

begin 
Z:=Z+dz; writeln(datafileB,Z,N[j,k]); 

end; 
close(datafileB); 

end; 
writeln(datafileA,i); 
writeln('PtO= ',PtO,' i= \ i , ' 2*Pt+l=\2*Pt+l); 
close(datafileA); 

end; 
* * * * * 4c 4c * * * * 4c * * 4c * * * * * * * * * * * * J 

begin {main} 
entry; 
calculation; 
writeln('Do you want to continue to run this program ?'); 

(* Play Music; *) 
end. 
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(* This program calculate the Fresnel Integration in the near field. *) 
(* Integartion by Simpson Rule. *) 
(* Choices of Interpolation & Non-Interpolation available. *) 
(* Created Nov. 1987, & modified 5/27/88. *) 
Program Propagation; 
{$R+} 
type 

glnarray = ARRAY [1.. 150] OF real; 
interpolation = array [ 1 ..150] of real; 
observation = array [1..50] of real; 

{$1 c:\recipes\bessjO } 
{SI c:\recipes\spline} 
{$1 c:\recipes\splint} 
{SI c:\recipes\Hex2 } 
{$1 c:\recipes\Bird} 

const {for ZnSe sample 4/3/89} 
Prl=50; {# of points on the sample front surface} 
Pr 11=150; {# of points on the source plane or the sample back surface} 
Pr0=50; {# of points on the obs. plane} 
Pz=20; {# of points in z-dim inside the sample} 
Pt=30; Pt00=l; {2*Pt+l=the # of t-slices & PtOO is the starting t-slice} 
rlmax=3; {the R-range on the sample front surface} 
r0max=3; {the R-range on the observation plane} 
c = 3e8; {speed of light in m/s} 
eO = 1.60e-19; {in Colum} 
mO = 9.1 le-31; {electron mass in kg} 
MehO = 0.1263158; 
{effective mass for ZnSe = 1(1 /Me +1/Mh), where Me=.16 & Mh=.6} 
nO = 2.74; {index of refraction for CS2} 
n2 = -5.0e-ll; {esu} 
{Pi is defined by Turbo} 
alpha = 0.3; {cm-1} beta = 5.5; {cm/GW} 
sig = 0; {2.3e-18;} {cm2} 
{This is estimated from DN=beta*I*I*Tp/2HbarOmega with I=lGW/cm2} 
HbarOmega = 3.77e-19; {in joul} 
Omega = 3.543lei5; {frequency in 1/sec.} 
Lamda = 0.532e-4; {in cm} 
L = 0.3; {sample length in cm} 
ZL = 12.0; {in cm, propagation distance in air} 
T10 = 30; {laser pulse width in ps (HWl/e) } 
WIx = 0.045; WIy = 0.060; 
{beam spot size (HWl/e of intensity) in cm & WI0=WE0/sqrt(2)} 
power = 1.08e7; {input power in W} 
P = 1.0; {fitting parameter} 
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^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

var 
QQ,QQQ :char; 
i,j,k,counter,counterl,PtO :integer; 
Rmax,LamdaZ,Pi2LamZ,Zr,Tl,energy,10 :real; 
q,t,dt,Z,dr],drll,drO,AO :real; 
ReE,ImE,rl 1 : interpolation; 
ItrL,PhitrL,rl : glnarray; 
rO,ReEo,ImEo,F,ItrLo,PhitrLo :observation; 
filenameA,filenameB,InputFiIes,OutputFiIes :string[20]; 
datafileA,datafileB :text; 

^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

procedure entry; 
begin 

ClrScr; 
writeln('All acquired parameters here are in cm, GW & ps'); 
Zr:=Pi*sqr(WIx)/Lamda; {Reighlay Range} writeln('Zr=\Zr); 
Rmax:=r0max* WIx*sqrt( 1 +sqr(ZL/Zr)); {Max r0[j] on the observasion plane } 
Tl:=T10*le-12; {convert ps into s} 
dt:=3*Tl/Pt; drl:=rlmax*WIx/Prl; drll:=rlmax*WIx/Prll; drO:=Rmax/PrO; 
energy:=power*Tl*sqrt(Pi); {convert power into energy in joul) 
I0:=energy/Tl/(WIx*WIy)/Pi/sqrt(Pi)*le-9; {input intensity 10 in GW/cm**2} 
writeln('The input beam intensity is ',10,' GW/cm**2'); 
writeln('When Ein is ',energy*le6,' uj'); 
q:=2/(8.85e-12*n0*c); {2/(epsilon nought * nO * c) and [ML**2/QT] in MKS} 
LamdaZ:=Lamda*ZL; {cm**2} 
Pi2LamZ:=2*Pi/LamdaZ; 
A0:=2*Pi*ZL/Lamda; 
write('How many T-loops do you want to do this time ? '); readln(counterl); 
write('Is this a continuing run (Y/N) ? '); readln(QQ); 
write('Do you wish to interpolate the data point'); 
write(' on the sample back surface (Y/N) ? '); readln(QQQ); 
write('Where to get the input files (drive:\directory\) ? '); 
readln(InputFiles); 
write('where to store the output files (drive:\directory\) ? '); 
readln(OutputFiles); 

end; 

Procedure ReadFiie; 
begin 

FilenameA:=InputFiles+'I.'+Hex2(i); 
FilenameB:=InputFiles+'Phi.'+Hex2(i); 
assign(datafileA ,filenameA); reset(datafileA); 
assign(datafileB,filenameB); reset(datafileB); 
for j:=l to Prl do 
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begin 
readln(datafileA,r 1 [j],ItrL[j]); 
readln(dataf ileB.r 1 [j ],PhitrL[j ]) 

end; 
close(datafileA); close(datafileB) 

end; 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

Procedure ConvertltoEy; (* By means of Interpolation *) 
var A :real; ItrL2,PhitrL2 : glnarray; 
begin 

spline(r 1 ,ItrL,Pr 1,0,0,ItrL2); {Interpolation on the source plane} 
spline(rl ,PhitrL,Pr 1,0,0,PhitrL2); 
for j:=l to Prl 1 do 

begin 
spiint(ri,ItrL,ItrL2,Prl,rll[j],ReE[j]); {ReE[] here represents ItrLs[]} 
splint(rI,PhitrL,PhitrL2,Prl,rll[j],ImE[j]) {ImE[] here PhitrLs[]} 

end; 
for j:=l to Prl 1 do { convert I to E } 
begin 

A:=sqrt(q*ReE[j]); 
ReE[j]:=A*cos(ImE[j]); {real E-field} 
ImE[j]:=A*sin(ImE[j]) {imaginary E-field} 

end 
end; 

Procedure ConvertltoEn; (* not by means of Interpolation *) 
var A :real; 
begin 

for j:=l to Prl do { convert I to E } 
begin 

A:=sqrt(q*ItrL[j]); 
ReE[j]:=A*cos(PhitrL[j]); {real E-field} 
ImE[j]:=A*sin(PhitrL[j]) {imaginary E-field} 

end 
end; 

procedure PropinAir; {source plane : 1; observasion plane : 0 } 
var 

A1,A2,A3,B0,B1,B2,C1,BC1,BS1,AC3,AS3 ^ 
j lJO :integer; Sr,Si rarray [1..3] of real; 

begin 
for jO:=l to PrO do {Fresnel integration with Simpsonmethod} 
begin 

A1:=0; A2:=0; 
Cl:=Pi2LamZ*rO[jO]; {Pi2LamZ=2*Pi/Lamda/Z} 
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for jl:=l to 2 do 
begin 

BO:=bessjO(C 1 *r 11 [j 1 ]); 
B1 :=Pi*sqr(r 11 [j 1 ])/LamdaZ; 
B2:=rll[jl]*B0; 
BCl:=cos(Bl); BSl:=sin(Bl); 
Sr[ j i ]:=B2*(ReE[j 1 ]*BC I -ImE[ j 1 ]*BS 1); 
Si[j 1 ]:=B2*(ReE[j 1 ]*BS 1 +ImE[j 1 ]*BC I); 

end; 
for jl:=3 to Prll do 

begin 
BO:=bessjO(Cl*rl l[jl]); 
B1 :=Pi*sqr(r 11 [j I ])/LamdaZ; 
B2:=rl l[jl]*B0; 
BCl:=cos(Bl); BSl:=sin(Bl); 
Sr[3]:=B2*(ReE[j 1 ]*BC 1 -ImE[j 1 ]*BS 1); 
Si[3]:=B2*(ReE[j 1 ]*BS1 +ImE[j 1 ]*BC1); 
A1:-A1 +(Sr[ 1 ]+4*Sr[2]+Sr[3])/6; 
A2:=A2+(Si[ 1 ]+4*Si[2]+Si[3])/6; 
Sr[ 1 ]:=Sr[2]; Sr[2]:=Sr[3]; Si[l]:=Si[2]; Si[2]:=Si[3]; 

end; 
Al:=Pi2LamZ*drl 1*A1; A2:=Pi2LamZ*drl 1*A2; 
A3:=A0*( 1 +sqr(rO[ jO]/ZL)/2); 
AC3:=cos(A3); AS3:=sin(A3); 
ReEo[jO]:=Al*AS3+A2*AC3; {real part of the E-field} 
ImEo[jO]:=A2*AS3-Al*AC3; {imaginary part of the E-field} 

end; 
end; 

procedure ConvertEtoI; 
var ReE0,ImE0,ReE01,Phase0,DetPhi :real; DeltaPhi observation; 
{$1 c:\recipes\Phase } 
begin 

for j:=l to PrO do DeltaPhi[j]:=0; 
ItrLo[ 1 ]:=(sqr(ReEo[ 1 ])+sqr(ImEo[ 1 ]))/q; 
for j:=2 to PrO do 

begin 
Itr Lo[ j ]:=(sqr(ReEo[ j ])+sqr(ImEo[ j ]))/q; 

(* ReE0:=ReEo[j]; ImE0:=ImEo[j]; ReE01:=ReEo[j-l]; DetPhi:=DeltaPhi[j]; 
phase(ReE0,ImE0,ReE01 ,PhaseO,DetPhi); 
PhitrLo[j]:=PhaseO; DeltaPhi[j]:=DetPhi; *) 

end; 
end; 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

procedure calculation; 
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begin 
case QQ of 
V : begin 

r0[l]:=0; rll[l]:=0; F[1]:=0.0; 
for j:=2 to Prll do rll[j]:=rll[j-l]+drll; 
for j:=2 to PrO do 

begin 
F[j]:=0.0; rO[j]:=rO[j-l]+drO 

end; 
PtO:=PtOO; 

end; 
'y': begin 

FilenameA:=OutputFiles+'F.'; 
assign(datafileA,FilenameA); reset(datafileA); 
for j:=l to PrO do 

begin 
readln(datafileA,rO[j],F[j]); 

end; 
read!n(datafileA,PtO); 
close(datafileA); 

end; 
end; 
counter:=l; i:=PtO; 
t:=-3*Tl-dt+(i-1 )*dt; 
while (counter<counterl+l) and (i<2*Pt+2) do 

begin 
t:=t+dt; writeln('i=',i,', t=',t); 
ReadFile; 
case QQQ of 

V : ConvertltoEy; {at the sample back surface} 
'n': ConvertltoEn 

end; 
PropinAir; 
ConvertEtoI; {at the observation plane} 
FilenameA:=OutputFiles+'Iout.'+Hex2(i); 
FilenameB:=OutputFiles+'Phiout.'+Hex2(i); 
assign(datafileA,filenameA); rewrite(datafileA); 

(* assign(datafileB,filenameB); rewrite(datafileB); 
for j:=l to PrO do 

begin 
F[j]:=F[j]+ItrLo[j]*dt*le9; {Fluence in joul/cm2} 
writeln(dataf ile A,rO[j J,ItrLo[j ]); 

(* writeln(datafileB,rO{j],PhitrLo[j]); *) 
end; 

close(datafileA); (*close(datafileB); *) 



220 

counter:=counter+l; i:=i+l; 
end; 

FilenameA:=OutputFiles+'F.'; 
assign(datafileA,FilenameA); rewrite(datafileA); 
for j:=l to PrO do writeln(datafileA,rO[j],F[j]); 
writeln(datafileA,i); 
writeln('PtO= \PtO, ' i - \ i , ' 2*Pt+l=',2*Pt+l); 
close(datafileA) 

end; 
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

begin {main} 
entry; 
calculation; 

(* repeat Bird; delay(90); until KeyPressed *) 
writeln('Please find the input files from : \InputFiles); 
writeln('Please find the output files from : \OutputFiIes); 
writeln('Do you want to continue to run this program ?'); 

end. 
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This program is to simulate the nonlinear beam propagation inside an Fabry-Perot (FP) 

cavity. Considering an FP resonator filled with a two-photon absorber. We assume that plane 

monochromatic light impinges on the resonator. To simplify our discussion, we assume that 

there is no nonlinear refraction, i.e. the resonance in equation (5.1) is maintained before, 

during and after the pulse. This appears to be true as we show in section 5.3.3. where we 

conclude that the refractive index change is small since we observe no angular shift in the 

angle-dependent measurement. 

A convenient way to treat this problem is to assume there are two beams, represented 

by E1L and E2L counter-propagating inside the resonator (see figure 5.4),16 where E2L is the 

reflected field by the second surface of the resonator located at z=L. For a two-photon 

absorber with residual linear absorption and ingnoring FCA, the differential equation is given 

as in equations (2.24) and (2.25). However, for two coupled beams counter-propagating 

inside a resonator, the differential equations and the boundary conditions are given in 

eqautions (5.14), (5.15) with m=2, (5.9) and (5.10). 

Assuming that the change in transmission were solely caused by 2PA, and the residual 

linear absorption is aL=0.021, we developed a numerical code utilizing the differential 

equations (5.14) and (5.15) in conjunction with the boundary conditions given by (5.9) and 

(5.10) to analyze the transmission measurements data (see section 5.3.2). It "exactly" solves 

equations (5.14) and (5.15) along with the boundary conditions in equations (5.9) and (5.10). 

This program is to our knowledge the first such calculation. The novel part of the calculation 

was to start with the output and calculate the input. The computer program is given in what 

follows. 
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program TPAinFP; 

type 
name = string[80]; 

var 
Ii,It,Ir :real; {Input/Output} 
Phii,Phir,Phit :real; {Phase} 
ReEi,ReEr,ReEt,ImEi,ImEr,ImEt :real; {External Field} 
110,120,111,121 :real; {Internal Irradiance} 
E100,E1I0,E200,E2100 :real; {Internal Field} 
Phil0,Phill,Phi20,Phi21 :real; 
ReE10,ReEll,ReE20,ReE21 :real; 
ImE10,ImEll,Ime20,ImE21 :real; 
nl,n2,a,b,L,AL,rl,r2,tl,t2,k,q,Rl 1,R22 :real; {sample parameters} 
I110,Itm :real; {counters} 
j,Illmax,m,n :integer; {counter} 
aeff,fl,f2 :real; {program parameters in c2} 
z,h,dl,d2 :real; 
11,12 :real; 
datafile,datafileA,datafileB :text; 
filename :name; 
filenameA :name; 
filenameB :name; 

procedure screenentry; 

begin 
writeln('All units in cm & GW'); 
writeln('Give R1,R2, beta,L,Length*Alpha, k'); 
readIn(Rl 1 ,R22,b,L,AL,k); 
a:=AL/L; 
nl:=l; 
n2:=2.7; 

{rl:=(n2-nl)/(n2+nl);} { Assume rl,r2,tl & t2 are real} 
rl:=sqrt(Rll); 
r2:=-sqrt(R22); 
tl:=sqrt(l-rl*rl); 
t2:=sqrt(l-r2*r2); 
q:=n2*(3e8)*(8.85e-12)/2; {epsilon nought * n*c/2} 
writeln('Give cavity mistuning (rad) & max transmitted irradiance (It)'); 
readln(Phi 1 l,Itm); 
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I110:=Itm/t2/t2; 
Writeln('3 datafile names are required. Give their names.'); 
readln(filename); 
readln(filenameA); 
readln(filenameB); 

(*••*******************•**********#*********•*******************#************j 

writeln('Give # of (Euler) integration steps'); 
readln(n); 
h:=L/n; 

end; 

Solving coupled diff. eqs. for 110 & 120 *********#***##*****#*#*****************************************************j 

procedure calculated 
begin 

I1:=I11; 
I2:=I21; 
I10:=I11; 
I20:=I21; 
begin 

for m:=0 to n-1 do 
begin 

dl:=-a*U0-b*I10*(I10+2*I20); 
d2:=a*I20+b*I20*(I20+2*I 10); 
I10:=I10-h*dl; 
I20:=I20-h*d2; 

end; 
end; 

end; 
{*********#*****#**********#****#*********************************************j 

procedure calculate; 
begin 

11 lmax:=round(1110* 100); 
for j:=Illmax downto 0 do 
begin 

Ill:=j/100; 
E110:=sqrt(Ill/q); 
ReE 11:=E 110*cos(Phi 11); 
ImE 11:=E 110*sin(Phi 11); 
ReE21:=r2*ReEll; 
ImE21:=r2*ImE 11; 
if ReE21<>0 then 
Phi2I:=arctan(ImE21/ReE21) 
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else 
begin 

if r2>0 then Phi21:=3.14+Phi 11 else Phi21:=Phill 
end; 

II l:=(sqr(ReE 1 l)+sqr(ImE ll))*q; 
I21:=(sqr(ReE21)+sqr(ImE21))*q; 
calculate4; {Solving coupled diff. eqs for II & 12} 
E200:=sqrt(I20/q); 
Phi20:=Phi21- k*n*L; 
ReE20:=E200*cos(Phi20); 
ImE20:=E200*sin(Phi20); 
E100:=sqrt(I10/q); 
Phi 10:=Phi 1 l-k*n*L; 
ReE 10:=E 100*cos(Phi 10); 
ImE 10:=E 100*sin(Phil 0); 

Calculate Ei,Er & Et by using the B.C.s 
Ei=(E10-rl*E20)/tl 
Er=(E20-r 1 *E 10)/t 1 
Et=Ell*t2 

ReEi:=(ReE 10-r 1 *ReE20)/t 1; 
ImEi:=(ImE 10 -r 1 *ImE20)/t 1; 
Ii:=(sqr(ReEi)+sqr(ImEi))*q; 
{Phii:=arctan(ImEi/ReEi);} 
ReEr:=(ReE20-r 1 *ReE 10)/t 1; 
ImEr:=(ImE20-rl *ImE 10)/t 1; 

{ ReEr:=(rl *ReEi+tl *ReE20); 
ImEr:=(r 1 *ImEi+t 1 *ImE20);} 
Ir:=(sqr(ReEr)+sqr(ImEr))*q; 
{Phir:=arctan(ImEr/ReEr);} 
ReEt:=(ReEll*t2); 
ImEt:=(ImEll*t2); 
It:=(sqr(ReEt)+sqr(ImEt))*q; 
{Phit:=arctan(ImEt/ReEt);} 
write(Ii); 
write(Ir); 
writeln(It); 
if IioO then 
begin 

writeln(datafile,Ii,Y,It/Ii); 
writeln(datafileA,Ii,',',Ir/Ii); 
writeln(datafileB,Ii,',',(Ii-It-Ir)/Ii); 

end; 
end; 
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end; 

{ Main Program } 

begin 
screenentry; 
assign(datafile .filename); 
rewrite(datafile); 
assign(datafileA,filenameA); 
rewrite(datafileA); 
assign(datafileB,filenameB); 
rewrite(datafileB); 
calculate; 
close(datafile); 
close(datafileA); 
close(datafileB); 

end. 
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In the pump-probe experiment, the detected signal is the probe transmission, so that it 

will be benefitial to examine the functional dependence of the probe pulse transmission 

through the nonlinear medium. In our numerical simulation, we concentrate on the case of 

perpendicular polarization between the pump and probe beam, as there is no complication 

from the grating formation using parallel polarization of the two beams (see figures 5.12 vs 

5.13). 

The excitation pulse and the probe pulse are expressed in equation (5.27). If 2PA, FCA 

and free-carrier refraction are the dominant mechanisms for nonlinear absorption and 

refraction, the differential equations to be solved to obtain the probe transmission are given in 

equations (5.28), (5.29) and (5.30). The numerical code is given on the next page. 
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Program Expr3; 

{ EXite-PRobe #3 : Full soln of coupled equations - plane wave.} 

type 
Name = string[80]; 

var 
Ie,Ip,L,z,dz,dip,die,sig,alpha,beta,IeO,IpO,Fp,FpO : Real; 
Tp,rat,Itst,Hbaromega,delz,R,Dedz,Dpdz,dFp : Real; 
t,dt,td,tdmin,tdmax,tl,tr,Tc,tmin,tmax,e,r2 : Real; 
N : Array[0..200] of Real; 
i,j,k,m,jmax : Integer; 
datafile : Text; 
filename : Name; 

Procedure Keyln; 
Begin 

WriteLn('Give le(0), ex:pr ratio, HWl/e (cm, GW & ps)'); 
ReadLn(IeO,rat,tl); 
Tl:=Tl*le-12; 
R:=Sqr((2.7-l)/(2.7+l)); 
IpO:=IeO/rat; 
FpO:=IpO*tI*Sqrt(3.14); 
WriteLn('Give alpha, beta, FCA X-section, const recomb time & radiative coeff (r2).'); 
ReadLn(alpha,beta,sig,Tc,r2); 
WriteLn('Give min delay, max delay, # of points' ); 
ReadLn(tdmin,tdmax,m); 
tdmin:=tdmin* 1 e-12; 
tdmax:=tdmax* 1 e -12; 
WriteLn('Name the Td-Fp datafile'); 
readln(filename); 
L:=0.3; 
jmax:=20; 
dz:=L/jmax; 
Hbaromega;==3.77e-19; 
dt:=Tl/5; 

end; 

Procedure Zintegrate; 
Begin 
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For j:=0 to (jmax-1) do 
begin 

z:=j*dz+dz/2; 
Dedz:=-Ie*(alpha+beta*(Ie+Ip)+sig*N[j]); 
Dpdz:=-Ip*(alpha+beta*(Ie+Ip)+sig*N[j]); 
e:=exp(-(r2*N[j ]+1 /Tc)*dt); 
N[j]:=N[j]*e+beta*Sqr(Ie+Ip)/(2*Hbaromega)*dt*le9; 
Ie:=Ie+Dedz*dz; (* Euler *) 
Ip:=Ip+Dpdz*dz; (* Method *) 

end; 
dFp:=Ip*dt; 

End; 

Procedure Timeslice; 
Begin 

t:=tmin-dt; 
Repeat 

t:=t+dt; 
{ gotoxy(15,5); write(t*lel2); } 

Ie:=IeO*(l -R)*exp(-sqr(t/Tl)); 
Ip:=IpO*(l-R)*exp(-sqr((t-td)/Tl)); 
zintegrate; 

{ gotoxy(15,9); write(N[0]); } 
Fp:=Fp+dFp; 

Until t > tmax; 
end; 

Procedure Tdloop; 
begin 

for k:= 0 to m do 
begin 

td:=tdmin+k*(tdmax- tdmin)/m; 
if td > 0 then 
begin 

tmin:=-2.5*Tl; (* from the start of the earliest *) 
tmax:=2.5*Tl+td; (* pulse to the end of the other. *) 

end 
else begin 

tmin:=-2.5*Tl+td; 
tmax:=2.5*Tl; 
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end; 
Fp:=0; 
gotoxy(15,3); write(td*lel2); 

{ gotoxy(15,ll); write(tmin* 1 e 12,',',tmax* 1 e 12); } 
for j:=0 to jmax do N[j]:=0; 
TimeSlice; 
Tp:=(l-R)*Fp/FpO; (* Calculates probe fluence transmittance. *) 
td:=td*lel2; (* Converts from sees to ps. *) 
WriteLn(datafile,td,Tp); 
gotoxy( 19,15); write(N[0],N[jmax-1 ]); 

end; 
end; 

{ Main Program } 

Begin 
Keyin; 
Assign(datafile,filename); 
Rewrite(datafile); 
clrscr; 
gotoXY(l,l); 
writeln('STATUS:'); 
gotoXY(l,3); writein('delay(ps)'); 

{ gotoxy(l,5); write('time(ps)'); 
gotoxy(l,9); write('N(z=0) (cmA-3)'); 
gotoxy(l,ll); write('tmin,tmax'); } 
gotoxy(l,15); write('N(z = 0),N(z = L)'); 
Tdloop; 
Close(datafile); 

end. 
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